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ABSTRACT 

 

The target of rapamycin complex I (TORC1) regulates cell growth and metabolism in all 

eukaryotes.  Previous studies have shown that nitrogen and amino acid signals activate TORC1 

via three GTPases; Gtr1, Gtr2, and Rho1, and the SEA-associated Npr2/3 proteins. However, 

little is known about the way that other nutrient or stress signals are transmitted to TORC1. Here I 

present two studies identifying how, and at what level, glucose and other environmental stimuli 

act to tune TORC1 signaling.  

 

In the first study I show that the TORC1 pathway populates three additional stress/starvation 

states. First, in glucose starvation conditions, the AMP-activated protein kinase (AMPK/Snf1) and 

at least one other factor push the TORC1 pathway into an off state, in which Sch9-branch 

signaling and PP2A-branch signaling are both inhibited. The TORC1 pathway remains in the 

glucose starvation state even when cells are simultaneously starved for nitrogen and glucose or 

treated with rapamycin. Second, in osmotic stress, the MAPK Hog1/p38 drives the TORC1 

pathway into a different state, in which Sch9 signaling and PP2A-branch signaling are inhibited, 

but PP2A-branch signaling can still be activated by nitrogen starvation. Third, in oxidative stress 

and heat stress, TORC1-Sch9 signaling is blocked while weak PP2A-branch signaling occurs. 

Together, the data show that the TORC1 pathway acts as an information-processing hub, 

activating different genes in different conditions to ensure that available energy is allocated to 

drive growth, amino acid synthesis, or a stress response, depending on the needs of the cell. 

 

In the second study I investigate further the observed hierarchy of TORC1 inputs. I show that 

glucose starvation triggers disassembly of TORC1, and movement of the key TORC1 component 

Kog1, to a single body near the edge of the vacuole. These events are driven by AMPK/Snf1-

dependent phosphorylation of Kog1 at Serine 491/494 and two nearby prion-like motifs. Kog1-

bodies then serve to increase the threshold for TORC1 activation in cells that have been starved 

for a significant period of time. Together, this data shows that Kog1-bodies create hysteresis 
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(memory) in the TORC1 pathway and help ensure that cells remain committed to a quiescent 

state under suboptimal conditions. 
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CHAPTER I:  THE TARGET OF RAPAMYCIN COMPLEX 1 SIGNALING PATHWAY  

 

1.1  General Introduction 

Cells sense hormones, stresses, and the quality and quantity of nutrients through a large and 

sophisticated network of signaling pathways adapting transcriptional, developmental, and 

metabolic programs optimally for growth and survival. The high connectivity of these signaling 

pathways serves to provide the cell with a detailed view of its environment. Despite this 

necessary complexity, in eukaryotes a few key signaling pathways have emerged; the Protein 

Kinase A (PKA)/Ras pathway, which promotes cell growth in the presence of glucose; the 

Snf1/AMP activated protein kinase (AMPK) pathway, which performs a ‘credit-check’ of the cell, 

shutting down cell growth when activated by elevated AMP levels (low ATP/energy); and the 

Target of Rapamycin Complex 1 (TORC1) pathway, traditionally thought of as the amino 

acid/nutrient sensing pathway, which couples the anabolic process of protein synthesis with 

catabolic processes including metabolite synthesis and autophagy. 

 

Mounting data now place TORC1 at the center of this growth control network in eukaryotic cells. 

TORC1 is one of most highly connected1 and influential protein complexes in eukaryotic cells and 

appears to function as a hub of signal integration and processing. Indeed, TORC1 has been 

found to be involved in the regulation of many biological processes related to growth, including 

mass accumulation via protein synthesis, amino acid scavenging and synthesis, the regulation of 

autophagy, and the regulation of the cellular response to stress, processes which are controlled 

via discrete signaling pathways (Efeyan et al., 2015; Jung et al., 2010; Loewith and Hall, 2011; 

Reiling and Sabatini, 2006; Sengupta et al., 2010; Zaman et al., 2008). TORC1 appears to be 

largely responsible for coordinating these activities with nutrient signals (e.g. carbon, nitrogen, 

phosphate), stress signals, and, in complex organisms, growth factors and hormone signals. 

When active, in the presence of nutrients and growth factors, mass accumulation through protein 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 TORC1 makes 379 physical interactions with the yeast proteome versus an expected less than 
80 for a complex of the same size. Data, correct as of 3/3/15, assembled from Saccharomyces 
Genome Database (SGD) and Biological General Repository for Interaction Datasets (BioGRID). 
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synthesis occurs while catabolic pathways, such as autophagy, are down-regulated. In S. 

cerevisiae, this is achieved through direct up-regulation of the S6 kinase Sch9 and inhibition of 

Tap42 and thus the PP2A pathway, respectively. On the other hand, when TORC1 signaling is 

inhibited, by low nutrient and growth hormone availability, protein synthesis decreases and 

catabolic and stress pathways are up-regulated (Di Como and Arndt, 1996; Huber et al., 2009; 

Jacinto et al., 2001; Jiang and Broach, 1999; Loewith and Hall, 2011; Urban et al., 2007; Zabrocki 

et al., 2002). Under conditions of persistent TORC1 inhibition cells enter a quiescent state (de 

Virgilio, 2012). 

 

Like many other growth pathways, including PKA/Ras and Snf1/AMPK, TORC1 is conserved 

across all eukaryotes, both structurally and functionally (Adami et al., 2007; Loewith and Hall, 

2011; Wullschleger et al., 2006; Yip et al., 2010). Yeast therefore provide a suitable and pliable 

experimental model for investigations of TORC1 pathway function and organization, the results of 

which are reliably relatable to higher eukaryotes.  

	  

1.2  Composition 

In S. cerevisiae, TORC1 is composed of the protein kinase Tor1 (or in its absence Tor2), its major 

regulator Kog1, and two accessory proteins Tco89 and Lst8 (Loewith et al., 2002; Reinke et al., 

2004; Wedaman et al., 2003). Together, these four proteins form a 1 MDa complex. Careful 

biochemical analysis has determined TORC1 to be closer to 2 MDa in size, indicating that the 

functional complex is likely dimeric (Adami et al., 2007; Loewith and Hall, 2011). A dimeric 

structure is consistent with models of mTORC1 (Yip et al., 2010); however, in mammals 

mTORC1 composition differs in that the non-essential yeast gene Tco89 has been replaced by 

PRAS40, DEPTOR, and Tti1/Tel2 (Johnson et al., 2013; Kaizuka et al., 2010; Peterson et al., 

2009; Sancak et al., 2007; Yip et al., 2010). Despite these small differences, overall TORC1 is 

highly structurally conserved across all eukaryotes (Loewith and Hall, 2011). 
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The large TOR proteins (~280kDa) are composed of three domains each containing multiple 

HEAT or HEAT-like repeats followed by the FRB (FKB12-Rapamycin-Binding) domain, which is 

responsible for rapamycin sensitivity, a Ser/Thr kinase domain which resembles a 

phosphatidylinositol kinase, and a short C-terminal kinase regulatory domain FATC. Kog1 is 

176kDa in size and contains a conserved N-terminal domain followed by four HEAT repeats and 

seven WD40 repeats. Like the C-terminal domain of Kog1, Lst8 also contains seven WD40 

repeats, which adopt a 7-bladed beta-propeller fold (Loewith and Hall, 2011; Wullschleger et al., 

2006). Despite this compositional knowledge, a detailed structural understanding of TORC1 

remains elusive. However, two studies, one in yeast (Adami et al., 2007) and the other in humans 

(Yip et al., 2010) successfully employed electron microscopy to reconstruct the 3D structure of 

TORC1 to 25Å resolution. These studies reveal that TORC1 adopts a wiffle-ball like structure in 

which Tor1 forms multiple intricate interactions with Kog1 to scaffold the core structure of the 

complex. Lst8, which binds directly to the kinase domain of TOR, may buttress the interaction 

between Kog1 and Tor1 (Kim et al., 2002). This structure, combined with the known composition 

of TORC1 components themselves, suggests a model of TORC1 regulation that is primarily 

driven by protein-protein interactions rather than by modulation of TOR kinase activity itself. 

Indeed, TOR autophosphorylation persists under conditions where TORC1 pathway signaling is 

strongly repressed (e.g. rapamycin treatment and amino acid starvation, Peterson et al., 2000; 

Soliman et al., 2010). More specifically, this paradigm predicts that protein-protein interactions, 

mediated by the multiple WD40 and HEAT repeats found throughout the complex, would affect 

the localization of TORC1 within the cell and/or determine access of substrates to the kinase 

domain of TOR, to regulate TORC1 output. In fact, Kog1/Raptor is known to recruit substrates to 

the TOR kinase and is required for regulation of Tor1 activity (Hara et al., 2002; Kim et al., 2002). 

Such a model anticipates extraordinary complexity and sophistication in the regulation of the 

TORC1 signaling pathway.   
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1.3  Localization 

In growing cells TORC1 is localized to the external surface of the vacuolar membrane (lysosome 

in humans) where it interacts with multiple vacuole associated proteins including the Vacuolar 

ATPase, the Ego complex, and, in higher eukaryotes, Rheb and the Tuberous Sclerosis Complex 

(TSC) (Betz and Hall, 2013; Binda et al., 2009; Demetriades et al., 2014; Jin et al., 2014; Menon 

et al., 2014; Reinke et al., 2004; Sancak et al., 2010; Sturgill et al., 2008; Wang et al., 2015; 

Zoncu et al., 2011a). As TORC1 regulates cell growth in response to nutrient signals this 

localization makes sense; the vacuole is the major nutrient store in yeast (and the lysosome is the 

site of autophagy in humans). Although it has been suggested that TORC1 localization does not 

play a role in pathway regulation in yeast (Loewith and Hall, 2011), TORC1 has been observed in 

the nucleus, where it reportedly acts to regulate rDNA transcription (Li et al., 2006), and TORC1 

has been found to transiently associate with stress granules following severe heat stress, 

delaying the onset of reactivation (Takahara and Maeda, 2012). Similarly, in higher eukaryotes, 

components of mTORC1 have been observed in the nucleus (Rosner and Hengstschläger, 2008; 

Zhou et al., 2015), while mTORC1 appears to join stress granules under conditions incompatible 

with growth (Thedieck et al., 2013; Wippich et al., 2013). Additionally, mTORC1 is released from 

the lysosome membrane and relocalizes to the cytoplasm (Demetriades et al., 2014; Menon et 

al., 2014; Sancak et al., 2010; Zhou et al., 2015) or associates with the plasma membrane 

(Bridges et al., 2012) following amino acid deprivation. Both TORC1 and mTORC1 also physically 

associate with mitochondrial proteins (Breitkreutz et al., 2010; Ramanathan and Schreiber, 2009). 

These interactions appear to influence mitochondrial behavior, but could conceivably also affect 

TORC1 signaling. These observations raise the possibility that discrete TORC1 complexes play 

different roles or function in different contexts within the cell. 

 

1.4  Upstream Regulators 

Despite knowledge of the signals to which TORC1 responds, the pathways and mechanisms by 

which TORC1 activity is regulated remain largely mysterious. One attractive possibility is that 

because of its localization, TORC1 is able sense the nutrient flux across the vacuolar/lysosomal 
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membrane and that this information may be used to tune the rates of the anabolic and catabolic 

processes it controls in the cell. Mechanistic understanding of this process is absent, but 

mounting evidence strongly links this surface to normal TORC1 signaling.  

 

1.4.1  Ego Complex, SEA Complex, and amino acid signaling  

Under conditions of nitrogen stress, TORC1 directs energy and resources away from pathways 

promoting growth and towards outputs responsible for nutrient scavenging. This involves 

metabolic reprogramming (amino acid synthesis), increased nutrient uptake from the environment 

(via selective permeases), and autophagy. Work over the past decade from a number of labs has 

identified not only the combined outcome of the many downstream signaling pathways involved in 

this process, but also some of sensors and their mechanism of action on TORC1. Two protein 

complexes, Ego (escape from growth arrest) and SEA (Seh1-associated), are of particular 

importance for amino acid signaling.  

 

In S. cerevisiae, the Ego Complex is composed of four proteins Ego1, Ego3/Slm4, Gtr1, and Gtr2 

(Dubouloz et al., 2005; Zhang et al., 2012). Ego1 and Ego3 anchor the Ego Complex to the 

vacuolar membrane through N-terminal myrisoylation of Ego1 (Ashrafi et al., 1998) and a 

transmembrane domain of Ego3 (Dubouloz et al., 2005). In addition, it is thought that Ego3 may 

interact with phospholipids of the vacuolar membrane (Zhu et al., 2001). Gtr1 and Gtr2 are Ras-

family GTPases. In response to amino acid availability, particularly leucine (Bonfils et al., 2012; 

Han et al., 2012a), GTP bound Gtr1 together with GDP bound Gtr2 stimulate TORC1 activity 

through unknown mechanisms but involving Tco89 (Binda et al., 2009). In the reverse 

configuration TORC1 is inhibited, redirecting energy expenditure away from growth and towards 

amino acid assimilation and recycling. Whether this action requires Tco89 remains untested, 

however Tco89 is dispensable during continuous growth. Vam6 acts as a GEF for Gtr1 and is 

thus responsible for its activation (Binda et al., 2009). Additional GEFs and GAPs, including all 

those working on Gtr2, await discovery.  
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The Ego complex is negatively regulated by Npr2 and Npr3. Upon nitrogen, particularly 

glutamine, limitation Npr2/3, acting as part of the SEA complex (GATOR in mammals; Bar-Peled 

et al 2013), transiently associates with the vacuole to inhibit Gtr1/2 dependent activation of 

TORC1 (Neklesa and Davis, 2009). Recent work from the Tu laboratory indicates that the SEA 

complex also coordinates TORC1 activity to the abundance of the sulfur containing amino acid 

methionine (Laxman et al., 2014). 

 

The Ego complex is conserved through evolution but embellished and renamed the Ragulator 

complex in higher eukaryotes (Kim et al., 2008; Sancak et al., 2008, 2010). LAMTOR 1-5 are 

vertebrate homologs of yeast Ego1 and Ego3 proteins (Bar-Peled et al., 2012; Sancak et al., 

2010), Gtr1 and Gtr2 orthologs are RagA and RagC, respectively, which are joined in higher 

eukaryotes by RagB and RagD (Sancak et al., 2008, 2010; Sekiguchi et al., 2001), and the Vam6 

ortholog is hVPS39 (Flinn et al., 2010). Despite these broad similarities, mammalian Ragulator 

signaling differs from that in yeast in at least three important ways. First, as Tco89 is not 

conserved, activation of mTORC1 must occur through a different mechanism. Indeed, the 

Ragulator complex does not activate mTORC1 directly, instead serving to recruit mTORC1 to the 

lysosomal membrane where mTORC1 activity is determined by Rheb/TSC (Menon et al., 2014; 

Sancak et al., 2008). Second, inactivation of mTORC1 occurs, in part, through release from the 

lysosomal membrane (Demetriades et al., 2014; Menon et al., 2014). Third, regulation of 

mTORC1 in response to at least leucine and arginine availability requires interaction between the 

Ragulator and the vacuolar ATPase (V-ATPase; Kim et al., 2012; Wang et al., 2015; Zoncu et al., 

2011).  

 

Together, these observations have prompted a model where individual amino acid inputs are 

integrated at the Ego/Ragulator complex to signal nutrient sufficiency to TORC1 (Wang et al., 

2015; Zhang et al., 2012). However, a recent investigation from the Guan laboratory 

demonstrated the presence of an as yet unidentified Rag independent glutamine channel to 

TORC1, challenging this picture of amino acid signaling (Jewell et al., 2015). Further elaboration 
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of the nitrogen signaling system in eukaryotes is therefore warranted to identify amino acid 

sensors and their mechanism of action on TORC1.  

 

1.4.2  Vacuolar ATPase and pH mediated carbon source signaling 

Recent work from the Peter Lab has revealed an additional and important link between the 

Vacuolar ATPase (V-ATPase) and TORC1 signaling (Dechant et al., 2014). In their paper, 

Dechant et al. show that cytosolic pH becomes altered in response to the quality and quantity of 

available carbon sources. Abundant high quality carbon sources (e.g. glucose), but not other 

nutrient sources (e.g. various amino acids), trigger de-acidification of the yeast cell cytosol in a 

Pma1 (plasma membrane H+-ATPase) dependent manner. Cell size and growth rate were found 

to correlate with this pH increase. Moreover, artificially raising the pH of the growth media (and 

thus the cell cytosol) rescued growth of arrested Pma1 defective cells, indicating that increasing 

cytosolic pH (to about 7) alone is sufficient to promote growth. How does this occur? The authors 

find that under these conditions, stimulation of growth via TORC1 is dependent upon both GTP 

bound Gtr1 and the V-ATPase.  

 

The authors thus propose a model where the V-ATPase regulates Gtr1 activation of TORC1. In 

this model the V-ATPase acts as a cellular pH sensor, rapidly disassembling under conditions of 

glucose limitation and reassembling upon glucose repletion. Although the mechanism of Gtr1 

activation by the V-ATPase was not established two possible regimes emerge. The first is that 

Gtr1 activity towards TORC1 is stimulated by direct physical interaction with the assembled V-

ATPase. A non-exclusive alternative is that Gtr1 activity is regulated indirectly by changes in 

global levels of GDP/GTP following glucose starvation/repletion. It is worth emphasizing the 

similarities between this model and the recent discovery in humans that mTORC1 activation, in 

response to leucine availability, is likewise driven by Rag GTPases in a V-ATPase dependent 

manner (Zoncu et al., 2011a). Identification of the precise molecular mechanisms by which Rag 

activation occurs under both conditions ought to provide much needed insight into how TORC1 

might distinguish between glucose and nitrogen signals. 
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In human cells, AMPK inhibits mTORC1 via two distinct mechanisms when activated by low 

glucose/energy levels. First, in glucose-starved cells, activated AMPK directly phosphorylates the 

key regulatory subunit Raptor at two sites to inactivate mTORC1 (Gwinn et al., 2008) (one of 

these sites is highly conserved in eukaryotes (Serine 959 in S. cerevisiae) but does not appear to 

influence TORC1 activity in budding yeast (Kawai et al., 2011)). Second, activated AMPK 

phosphorylates the Tsc1-Tsc2 complex to indirectly inhibit mTORC1 (Huang and Manning, 2008; 

Inoki et al., 2003a). In yeast, activated Snf1/AMPK reprograms transcription and metabolism 

(Braun et al., 2014; Hedbacker and Carlson, 2008; Usaite et al., 2009) following glucose 

starvation. If and how Snf1 regulates TORC1 in yeast remains unclear.  

 

1.4.3  Translation Competency Feedback 

In addition to responding to (external) environmental stimuli, TORC1 is also controlled by internal 

signals via feedback loops. In these pathways, distant downstream outputs connect back to 

TORC1 to complete a homeostatic regulatory system. To date, two examples of such TORC1 

feedback control have been found and together may be referred to as Translation Competency 

Feedback.  

 

The first feedback control pathway involves protein translation. Under normal growth conditions 

TORC1 activity stimulates protein translation. Cycloheximide treatment, which blocks protein 

synthesis at the ribosome by interfering with translational elongation (Obrig et al., 1971; 

Schneider-Poetsch et al., 2010), increases TORC1 activity towards its substrates (e.g. Sch9, 

Urban et al., 2007). Although the precise mechanism triggering this feedback is not yet known, it 

is thought to result from enlargement of the free pool of amino acids, and thus signaling 

presumably occurs via the Ego Complex. 

 

The second feedback control pathway involves ribosome abundance. Mutants resulting in 

reduced rates of ribosome biogenesis (e.g. sch9∆ or sfp1∆) also exhibit hyper-activation of 
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TORC1 (Lempiäinen et al., 2009). Again the signaling mechanism(s) behind this behavior is 

unclear, however one possible explanation is that with reduced rates of ribosome production 

comes reduced (eventual) rates of protein translation. Thus the same amino acid sensing 

feedback control mechanism may also be acting on this occasion. However, additional sensory 

mechanisms have been proposed, including one involving the conserved Rab export protein Mrs6 

(Lempiäinen et al., 2009).  

 

Sfp1 and Sch9 are both targets of TORC1 and both promote ribosomal protein (RP) and 

ribosome biogenesis (Ribi) gene expression under normal growth conditions (see below). 

Consistent with the presence of a feedback loop between these outputs and TORC1, loss of 

either gene increases activation of the other. The corollary of this observation is that activation of 

either gene reduces that of the other, thus these genes are mildly mutually antagonistic. Loss of 

Mrs6 function, an essential activator of Sfp1, would therefore be expected to increase Sch9 

activation by TORC1. However this is not the case, suggesting that Mrs6 itself, or a downstream 

effector, additionally act as a positive regulator of TORC1 (Lempiäinen et al., 2009). 

 

1.5  Downstream Output Pathways 

Mapping the TORC1 footprint in cells has been dramatically aided by the availability of the potent 

and specific inhibitor molecule rapamycin. These experiments revealed that TORC1 coordinates 

numerous growth related processes through a number of signaling pathways and a network of 

downstream effector proteins. These activities may be thought of as being organized into four 

main output branches. The Sch9-branch promotes the anabolic process of protein synthesis via 

regulation of ribosome production and activity. Opposing Sch9-branch output are the catabolic 

activities of the Tap42/PP2A-branch, which drives amino acid scavenging and synthesis, and the 

Atg13 autophagy-branch, which regulates macroautophagy. In addition, TORC1 is directly 

involved in regulating the cellular response to stress via Msn2/4. 
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1.5.1  Sch9-branch 

The Sch9 branch promotes growth by stimulating ribosome production, protein translation, and 

cell cycle progression. In S. cerevisiae, the Sch9-branch is known to contain the S6 kinase Sch9, 

the transcriptional activators Sfp1, Fhl1, and Crf1, and the transcriptional repressors Dot6, Tod6, 

components of the histone deacetlylase complex RPD3L, and Stb3, Ifh1, and Maf1. Protein 

translation is supported through tRNA synthesis and the Gcn2-eIF2α axis, while Cln3 and Cdc28 

influence cell cycle progression. 

 

TORC1 primarily exerts control over the cell growth circuitry at the transcriptional level. Sch9 and 

Sch9-branch proteins coordinate the activities of all three RNA polymerases to drive rRNA 

synthesis, tRNA synthesis, ribosome biogenesis (RiBi), and ribosome protein (RP) synthesis, 

producing the necessary components of and assembly factors and cofactors for the manufacture 

of ribosomes, occupying up to 80% of the total transcriptional capacity of the cell in the process 

(Warner, 1999). 

 

RiBi and RP genes are transcribed by RNA polymerase II (pol II). However, these gene sets 

display different expression kinetics, which is related to their promoter structure and recruitment 

of transcription factors. An increasingly complicated picture has emerged regarding the regulation 

of RiBi and RP genes, yet common themes remain observable. RiBi gene promoters are enriched 

for PAC (Polymerase A and C) and RRPE (rRNA processing) motifs (Hughes et al., 2000; 

Jorgensen et al., 2002; Wade et al., 2001, 2006). The transcriptional repressors Dot6 and Tod6 

bind PAC elements when TORC1 activity is low (Huber et al., 2011; Lippman and Broach, 2009). 

Under the same conditions, the transcription factor Stb3 binds RRPE containing promoters, 

where it may act as a transcriptional repressor or activator depending on context (Liko et al., 

2007). Dot6 and Tod6 additionally participate in the histone deacetylase complex RPD3L (Huber 

et al., 2011; Shevchenko et al., 2008; Worley et al., 2013). Dot6 and Tod6, together with Stb3, 

trigger recruitment of RPD3L to RiBi genes to repress transcription, while Stb3 alone appears to 

be responsible for the recruitment of RPD3L to (possibly T-rich) RP gene promoters (Huber et al., 
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2011). RP gene transcription is also regulated by the transcription factor Fhl1 (Jorgensen et al., 

2004). When in complex with Crf1, Fhl1/Crf1 act to block transcription at bound RP genes (Martin 

et al., 2004). Alternatively, Fhl1 may form an activating complex with Ifh1, promoting RP gene 

transcription (Rudra et al., 2005; Schawalder et al., 2004; Wade et al., 2004). Which complex 

Fhl1 forms depends upon Crf1 localization since Fhl1 and its coactivator Ifh1 are constitutively 

nuclear localized, whereas the coarepressor Crf1 is dynamically localized under the negative 

control of PKA and likely TORC1 (Martin et al., 2004).  

 

Sfp1 is a zinc-finger transcription factor which functions in parallel to Fhl1/Ifh1/Crf1 and Stb3 at 

RP genes, and Dot6, Tod6, and Stb3 at RiBi genes, promoting gene transcription in all cases 

(Fingerman et al., 2003; Jorgensen et al., 2004; Lempiäinen et al., 2009; Marion et al., 2004). 

This activity requires nuclear localization of Sfp1, which is positively regulated by phosphorylation 

in a TORC1 dependent, but Sch9 independent manner (Lempiäinen et al., 2009). Sch9 

nevertheless plays an important role in the regulation of RP and RiBi gene expression since, 

when active, Sch9 phosphorylates Stb3, Dot6, and Tod6 (Huber et al., 2009), excluding at least 

the latter pair from the nucleus, and blocking all three from inhibiting RiBi and RP gene 

expression (Huber et al., 2011). Sch9 belongs to the AGC family of protein kinases. Like its 

siblings, activation of Sch9 requires phosphorylation at its T-loop, in this case by Pkh1/2, and 

phosphorylation of its C-terminal hydrophobic domain, in this case at six sites by the TOR kinase, 

acting as part of TORC1 (Urban et al., 2007). Despite together forming the Translation 

Competency Feedback loop, Sfp1 and Sch9 function in independent output channels since they 

are otherwise independently regulated by TORC1 and act in parallel at RP and RiBi genes. 

 

RNA polymerase III (pol III) is responsible for the transcription of 5S rRNA, tRNA, and many short 

RNAs required for growth. Sch9 maintains pol III activity by phosphorylating Maf1 at seven sites 

and excluding it, a conserved repressor of RNA pol III function, from the nucleus (Huber et al., 

2009; Lee et al., 2009; Upadhya et al., 2002). When TORC1 activity is reduced, Maf1 enters the 

nucleus and binds to the clamp region of RNA pol III. Binding alters the structural conformation of 
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RNA pol III near its active site and prevents promoter recruitment and transcription initiation 

(Vannini et al., 2010). Although Maf1 is a conserved, in mammals regulation occurs by direct 

phosphorylation by mTORC1 (Michels et al., 2010).  

 

TORC1 activity supports transcription of the 35S pre-rRNA by RNA polymerase I (pol I). 

Recruitment of pol I to rRNA genes remains poorly understood but is largely dependent upon the 

transcription factor Rrn3 (Peyroche et al., 2000). Inhibition of Sch9 results in reduced levels of 

Rrn3 protein (Huber et al., 2009), indicating that the process is at least partially Sch9 dependent. 

Pol I activity appears able to coordinate the activates of pol II and pol III sufficiently to maintain 

stoichiometric expression of all ribosome components (Laferté et al., 2006), indicating that Sch9 

may exert an additional and indirect layer of control over ribosome (RP genes and 5S rRNA) 

production.    

 

TORC1 regulation of cell growth extends beyond these transcriptional mechanisms to include 

protein translation. This activity converges on Gcn2, a protein kinase whose substrate is the 

translation initiation factor eIF2α. When phosphorylated, eIF2α no longer participates in 5’CAP 

dependent mRNA translation (Dever et al., 1992; Hinnebusch, 2005; Zhu et al., 1996). Gcn2 

activity towards eIF2α is stimulated by the direct binding of uncharged tRNAs (Lanker et al., 

1992; Wek et al., 1995; Zhu et al., 1996), occurring when internal amino acid pools are limiting, 

and by Tap42-PP2A dependent phosphatase activity at a regulatory phospho-Serine 

(Cherkasova and Hinnebusch, 2003). Conversely, when TORC1 is active, Gcn2 is maintained in 

an inactive state via Sch9-dependent phosphorylation of the same site (Huber et al., 2009; Urban 

et al., 2007). In this way TORC1 governs protein translation via both direct and indirect 

mechanisms. 

 

Beyond the Gcn2-eIF2α axis likely lie additional mechanisms of regulation of protein translation 

as recent phospho-proteomic studies have identified a number of additional proteins with 

translation related functions that become differentially regulated in a TORC1 dependent manner 
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(Huber et al., 2009; Soulard et al., 2010). In mammals, active mTORC1 phosphorylates the 

translation inhibitor 4E-BP1 to regulate protein translation (Beretta et al., 1996; Gingras et al., 

2001; Hara et al., 1997). This action liberates translation initiation factor 4E (eIF4E). eIF4E may 

then form a functional complex with translation initiation factors 4A and 4G (eIF4A and eIF4G, 

respectively) which together stimulate the 5’CAP dependent mRNA translation pathway (Berset et 

al., 1998; Cosentino et al., 2000; Haghighat et al., 1995; Hara et al., 1997; Rong et al., 2008).  

 

Finally, TORC1 regulates cell cycle progression through both direct and indirect mechanisms. 

First, TORC1 activity is required for the maintenance of cellular dNTP levels (Ben-Sahra et al., 

2013; Robitaille et al., 2013). Reduction in TORC1 activity reduces the availability of dNTPs and 

thus slows cycles of DNA replication. If severe or prolonged this may result in DNA replication 

stress and DNA damage, stalling the cell in S phase (Shen et al., 2007). Second, reduced 

TORC1 activity can result in the inhibition of translation of the cyclin Cln3 and arrest in G1 (Barbet 

et al., 1996). Third, TORC1 directly mediates the G2/M transition via regulation of polo-like kinase 

Cdc5 localization. Under conditions of reduced TORC1 activity Cdc5 becomes restrained from 

Swe1. As a result, Swe1, an inhibitor of the mitotic cyclin-dependent kinase Cdc28, is maintained 

in the cell and mitosis is blocked (Nakashima et al., 2008).  

 

1.5.2  Tap42/PP2A-branch 

The protein phosphatase 2A (PP2A) complex is a trimeric structure composed of one catalytic 

subunit of Sit4, Pph21, Pph22, or Pph3 and two regulatory subunits of Tap42 and either Rrd1 or 

Rrd2. This compositional flexibility likely multiplies the number of PP2A substrates in the cell, 

which is consistent with the observation that kinases outnumber phosphatases approximately 4:1 

in S. cerevisiae (Breitkreutz et al., 2010), although it should be noted that in general phosphatase 

regulation is poorly understood. Tap42-PP2A regulation is complicated further by additional 

regulators including Tip41.  
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While our understanding of the Tap42-PP2A complex is far from complete, work primarily by the 

Broach and Jiang groups has culminated in a model where Tap42-PP2A is phosphorylated by 

and physically associated with TORC1 on the vacuolar membrane when inactive. Activation 

occurs in response to amino acid starvation, communicated through Rag dependent 

mechanisms, but executed primarily through the GTPase Rho1 (Yan et al., 2012). Although the 

molecular details remain unclear the result appears to be the release of Tap42-PP2A from 

TORC1 and the vacuolar membrane in a phosphorylated state (Yan et al., 2006). Activated 

Tap42-PP2A has short lifespan (less than 1hr; Yan et al. 2012), with inactivation occurring 

through Tap42 dephosphorylation and disassembly of the complex (Yan et al., 2006). The limited 

duration of Tap42-PP2A activity implies a narrow window of opportunity for the cell to adjust to a 

new environment - unless growth conditions improve during this period the PP2A complex will 

break down and Tap42 will not be re-licensed by still inactive TORC1. The phosphatase 

regulating Tap42 dephosphorylation has not yet been identified but one interesting possibility 

would be that it is Tap42-PP2A itself (Jiang and Broach, 1999). If so, the self-generated negative-

feedback loop would function like a molecular timer, potentially introducing hysteresis into the 

TORC1 pathway.  

 

It should be noted that this model is incomplete. In particular the model fails to account for vast 

imbalances in TORC1 and Tap42-PP2A abundance levels (Ghaemmaghami et al., 2003). This 

implies a large free pool of cytoplasmic Tap42-PP2A. Indeed Jiang and coworkers report only 

approximately 10% of Tap42 is associated with TORC1/membrane fractions (Yan et al., 2006). In 

addition, a number of groups have failed to identify Tap42 as part of the TORC1 (Laxman and Tu, 

2011; Loewith et al., 2002; Reinke et al., 2004; Wedaman et al., 2003). Together these data 

suggest that the interaction between TORC1 and Tap42-PP2A is at best either very weak or 

transient. 

 

The Tap42-PP2A branch activates the transcription of over 100 genes in response to amino acid 

starvation (or rapamycin induced TORC1 inhibition). This program promotes metabolic 
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reprogramming to support amino acid synthesis and increased nutrient uptake from the 

environment via selective permeases (Düvel et al., 2003; Hardwick et al., 1999). Once again, a 

comprehensive understanding of how Tap42-PP2A triggers these changes remains elusive. 

However, Tap42-PP2A appears to be involved in the activation of the Nitrogen Discrimination 

Pathway via the dephosphorylation of Gln3 (Beck and Hall, 1999) and the Retrograde pathway 

likely via Rtg1 and Rtg3 (Düvel et al., 2003). In addition, a number of other factors likely related to 

nitrogen metabolism, including Ksp1, Nnk1, and Npr1, display regulation consistent with being 

under control of Tap42-PP2A (Huber et al., 2009). 

 

1.5.3  Atg13 Autophagy-branch 

Autophagy is the regulated process of self-consumption and differs from proteasome mediated 

proteolysis in that autophagy is the exclusive pathway through which large cellular structures, 

such as organelles or protein aggregates, may be disposed (Glick et al., 2010; Klionsky et al., 

2007; Mizushima, 2007). This process occurs at basal levels in unstressed cells where autophagy 

serves a housekeeping function to recycle excess and damaged cellular components. Although 

autophagy defective mutants survive under these conditions, these cells nevertheless accumulate 

proteins indicating that even normal proteolytic loads are in excess of proteasome capacity (Glick 

et al., 2010; Mathew et al., 2009; Mizushima, 2007). Under conditions of nutrient starvation, 

autophagy plays an essential role in recycling macromolecular components and liberating raw 

materials for use in new proteins (Glick et al., 2010; Mizushima, 2007; Shin and Huh, 2011). 

Autopahgy also plays a critical role in the maintenance of non-dividing cells (e.g. quiescent and 

terminally differentiated cells) where there is no possibility of defective protein/organelle dilution, 

and during development where autophagy is involved in tissue remodeling (Berry and Baehrecke, 

2007).   

 

In yeast two broad types of autophagy occur, macroautophagy and microautophagy, depending 

on whether an autophagosome body is formed (macroautophagy) or not (direct vacuole 

absorption, microautophagy). Both processes are targeted in that only ubiquitinated proteins or 
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otherwise marked organelles become recycled. However, each process may also be selective for 

a specific class of biomaterial (e.g. mitopahgy, ribopahgy, lipophagy) or non-selective, resulting in 

bulk degradation of cytoplasmic material. Irrespective of this selectivity, autophagosome 

assembly proceeds along a conserved and TORC1 dependent pathway (it should be noted that 

the process of microautophagy remains poorly defined, its dependency on TORC1 signaling is 

unknown, as is its contribution to total cellular autophagy).  

 

Autophagosome formation depends upon a core machinery of 18 genes and initiates with 

induction of Atg1/ULK complex assembly (Kamada et al., 2010). A critical first step in this process 

appears to be the activation of Atg1 kinase by Atg13. Under nutrient-rich conditions conducive to 

growth TORC1 hyperphosphorylates Atg13 to repress autophagosome formation, whereas under 

conditions of nutrient starvation Atg13 becomes rapidly, but incompletely, dephosphorylated. The 

phosphorylation state of Atg13 appears to be dependent upon the activities of both the Tor kinase 

and the Tap42/PP2a phosphatase complex (Kamada et al., 2000, 2010; Yorimitsu et al., 2009). 

These observations lead to an appealing model where the phosphorylation state of Atg13 

determined its interaction with Atg1. This model, however, has been challenged by recent data 

suggesting that the Atg1-Atg13 interaction is constitutive (Chan et al., 2009; Hara et al., 2008; 

Kraft et al., 2012). How autophagosome formation proceeds is now unclear. One possibility is that 

Atg13 phosphorylation, not binding, affects Atg1 activity. Another compatible idea is that the 

ability of Atg13 to stabilize the early Atg1/ULK complex through an interaction with Atg17 is 

phospho-dependent (Ragusa et al., 2012). Regardless of the precise mechanism one thing is 

clear; phospho-regulation of Atg13 is the key step in this process as dephosphorylation of Atg13 

alone is sufficient to drive autophagy (Kamada et al., 2010). Interestingly, autophagy mediated 

degradation occurs within the vacuole/lysosome and therefore likely functions as a feedback on 

TORC1 activity (Shin and Huh, 2011). 
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1.5.4  Msn2/4 Stress-branch 

In the wild, yeast cells frequently find themselves exposed to rapid and often savage changes in 

environment. Since survival depends upon the maintenance of appropriate internal conditions, 

cells have evolved a sophisticated network of signaling pathways and responses to help buffer 

changes and adapt to stress. Despite, or perhaps because of, the diversity of possible stresses 

they could be exposed to, cells respond in a remarkably generic way to environmental 

challenges; down-regulating Ribi and RP gene synthesis and attenuating translation, altering 

carbohydrate metabolism, and up-regulating stress response pathways. This stereotyped 

protective behavior, termed the environmental stress response (ESR) (Gasch et al., 2000), also 

has the effect of providing cross-protection against different mechanistically independent stresses 

- i.e. subjection to mild stress of one sort leads to resistance against another, even at levels which 

would otherwise be lethal (Dhar et al., 2013; Gasch and Werner-Washburne, 2002; Gasch et al., 

2000). 

 

The broad overlap between the ESR with established TORC1 function strongly implicates 

regulation of TORC1 signaling in stress. Indeed, exposure to a variety of stresses results in Sch9 

dephosphorylation at TORC1 sites (Reiling and Sabatini, 2006; Urban et al., 2007) while Sfp1 

becomes excluded from the nucleus (Marion et al., 2004). Moreover, in animals, the translation 

regulator 4E-BP1, a mTORC1 target, also becomes dephosphorylated in stress, causing protein 

synthesis to be directly attenuated (Hara et al., 1997; Tettweiler et al., 2005). However, the effect 

of stress on TORC1 signaling goes beyond simply limiting the consumption of energy and 

metabolic resources on growth as TORC1 also directly orchestrates a specific transcriptional 

response in stress. This gene expression program is driven by the transcription factors Msn2 and 

Msn4 and affects approximately 200 genes containing stress response elements (STRE). Target 

genes include factors involved in the response to heat, oxidative, and osmotic shock, as well as 

genes participating in the response to alternative carbon sources and pH change (Capaldi et al., 

2008; Causton et al., 2001; Gasch et al., 2000; Martínez-Pastor et al., 1996; Sadeh et al., 2011). 

TORC1 achieves this regulation in conjunction with the 14-3-3 protein Bmh2, which forms an 
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inhibitory interaction with Msn2 and Msn4 under permissive conditions, restricting these 

transcription factors to the cytoplasm (Beck and Hall, 1999; Görner et al., 2002). It should be 

noted that Msn2 and Msn4 are also controlled by factors other than TORC1, including PKA, 

Hog1, and Snf1 (Capaldi et al., 2008; Görner et al., 1998; Petrenko et al., 2013; De Wever et al., 

2005), underscoring the interconnected nature of the growth control network. 

 

1.6  Clinical Significance 

Unsurprisingly, defects in TORC1 signaling can lead to a variety of disorders and diseases in 

human tissues including cardiovascular, neurological, and metabolic disorders, as well as 

inflammation, cancer, and aging (Dazert and Hall, 2011; Laplante and Sabatini, 2012; Stanfel et 

al., 2009; Zoncu et al., 2011b). What is particularly striking, however, is the contribution of this 

single signaling pathway: 40-90% of the 10 most common cancers exhibit up-regulation of the 

TOR pathway (Menon and Manning, 2008), while misregulation of TOR is especially common in 

cancers with poor prognosis (Stanfel et al., 2009). Not only found in spontaneous tumors, several 

TOR pathway mutations are causative for numerous heritable diseases including Tuberous 

Sclerosis, Neurofibromatosis, Peutz-Jeghers syndrome, Cowden syndrome, Proteus syndrome, 

and Von Hippel-Lindau disease (Zoncu et al., 2011b).  

 

Tuberous Sclerosis patients present with disease phenotypes ranging from benign tumor growth 

to seizures, autism, and mental retardation (Dazert and Hall, 2011; Huang and Manning, 2008), 

illustrating the diversity of biological processes influenced by the TOR network. Indeed, the TOR 

pathway has been linked to learning and memory formation in mouse models (Banko et al., 2005) 

as well as behavioral and mental health disorders, including alcoholism and depression (Banko et 

al., 2007; Li et al., 2010; Neasta et al., 2010). Additionally, the TOR pathway has been linked to 

neurodegenerative diseases of protein misfolding and aggregation including Alzheimer’s, 

Parkinson’s, and Huntington’s disease (reviewed Garelick and Kennedy, 2011).  
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The TOR pathway may be involved in the development of diabetes and obesity through inhibition 

of insulin signaling (Shah and Hunter, 2006; Tremblay and Marette, 2001). In both animal models 

of obesity and human diabetes patients, TOR dependent degradation of IRS1, an intermediary in 

the insulin signaling pathway, is increased (Khamzina et al., 2005; Korsheninnikova et al., 2006; 

Tremblay and Marette, 2001; Tremblay et al., 2005). As TOR is itself activated by insulin 

signaling, such degradation constitutes a negative feedback loop. Prolonged exposure to insulin 

or over-activation of TOR through other means therefore causes the cell to become resistant to 

insulin signaling.  

 

Studies in yeast (Fabrizio et al., 2001; Kaeberlein et al., 2005; Powers et al., 2006), worm (Jia et 

al., 2004), fly (Kapahi et al., 2004), and mouse models (Harrison et al., 2009) show that inhibition 

of TORC1 may also lead to lifespan extension. This effect can be quite dramatic, with long term 

TORC1 down-regulation (through mutation, rapamycin treatment, or caloric restriction) allowing a 

40% increase in lifespan (Stanfel et al., 2009). Even shorter-term inhibition of TORC1 signaling, 

of late-middle age organisms, can boost lifespan by up to 14% (Harrison et al., 2009; Stanfel et 

al., 2009). 

 

1.7  Aims 

To begin to understand how cells unshackle themselves from the normal growth control 

mechanisms, we must first understand how they operate. And although some progress has been 

made in identifying the circuitry that regulates TORC1 activity, it is clear that many other 

regulatory pathways remain to be identified. Finding which conditions affect TORC1, identifying 

how and at what level these pathways act to tune TORC1 signaling, and understanding how the 

TORC1 pathway processes information from these different inputs are critical problems to solve. 

These are the questions that I have attempted to address during my thesis.  

 

Chapter II discusses an investigation into stress and nutrient signaling through the TORC1 

pathway in an attempt to understand how its structure and organization allows cells to process 
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information and make decisions. I addressed this question by mapping the phosphorylation of key 

TORC1 and PP2A substrates in a wide variety of conditions and mutant strains. These 

experiments showed that context dependent, and branch specific, signaling occurs through the 

TORC1 pathway.  For example, I show that the known nitrogen/amino acid signaling factors (the 

Rag GTPases Gtr1/2, the Rho GTPase, and the SEA-associated Npr2/3 proteins) inhibit TORC1-

Sch9 and activate TORC1-PP2A in nitrogen starvation conditions, but have little influence on 

TORC1 signaling in glucose starvation and stress. I then show that Snf1/AMPK inactivates 

TORC1-Sch9 in glucose starvation conditions while Hog1/p38 inactivates TORC1-Sch9 in 

osmotic stress conditions.  Based on these and a variety of other data, I conclude that the 

TORC1 pathway acts as an information-processing hub, integrating information from multiple 

signaling pathways, and activating different genes under different conditions, to appropriately 

allocate energy resources to promote growth, nutrient acquisition, or mount a stress response. 

 

Chapter III discusses an investigation into the hierarchy of TORC1 inputs observed in Chapter II; 

in the absence of energy/glucose neither nitrogen signaling nor rapamycin treatment stimulates 

PP2A activity. Following up this result, and to address the deficit in mechanistic understanding of 

TORC1 regulation, I examined the localization of key TORC1 components in glucose starvation 

and other conditions.  I found that the essential structural component and Tor kinase regulator 

Kog1/Raptor forms a perivacuolar body during glucose deprivation. These events are driven by 

AMPK/Snf1-dependent phosphorylation of Kog1 at Serine 491/494 and two nearby prion-like 

motifs. Kog1-body formation does not account for the immediate inactivation of TORC1 in energy 

starvation conditions, but rather increases the threshold for TORC1 activation on the 10 min 

timescale. Therefore, Kog1-bodies create hysteresis (memory) in the TORC1 pathway and help 

ensure that cells remain committed to a quiescent state under suboptimal conditions. I suggest 

that other protein bodies formed in starvation conditions may have a similar function. 
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2.1  Abstract 

TOR kinase complex I (TORC1) is a key regulator of cell growth and metabolism in all 

eukaryotes. Previous studies in yeast have shown that three GTPases—Gtr1, Gtr2, and Rho1—

bind to TORC1 in nitrogen and amino acid starvation conditions to block phosphorylation of the 

S6 kinase Sch9 and activate protein phosphatase 2A (PP2A). This leads to downregulation of 

450 Sch9-dependent protein and ribosome synthesis genes and upregulation of 100 PP2A-

dependent nitrogen assimilation and amino acid synthesis genes. Here, using bandshift assays 

and microarray measurements, we show that the TORC1 pathway also populates three other 

stress/starvation states. First, in glucose starvation conditions, the AMP-activated protein kinase 

(AMPK/Snf1) and at least one other factor push the TORC1 pathway into an off state, in which 

Sch9-branch signaling and PP2A-branch signaling are both inhibited. Remarkably, the TORC1 

pathway remains in the glucose starvation (PP2A inhibited) state even when cells are 

simultaneously starved for nitrogen and glucose. Second, in osmotic stress, the MAPK Hog1/p38 

drives the TORC1 pathway into a different state, in which Sch9 signaling and PP2A-branch 

signaling are inhibited, but PP2A-branch signaling can still be activated by nitrogen starvation. 

Third, in oxidative stress and heat stress, TORC1-Sch9 signaling is blocked while weak PP2A-

branch signaling occurs. Together, our data show that the TORC1 pathway acts as an 

information-processing hub, activating different genes in different conditions to ensure that 

available energy is allocated to drive growth, amino acid synthesis, or a stress response, 

depending on the needs of the cell. 
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2.2  Introduction 

The growth rate of a eukaryotic cell is controlled by a complex network of signaling pathways and 

transcription factors. At the heart of this network lies the TOR kinase, acting as part of TOR 

complex I (TORC1). This 2-MDa complex responds to rapamycin, nutrient, stress, and hormone 

signals (Cardenas et al., 1999; Heitman et al., 1991; Inoki et al., 2002; Loewith and Hall, 2011; 

Loewith et al., 2002; Urban et al., 2007; Zheng et al., 1995; Zoncu et al., 2011a) and in turn 

phosphorylates numerous proteins to control translation, ribosome synthesis, autophagy, and a 

variety of metabolic pathways (Barbet et al., 1996; Cardenas et al., 1999; Crespo et al., 2001; 

Hsu et al., 2011; Huber et al., 2009; Kamada et al., 2010; Loewith and Hall, 2011; Martin et al., 

2004; Powers and Walter, 1999; Yorimitsu et al., 2009; Zoncu et al., 2011a). 

 

Experiments in yeast have shed light on the structure and function of the TORC1 pathway (Figure 

1A) and help explain its complexity. Specifically, it is known that when cells are grown in rich 

medium, TORC1 activates the S6 kinase Sch9, as well as several transcription factors (including 

Sfp1, Dot6/Tod6, Fhl1, Maf1, and Stb3; Figure 1A), to drive protein and ribosome synthesis 

(Huber et al., 2009, 2011; Jorgensen et al., 2004; Lee et al., 2009; Lempiäinen et al., 2009; Liko 

et al., 2007; Lippman and Broach, 2009; Marion et al., 2004; Schawalder et al., 2004; Upadhya et 

al., 2002; Urban et al., 2007). At the same time, active TORC1 binds and represses Tap42-PP2A, 

an activator of (i) the amino acid synthesis and nitrogen assimilation pathways via Npr1, Gln3, 

Rtg1/Rtg3, and other factors; (ii) the environmental stress response via Msn2/Msn4; and (iii) 

autophagy via Atg1 and/or other factors (Figure 1A) (Beck and Hall, 1999; Breitkreutz et al., 2010; 

Di Como and Arndt, 1996; Crespo et al., 2002; Düvel et al., 2003; Huber et al., 2011; Santhanam 

et al., 2004; Shin et al., 2009; Yan et al., 2006; Yorimitsu et al., 2009). In contrast, when cells are 

starved for nitrogen or treated with rapamycin, TORC1 is inhibited so that protein/ribosome 

synthesis halts while the cell synthesizes glutamine and other amino acids (Beck and Hall, 1999; 

Cardenas et al., 1999; De Craene et al., 2001; Crespo et al., 2002; Düvel et al., 2003; Hardwick 

et al., 1999; Huber et al., 2009; Loewith and Hall, 2011). Altering the nitrogen source in the 

growth medium, or blocking glutamine synthesis using a drug, also activates signaling through 
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portions of the protein phosphatase 2A (PP2A) branch of the pathway (Crespo et al., 2002; 

Georis et al., 2011; Rai et al., 2013). These results, and others, have led to the conclusion that 

the TORC1 pathway acts primarily as a nitrogen/amino acid starvation response circuit (Broach, 

2012). 

 

While the TORC1 pathway clearly plays an important role in nitrogen and amino acid signaling, 

TORC1 is also thought to respond to a variety of other stress and starvation signals, including 

osmotic, heat, and oxidative stress, as well as carbon and phosphate starvation (Loewith and 

Hall, 2011; Urban et al., 2007). However, it remains unclear how these additional 

stress/starvation conditions influence the global output of the TORC1 pathway since experiments 

carried out to date have followed the regulation of only one or a few proteins (e.g., Sfp1 and 

Sch9) (Marion et al., 2004; Urban et al., 2007). 

 

Here, to investigate how the TORC1 pathway processes information from different inputs, we use 

DNA microarrays and bandshift assays to measure Sch9-branch and PP2A-branch signaling in a 

wide variety of stress and starvation conditions. Remarkably, we find that heat stress, osmotic 

stress, oxidative stress, and glucose starvation all push the TORC1 pathway into a previously 

unknown state, in which signaling through the Sch9 branch of the pathway is inactivated, but the 

PP2A branch of the pathway remains repressed. Furthermore, we find that even in cells 

simultaneously starved for nitrogen and glucose, the PP2A branch of the TORC1 pathway 

remains in a low-activity state. Thus, all stress and starvation conditions trigger inhibition of 

protein/ribosome synthesis through the Sch9 branch of the TORC1 pathway, but only nitrogen 

starvation in the presence of glucose (energy) triggers robust activation of nitrogen assimilation 

and amino acid synthesis pathways through the PP2A branch of the TORC1 pathway. 

 

To probe the mechanisms underlying the condition-dependent output of the TORC1 pathway we 

also examined the influence that the known nitrogen/amino acid response regulators—the Rag 

proteins Gtr1/Gtr2 (Binda et al., 2009; Sancak et al., 2008), the small GTPase Rho1 (Yan et al., 
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2012), and the SEA-associated proteins Npr2/Npr3 (Neklesa and Davis, 2009; Panchaud et al., 

2013)—have on TORC1 pathway signaling in different conditions. We find that these proteins, 

known to bind TORC1 at the vacuolar membrane, and in the case of Rho1 to alter its interaction 

with Tap42-PP2A (Binda et al., 2009; Sancak et al., 2008, 2010; Yan et al., 2012), primarily 

influence the TORC1 pathway in nitrogen/amino acid starvation conditions. We also demonstrate 

that the AMP-activated protein kinase (AMPK/Snf1) inhibits signaling through the TORC1 

pathway in glucose starvation conditions, while the MAPK Hog1/p38 inhibits signaling through the 

TORC1 pathway in osmotic stress. Thus, different signaling pathways drive the TORC1 pathway 

into each of its signaling states. 

 

Taken together, our data show that the TORC1 pathway acts as an information-processing hub, 

activating different genes in different conditions to ensure that available energy is allocated to 

drive growth, amino acid synthesis, or a stress response, depending on the needs of the cell. 

These results reveal the underlying design principles of the evolutionarily conserved TORC1 

circuit and serve as an important starting point for building a complete model of the TORC1 

pathway and cell growth control. 
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2.3 Materials And Methods 

2.3.1 Saccharomyces cerevisiae strains 

All strains used in this study were generated from diploid Saccharomyces cerevisiae, W303 strain 

background (trp1, can1, leu2, his3, ura3), except Dot6-YPF, Tod6-YFP, and Sfp1-YFP, which 

were made in haploid cells, as described in Supporting Information, Table S3. 

 

2.3.2 Gene expression microarray experiments 

We used an overnight culture of ACY044 [wild-type (wt) strain], ACY509, or ACY142 to inoculate 

a 1-liter culture to an OD600 of 0.1 (in either YEPD or SD medium, as appropriate) in a 2.8-liter 

conical flask shaking at 200 rpm at 30°C. We grew these cells to an OD600 between 0.55 and 0.60 

and then collected 250 ml of cells by filtration and froze them in liquid nitrogen. At this point the 

remaining cells were subjected to stress (by addition of KCl in YEPD, addition of hot YEPD and 

incubation at 42°C, or addition of H2O2); treated with 200 ng/liter rapamycin or 100 nM 1-NM-

PP1; or captured on a filter and washed with SD medium missing amino acids, nitrogen and 

amino acids, or glucose. Cells were then grown in the appropriate condition for 20 min before 

250–300 ml of cells was collected by filtration and frozen in liquid nitrogen. This time point was 

selected as previous work shows that the peak of the transcriptional response to stress/starvation 

occurs 15–20 min after the application of stress (Capaldi et al., 2008; Gasch et al., 2000). RNA 

was then purified from the frozen cells, converted into cDNA using reverse transcription, labeled 

with Cy3 (prestress/starvation cells) or Cy5 (poststress/starvation cells), and examined using an 

Agilent microarray (Yeast V2) and an Axon 4000B scanner (Capaldi, 2010; Capaldi et al., 2008). 

The average intensity of the Cy3 and Cy5 fluorescence at each spot was then extracted using 

Genepix 7 (Molecular Devices), and the data were loaded into the Stanford Microarray Database 

(SMD). The data were then exported from the SMD database, using a filter to eliminate spots 

where both the Cy5 and Cy3 signals are <1.5-fold above the background signal (defined by the 

average Cy5 and Cy3 signals on the negative control spots). 
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To prepare Figure 1B and Figure S1, the microarray data for experiments examining the 

response to rapamycin, nitrogen starvation, amino acid starvation, glucose starvation, KCl stress, 

42° heat stress, H2O2, and 1-NM-PP1 were clustered using the correlation similarity metric and 

centroid linkage in Cluster 3.0 (de Hoon et al., 2004). The resulting cluster groups (Figure 1 and 

Figure S1) were then analyzed using GO Stat (Beissbarth and Speed, 2004) and YEASTRACT 

(Abdulrehman et al., 2011; Monteiro et al., 2008; Teixeira et al., 2006) to map the function and 

regulation of each gene module (Table S2). 

 

The full microarray data set for this article can be found in Table S1 (first tab) or downloaded from 

the GEO database, accession no. GSE58992. 

 

2.3.3 Bandshift experiments 

Bandshift measurements were performed using a modified version of the protocol developed by 

Urban and Loewith (Urban et al., 2007). Cultures were grown in 500-ml conical flasks shaking at 

200 rpm and 30°C until midlog phase (OD600 between 0.55 and 0.6). At this point, a 47-ml 

sample, providing the zero time point, was collected, mixed with 3 ml 100% trichloroacetic acid 

(TCA), and held on ice for at least 30 min (and up to 6 hr). For rapamycin, 1-NM-PP1, osmotic 

stress, oxidative stress, and heat stress experiments, the remaining culture volume was adjusted 

to 175 ml before adding the drug alone, KCl in YEPD or SD, H2O2, or hot SD (resulting in 200 

ng/liter rapamycin, 100 nM 1-NM-PP1, 0.375 M KCl, 2 mM H2O2, or 42°). For all other 

experiments, the remaining culture was collected by filtration, washed with 100 ml of treatment 

media, and transferred to a new 500-ml conical flask containing 175 ml of the treatment media. 

Cultures undergoing treatment were returned to shakers for further growth and then 47-ml 

samples were collected and treated with TCA, as before, at 5-, 10-, and 20-min time points. TCA-

treated samples were centrifuged at 4000 rpm for 5 min at 4° to collect the cell pellets, which 

were then washed twice with 4°C water and twice with acetone and disrupted by sonication at 

15% amplitude for 5 sec before centrifugation at 8000 rpm for 30 sec. Cell pellets were then dried 

in a speedvac for 10 min at room temperature and frozen until required at −20°C. 
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Protein extraction was performed by bead beating (6 × 1 min, full speed) in urea buffer [6 M urea, 

50 mM Tris–HCl (pH 7.5), 5 mM EDTA, 1 mM PMSF, 5 mM NaF, 5 mM NaN3, 5 mM NaH2PO4, 5 

mM p-nitrophenylphosphate, 5 mM β-glycerophosphate, 1% SDS] supplemented with complete 

protease and phosphatase inhibitor tablets (Roche 04693159001 and 04906845001). The lysate 

was collected after centrifugation for 5 min at 3000 rpm, resuspended into a homogenous slurry 

by vortexing, and heated at 65°C for 10 min. Soluble proteins were then separated from insoluble 

cell debris by centrifugation at 15,000 rpm for 5 min, and the lysates were stored at −80°C until 

required. C-terminal epitope-tagged Sch9 samples were subjected to cleavage by 2-nitro-5-

thiocyanatobenzoic acid (NTCB) for 12–16 hr at room temperature in the dark (1 mM NTCB and 

100 mM CHES, pH 10.5) before further analysis. Cell extracts were then heated to 95°C in SDS 

sample buffer for 5 min before they were run on an SDS–PAGE gel, transferred to a nitrocellulose 

membrane, and then detected using 12CA5 (anti-HA) or 9E10 (anti-MYC). 

 

The proteins used to monitor Tap42/PP2A signaling (Nnk1, Npr1, and Gln3) were selected by 

running preliminary experiments to determine which PP2A targets/components [including Ksp1, 

Gat1, Hrr25, Sit4, Tip41, Tap42, and Rtg1 (Beck and Hall, 1999; Breitkreutz et al., 2010; Huber et 

al., 2011; Schmidt et al., 1998) have the clearest bandshift after rapamycin treatment. Gln3 had a 

(moderate) bandshift, similar to that found for several the other targets, but was chosen since it 

has been used in other studies examining PP2A signaling (Cox et al., 2004; Tate et al., 2009; 

Yan et al., 2012). To ensure consistent results all subsequent bandshift experiments (including for 

Sch9, Dot6, Tod6, and the Npr1 target Par32) were run at 80 V for 3 hr on a 10% acrylamide gel 

(Sch9), a 7.5% acrylamide gel (Dot6, Tod6, and Par32), or a 5% acrylamide gel (Gln3, Npr1, and 

Nnk1). A protein marker [Bio-Rad (Hercules, CA) Precision plus dual color] was included on each 

gel and used to ensure that the region of the Western blot shown in each panel (condition/mutant) 

is the same: 40–60 kDa for Sch9, 70–120 kDa for Tod6, 90–160 kDa for Dot6, 115–175 kDa for 

Npr1, 120–180 kDa for Gln3, and 70–130 kDa for Par32. For Nnk1 the region of the gel shown 
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includes the 110- to 170-kDa range, except in the combined conditions, where the range 125–190 

kDa is shown so that the hyperphosphorylated band found at 10–20 min can be seen. 

 

Protein mobility shifts were quantified using a custom MATLAB script. This script requires the 

user to define lanes of interest on the gel image. The data in each lane are then simplified, by 

calculating the average signal intensity at each position along the length of the lane, and 

normalized (so that the total signal matches that of the t = 0 control). These values are then used 

to calculate a position-weighted mean for each data series/lane. Specifically, we defined the first 

pixel/data point in a gel as 100% phosphorylated and the last as 0% phosphorylated. Pixels in 

between these points were weighted (between 100 and 0) based on their position relative to the 

top and bottom of the gel (on a linear scale). The values for each position (pixel) were then 

summed to calculate the total amount of protein phosphorylation in a sample. Finally, since these 

numbers are in arbitrary units, we normalized all of the values to those found in the wild-type 

strain under the same stress or starvation conditions. For example, for the Sch9 data the 

phosphorylation values in all strains were multiplied by constant A and added to a constant B, so 

that the values in the wild-type strain at time = 0 min were 1.0 and time = 5 min were 0. 
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2.4  Results 

2.4.1  Condition-dependent gene regulation in budding yeast 

To gain insight into the input:output characteristics of the TORC1 pathway, we exposed budding 

yeast to a wide range of stress and starvation stimuli, including nitrogen starvation, amino acid 

starvation, glucose starvation, osmotic stress, heat stress, oxidative stress, and the potent 

TORC1 inhibitor rapamycin and measured the transcriptional responses. In starvation 

experiments cells were grown to midlog phase and then transferred into medium missing amino 

acids, nitrogen, or glucose. In stress experiments cells were grown to midlog phase and then 

treated with 0.4 M KCl, 2 mM H2O2, or 200 ng/ml rapamycin or exposed to heat stress (42°). 

Finally, after 20 min of stress/starvation treatment, cells were harvested and the mRNA levels 

measured using DNA microarrays (see Materials and Methods). 

 

We then analyzed the data in two steps: First, we identified the TORC1-dependent genes, using 

the rapamycin response as a benchmark. In line with previous results (Hardwick et al., 1999), we 

found that rapamycin triggers upregulation of 578 genes and downregulation of 596 genes, by 

twofold or more (Table S1). Second, we clustered the data for all 1174 TORC1/rapamycin-

dependent genes (see Materials and Methods). This led to the identification of three major gene 

groups: (1) 101 genes involved in nitrogen and amino acid metabolism, known targets of TORC1-

PP2A (Duvel et al. 2003) (Figure 1B; Table S2, cluster 2); (2) 450 genes involved in ribosome 

and protein synthesis, known targets of TORC1-Sch9 (Urban et al., 2007) (Figure 1B; Table S2, 

cluster 4); (3) 426 genes involved in carbohydrate metabolism, regulated by the general stress 

transcription factors Msn2 and Msn4 (Figure S1; Table S2, cluster 3). We dropped this last group 

from our analysis as Msn2/4 are primarily controlled by factors other than TORC1, including PKA, 

Hog1, and Snf1 (Capaldi et al., 2008; Görner et al., 1998; Petrenko et al., 2013; De Wever et al., 

2005). 

 

Examining the expression of the TORC1-Sch9 and TORC1-PP2A-dependent gene modules 

revealed that only nitrogen and (to some extent) amino acid starvation activate a transcriptional 
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response similar to that found in rapamycin: namely, upregulation of genes in the PP2A branch of 

the TORC1 pathway and downregulation of genes in the Sch9 branch of the TORC1 pathway 

(Figure 1B, top three rows). In contrast, glucose starvation, osmotic stress, heat stress, and 

oxidative stress all trigger downregulation of genes in the Sch9 branch of the pathway, but have 

little influence on genes regulated by TORC1-PP2A (Figure 1B, middle four rows). 

 

The condition-dependent expression patterns described above are especially clear when the 

rapamycin treatment and nitrogen starvation data are compared to the glucose starvation and 

osmotic stress data: TORC1-PP2A-dependent genes (Figure 1B, 101 genes) are induced an 

average of 6.2-fold in rapamycin and 7.7-fold in nitrogen starvation conditions, but only 1.5-fold in 

glucose starvation conditions and 1.2-fold in osmotic stress conditions (Table S2, cluster 2). 

Furthermore, while >70% of TORC1-PP2A-dependent genes are induced ≥3-fold in rapamycin 

and nitrogen starvation conditions, only 12% and 3% of TORC1-PP2A-dependent genes are 

induced ≥3-fold in glucose starvation and osmotic stress conditions (Figure 1C). Yet, all four 

stress/starvation conditions trigger a similar level of TORC1-Sch9-dependent gene repression 

(3.1- to 3.9-fold average repression; Figure 1B, 450 genes), including strong (>2.5-fold) 

repression of at least 156 of the 180 genes repressed ≥4-fold in nitrogen starvation conditions 

(Table S2, cluster 4). 

 

Oxidative stress and heat stress also fail to activate the TORC1-PP2A-dependent genes (1.4- 

and 1.5-fold average induction, respectively; Table S2 and Figure 1, B and C), but trigger less 

repression of the TORC1-Sch9-dependent genes (2.0- and 2.5-fold average repression, 

respectively; Figure 1B and Table S2) than glucose starvation, nitrogen starvation, and osmotic 

stress. 

 

Together, these data show that the TORC1-PP2A-dependent genes, involved in amino acid 

synthesis and nitrogen assimilation, are activated to a significant level (>1.5-fold) only when cells 

are treated with rapamycin or starved for amino acids/nitrogen. In contrast, most stress and 
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starvation conditions trigger robust (2.5- to 3.9-fold) downregulation of the TORC1-Sch9-

dependent protein and ribosome synthesis genes. 

 

2.4.2  Condition-dependent signaling through TORC1-Sch9 

Previous studies have shown that TORC1 cooperates with several signaling pathways to control 

gene expression, including the cAMP-dependent protein kinase pathway (PKA pathway) (Broach, 

2012). The PKA kinases (Tpk1/Tpk2/Tpk3) are activated by glucose and act in parallel with 

TORC1-Sch9 to regulate Dot6, Tod6, Sfp1 (Lippman and Broach, 2009; Marion et al., 2004; 

Zaman et al., 2008; Zurita-Martinez and Cardenas, 2005), and thus the ribosome and protein 

synthesis genes (Figure 1B, bottom row). Therefore, to determine whether the gene expression 

patterns we discovered in our initial microarray experiments match the output of the TORC1 

pathway, or are driven by other signaling pathways such as PKA, we followed the 

phosphorylation of proteins regulated by TORC1. 

 

To start, we monitored phosphorylation of six TORC1 target sites in the C terminus of the S6 

kinase, Sch9, using a bandshift assay (see Materials and Methods) (Urban et al., 2007). We 

found that these sites are rapidly and completely dephosphorylated in rapamycin and all 

stress/starvation conditions (Figure 2A). We also found that the transcriptional repressors Dot6 

and Tod6 (Figure 1A), targets of Sch9 (Huber et al., 2009, 2011), are rapidly dephosphorylated in 

all stress and starvation conditions (Figure 2A). 

 

In contrast, when we exposed a strain carrying mutations that render all three PKA kinases 

sensitive to the inhibitor 1-NM-PP1 (Tpk1/Tpk2/Tpk3as), to saturating amounts of 1-NM-PP1 

(Bishop et al., 2000; Zaman et al., 2009), we saw no change in Sch9 phosphorylation (Figure 2B). 

 

Next, to determine whether stress and starvation also block signaling through other channels in 

the Sch9 branch of the TORC1 pathway (Figure 1A), we followed the nuclear localization of Sfp1, 

Dot6, and Tod6, using fluorescence microscopy and YFP-tagged constructs (Figure 2C). We 
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found that the transcriptional activator Sfp1 moves to the cytoplasm (Jorgensen et al., 2004; 

Marion et al., 2004), and the transcriptional repressors Dot6 and Tod6 move to the nucleus, in all 

stress and starvation conditions examined. In the case of Dot6-YFP and Tod6-YFP, 2–3% of cells 

had a detectable nuclear signal in complete medium, but this increased to between 48% and 97% 

of cells after exposure to stress/starvation conditions (Figure 2C). In the case of Sfp1, 88% of 

cells had a detectable nuclear signal in complete medium, but this number decreased to 0–8% of 

cells in stress/starvation conditions. The only exception was in osmotic stress, where Sfp1 

remains in the nucleus of most cells (72%), but partially relocalizes to the cytoplasm, so that the 

average nuclear concentration is only 54% of that found in complete medium (Figure 2C). 

 

Putting these data together, we conclude that TORC1-Sch9 signaling is inhibited in all stress and 

starvation conditions, as suggested by our microarray data. Inhibition of TORC1-Sch9 signaling 

could be due to direct repression of TORC1 activity and/or the action of as yet unknown proteins 

that block TORC1 signaling to Sch9 and other downstream factors. 

 

2.4.3  Condition-dependent signaling through the PP2A branch of the TORC1 pathway 

To determine whether PP2A-branch signaling is condition dependent, we monitored the 

phosphorylation of three factors that are regulated by protein phosphatase 2A and display a clear 

bandshift in response to rapamycin (Npr1, Nnk1, and Gln3; Figure 2D, column 1; see Materials 

and Methods). 

 

We found that Npr1, Nnk1, and Gln3 are all rapidly and completely dephosphorylated in nitrogen 

starvation conditions, as found in rapamycin (compare columns 1 and 2 in Figure 2D). In contrast, 

dephosphorylation of Npr1, Nnk1, and Gln3 does not occur, or is limited, in other stress and 

starvation conditions: (1) During glucose starvation, Npr1, Nnk1, and Gln3 remain phosphorylated 

or become more phosphorylated (compare columns 2 and 3 in Figure 2D); (2) in osmotic stress, 

Npr1, Nnk1, and Gln3 all remain phosphorylated (compare columns 2 and 4 in Figure 2D); and 
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(3) in oxidative and heat stress, Npr1 and Gln3 are dephosphorylated/partially dephosphorylated, 

while Nnk1 remains phosphorylated (compare columns 2, 5, and 6 in Figure 2D). 

 

Putting these data together, we conclude that PP2A-branch signaling is strong in rapamycin and 

nitrogen starvation conditions, low or off in glucose starvation and osmotic stress, and 

weak/moderate in oxidative and heat stress. These results fit well with our microarray data and 

suggest that strong PP2A-branch signaling is required to activate the PP2A-dependent gene 

expression program (Figure 1B). Low-level signaling through the PP2A branch of the TORC1 

pathway, in glucose starvation and noxious stress, may be due to poor activation of Tap42/PP2A 

and/or the action of other (unknown) signaling pathways on Npr1, Nnk1, and Gln3. 

 

2.4.4  Context-dependent signaling through the TORC1 pathway 

Our discovery that PP2A-branch signaling is on in rapamycin and nitrogen starvation and off, or 

mostly off, in glucose starvation and osmotic stress led us to ask how the pathway responds to 

combinations of stimuli. 

 

First, we explored the influence that glucose has on the response to nitrogen starvation. As 

discussed earlier, nitrogen starvation in high-glucose medium triggers robust activation of PP2A-

branch signaling (Figure 2D, column 2). However, simultaneous nitrogen plus glucose starvation 

fails to activate PP2A-branch signaling, as judged by bandshift assays (compare columns 2 and 7 

in Figure 2D) and microarray analysis (Figure S2). This glucose-dependent gating does not 

appear to depend on the PKA pathway, as TORC1 signaling in nitrogen starvation conditions 

occurs normally in the absence of Tpk1/Tpk2/Tpk3 activity (Figure 2B). 

 

Next, we examined the influence that glucose has on the response to rapamycin. The results 

match those for glucose and nitrogen starvation: Rapamycin treatment in the presence of glucose 

triggers activation of the PP2A branch of the TORC1 pathway (Figure 2D, column 1), while 
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simultaneous rapamycin and glucose starvation does not (compare columns 1 and 8 in Figure 2D 

and Figure S2). 

 

Finally, we examined TORC1 signaling in osmotic stress plus nitrogen starvation. Simultaneous 

osmotic stress plus nitrogen starvation activates the PP2A branch of the TORC1 pathway almost 

as well as nitrogen starvation alone, as judged by bandshift assays (compare columns 2 and 9 in 

Figure 2D) and microarray analysis (Figure S2). 

 

Together, these data show that nitrogen starvation and rapamycin activate PP2A-branch 

signaling to a high level only when the cell has adequate glucose/energy. 

 

2.4.5  Condition-dependent regulation of the TORC1 pathway 

Npr2/3, Rho1, and Gtr1/2 signaling: 

Previous studies of TORC1 regulation revealed that the Rag and Rho GTPases, both located on 

the vacuolar/lysosomal membrane, inactivate TORC1 signaling in poor growth conditions (Binda 

et al., 2009; Bonfils et al., 2012; Sancak et al., 2008; Yan et al., 2012). Specifically, the Rag 

proteins (Gtr1 and Gtr2 in yeast) bind and inactivate TORC1 when amino acid levels fall below a 

critical level (Bonfils et al., 2012; Han et al., 2012a), while Rho1 binds and inactivates TORC1 in 

nitrogen starvation (and other) conditions (Yan et al., 2012). Importantly, active Rho1 binds 

TORC1 in a manner that alters the interaction between TORC1 and Tap42, leading to activation 

of the PP2A complex (Yan et al., 2012). Npr2/3, part of the SEA complex that transiently 

associates with the vacuole, also transmits nitrogen (glutamine) starvation signals to TORC1 

(Dokudovskaya et al., 2011; Neklesa and Davis, 2009). Therefore, it appears that Gtr1/2, Rho1, 

and Npr2/3 work together to drive the TORC1 pathway into the previously identified nitrogen 

starvation (Sch9 off, PP2A on) state. But do these same signaling proteins play a role in driving 

TORC1 into the stress and/or glucose starvation states? 
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To address this question we created three strains, each with a mutation or mutations that stop 

Gtr1/Gtr2, Rho1, or Npr2/Npr3 from transmitting nutrient signals to TORC1. We (1) blocked 

Gtr1/2 signaling using mutations that lock Gtr1 and Gtr2 in their activated states [GTR1/2B (Binda 

et al., 2009)], (2) blocked Rho1 signaling by deleting the Rho1 activator Rom2 [rho1B (Yan et al., 

2012)], and (3) blocked Npr2/3 signaling by deleting Npr2/3 [npr2/3Δ (Neklesa and Davis, 2009)] 

and then measured TORC1-Sch9 signaling in the GTR1/2B, rho1B, and npr2/3Δ strains. 

 

We found that Gtr1/2, Rho1, and Npr2/3 are all required for TORC1-Sch9 signaling in nitrogen 

starvation conditions (38–50% Sch9 phosphorylation remaining after 5min, compared to 0% in 

wild-type cells; Figure 3, A and B). Gtr1/2 and Rho1 may also play a small role in TORC1-Sch9 

signaling in glucose starvation conditions (Figure 3, A and B). However, Npr2/3, Gtr1/2, and Rho1 

do not appear to influence TORC1-Sch9 signaling in osmotic stress, oxidative stress, or heat 

stress (Figure 3, A and B). 

 

Next, we sought to determine whether Gtr1/2, Rho1, and Npr2/3 influence signaling through the 

PP2A branch of the TORC1 pathway. Unfortunately, we could not perform these experiments 

using the Gln3, Npr1, or Nnk1 bandshift assays described earlier because the gel mobility shifts 

were too small to accurately quantify the partial phosphorylation defects found in the 

GTR1/GTR2B, rho1B, and npr2/3Δ strains (Gln3 data shown in Figure S5). To circumvent this 

problem, we searched for proteins in the PP2A branch of the TORC1 pathway that display a large 

mobility shift after rapamycin treatment. This led us to the Npr1 target Par32 (Figure 1A) (Huber 

et al., 2009). We found that Par32 is hyperphosphorylated in nitrogen starvation and rapamycin 

(presumably due to activation of the Par32 kinase, Npr1) and dephosphorylated in glucose 

starvation (possibly due to inactivation of PP2A and Npr1) (Figure 4A). 

 

In line with our results for Sch9, we found that Gtr1/2 and Npr2/3 are required for Par32 

phosphorylation (PP2A-branch activation) in nitrogen starvation conditions (Figure 4, B and C), 

but not Par32 dephosphorylation (PP2A-branch repression) in glucose starvation conditions 
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(Figure 4, B and C). Rho1 may also have a small impact on Par32 phosphorylation (PP2A-branch 

activation) in nitrogen starvation (note the residual dephosphorylated Par32 in Figure 4B), but 

does not influence Par32 phosphorylation (PP2A-branch inhibition) in glucose starvation 

conditions (Figure 4, B and C). 

 

Putting our Sch9 and Par32 bandshift data together with previous data (Binda et al., 2009; Bonfils 

et al., 2012; Sancak et al., 2008, 2010; Yan et al., 2012), we conclude that Npr2/3, Gtr1/2, and 

Rho1 act primarily as nitrogen/amino acid-dependent regulators of TORC1, driving the pathway 

into the Sch9 off, PP2A strong/on, state. 

 

2.4.5.1  Snf1/AMPK and Hog1/p38: 

Next, we focused on identifying the signaling protein(s) that regulates the TORC1 pathway in 

stress and glucose starvation conditions. Previous studies in human cells have shown that AMPK 

(Snf1 in yeast) inactivates TORC1 by phosphorylating the key regulatory subunit Raptor/Kog1 

(Gwinn et al., 2008). Since AMPK is activated when energy/glucose levels are low, and in some 

stress conditions (Hedbacker and Carlson, 2008), we hypothesized that Snf1 drives the TORC1 

pathway into the glucose starvation and/or stress states. To test this idea we examined TORC1 

pathway signaling in an snf1Δ strain. 

 

We found that Snf1 is important for inactivation of TORC1-Sch9 signaling in glucose starvation 

conditions (50 ± 6% Sch9 phosphorylation remains after 5min, compared to 0 ± 20% in wild-type 

cells; Figure 5, A and B). However, Snf1 does not influence TORC1-Sch9 signaling in nitrogen 

starvation or stress conditions (<8% Sch9 phosphorylation after 5 min; Figure 5, A and B). Snf1 is 

also required for Par32 dephosphorylation (PP2A-branch inhibition) in glucose starvation 

conditions (Figure 5, C and D), but does not affect Par32 phosphorylation (PP2A-branch 

activation) in nitrogen starvation conditions (Figure 5, C and D). 
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In line with our bandshift data, we also found that Snf1 is required for downregulation of the 

TORC1-Sch9-dependent genes in glucose starvation conditions, but has little to no impact on the 

expression of TORC1-dependent genes in nitrogen starvation and osmotic stress conditions 

(Figure 6A). 

 

Putting these data together, we conclude AMPK/Snf1 plays a key role in driving the TORC1 

pathway into the glucose starvation state (Sch9 off, PP2A low/off). However, snf1Δ cells still do 

not activate the PP2A pathway in glucose plus nitrogen starvation conditions (Figure S4 and 

Figure S5), suggesting that at least one additional (unknown) factor cooperates with Snf1 to block 

signaling through the PP2A branch of the TORC1 pathway. 

 

Finally, to determine which proteins inactivate the TORC1 pathway during stress, we examined 

signaling in several strains (hyr1Δ, skn7Δ, rad9Δ, ybp1Δ, and hog1Δ cells), each missing one 

stress-activated protein. This revealed that the MAPK Hog1/p38 acts to inhibit TORC1-Sch9 

signaling in osmotic stress (39 ± 1% Sch9 phosphorylation remains after 5 min, compared to 0 ± 

2% in wild-type cells; Figure 5, A and B). Consistent with this result, deletion of HOG1 causes a 

significant defect in the repression of TORC1-Sch9-dependent genes in osmotic stress conditions 

(1.9-fold average defect among the top 100 repressed genes in the TORC1-Sch9 group; Figure 

6B and Table S2). However, Hog1 does not inhibit TORC1-Sch9 signaling in other stress and 

starvation conditions (Figure 5, A and B) or during osmotic stress in minimal (SD) medium (Figure 

S6), indicating that additional (unknown) signaling pathways regulate TORC1 and/or TORC1 

pathway activity in osmotic, oxidative, and heat stress. 
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2.5  Discussion 

Early studies of TORC1 signaling focused on examining the response to rapamycin, nitrogen 

starvation, and amino acid starvation. All three stimuli were found to lead to the same change—

inhibition of TORC1-Sch9 signaling and activation of TORC1-PP2A signaling. It therefore 

appeared as though all stress/starvation signals affect the TORC1 pathway in the same way. This 

simple view of TORC1 pathway signaling began to break down when the Hall and Cooper 

laboratories showed that different types of nitrogen starvation lead to different responses through 

the PP2A branch of the pathway (Crespo et al., 2002; Georis et al., 2011; Rai et al., 2013; Tate 

and Cooper, 2013). Now, in this work, we show that glucose starvation, osmotic stress, oxidative 

stress, and heat stress all drive the TORC1 pathway into a completely distinct set of states, in 

which Sch9-branch signaling and PP2A-branch signaling are both inhibited. Furthermore, we 

show that nitrogen starvation and rapamycin activate PP2A-branch signaling only when the cell 

has adequate glucose/energy. 

 

Our observation that nitrogen/amino acid starvation leads to robust PP2A-branch signaling, while 

other stress/starvation conditions lead to weak or no PP2A-branch signaling, seems to contradict 

previous reports indicating that PP2A is active in stress (Crespo et al., 2001; Santhanam et al., 

2004; Yan et al., 2012). However, there are technical reasons for the discrepancy. The most 

important factor is that previous studies did not examine PP2A signaling in osmotic stress or 

glucose starvation—the two conditions where we see little to no PP2A-branch activity. The other 

factor is that we examined PP2A-branch signaling using multiple probes, while previous studies 

monitored the phosphorylation of only one protein or two highly related proteins (e.g., Gat1 and/or 

Gln3). In line with previous results we find that Gln3 is dephosphorylated in oxidative and heat 

stress, but we nevertheless conclude that PP2A-branch signaling is weak in these conditions 

based on phosphorylation data for Nnk1 and Npr1 and microarray data. Thus, our results are 

consistent with published data but offer a broader view of PP2A-branch signaling and activity. 
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On top of building a map of input:output characteristics of the TORC1 pathway, the data 

presented in this study also reveal that different signaling pathways drive the TORC1 pathway 

into each of its signaling states. 

 

First, we show that the known TORC1 regulators Gtr1/2, Npr2/3, and Rho1 have a strong impact 

on TORC1 signaling in nitrogen/amino acid starvation conditions, but not glucose starvation or 

stress. These data fit well with previous observations for Npr2/3 and Gtr1/2 and data showing that 

Gtr1/2 are regulated in response to glutamine and leucine signals (Binda et al., 2009; Bonfils et 

al., 2012; Durán et al., 2012; Han et al., 2012a; Neklesa and Davis, 2009; Panchaud et al., 2013; 

Sancak et al., 2008). Our data also fit with a recent study that showed that Rho1 inhibits TORC1 

signaling in nitrogen starvation conditions (Yan et al., 2012). 

 

The relationship between our data for Rho1 and the data of Yan et al. (2012) deserves additional 

comment. Yan et al. (2012) conclude that Rho1 plays a key role in transmitting stress signals to 

TORC1. Yet, there is no overlap between the conditions examined in Yan et al. (2012) and our 

study (outside of the nitrogen starvation data discussed above). They show that Rho1 activation 

is required for TORC1 inactivation in calcofluor white, caffeine, and rapamycin treatment, while 

we show that Rho1 activation has no impact on TORC1 signaling in osmotic stress, oxidative 

stress, or heat stress. Putting the two sets of data together, we suggest that Rho1 plays a role in 

regulating TORC1 during cell wall damage (as induced by calcofluor white), consistent with the 

known connection between the cell wall integrity (PKC) pathway and Rho1 (Levin, 2011). Rho1 

also seems to be required for the action of the direct TORC1 inhibitors, caffeine and rapamycin. 

However, Rho1 does not appear to be involved in transmitting oxidative, osmotic, and heat stress 

signals to TORC1. 

 

Second, we show that the AMP-activated protein kinase (AMPK), Snf1, represses TORC1-Sch9 

signaling and hyperinactivates PP2A-branch signaling in glucose starvation, but not other 

conditions. We also show that Snf1 is required for repression of the TORC1-dependent gene 
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expression program in glucose starvation conditions. These results show that AMPK regulates 

the TORC1 pathway (and possibly TORC1 itself) in yeast, as found in mammalian cells (Gwinn et 

al., 2008; Inoki et al., 2003a). 

 

It is worth noting that our data for Snf1 stand in conflict with conclusions drawn in a previous 

study of TORC1-Snf1 signaling by Zhang et al. (2011). Zhang et al. (2011) compared the global 

transcription and phosphorylation changes that occur in tor1Δ and snf1Δ cells in several stress 

and starvation conditions, including glucose starvation. They then argued that TORC1 and Snf1 

must act independently since deletion of TOR1 has significantly less influence on transcription 

and protein phosphorylation than deletion of SNF1. We submit that this logic is flawed since 

budding yeast have two TOR genes, and deletion of TOR1 has little impact on TORC1 signaling, 

due to the compensatory activity of Tor2 (Helliwell et al., 1994; Loewith et al., 2002). In fact, we 

observe that the potent TORC1 inhibitor rapamycin causes expression changes similar to those 

found in complete glucose starvation (Figure 1B) and deletion of Snf1 (Figure 6A), consistent with 

our data showing that Snf1 regulates TORC-Sch9 and PP2A-branch signaling. 

 

Finally, we show that the MAPK Hog1/p38 is required for inhibition of TORC1-Sch9 signaling in 

osmotic stress conditions (in rich medium), but not other stress/starvation conditions. We believe 

this is the first time Hog1 has been linked to TORC1 pathway regulation. 

 

Putting all of our data together, we are able to construct an expanded model of the TORC1 

pathway (Figure 7). This model highlights, for the first time, the way that cells process and 

integrate information from distinct stress and starvation stimuli: When glucose/energy levels fall, 

AMPK and at least one additional regulator drive the TORC1 pathway into an off state (red panel 

in Figure 7). By contrast, in the presence of glucose/energy, the TORC1 pathway can take up at 

least three distinct states (green panels in Figure 7). First, in nutrient rich and stress free 

conditions, TORC1 phosphorylates proteins in the Sch9 branch of the pathway to promote protein 

synthesis/growth. However, if the cell begins to run out of amino acids or nitrogen, the Gtr1/2 and 
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Rho1 GTPases, working together with Npr2/3, bind TORC1 to inhibit signaling through the Sch9 

branch of the pathway and activate signaling through Tap42-PP2A. This diverts energy away 

from protein synthesis and toward the production of key metabolites such as amino acids. In 

other words, AMPK tells the TORC1 pathway how much energy the cell has to spend, while 

nutrient signals through Gtr1/2 and Rho1 tell the TORC1 pathway whether the cell should spend 

this energy producing missing metabolites or driving mass accumulation. Finally, if cells are 

exposed to stress, Hog1/p38 and other unknown factors transiently inhibit TORC1-Sch9 while 

cellular resources are used to promote a TORC1-independent stress response. 

 

While our model provides important insight into cell function and the overall design of the TORC1 

pathway, it is far from complete. In particular, it remains unclear how glucose starvation and 

stress signals regulate the TORC1 pathway. One possibility is that stress and glucose starvation 

signals act directly on TORC1 to inhibit PP2A activation and/or TOR kinase activity. However, 

glucose/stress signals may also act on other components in the TORC1 pathway, including Sch9; 

Tap42/PP2A; and/or Npr1, Nnk1, and Gln3. Distinguishing between these and other possible 

scenarios will have to await mechanistic studies of Snf1, Hog1, and TORC1 pathway signaling in 

glucose starvation and stress conditions. 
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2.7  Figures 
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Figure 1 

Structure and function of the TORC1-dependent transcriptional network. (A) TORC1 acts through 

numerous downstream effector proteins to regulate protein and ribosome synthesis and a range 

of metabolic pathways (Huber et al., 2011; Lempiäinen et al., 2009; Loewith and Hall, 2011; 

Martin et al., 2004; Sengupta et al., 2010; Wullschleger et al., 2006). The metabolic pathways 

are, to a large degree, regulated by the Tap42/PP2A protein phosphatases (Beck and Hall, 1999; 

Düvel et al., 2003; Huber et al., 2009; Jacinto et al., 2001; Santhanam et al., 2004). The activity of 

the PP2A complex, which includes the regulator Tap42, depends on both a physical interaction 

with and phosphorylation by TORC1 (Jiang and Broach, 1999; Yan et al., 2006, 2012). Kinases 

are shown in blue, transcription factors in red, and phosphatases in green. (B) The gene 

expression program activated by the TORC1 pathway depends on the cellular condition. The 

global gene expression program activated in 200 ng/liter rapamycin, complete nitrogen starvation 

(no ammonium sulfate or amino acids), amino acid starvation, glucose starvation, 0.4 M KCl 

stress, 2 mM H2O2 stress, and 42° heat stress was measured by comparing the mRNA levels 

before (Cy3, green) and after 20 min of stress/starvation (Cy5, red), on a two-color DNA 

microarray. For comparison we also show the gene expression changes that occur when all three 

PKA kinases (Tpk1–3) are inactivated for 20 min, using the chemical inhibitor 1-NM-PP1 (Tpk1–

3AS + 1NM-PP1). Note that this last experiment was carried out in a strain carrying point 

mutations in Tpk1–3 (Tpk1–3AS) that render them inactive in the concentration of 1-NM-PP1 

used here (100 nM) (Zaman et al., 2009). Other gene groups regulated by TORC1 are shown in 

Figure S1. (C) Number of TORC1-PP2A-dependent genes, from B, induced more than three-, 

four-, six-, and eightfold in key stress/starvation conditions (of 101 genes total). 

  



	   58 

 

 

Figure 2 

TORC1 signaling is condition dependent. (A) Bandshift assays following the phosphorylation of 

Sch9, Dot6, and Tod6 (see Materials and Methods for details). (B) Bandshift assays following the 

phosphorylation of Sch9 and Gln3 in both the presence (wt + 1NM-PP1) and the absence (Tpk1–

3AS + 1NM-PP1) of Tpk1–3 activity. (C) Fluorescence microscopy was used to follow the 

localization of Dot6-YFP, Tod6-YFP, and Sfp1-YFP in different stress and starvation conditions. 

The fraction of cells with a detectable nuclear signal (inset number) was calculated by visually 

inspecting the images of 75–200 cells. *Sfp1 remains in the nucleus of most cells in osmotic 

stress (72%), but also partially relocalizes to the cytoplasm, so that the nuclear concentration is 

54% of that found in SD medium (based on the intensity of nuclear fluorescence, P < 1e-40 by a 

t-test). Relocalization of Sfp1, Dot6, and Tod6 has previously been shown to depend on TORC1 

activity (Huber et al., 2009, 2011; Marion et al., 2004). (D) Bandshift assays following the 

phosphorylation of PP2A branch proteins Npr1, Nnk1, and Gln3. Repeat experiments for A and D 

are shown in Figure S3.  
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Figure 3 

Gtr1/2, Npr2/3, and Rho1 regulate TORC1-Sch9 signaling. (A) Bandshift assays following Sch9 

phosphorylation in GTR1/2B, npr2/3Δ, rho1B, and wild-type strains. (B) Quantitation of the 

bandshift data from A, showing the average and standard deviation from at least two replicates 

(see Materials and Methods for details). The data are normalized to set the wild-type values to 1 

at t = 0 min and 0 at t = 5 min. *Strains with a statistically significant defect (P < 0.05 in a t-test) 

are marked with an asterisk and highlighted in red in A. Repeat experiments are shown in Figure 

S3. 
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Figure 4 

Gtr1/2, Npr2/3, and Rho1 regulate PP2A-branch signaling. (A and B) Bandshift assays following 

Par32 phosphorylation in wild-type (A) and GTR1/2B, npr2/3Δ, and rho1B (B) strains. (C) 

Quantitation of the bandshift data from B, showing the average and standard deviation from at 

least two replicates. The data are normalized so that wild-type values are 0 at t = 0 min in all 

conditions, 1 at t = 5 min in nitrogen starvation conditions, and −1 at t = 5 min in glucose 

starvation conditions. Note that while the GTR1/2B and npr2/3Δ strains have lower basal 

phosphorylation of Par32, both strains have a wild-type-like response to rapamycin (Figure S4) 

and thus the TORC1-PP2A pathway is still functional in these strains; it is just not activated by 

nitrogen starvation. *Strains with a statistically significant defect in the response to a given stimuli 

(P < 0.05 in a t-test) are marked with an asterisk and highlighted in red in B. Repeat experiments 

are shown in Figure S4. 
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Figure 5 

Snf1 and Hog1 regulate TORC1 signaling. (A) Bandshift assays following Sch9 phosphorylation 

in snf1Δ, hog1Δ, and wild-type cells. (B) Quantitation of the bandshift data from A, showing the 

average and standard deviation from at least two replicates (see Materials and Methods for 

details). The data are normalized to set the wild-type values to 1 at t = 0 min and 0 at t = 5 min. 

*Strains with a statistically significant defect (P < 0.05 in a t-test) are marked with an asterisk and 

highlighted in red in A. (C) Bandshift assays following Par32 phosphorylation in snf1Δ, hog1Δ, 

and wild-type cells. (D) Quantitation of the bandshift data from C, showing the average and 

standard deviation from at least two replicates. The data are normalized so that wild-type values 

are 0 at t = 0 min in all conditions, 1 at t = 5 min in nitrogen starvation conditions, and −1 at t = 5 
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min in glucose starvation conditions. *Strains with a statistically significant defect in the response 

to a given stimulus (P < 0.05 in a t-test) are marked with an asterisk and highlighted in red in A. 

The results for stress experiments are the same when we compare bandshifts in SD and YEPD 

medium, except for in the hog1Δ strain, where the data show that Hog1 regulates the TORC1-

Sch9 signaling only in YEPD medium (Figure S6). Repeat experiments are shown in Figure S3 

and Figure S4. 
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Figure 6 

Gene regulation by the Snf1 and Hog1 kinases. (A) Snf1 regulates the TORC1-dependent gene 

expression program in glucose starvation conditions. The global gene expression program 

activated in nitrogen starvation, 0.4 M KCl stress, and glucose starvation was measured in both 

snf1Δ and wild-type cells by comparing the mRNA levels before (Cy3, green) and after 20 min of 

stress/starvation (Cy5, red), on a two-color DNA microarray (red/green columns). These data 

were also used to calculate the difference between the transcription programs activated in snf1Δ 

and wild-type cells by subtracting the log2 expression values in the snf1Δ strain from those in the 

wild-type strain (blue/yellow columns). (B) Hog1 regulates the TORC1-dependent gene 

expression program in salt stress conditions. The gene expression program activated in 0.4 M 

KCl was measured in both hog1Δ and wild-type cells (in YEPD medium), and the expression 

difference between the two strains was calculated, as described above, for the snf1Δ cells. 
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Figure 7 

Model of the TORC1 signaling circuit in yeast. The TORC1 circuit behaves as an energy 

management system with specific nutrient, energy, and stress sensors driving the system 

between alternate signaling states, shown schematically in red and green boxes. See the text for 

details. 
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2.8  Supplement 
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Figure S1   The gene expression program activated by the TORC1 pathway depends on the 

cellular condition.  The global gene expression program activated in a range of stress and 

starvation conditions was measured by comparing the mRNA levels before (Cy3, green) and after 

20 min of stress/starvation (Cy5, red), on a two-color DNA microarray (as described in the 

Methods).  We then filtered this data, using the rapamycin response, to identify the genes 

regulated by TORC1 (at a 2-fold cut-off).  Clustering the data for the 1174 TORC1 dependent 

genes led to the identification of six distinct gene modules (Table S2).  The three major gene 

modules are; (Group II) 101 genes involved in nitrogen and amino acid metabolism, known 

targets of TORC1 through PP2A; (Group III) 426 Stress and carbohydrate metabolism genes; and 

(Group IV) 450 Ribosome and protein synthesis genes, targets of TORC1 through Sch9.  The 

genes in Group III were identified as targets of the general stress transcription factors Msn2 and 

Msn4 by comparing our expression data to a previously published list of Msn2/4 gene targets 

(Capaldi et al., 2008), shown here as a column labeled Msn2/4 dependent (black boxes, Column 

I).  Since Msn2/4 are primarily regulated by factors other than TORC1, such as PKA, Hog1 and 

Snf1 (Capaldi et al., 2008; Görner et al., 1998; Petrenko et al., 2013; De Wever et al., 2005), we 

did not investigate this gene group further.  Three minor gene modules were also identified.  The 

first of these (Group I) is involved in amino-acid metabolism, and is activated in nitrogen and 

amino-acid starvation conditions, but not during glucose starvation or stress, just like Group II.  

However, the genes in Group I show limited (and mixed) dependence on rapamycin, so were not 

analyzed further here.  The other two groups (Groups V and VI) show weak and mixed repression 

across conditions (including rapamycin), and thus were also dropped from our analysis.  Finally, 

for comparison we also measured the gene expression changes that occur when all three PKA 

kinases (Tpk1-3) are inactivated for 20 min using the chemical inhibitor 1-NM-PP1 (Tpk1-3AS + 

1NM-PP1).  Note that this experiment was carried out in a strain carrying point mutations in Tpk1-

3 (Tpk1-3AS) that render them inactive in the concentration of 1-NM-PP1 used here (100nm, 

(Zaman et al., 2009)).  The 1-NM-PP1 and Msn2/4 data were not included during clustering.  

Shown to the right of each cluster group are the major associated GO terms, as calculated using 

GO Stat.  A complete list of GO terms and the transcription factor binding sites over-represented 
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in each gene group (along with gene descriptions and expression data) can be found in Table S2.  

The microarray data shown in this figure, and throughout the paper, are available in Table S1. 
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Figure S2   PP2A dependent gene expression in combined stress conditions. Gene expression 

profiling by microarray reveals that TORC1/PP2A dependent reprogramming of metabolism 

occurs in nitrogen starvation conditions, but not under conditions of noxious environmental stress 

or glucose deprivation. Moreover, while the addition of rapamycin, or the removal of nitrogen, are 

sufficient to trigger metabolic reprogramming in glucose rich environments, neither stimuli is 

potent enough to overcome the barrier to this transition imposed by the removal of 

glucose.  Specifically, PP2A branch pathway genes are induced 6.2 and 7.7-fold on average in 

rapamycin and N2 starvation; 1.5-fold average induction in glucose starvation, 1.2-fold, 1.5-fold, 

and 1.5-fold in KCl, heatshock, and oxidative stress exposure; and 1.7-fold on average in glucose 

starvation with rapamycin and/or nitrogen starvation.  The genes shown here are Group II in 

Figure S1. 
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Figure S3   Sch9 mobility shift dataset.  Sch9 phosphorylation was measured using SDS PAGE 

and an anti-HA western blot as described for Figs. 2, 3 and 5. 
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Figure S4   Par32 mobility shift dataset.  Par32 phosphorylation was measured using SDS PAGE 

and an anti-Myc western blot as described for Figs. 4 and 5. 

  



	   71 

 

 
 
 
 
Figure S5   Gln3 mobility shift dataset. Gln3 phosphorylation was measured using SDS PAGE 

and an anti-Myc western blot as described for Fig. 2.  A horizontal line through the approximate 

midpoint of Gln3 phosphorylation at t=0 has been overlaid on each image to assist in determining 

Gln3 mobility shifts in response to environmental conditions.   
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Figure S6   TORC1 Regulation in SD medium. Control experiments for Figs. 3 and 5 indicating 

Gtr1/2, Npr2/3, Rho1, Snf1, and Hog1 do not regulate TORC1 in osmotic stress, oxidative stress, 

or heat stress in SD.  Experiments and analysis were carried out as described for Figs. 3a and b.  
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2.9  Supplemental Tables  

 

Table S1   Complete microarray data (tab 1) and the TORC1 dependent gene list (tab 2). Table 

S1 is available as an Excel (.xlsx) file at http://www.genetics.org/content/198/2/773/suppl/DC1. 

 

Table S2   Gene descriptions, expression data, and Ontology Assignments and Transcription 

Factor Analysis for Gene Modules in Fig. S1.  Gene Ontology terms were identified using GO Stat 

(Beissbarth and Speed, 2004), and all over-represented terms with a statistical cut-off of 

p<1.0x10-5 are shown here.  Group V had no significant GO terms, even at a cutoff of p<0.001.  

The transcription factors regulating each module were identified using YEASTRACT 

(Abdulrehman et al., 2011; Monteiro et al., 2008; Teixeira et al., 2006, 2014), examining direct 

binding data, with a cutoff of p<0.001.  Note that each gene module (from Fig. S1) has its own tab 

within the spreadsheet. Table S2 is available as an Excel (.xlsx) file at 

http://www.genetics.org/content/198/2/773/suppl/DC1. 

 

Table S3   Saccharomyces cerevisiae strains used in this study. Table S3 is available as an 

Excel (.xlsx) file at http://www.genetics.org/content/198/2/773/suppl/DC1. 
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3.1  Abstract 

The target of rapamycin complex I (TORC1) regulates cell growth and metabolism in all 

eukaryotes.  Previous studies have shown that nitrogen and amino acid signals activate TORC1 

via the small GTPases, Gtr1/2.  However, little is known about the way that other nutrient signals 

are transmitted to TORC1.  Here we report that glucose starvation triggers disassembly of 

TORC1, and movement of the key TORC1 component Kog1, to a single body near the edge of 

the vacuole.  These events are driven by AMPK/Snf1-dependent phosphorylation of Kog1 at Ser 

491/494 and two nearby prion-like motifs.  Kog1-bodies then serve to increase the threshold for 

TORC1 activation in cells that have been starved for a significant period of time.  Together, our 

data show that Kog1-bodies create hysteresis (memory) in the TORC1 pathway and help ensure 

that cells remain committed to a quiescent state under suboptimal conditions. We suggest that 

other protein bodies known to form in stress and starvation conditions may have a similar 

function. 
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3.2  Introduction 

The TOR kinase, acting as part of TOR complex 1 (TORC1), regulates cell growth and 

metabolism in all eukaryotes.  In the presence of pro-growth hormones and the appropriate 

nutrients, TORC1 is active and drives protein, lipid, and nucleotide synthesis by phosphorylating 

a wide range of proteins (Bodenmiller et al., 2010; Hsu et al., 2011; Laplante and Sabatini, 2012; 

Loewith and Hall, 2011; Robitaille et al., 2013).  In contrast, when hormone, nutrient or energy 

levels drop below a critical level, TORC1 is inhibited, causing the cell to switch from anabolic to 

catabolic metabolism and eventually enter a quiescent state (Barbet et al., 1996; Düvel et al., 

2010; Loewith and Hall, 2011). 

 

TORC1 is made up of three essential proteins, called mTOR, raptor and mLST8 in humans and 

Tor1, Kog1 and Lst8 in yeast (Kim et al., 2002; Loewith et al., 2002).  Biochemical and structural 

studies show that these proteins form a stable ring structure, containing two copies of each 

subunit (Adami et al., 2007; Yip et al., 2010).  Kog1/Raptor is known to recruit substrates to the 

TOR kinase (Tor1) and is required for regulation of Tor1 activity (Hara et al., 2002; Kim et al., 

2002).  Lst8, on the other hand, binds directly to the kinase domain in Tor1 (Yip et al., 2010) and 

may help stabilize the interaction between Kog1 and Tor1 (Kim et al., 2002). 

 

In higher eukaryotes, hormone signals are transmitted to TORC1 through the Phosphatidylinositol 

3-kinase to AKT, which in turn phosphorylates the tuberous sclerosis complex (Inoki et al., 2002; 

Manning et al., 2002).  The tuberous sclerosis complex (TSC1, TSC2 and TBC1D7) then 

dissociates from the lysosomal surface, triggering activation of the small GTPase, Rheb, and 

subsequently TORC1 (Dibble and Manning, 2013; Menon et al., 2014).  However, these pro-

growth signals are blocked in energy starvation conditions due to stimulation of the AMP 

activated protein kinase (AMPK), which phosphorylates and hyperactivates TSC1-TSC2 to inhibit 

Rheb and TORC1 (Inoki et al., 2003a, 2003b). 
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AMPK also inhibits TORC1 by phosphorylating Kog1/Raptor at two sites (Gwinn et al., 2008).  

One of these sites is highly conserved in eukaryotes (Ser 959 in S. cerevisiae) but does not 

appear to influence TORC1 activity in budding yeast (Kawai et al., 2011). 

 

In both higher and lower eukaryotes, amino acid/nitrogen signals are transmitted to TORC1 

through another class of small GTPases, known as Gtr1/2 in yeast and the Rags in humans 

(Binda et al., 2009; Kim et al., 2008; Sancak et al., 2008).  Gtr1/2 are tethered to the 

vacuolar/lysosomal membrane via the EGO complex (Ragulator in humans) and the vacuolar 

ATPase, where they respond to amino acid signals by binding and activating TORC1 (Bar-Peled 

et al., 2012; Binda et al., 2009; Panchaud et al., 2013; Sancak et al., 2010; Zoncu et al., 2011a). 

 

Outside of nitrogen/amino acid starvation conditions little is known about the way nutrient and 

stress signals trigger changes in TORC1 activity, particularly in organisms such as S. cerevisiae 

that are missing TSC1/2 and where there is no clear link between AMPK and TORC1 activity.  

For example, studies in yeast have shown that glucose starvation completely blocks TORC1 

signaling, but only around 20% of this inhibition depends on Gtr1/2 and the other known TORC1 

regulator in yeast, Rho1 (Hughes Hallett et al., 2014). 

 

Here, to learn more about TORC1 regulation, we examine the localization of Tor1 and Kog1 in 

budding yeast, in glucose starvation and other conditions.  Surprisingly, we find that glucose 

starvation leads to disassembly of the TOR complex and movement of Kog1 from the vacuolar 

membrane to a single body on the edge of the vacuole, while glucose repletion leads to a 

reversal of this process.  Following up on these observations we show that the AMPK, Snf1, 

drives Kog1 into bodies by phosphorylating Kog1 on Ser 491 and 494.  Furthermore, we find that 

these phosphorylation sites are located in the first of two, glutamine-rich prion-like motifs in Kog1, 

and that these motifs are required for the formation of Kog1-bodies.  Finally, by measuring 

phosphorylation of the key TORC1 substrate, Sch9, in a variety of mutants, we show that Kog1 

agglomeration increases the threshold for TORC1 activation.  
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Taken together, our results reveal a novel mechanism of TORC1 regulation and show that protein 

body formation can block the activation of a pathway by weak stimuli.  The numerous other 

protein bodies formed in yeast, and other organisms, may have a similar function—creating 

hysteresis (memory) in key signaling and metabolic pathways to ensure that once cells commit to 

a stress or starvation state, they only exit when conditions are optimal.   
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3.3  Materials and Methods 

3.3.1  Saccharomyces cerevisiae strains.  All strains used in this study were generated in a 

haploid Saccharomyces cerevisiae strain, W303 background (trp1, can1, leu2, his3, ura3), using 

standard methods and are listed in Table S4.  Note that the Kog1-YFP and Tor1-3xGFP strains 

have the same growth rate as the wild-type strain and thus Kog1-YFP and Tor1 with an internal 

3xGFP are fully functional (Binda et al., 2009; Sturgill et al., 2008). 

 

3.3.2  Fluorescence Microscopy.  Cultures were grown in 25ml of SD medium (or 25ml of SD 

medium missing uracil in experiments with plasmids) in 125ml conical flasks shaking at 200rpm 

and 30oC until they reached mid-log phase (OD600 between 0.3 and 0.4).  The cultures were 

then diluted to OD600 0.1 in 25ml of fresh medium and allowed to grow to an OD600 of 0.4. At this 

point, 300mL samples were transferred to a chamber slide (Nunc Lab-Tek II #155409) that had 

been treated with 2mg/ml concanavilin A.  The slides were then washed three times with 300ml 

treatment medium (either SD, SD +KCl, or SD –Glu, -N, or -Glu + N) and loaded into a 30oC 

chamber.   

 

Images were acquired using a Deltavision Elite Microscope equipped with an Olympus 100x, 

1.4NA, objective and a sCMOS camera.  We collected a Z-series of 5 images with 1mm spacing 

in the YFP (YFP filter; Ex. 496-528nm, Em. 537-559nm), GFP (GFP filter; Ex. 425-495nm, Em. 

500-550nm), and RFP (mCherry filter; Ex. 555-590nm, Em. 600-675nm) channels at each time-

point to ensure that all of the fluorescent bodies in the cell were detected.  Image files were then 

processed in ImageJ to create the maximum projection from the stacks.  Glucose repletion 

experiments (Fig. 1d) were performed in a similar manner, but cells were collected by filtration 

and then transferred to medium without glucose for one hour before cells were loaded into the 

chamber slides. 

 

We calculated the fraction of cells containing one or more Kog1 body by manually inspecting the 

images for 100-200 cells per time-point, per experiment.  The time-course data was fit to a single 
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exponential equation; A*(1-e^-t/t)+c for starvation and A*(e^-t/t)+c for repletion experiments, 

where A is the fraction of cells that form bodies during the time-course, t is the apparent time-

constant, and c is fraction of cells that have bodies at the start (starvation) or end (repletion) of 

the time-course.  In cases where there was no change in Kog1-body levels during the time-

course (e.g. in SD medium) the data was fit to a line.  All fitting was done in Igor Pro 6.3 

(WaveMetrics) and the errors reported are the estimated standard deviation from the fit. 

 

3.3.3  Purification of Kog1/TORC1 and Peptide Mapping. Yeast expressing Kog1-3xFlag were 

inoculated into 50ml of SD medium (for glucose starvation experiments) or 50 ml YEPD (for 

osmotic stress experiments) and grown overnight in 250ml conical flasks, shaking at 200 rpm and 

30oC.  These cultures were then used to inoculate 2.5L of fresh media to OD600 0.1 and grown (as 

above) in 4L flasks until they reached an OD600 of 0.6.  At this point cultures were either 

harvested by filtration and frozen in liquid nitrogen (SD sample), or subjected to 0.4M KCl stress 

for 5 min, or glucose starvation for 5 min, and harvested by filtration and frozen in liquid nitrogen. 

  

To isolate TORC1, cells were washed off the filter with 10ml chilled lysis buffer (50mM HEPES 

pH 7.1, 50mM NaF, 10% glycerol, 150mM KCl, 0.5mM EDTA, 0.5mM EGTA, 0.5% Tween 20, 

and 2mM PMSF) and pelleted by centrifugation at 4oC.  The cell pellets were then resuspended 

in chilled lysis buffer supplemented with a protease inhibitor cocktail (Sigma P8215), split into 100 

OD unit aliquots, and lysed by bead beating (5X 20s with 30s intervals on ice). The lysate was 

then collected after centrifugation for 5 min at 3000rpm and transferred into fresh tubes before 

being spun down again at 500g for 5 min at 4oC. The clarified lysate was then incubated with 

100ml protein G Dynal beads + 10ml anti-Flag antibody for 30 min at 4oC.  The resin was washed 

3 times for 1 min with 1ml lysis buffer at 4oC and the protein eluted by boiling the beads in 150ml 

SDS loading buffer for 5 min, and loaded onto a 10% acrylamide gel (BioRad 161-1155).  The 

gels were then stained using colloidal blue and the bands corresponding to Tor1 and Kog1 

excised, subjected to protease treatment, and analyzed using Mass Spectrometry (see 

Supplemental Methods).   
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3.3.4  Sch9 Bandshift Experiments. Bandshift measurements were performed using a modified 

version of the protocol developed by Urban and Loewith (Urban et al., 2007).  Cultures were 

grown in conical flasks shaking at 200rpm and 30oC until mid log phase (OD600 between 0.55 and 

0.6).  At this point, a 47 ml sample was collected, mixed with 3 ml 100% Trichloroacetic acid 

(TCA), and held on ice for at least 30 min (and up to 6 hrs).  The remaining culture was then 

collected by filtration and transferred to the appropriate medium and further samples collected in 

TCA, as described above.  The samples were then centrifuged at 4000rpm for 5 min at 4°C, 

washed twice with 4°C water, twice with acetone, and disrupted by sonication at 15% amplitude 

for 5s before centrifugation at 8000rpm for 30s.  The cell pellets were then dried in a speedvac for 

10 min at room temperature, and frozen until required at -20°C.  

 

Protein extraction was performed by bead beating (6 x 1 min, full speed) in urea buffer (6M Urea, 

50mM Tris-HCl pH 7.5, 5mM EDTA, 1mM PMSF, 5mM NaF, 5mM NaN3, 5mM NaH2PO4, 5mM p-

nitrophenylphosphate, 5mM β-glycerophosphate, 1% SDS) supplemented with complete 

protease and phosphatase inhibitor tablets (Roche 04693159001 and 04906845001). The lysate 

was then collected after centrifugation for 5 minute at 3000 rpm, resuspended into a homogenous 

slurry, and heated at 65°C for 10 minutes.  Soluble proteins were then separated from insoluble 

cell debris by centrifugation at 15,000rpm for 5 min, and the lysate stored at -80°C until required.  

Samples were then subjected to cleavage by 2-Nitro-5-thiocyanatobenzoic acid (NTCB) for 12-16 

hrs at room temperature (1mM NTCB and 100mM CHES, pH 10.5) before further analysis.  Cell 

extracts were then heated to 95°C in SDS sample buffer for 5 min before they were run on an 

SDS-PAGE gel, transferred to a nitrocellulose membrane.  Western blotting was carried out using 

12CA5 (anti-HA) and an anti-mouse secondary labeled with a IRDye 800CW (LiCor) and the blots 

scanned using a LiCor Odyssey Scanner. Protein mobility shift data was quantified using a 

custom MATLAB script, described in detail in Hughes Hallett et al (Hughes Hallett et al., 2014).  
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3.4  Results 

3.4.1  Movement of Kog1 into bodies 

To determine if TORC1 localization is altered in glucose starvation conditions, we subjected yeast 

carrying Kog1-YFP or Tor1 with a triple GFP insertion (Binda et al., 2009; Sturgill et al., 2008) to 

acute glucose starvation and acquired 3D images using a fluorescence microscope.  Surprisingly, 

we found that Kog1 moves from its known location on the vacuolar membrane (marked with 

Vph1-mCherry), to a single body near the edge of the vacuole within 60 min in most cells (Fig. 

1a).  In contrast, Tor1 remained associated with the vacuolar membrane and/or moved to the 

cytoplasm during the same time-period (Fig. 1b).   

 

To study Kog1-body formation in more detail, we next followed Kog1-YFP localization in cells 

transferred from rich (SD) medium to glucose starvation, nitrogen starvation, glucose + nitrogen 

starvation, and osmotic stress conditions.  In glucose starvation and nitrogen + glucose starvation 

we saw rapid formation of Kog1-bodies (t=11.0±2.8 and 13.6±2.4 min) in 57±5% and 73±4% of 

cells, respectively (Fig. 1c).  Kog1-bodies also formed in nitrogen starvation conditions, albeit at a 

much slower rate (t=153±25 min; Fig. 1c).  However, we did not see a significant increase in 

Kog1-body formation in osmotic stress or when cells were simply transferred into fresh SD 

medium (Fig. 1c). 

 

In separate experiments, we also followed Kog1-body formation during long periods of glucose 

and/or nitrogen starvation (2hrs).  In all cases, we saw slow accumulation of Kog1-bodies, 

beyond the levels found at one hour, until 80-85% of cells contained Kog1 bodies (Figs. S1 and 

S2).  Cultures grown to saturation in SD medium also formed Kog1-bodies in ~85% of cells (Fig. 

S3). 

 

Finally, to determine if Kog1-body formation is a reversible process, we exposed cells to glucose 

starvation conditions for 60 min and then followed Kog1-YFP localization after adding 0.02%, 

0.1%, or 2% glucose back to the medium.  In both 0.1% and 2% glucose, we saw Kog1 move out 
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of the bodies and back onto the vacuolar membrane over an approximately one-hour time-period 

(t=48±8 and 45±10 min, respectively; Fig. 1d).  This relocalization also occurred in the presence 

of cycloheximide, demonstrating that existing Kog1-bodies dissociate during glucose repletion 

(Fig. 1d and S4).   

 

Putting these data together we conclude that Kog1-body formation is a rapid (t= ~10 min) and 

reversible process, triggered by glucose and nitrogen starvation.  

 

3.4.2  Kog1-bodies are distinct from stress granules and P-bodies 

Previous work from the Maeda lab showed that TORC1 localizes to stress granules in 46°C heat 

stress (Takahara and Maeda, 2012).  To determine if Kog1 also associates with stress granules 

(or related structures known as P-bodies (Parker, 2012)) in glucose starvation conditions, we 

transfected cells carrying Kog1-YFP with mCherry-tagged versions of the stress granule markers 

Ded1, Pbp1 and Pub1 and the P-body marker Edc3 and followed YFP and RFP localization.  We 

did not detect any stress granule formation during glucose starvation in these strains (Fig. 2a), 

and while P-bodies formed in the majority of cells, Edc3-mCherry and Kog1-YFP localize to 

different areas in the cell (<4% bodies co-localize, n=478; Fig. 2b).  Therefore, it appears that the 

Kog1-bodies formed in starvation conditions are distinct from stress granules and P-bodies. 

 

3.4.3  Snf1 regulates Kog1-body formation 

Next, we sought to identify the signal that triggers Kog1 agglomeration in glucose starvation 

conditions.  In a previous study we showed that the AMP activated protein kinase, Snf1, is 

required for TORC1 pathway inhibition during glucose starvation (Hughes Hallett et al., 2014).  

We therefore wondered if Snf1 regulates TORC1, at least in part, by driving Kog1 agglomeration.  

To test this hypothesis we monitored Kog1-YFP localization in snf1∆ cells.  These experiments 

revealed that deletion of Snf1 causes a dramatic, 20-fold, increase in the time-constant for Kog1-

body formation (t=219±21 min in snf1∆ cells; Fig. 3a).  
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Next, to determine how Snf1 activates Kog1-body formation, we purified TORC1 from cells: (1) 

growing in SD medium, (2) exposed to glucose starvation conditions for 5 min, and (3) exposed to 

osmotic stress conditions for 5 min (see Methods).  We then used mass spectrometry to identify 

the phosphorylation sites on Tor1 and Kog1 in each condition.  These data showed that Kog1 is 

phosphorylated on Ser 491 and 494 in glucose starvation conditions, but not in osmotic stress or 

SD medium (Fig. S5, S6 and Table S1).  A short time later, Young and coworkers showed that 

Ser 491 and 494 on Kog1 are Snf1-dependent phosphorylation sites (Braun et al., 2014).  

Therefore, to test if Snf1 drives Kog1-body formation by promoting phosphorylation of Ser 491 

and 494, we constructed a strain carrying Kog1S491A/S494A-YFP at the native locus and monitored 

Kog1 localization in glucose starvation conditions.  We found that Kog1S491A/S494A forms bodies 

slowly (t=309±48 min; Fig. 3b), and at a rate similar to that found in the snf1∆ strain (t=219±21 

min; Fig. 3a).  Thus, Snf1 increases the rate of Kog1 body formation by phosphorylating, or 

triggering phosphorylation, of Kog1 in glucose starvation conditions. 

 

Interestingly, Kog1S491A/S494A cells also showed a reduced level of Kog1-body formation in SD 

medium (2.3±0.1% bodies in Kog1S491A/S494A cells versus 8.6±2.8% in wild type cells; Fig. 3b).  

This was not seen in the snf1∆ strain (8.3±0.8% bodies in SD; Fig. 3a), suggesting that either an 

additional kinase phosphorylates Kog1 at positions 491 and 494 in log growth conditions or that 

mutation of Ser 491 and 494 to alanine also inhibits Kog1 agglomeration by altering the physical 

properties of Kog1.  

 

3.4.4  Kog1-body formation depends on prion-like domains in Kog1 

Protein body formation, can be driven by low complexity domains called prion-like motifs or 

PriLMs (Alberti et al., 2009; Decker et al., 2007; Gilks et al., 2004; Han et al., 2012b).  These 

domains tend to have long stretches of glutamine and/or asparagine residues and a low number 

of hydrophobic and/or charged residues (Alberti et al., 2009).  In examining the Kog1 sequence 

we identified two such motifs, both containing long stretches of glutamine (Fig. 4a).  These 

regions were also identified as PriLMs using a hidden Markov Model trained on known prion 
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sequences (Alberti et al., 2009).  Interestingly, the first of these PriLMs includes the Snf1 

dependent phosphorylation sites at Ser 491 and 494, while the second, smaller, PriLM is located 

approximately 300 amino acids downstream (Fig. 4a).   

 

To determine if the PriLMs in Kog1 are involved in Kog1-body formation we mutated a stretch of 

glutamines in each motif, to form a stretch of alanines (Fig. 4a), and measured the impact on 

Kog1-YFP localization.  Disruption of prion-like motif 1 (PrDm1) caused a >2-fold decrease Kog1-

body formation, both in SD medium (2.76±0.6% in PrDm1 versus 8.6±2.8% in wt; Fig. 4b) and in 

glucose starvation conditions (26±2.7% in PrDm1 versus 57±5% in wt; Fig. 4b).  Disruption of 

prion-like motif 2 (PrDm2) also caused a (small) decrease Kog1-body formation in glucose 

starvation conditions (45±4% in PrDm2 versus 57±5% bodies in wt; Fig. 4c).  Most remarkably, 

however, disruption of PriLM1 and PriLM2 completely blocked Kog1-body formation in both SD 

medium and glucose starvation conditions (1.0±2.1% cells with bodies; Fig. 4d).  Thus, Kog1-

body formation depends on the two prion-like motifs in Kog1  

 

3.4.5  Kog1-body formation increases the threshold for TORC1 activation 

During log growth, TORC1 phosphorylates and activates the S6 kinase, Sch9, to drive protein 

and ribosome synthesis (Bodenmiller et al., 2010; Huber et al., 2011; Urban et al., 2007).  This 

key signaling event is readily measured using a band-shift assay developed by Loewith and 

coworkers (Urban et al., 2007).  Using this assay, we asked if and how Kog1-bodies influence 

TORC1 signaling by following Sch9 phosphorylation in five strains that have a defect in Kog1-

body formation (Kog1S491A/S494A, snf1∆, PrDm1, PrDm2, PrDm1+2).   

 

We found that Sch9 is phosphorylated at or near wild-type levels during log phase growth in all of 

our mutant strains (Fig. 5a).  Sch9 is then rapidly (≤2.5 min) and completely dephosphorylated 

during glucose starvation in the wild-type, Kog1S491A/S494A, PrDm1, PrDm2 and PrDm1+2 strains 

(Fig. 5a).  Thus, Kog1-body formation does not appear to play a significant role in TORC1 

signaling during acute glucose starvation since (1) Sch9 dephosphorylation occurs much faster 
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than the accumulation of Kog1-bodies (t=<2.5 min versus 11±3 min) and (2) most of the mutants 

blocking Kog1-body formation behave like the wild-type strain in the Sch9 phosphorylation assay.  

The only exception is the snf1∆ strain, where we see a clear defect in Sch9 dephosphorylation 

after 5 and 10 minutes of glucose starvation (Fig. 5a).  However, it is very unlikely that this defect 

is due to inhibition of Kog1-body formation, since the Kog1S491A/S494A strain does not have a defect 

in the Sch9 assay.  Instead, it appears that Snf1 regulates TORC1 both by phosphorylating Kog1 

at Ser 491 and 494, and through an additional, unknown, mechanism. 

 

After discovering that TORC1 inhibition precedes Kog1-body formation, we reasoned that Kog1 

agglomeration might act as a slow step to lock TORC1 in an inactive state.   To test this 

hypothesis we subjected wild-type and mutant strains to acute glucose starvation for 60 min, 

added 2% glucose back to the medium, and then followed Sch9 phosphorylation (Fig. 5a).  To 

our surprise, we saw complete, or near complete, Sch9 phosphorylation in all of our strains (Fig. 

5a, b).  However, when we repeated this experiment, but only added 0.02% or 0.1% glucose back 

to the medium, we saw significantly more Sch9 phosphorylation in the mutant cells than in wild-

type cells (Fig. 5c, d and Fig. S7).  In fact, 0.1% glucose triggered ~50% Sch9 phosphorylation in 

the wild-type strain compared with ~100% Sch9 phosphorylation in our strongest mutant, 

PrDm1+2 (Fig. 5d).  These results are remarkable since only 60% of wild-type cells have Kog1-

bodies in our starting conditions (Fig. 1b) and as a result, it should only be possible to see a 60% 

increase in Sch9 phosphorylation in the mutant strains (an increase from 40% activity in wild-type 

cells to 100% activity in mutant cells).  Therefore, putting all of our band-shift data together, we 

conclude that Kog1-body formation acts to increase the threshold for TORC1 activation in cells 

subjected to medium or long-term glucose starvation. 
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3.5  Discussion 

In this study we show that glucose starvation leads to inactivation of TORC1 signaling (t<2.5 min, 

Fig. 5b and c), dissociation of the Kog1-Tor1 complex, and the formation of Kog1-bodies (t=11±3 

min).  Kog1-bodies then act to increase the threshold for TORC1 activation, likely by limiting the 

number of intact TORC1 molecules in the cell.  In other words, Kog1-body formation helps ensure 

that cells commit to a starvation or quiescent state, once they have been in glucose starvation 

conditions for a significant period of time.  This is likely important for survival in natural conditions 

where yeast cells are exposed to a complex and fluctuating environment, and may need to 

remain in a quiescent state for years (de Virgilio, 2012). 

 

We also show that Kog1-body formation is driven by the AMPK, Snf1.  This kinase is inactive 

during log growth and then activated upon glucose starvation, where it triggers massive changes 

in transcription and metabolism (Braun et al., 2014; Hedbacker and Carlson, 2008; Usaite et al., 

2009).  As part of this program, Snf1 activates phosphorylation of Kog1 at Ser 491 and 494. It is 

important to note, however, that Snf1-dependent phosphorylation of Kog1 is probably indirect 

since the sequence around Ser 491 and 494 (AVANLS*TMS*LVN) does not match known AMPK 

targets sites such as LRRVxS*xxNL and MKKSxS*xxDV (Gwinn et al., 2008).  Further work is 

therefore needed to identify the kinase that acts downstream of Snf1 to phosphorylate Kog1.   

 

Snf1-dependent phosphorylation of Kog1 occurs in the middle of a glutamine rich, prion-like motif.  

We show that this prion-like motif and another similar motif, located 300 amino acids 

downstream, are essential for Kog1-body formation.  Interestingly, the Snf1-dependent 

phosphorylation sites, and both prion-like domains found in S. cerevisae, are conserved in 

numerous other yeast species including the pathogen Candida glabrata (Fig. S8 and S9).  

However, we could not find prion-like domains in Kog1 from Schizosaccharomyces pombe, 

Neurospora Crassa, and related species. (Fig. S8 and S9).  Strikingly, most (5/6) of the yeast 

species missing prion-like domains in Kog1 have genes encoding the tuberous sclerosis complex 
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(TSC1 and TSC2), while all (17/17) of the yeast species with prion-like domains in Kog1 are 

missing the TSC1, or TSC1 and TSC2, genes (Table S2). 

 

We also find prion-like domains in Kog1 from C. elegans and other related species, but not in 

flies, mice or humans (Fig. S10).  Again, the organisms with prion-like domains in Kog1 are 

missing TSC1 and TSC2 (Table S3).   

 

The observation that most organisms either have prion-like domains in Kog1, or have genes 

encoding the tuberous sclerosis complex, is especially interesting when you consider the 

similarities between TSC1-TSC2 and Kog1-body function.  Studies in human cells have shown 

that the TSC1-TSC2 complex serves to inhibit TORC1 in the absence of pro-growth hormones 

and/or the presence of AMPK activity (Huang and Manning, 2008; Inoki et al., 2002; Inoki et al., 

2003b), while we show that Kog1-body formation serves to inhibit TORC1 in the absence of 

glucose and the presence of AMPK activity.  It therefore appears that the mechanisms underlying 

TORC1 regulation diverged in early eukaryotes, so that most simple eukaryotes use Kog1-body 

formation to regulate TORC1 signaling, while higher eukaryotes use the TSC1-2 complex.  Going 

forward it will be important to learn more about the differences between these two regulatory 

mechanisms, especially as drugs targeting Kog1-bodies may be able to block the growth of fungi 

and worms without affecting TORC1 signaling in humans and other higher eukaryotes.   

 

Beyond establishing a role for Kog1-body formation in TORC1 regulation, the data presented 

here shed light on the role that protein body formation plays in a cell.  Studies in yeast, and other 

organisms, have shown that hundreds of proteins move into bodies, when cells are exposed to 

stress or starvation conditions (Narayanaswamy et al., 2009a; O’Connell et al., 2012, 2014; Shah 

et al., 2014).  For example, more than 30 proteins involved in mRNA decay and translation move 

into stress granules and P-bodies during long-term starvation (Decker and Parker, 2012).  

However, to date, it has been difficult to pinpoint the function of RNA granules and other bodies 

(Decker and Parker, 2012; O’Connell et al., 2012).  We show that the movement of Kog1 into 
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bodies acts to increase the threshold for TORC1 activation.  This creates hysteresis in the 

TORC1 pathway and likely helps ensure that cells exposed to low levels of glucose do not try to 

re-enter a rapid growth state.  We suggest that other protein bodies formed during stress and 

starvation conditions function in a similar way; setting new activation thresholds for key signaling 

and metabolic pathways.  Further work will be needed to test this idea, and to determine if there 

are differences between the hysteretic behavior created by reversible protein agglomeration and 

other mechanisms such as feedback loops (Ferrell, 2002).  
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Figure 1 

Kog1-YFP Moves from the Vacuolar Membrane to a Single Body During Glucose and Nitrogen 

Starvation.  (A) Localization of Kog1-YFP and Vph1-mCherry, before (SD) and after (-Glu) 

glucose withdrawal (60 min).  (B) Localization of Tor1-3xGFP and Vph1-mCherry before (SD) and 

after (-Glu) glucose withdrawal (60 min).  (C) Time-course data showing the fraction of cells that 

contain Kog1-bodies after transfer to synthetic medium with 2% glucose (SD), SD +0.4 M KCl 

(+KCl), SD -glucose (-Glu), SD -glucose and nitrogen (-Glu + N), and SD -nitrogen (-N) medium.  

Each time-point shows the average and standard deviation from three independent experiments.  

Solid lines show the best fit to a single exponential equation (-Glu, -N, and –Glu + N) or a line (SD 

and +KCl).  (D) Time-course data showing the fraction of cells that contain Kog1-bodies after 

adding glucose, or glucose and cycloheximide (0.02% Glu, 0.1% Glu, 2% Glu or 2% Glu + 

100mg/ml cycloheximide) back to cells that have been in SD –glucose for 60 min.  Each datapoint 

in 0.1% glucose and 2% + 100mg/ml cycloheximide shows the average and standard deviation 

from three independent experiments.  The solid lines show the best fit to a single exponential 

equation. 

	  
	    



	   93 

	  
	  
Figure 2 

Kog1-YFP Does Not Associate with Stress-Granules or P-Bodies in Glucose Starvation 

Conditions.  Localization of Kog1-YFP after 60 min of glucose starvation in cells expressing the 

Stress-Granule markers (A) Ded1-mCherry, (B) Pbp1-mCherry, (C) Pub1-mCherry or (D) the P-

Body marker Edc3-mCherry.   
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Fig 2     Hughes Hallett et al.
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Figure 3 

Snf1 Dependent Phosphorylation of Kog1 drives Kog1-body formation. (A-B) Time-course data 

showing the fraction of (A) snf1∆ and (B) Kog1S491A/S494A cells that contain Kog1-bodies in SD 

medium (2% Glu) and at various time-points after glucose withdrawal (0% Glu).  The blue points 

show the average and standard deviation from three independent experiments, while the blue 

lines show the best fit to a single exponential equation (0% Glu) or a line (2% Glu).  The green 

and orange lines show the best fit to the wild-type data (from Fig. 1c) for comparison.  
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Figure 4 

Kog1-body Formation Depends on Prion-Like Domains in Kog1. (A) Sequence of two prion-like 

motifs in Kog1 (red letters) as defined by Alberti and coworkers (Alberti et al., 2009).  The Snf1 

dependent phosphorylation sites at Ser 491 and Ser 494 are shown in blue. (B-D) Time-course 

data showing the fraction of cells carrying Prion Domain mutation 1 (PrDm1), Prion Domain 

mutation 2 (PrDm2), or both mutations (PrDm1+2), that have Kog1-bodies in SD medium (0% 

Glu), and after glucose withdrawal (2% Glu).  The blue points show the average and standard 

deviation from three independent experiments while the blue lines show the best fit of each 

Fig 4          Hughes Hallett et al.
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dataset to a single exponential equation (0% Glu for PrDm1 and PrDm2) or a line.  The green and 

orange lines show the best fit to the wild-type data (from Fig. 1c) for comparison.  
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Figure 5 

Impact of Kog1-bodies on TORC1 Signaling. (A) Bandshift assays measuring Sch9 

phosphorylation in SD medium (0 min; 2% glucose), at various time-points after glucose 

withdrawal (2.5-60min; 0% glucose), and then at various time-points after adding 2% glucose 

back to the cultures (1, 5, 10, and 20 min; 2% glucose).   (B) Quantitation of the band-shift data 

from (A).  The data are normalized to set the wild-type value to 1.0 in 2% glucose, and 0.0 in 0% 

glucose.  (C-D) Sch9 phosphorylation data for wild-type, snf1∆, Kog1S491A/S494A, and PrDm1+2 

cells, grown in SD medium (2% glucose), after transfer into synthetic medium - glucose for 60 min 

(0% glucose), and then at various time-points after adding 0.02% (C) or 0.1% glucose (D) back to 

the culture.  Quantitation in (C) and (D) was performed as described in (B) but here the graphs 

show the average and standard deviation from three separate experiments.  Data for PrDm1 and 

PrDm2 are shown in Fig. S7. 
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3.8  Supplemental Methods 

 

Mass Spectrometry 

Gel slices were washed for 15 minutes each with water, 50/50 acetonitrile/water, acetonitrile, 100 

mM ammonium bicarbonate, followed by 50/50 acetonitrile/100 mM ammonium bicarbonate.  The 

solution was then removed and the gel slices dried by vacuum centrifugation.  Next, the dried gel 

slices were reduced by covering them with 10mM dithiothreitol in 100mM ammonium bicarbonate 

and heating them at 56oC for 45 min; alkylated by covering them with a solution of 55 mM 

iodoacetamide in 100 mM ammonium bicarbonate and incubating in the dark at ambient 

temperature for 30 min, and washed with 100 mM ammonium bicarbonate for 10min and 50 mM 

ammonium biocarbonate + 50% acetonitrile for 10 min.  The gel slices were then dried again and 

treated with an ice-cold solution of 12.5 ng/µL trypsin (Promega, Madison, WI) in 100 mM 

ammonium bicarbonate.  After 45 min, the trypsin solution was removed, discarded, and a 

volume of 50 mM ammonium bicarbonate was added to cover the gel slices and they were 

incubated overnight at 37oC with mixing on a shaker.  Samples were then spun down in a 

microfuge and the supernatant collected.  The same gel slices were then incubated in 0.1% 

trifluoroacetic acid (TFA) and acetonitrile, centrifuged, and the supernatant collected.  At this 

point, the digestion supernatant and the extraction supernatant were pooled, split into two tubes, 

and concentrated using vacuum centrifugation. One tube was further digested with thermolysin 

(Promega, Madison, WI) by resuspending the tryptically digested peptides with a solution 

containing 50 mM Tris-HCl pH 8 and 0.5 mM calcium chloride and adding 1 µg of thermolysin. 

Digestion was carried out at 75oC with mixing for 5 hr. The thermolysin was quenched by adding 

TFA to a 0.5% final concentration.  All samples were desalted using ZipTip C18 (Millipore, 

Billerica, MA) and eluted with 70% acetonitrile/0.1% TFA. The desalted material was 

concentrated to dryness in a speed vac. 

 

The proteolytically-digested samples were resuspended in 20 µL of 2% acetonitrile in 0.1% formic 

acid and 18 µL and then analyzed by LC/ESI MS/MS with a Thermo Scientific Easy-nLC II 



	   100 

(Thermo Scientific, Waltham, MA) coupled to a Orbitrap Elite ETD (Thermo Scientific, Waltham, 

MA) mass spectrometer using a trap-column configuration as described in (Licklider et al., 2002). 

In-line de-salting was accomplished using a reversed-phase trap column (100 µm × 20 mm) 

packed with Magic C18AQ (5-µm, 200Å resin; Michrom Bioresources, Auburn, CA) followed by 

peptide separations on a reversed-phase column (75 µm × 250 mm) packed with Magic C18AQ 

(5-µm, 100Å resin; Michrom Bioresources, Auburn, CA) directly mounted on the electrospray ion 

source. A 45-minute gradient from 2% to 35% acetonitrile in 0.1% formic acid at a flow rate of 400 

nL/min was used for chromatographic separations. A spray voltage of 2500V was applied to the 

electrospray tip and the Orbitrap Elite instrument was operated in the data-dependent mode, 

switching automatically between MS survey scans in the Orbitrap (AGC target value 1,000,000, 

resolution 120,000, and injection time 250 milliseconds) with collision induced dissociation 

MS/MS spectra acquisition in the linear ion trap (AGC target value of 10,000 and injection time 

100 milliseconds), higher-energy collision induced dissociation (HCD) MS/MS spectra acquisition 

in the Orbitrap (AGC target value of 50,000, 15,000 resolution and injection time 250 

milliseconds) and electron transfer dissociation (ETD) MS/MS spectra acquisition in the Orbitrap 

(AGC target value of 50,000, 15,000 resolution and injection time 250 milliseconds). The three 

most intense precursor ions from the Fourier-transform (FT) full scan were consecutively selected 

for fragmentation in the linear ion trap by CID with a normalized collision energy of 35%, 

fragmentation in the HCD cell with normalized collision energy of 35%, and fragmentation by ETD 

with 100 ms activation time. Selected ions were dynamically excluded for 30 seconds. 

 

Data analysis was performed using Proteome Discoverer 1.4 (Thermo Scientific, San Jose, CA). 

The data were searched against the Saccharomyces Genome Database (downloaded 

02/03/2011; www.yeastgenome.org) that was appended with protein sequences from the 

common Repository of Adventitious Proteins or cRAP (www.thegpm.org/crap/). Two searches 

were performed corresponding to the proteolytic enzymes trypsin, and trypsin/thermolysin (no 

enzyme selected). The Maximum missed cleavages was set to 2. The precursor ion tolerance 

was set to 10 ppm and the fragment ion tolerance was set to 0.8 Da. Variable modifications 



	   101 

included oxidation on methionine (+15.995 Da), carbamidomethyl (+57.021 Da) on cysteine, and 

phosphorylation on serine, threonine, and tyrosine (+79.996 Da). Sequest HT was used for 

database searching.  PhosphoRS 3.1 (Taus et al., 2011) was used for assigning phosphosite 

localization probabilities.  All search results were run through PSM Validator for false discovery 

rate evaluation of the identified peptides. 
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3.9  Supplemental Figures 
	  
	  
	  
	  

	  
	  
Figure S1   Kog1-body formation is pervasive during extended periods of nutrient starvation. 

Mean and standard deviation of two independent experiments is shown.   

	  
	   	  

Fig SZ6     Hughes Hallett et al.
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Figure S2   Kog1 forms 1 body per cell. Frequency distribution of Kog1-YFP foci, among cells 

containing bodies, after 60 min glucose starvation. 

	  
	   	  

Fig SZ2     Hughes Hallett et al.
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Figure S3   Kog1-body formation is pervasive following exit of exponential growth. Cultures of 

Kog1-YFP wildtype, Kog1S491/4A PrDm1 mutant, and PrDm1+2 mutant were grown for 24hrs to 

saturation in synthetic media containing 2% glucose (SD). Mean and standard deviation of three 

independent experiments is shown.   
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Figure S4   Kog1-YFP dissociates from perivacuolar bodies and relocalizes to the vacuolar 

membrane upon glucose repletion. Localization of Kog1-YFP in cells co-expressing the vacuolar 

membrane marker Vph1-mCherry after 60 min of glucose starvation followed by; 60 min of 

glucose starvation (-Glu); 60 min of glucose repletion and 100ug/ml cycloheximide treatment 

(SD+CHX); 60 min of glucose starvation and 100ug/ml cycloheximide treatment (-Glu+CHX). 

Addition of cycolheximide alone, a TORC1 activator, does not restore Kog1 localization to the 

vacuolar membrane indicating glucose specific signals are required for the dissociation of glucose 

starvation induced Kog1 bodies (-Glu+CHX). 
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Figure S5   Mass spectrometry generated peptide map for Kog1.  Trypsin digested and trypsin-

thermolysin digested Kog1 purified from glucose staved cells were subjected to mass 

spectrometry-based peptide mapping.  Peptide identification results were filtered to a 5% false 

discovery rate (FDR).  Amino acid sequence colored in green have a FDR of 1% or less, 

sequence colored in yellow have a FDR of 5% or less, and uncolored sequence were not 

identified in the experiment.  Labels of “C” above the amino acid sequence show locations of 

carbamidomethyl modification (a result of chemical alkylation directed at cysteines during sample 

preparation), “O” above the amino acid sequence show locations of oxidation (spontaneous 

oxidation of methionine), and “P” above the amino acid sequence show locations of 

phosphorylation.  The green coloring of the “P” labels represents the site localization probability 

for phosphorylation at the site, as determined by PhosphoRS, as greater than 99%.  
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A.	  

	  
B.	  

	  
	  
	  
Figure S6   Protein identification result identifying S491 and S494 as sites of phosphorylation.  

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) was used to analyze 

proteolytic digestion products of immunoprecipitation-purified Kog1 from glucose staved cells.  

The resulting mass spectrometry data were analyzed by the protein database search algorithm 

SEQUEST-HT to identify mass spectra to peptides. A. Kog1 peptide 485-

FAVANL(pS)TM(pS)LVNNPALQSR-504 showing all theoretical fragment ions for a triply-charged 

ion species for the peptide.  Fragment masses in red and blue indicate b-series ions and y-series 
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ions, respectively, detected in the tandem mass spectrum (shown in panel B).  B. Tandem mass 

spectrum identifying Kog1 peptide 485-FAVANL(pS)TM(pS)LVNNPALQSR-504.  Peaks in red 

and blue indicate b-series and y-series ions that were matched to the theoretical peptide fragment 

masses in panel A.  
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Figure S7   Impact of Kog1-bodies on TORC1 signaling. Sch9 phosphorylation data for PrDm1 

and PrDm2 cells grown in synthetic medium containing 2% glucose (SD; 0min), after transfer into 

synthetic medium lacking glucose (-G; 60 min), and then at 1, 5, 10, and 20 min time-points after 

adding back 0.02% (A) or 0.1% (B) glucose. Quantitation of bandshift data, as described in Fig 5, 

showing the mean and standard deviation from three separate experiments is displayed in the 

histograms. 
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Figure S8   Alignment of PriLM1 of Kog1 from S. cerevisiae with fungal orthologs. PriLM1 (bold 

text) in S. cerevisiae was defined using a hidden Markov Model trained on known yeast prion 

domains (Alberti et al., 2009). Glutamine (Q) and Asparagine (N) residues within PriLM1 are 

highlighted in red text. Serine (S) 491 and 494 are highlighted in blue text. PriLM1 is apparent as 

a loosely conserved insertion between conserved domains of Kog1 in Saccharomycetaceae 

family members (eg. Saccharomyces, Candida, Kluyveromyces). 
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S. mikatae SQMILQQQ--ETL--QNNGNSKSNVQDTKAGSIQTQSRFAVANLSTMSLVNNPA--------------LQSRKSISFQSTQQQL--QQQLQQQQFTGFFEQNLTAFELW 
S. bayanus SQMILQQQ--ETL--QNGGSSKPNLQDTKAGSMQTQSRFAVANLSTMSLVNNSA--------------AQSRKSISLQTSQ-----QTQQQQQQFTGFFEQNLTAFELW 
C. glabrata SQLILQQQ--ESLANQTQKNPQSNSNDHRPESIRTESRFTTGNLSTMSLANHPA-----------------LNTITRKTQAAALNLTRPANQQQYTGFFEQNLTAFELW 
S. castellii KQLILQQNDVNSGITQQSAKVQPGKQKIQPESIQTQSKFAVSNLSTISLVNHPA-----------LQNQGKKVQNVVLPSNSQQSQQQQQQQQQFTGFFEQNLTAFELW 
K. waltii TLAVLQ--------------EQQGAEIKSEDPLR--SKAAAGTLSTMSLANHQM-----------GSITQVSKHLSQQQLLQQQQQQQQQQQQQFTGFFEQNLTAFELW 
K. lactis SQFI----------------SQPNEGNETNDGLQ--SKNTIGNLSSMSLVNFSS------------------TAHTSSGNSASHPTTSQQQQQQFTKFFEQNLTAFDLW 
S. kluyveri ARMILQQQ-------QQLQQQQQQSQSKNDNTLH--SRAPAGTLSTMSLAAHPSQFAVQQQQQSALSQQQQQQQQQQQQQQQQQQQQQQQQQQQFTGFFEQNLTAFELW 
A. gossypii VQALLQQR-------QGPV-RSETSINGMPESLN--SRNPMGNLSTMSLANMNN---------------NKASSSNPSIQSSSSSALAQGQQQQFTKFFEQHLTAFELW 
C. lusitaniae ------------------DQSQNQGPNLTQPPLSNSHQSAIVNSNSAAVATAPG-------------------------------AGQPSLNYQHSTFFEQQLTAFDLW 
D. hansenii SQLVKQQPFPQSLLDKTGTNSQSKSNSSTQASITTSASTGNLNSTVSA--------------------------------------PPNLANYQHSTFFEQQLTAFEIW 
C. guilliermondii -------------------------KPVISDPIAPISANDNASGQANQIPGQPG--------------------------------YVNLPNYQHSTFFEQQLTAFEIW 
C. tropicalis ---------------VAAAAAASTTNGVIPGSVPSSTTASNSLAPNGTAKSDGH--------------------QGNGSVSHVPAAPQNSGNYQYTTFFEQQLTAFDIW 
C. albicans -------------------------SMPLAGNIQNGSTKGDSVSSAQQQQANGS---------------------------QSAALFPNLGNVQYTTFFEQQLTAFEIW 
C. parapsilosis -----------------TTQNVTQSSSLIPNGVIIANGNGNSSSGTQSSTHPNG-----------------------TAQVVSSATTQNLNNYQHSTFFEQQLTAFEIW 
L. elongosporus LQSAVS---------NNEKSAASAAANVRNGSTSSLTSVPTQNGSHHNQNQNQN-----------QNQNQNQNQNQNHSGGSSTVAGQNLGNYQHSTFFEQQLTAFEIW 
Y. lipolytica ----------------------------------------------------------------------------------------AGQEYRHSQFFEEQLTAFEVW 
A. nidulans ---------------------------------------------------------------------------------------RRQYEYQHSTFFAEQLTAFEMY 
N. crassa ---------------------------------------------------------------------------------------GIEYEYINSSFFAEQLTAFEIY 
S. japonicus ---------------------------------------------------------------------------------------GLPYEYVHSTFFSEQLTAFEVW 
S. octosporus ---------------------------------------------------------------------------------------GASYEYKHSMFFSEQLTAFEVW 
S. pombe ---------------------------------------------------------------------------------------GIAYEYKHSTFFSEQLTAFEVW 

!
Figure'S8!!!Alignment!of!PriLM1!of!Kog1!from!S.#cerevisiae!with!fungal!orthologs.!PriLM1!(bold!text)!in!S.#cerevisiae!was!defined!using!a!hidden!Markov!Model!trained!on!known!
yeast!prion!domains!(Alberti!et!al.!2009).!Glutamine!(Q)!and!Asparagine!(N)!residues!within!PriLM1!are!highlighted!in!red!text.!Serine!(S)!491!and!494!are!highlighted!in!blue!text.!
PriLM1!is!apparent!as!a!loosely!conserved!insertion!between!conserved!domains!of!Kog1!in!Saccharomycetaceae#family!members!(eg.#Saccharomyces,#Candida,#Kluyveromyces).!
! !
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Figure S9   Alignment of PriLM2 of Kog1 from S. cerevisiae with fungal orthologs. PriLM2 (bold 

text) in S. cerevisiae was defined using a hidden Markov Model trained on known yeast prion 

domains (Alberti et al., 2009). Glutamine (Q) and Asparagine (N) residues within PriLM2 are 

highlighted in red text. PriLM2 is apparent as a loosely conserved insertion between conserved 

domains of Kog1 among several Saccharomycetaceae family members. 

  

 821                                                870 
S. cerevisiae LQQEFEEQYQQLHSQLQHLQNQSHLQQQQSQQQQQ----HLEQQQMKIEKQIRH 
S. paradoxus LQQEFEEQYQQSHSQLQHLQNQSHLQQQQSQQQQQ----HLEQQQMKIEKQIRH 
S. mikatae LQQEFEEQYQQLHSQLQHLQNQAHLQQQQSQQQQQ----HLEQQQMKIEKQIRH 
S. bayanus LQQEFEQQYQQLHSQLQHLQNQSHVQQQQQSQQQQ---QHLEQQQMKIEKQIRH 
C. glabrata LQQGLEQQYQQLHTQLQYIHNNIHSQQSQTPQQHQ----QLEQQQSKLEQQMHH 
S. castellii TQQEYEQQISQIHAQLQQLQNSPQQQQH-----------NVEQQQLKLEQQLNH 
K. waltii LQQEMQQQVQQLQAQLQSLQGG-----------------QTQRQQAQAERQLQQ 
K. lactis LQQEFQQQLQQFQAQLQLLQSQQNQQQQQQQGNQQNSTHHIQQQYYQIQQQSQQ 
S. kluyveri LQQDLQQQAQQFQSQLQQSQTSTQQQQ------------NVQQQQYQIQQQLQQ 
A. gossypii LHQECQQQIPQLQSRLQQFQTTSQQAQQQQQQL------HIQQQQFQVQQQLQQ 
C. lusitaniae --------------------------------------------TESPKRSRDD 
D. hansenii -------------------------------------------FQPPQQSHQQQ 
C. guilliermondii -----------------------------------------------------E 
C. tropicalis ------------------------------------------------LAAPQP 
C. albicans ------------------------------------------------LAPQQP 
C. parapsilosis -------------------------------------------PLFGQPQQGQQ 
L. elongosporus ---------------------------------------SLGIGQQLLQLLQLQ 
Y. lipolytica ------------------------------------------------------ 
A. nidulans ------------------------------------------------------ 
N. crassa ------------------------------------------------------ 
S. japonicus ------------------------------------------------------ 
S. octosporus ------------------------------------------------------ 
S. pombe ------------------------------------------------------ 

!
Figure'S9!!!Alignment!of!PriLM2!of!Kog1!from!S.#cerevisiae!with!fungal!orthologs.!PriLM2!(bold!text)!in!S.#cerevisiae!was!defined!using!a!hidden!Markov!Model!trained!on!known!
yeast! prion! domains! (Alberti! et! al.! 2009).! Glutamine! (Q)! and! Asparagine! (N)! residues!within! PriLM2! are! highlighted! in! red! text.! PriLM2! is! apparent! as! a! loosely! conserved!
insertion!between!conserved!domains!of!Kog1!among!several!Saccharomycetaceae#family!members.!
!
!
!
! !
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Figure S10   Partial alignment of Kog1 from S. cerevisiae with orthologous genes in higher 

eukaryotes. Elegans group nematodes show a loosely conserved expansion of Glutamine (Q) 

and Asparagine (N) residues in-between conserved domains of Kog1/Raptor. Q and N residues 

within this region are highlighted in red text.  

 

 

 

	   	  

 627                                                                                          685 
Saccharomyces cerevisiae TQSELIKEKGYMYFVTVLVPD-------------------------------------WGVNGMSATNGSAMINSGNPLTMTASQNINGPSSRYYE-------------- 
Caenorhabditis japonica -------------------------------------------------------------------------------------------------------------- 
Caenorhabditis brenneri CQMELFNECIDESAAQNQSPQQAQQTTPP--PQQPSVALKQSSMFANHPPPPPLVMDKRALQINTQTGGRFQNNQNQALEMQLQYAQQQNHQRQIDPSGGQ--------- 
Caenorhabditis briggsae CQIELFNECIDESASTQAAAQQA--AQQP--PPQESVSLKQSSMFVNHPPPPQLQMDKRALQINTQTGGRFQNNQNQALDMQLQYAQQHAQQRQ---NGGQ--------- 
Caenorhabditis elegans CQMELFNECIDESATQQQSPAQ---------SQQPSVALKPSSMFANHPPPAQLTMDKRALQINTQTGGRFQTNQNQALDMQLQYAQQQAHQRQMDPSGGQ--------- 
Caenorhabditis remanei CQMELFNECIDESASTTQSPAQPGQQQQPQAPPQPSVALKPSAMFANHPPPPQLTMDKRALTIGQQTGGRFQNNQNQALDMQLQYAHQQAHQRQMDPAGQHSPTQQSKLP 
Drosophila melanogaster CQVDLVKE------------------------------------------------------------------------------------------------------ 
Homo sapiens CQADLVKDN----------------------------------------------------------------------------------------------------- 
Mus musculus CQADLVKDN----------------------------------------------------------------------------------------------------- 
Pristionchus pacificus CQAELFKENGEESRMGSMNQQ----------------------------------------------------------------------------------------- 
Onchocerca volvulus CQVDLIKD------------------------------------------------------------------------------------------------------ 
Brugia malayi CQVDLIKD------------------------------------------------------------------------------------------------------ 
                                                                     686                              720 
Saccharomyces cerevisiae --------------------------------------------------------------------RQQGNRTSNLGHNN-LPFYHSNDTTDEQKAMAVFVL 
Caenorhabditis japonica ------------------------------------------------------------------------------RFQYFLNLLSDPDVKPQQKTVAAFVL 
Caenorhabditis brenneri ---------------------------------------HSPNPQPKQQQQQQQQQPQQPQGIMKQTSQQPAEKKTMLRFQYFLQLLGDPDIKPKQKTVAAFVL 
Caenorhabditis briggsae -----------------QSPNPQ-RQQQQGQQQQQQNNQQQNGQQKQNNQQSQQQQQQQQQG----TTTQAQEKKTMLRFQYFLQLLADPDIKPKQKTVAAFVL 
Caenorhabditis elegans -----------------HSPNAQPRQPQP----------QQPQQLQQQPSQQQQQQSRQPQGIMKPTNAQPQEKKTMLRFQYFLQLLGDPEIKPKQKTVAAFVL 
Caenorhabditis remanei HQPAPQQQQPPPTQQPPQQQQQQQQQGQQQGQQQGQQGQQQQQQQQQQQQQQQSQQQQRQPGGIMKPTTQTQEKKTMLRFQYFLQLLGDPDIKPKQKTVAAFVL 
Drosophila melanogaster -------------------------------------------------------------------------------YKYFLSVLQDTSVSKEHRTLSAFVL 
Homo sapiens ------------------------------------------------------------------------------GHKYFLSVLADPYMPAEHRTMTAFIL 
Mus musculus ------------------------------------------------------------------------------GHKYFLSVLADPYMPAEHRTMTAFIL 
Pristionchus pacificus --------------------------------------------------------------------SGRPKEKKELRYFYFVKMLNDPLTPPRQKVVPAFVL 
Onchocerca volvulus ---------------------------------------------------------------------------KERGYMYFLTILNDPNTNPRQKIVPAFVM 
Brugia malayi ---------------------------------------------------------------------------KERGYMYFLTILNDPSTNPRQKIVPAFVM 
!
Figure'S10!!!Partial!alignment!of!Kog1!from!S.#cerevisiae!with!orthologous!genes!in!higher!eukaryotes.!Elegans!group!nematodes!show!a!loosely!conserved!expansion!of!
Glutamine!(Q)!and!Asparagine!(N)!residues!inLbetween!conserved!domains!of!Kog1/Raptor.!Q!and!N!residues!within!this!region!are!highlighted!in!red!text.!!
!
!
!
! !
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3.10  Supplemental Tables 

 

 

Table S1   Filtered protein identification results indicating amino acids S491, T492, S494 and 

S1045 of Kog1 are potentially phosphorylated.  Filtering was performed to a 5% false discovery 

rate. 

 

  

!
!

!
!
Table'S1!!!Filtered!protein!identification!results!indicating!amino!acids!S491,!T492,!S494!and!S1045!of!Kog1!are!potentially!phosphorylated.!!Filtering!was!performed!to!a!5%!false!
discovery!rate.!
!
! !

Sequence # 
PSMs Modifications MH+ (Da) Mass Deviation 

(Da) phosphoRS Site Probabilities XCorr 

FAVANLSTMSLVNNPALQSR 2 S7(Phospho); S10(Phospho) 2293.04752 0.00265 S(7): 100.0; T(8): 95.3; S(10): 4.8; S(19): 0.0 6.11 

FAVANLSTMSLVNNPALQSR 7 S7(Phospho); M9(Oxidation); 
S10(Phospho) 

2309.04398 0.00299 S(7): 99.7; T(8): 99.7; S(10): 0.6; S(19): 0.0 5.57 

FAVANLSTMSLVNNPALQSR 12 S7(Phospho); M9(Oxidation) 2229.07706 0.00277 S(7): 93.5; T(8): 6.1; S(10): 0.4; S(19): 0.0 5.35 

SFSPNER 2 S3(Phospho) 916.35649 0.00042 S(1): 0.0; S(3): 100.0 2.31 
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 PriLM1 PriLM2    

 
Q/N (%QN) Q/N (%QN) Tsc1 Tsc2 S491/494 

S. cerevisiae 28 (35.90) 20 (58.82) - - + 
S. kluyveri 49 (55.68) 17 (65.38) - - + 
S. paradoxus 29 (36.71) 20 (58.82) - - + 
S. mikatae 28 (36.36) 20 (58.82) - - + 
S. castellii 32 (37.21) 15 (55.56) - - + 
S. bayanus 24 (32.43) 21 (60.00) - - + 
C. glabrata 21 (26.92) 17 (50.00) - - + 
A. gossypii 19 (26.39) 18 (56.25) - - + 
K. waltii 24 (34.29) 11 (52.38) - - + 
L. elongosporus 31 (40.26) 1 (16.67) - - - 
K. lactis 17 (27.42) 24 (63.16) - CAH03101.1 + 
C. parapsilosis 17 (27.42) 0 (0.00) - CCE43871.1 - 
C. lusitaniae 15 (28.30) 0 (0.00) - EEQ40372 - 
D. hansenii 14 (23.73) 1 (50.00) - CAG86052.2 - 
C. albicans 14 (28.00) 0 (0.00) - EAK92235.1 - 
C. guilliermondii 11 (24.44) 0 (0.00) - EDK41275.2 - 
C. tropicalis 11 (16.42) 0 (0.00) - EER32197.1 - 
A. nidulans 3 (20.00) 0 (0.00) - EAA58119.1 - 
Y. lipolytica 3 (21.43) 0 (0.00) CAG79453.1 CAG79234.1 - 
N. crassa 2 (13.33) 0 (0.00) ESA42867.1 ESA42646.1 - 
S. japonicus 1 (6.67) 0 (0.00) EEB05964.1 EEB09703.2 - 
S. octosporus 1 (6.67) 0 (0.00) EPX4426.1 EPX71342.1 - 
S. pombe 1 (6.67) 0 (0.00) CAA91078.1 CAB52735.1 - 

 

Table S2   PriLM1 and PriLM2 are anti-correlated with the presence of Tsc1 and Tsc2 genes in 

fungal genomes. Quantitation, number and (percentage), of Glutamine (Q) and Asparagine (N) 

residues within PriLM1 and PriLM2 domains of Kog1 and othologs (figures S8 and S9) reveals 

three clusters of hosts. (1) Species carrying Q/N rich PriLM1 and PriLM2 domains lack both Tsc1 

and Tsc2 genes and the tuberous sclerosis complex (TSC) signaling pathway but show 

conservation of S491/494 phosphorylation motif. (2) Species carrying PriLM1 of intermediate Q/N 

richness lack Tsc1 but carry the Tsc2 gene. The influence on TSC pathway signaling is unclear. 

3) Species lacking PriLM1 and PriLM2 carry both Tsc1 and Tsc2 genes and an operational TSC 

signaling pathway. Genbank references to Tsc1 and Tsc2 orthologs are provided.  
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Q/N (%QN) Tsc1 Tsc2 

Saccharomyces cerevisiae 15 (19.23) - - 
Caenorhabditis brenneri 49 (33.11) - - 
Caenorhabditis briggsae 68 (42.50) - - 
Caenorhabditis elegans 49 (32.03) - - 
Caenorhabditis remanei 76 (38.38) - - 
Caenorhabditis japonica 4 (22.22) - - 
Pristionchus pacificus 1 (5.88) - - 
Onchocerca volvulus 1 (5.26) - - 
Drosophila melanogaster 1 (5.26) AAF56240.1 AAD48498.1 
Brugia malayi 6 (14.63) CDP93405.1 CDP92769.1 
Homo sapiens 4 (19.05) AAI08669.1 CA53287.1 
Mus musculus 3 (14.29) AAH52399.1 AAA86902.1 

	  

Table S3   A Glutamine (Q) and Asparagine (N) rich domain in Kog1/Raptor is anti-correlated 

with the presence of Tsc1 and Tsc2 genes (TSC complex) in higher eukaryotes. Quantitation, 

number and (percentage), of Q and N residues within a loosely conserved Q/N rich domain in 

Kog1/Raptor (Fig S10). Elegans group nematodes, lacking Tsc1 and Tsc2 genes, and the 

tuberous sclerosis complex (TSC) signaling pathway, carry a Q/N rich domain within the 

Kog1/Raptor ortholog daf-15. Genbank references to Tsc1 and Tsc2 orthologs are provided.  
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Table S4  Saccharomyces cerevisiae strains used in this study 

  

Strain!
Catalogue!
Number! Description! Source! Figure!

wt! ACY044! W303#MATa#trp1<1#can1<100#leu2<3,112#his3<11,15#ura3#GAL+# Capaldi!et#al.!Nature!Genetics!2008! !
Kog1LYFP!Vph1LmCh! ACY731! [ACY044]#KOG1<YFP#(HIS3)#VPH1<mCherry#(NAT+)#MATa! This!Study! 1a;!S4!

Tor1LGFP!Vph1LmCh! ACY939! [ACY044]#TOR1<D330#3xGFP#VPH1<mCherry#(NAT+)#MATa! This!Study! 1b!

Kog1LYFP! ACY173! [ACY044]#KOG1<YFP#(HIS3)#MATa! This!Study! 1c,!d;!3;!4b;!S1;!S2;!
S3!

Kog1LYFP!Pub1LmCh! ACY857! [ACY044]#KOG1<YFP#(HIS3)#pPUB1mCH#(URA3)#MATa! This!Study! 2a!

Kog1LYFP!Ded1LmCh! ACY858! [ACY044]#KOG1<YFP#(HIS3)#pDED1mCH#(URA3)#MATa! This!Study! 2a!

Kog1LYFP!Pbp1LmCh! ACY859! [ACY044]#KOG1<YFP#(HIS3)#pPBP1mCH#(URA3)#MATa! This!Study! 2a!

Kog1LYFP!Edc3LmCh! ACY856! [ACY044]#KOG1<YFP#(HIS3)#pEDC3mCH#(URA3)#MATa! This!Study! 2b!

snf1Δ!Kog1LYFP! ACY743! [ACY044]#SNF1::URA3#KOG1<YFP#(HIS3)#MATa! This!Study! 3a!

S491A!S494A!Kog1LYFP! ACY871! [ACY044]#KOG1S491A#S494A<YFP#(HIS3)#MATa! This!Study! 3b;!S2!

PrDm1!Kog1LYFP! ACY844! [ACY044]#KOG1Q513<525A<YFP#(HIS3)#MATa! This!Study! 4b;!S2!

PrDm2!Kog1LYFP! ACY768! [ACY044]#KOG1Q846<855A<YFP#(HIS3)#MATa! This!Study! 4b!

PrDm1+2!Kog1LYFP! ACY878! [ACY044]#KOG1Q513<525A#Q846<855A<YFP#(HIS3)#MATa! This!Study! 4b;!S2!

Sch9L3HA! ACY359! [ACY044]#SCH9<3HA#(TRP1)#MATa! Hughes!Hallett!et#al.!2014! 5a,!b,!c!

snf1Δ!Sch9L3HA! ACY537! [ACY044]#SNF1::URA3#SCH9<3HA#(TRP1)#MATa! Hughes!Hallett!et#al.!2014! 5a,!b,!c!

S491A!S494A!Sch9L3HA! ACY869! [ACY044]#KOG1S491A#S494A#SCH9<3HA#(TRP1)#MATa! This!Study! 5a,!b,!c!

PrDm1!Sch9L3HA! ACY766! [ACY044]#KOG1Q513<525A#SCH9<3HA#(TRP1)#MATa! This!Study! 5a;!S7!

PrDm2!Sch9L3HA! ACY840! [ACY044]#KOG1Q846<855A#SCH9<3HA#(TRP1)#MATa! This!Study! 5a;!S7!

PrDm1+2!Sch9L3HA! ACY765! [ACY044]#KOG1Q513<525A#Q846<855A#SCH9<3HA#(TRP1)#MATa! This!Study! 5a,!b,!c!

Kog1L3xFlag! ACY161! [ACY044]#KOG1<3xFLAG#(HIS3)#MATa! This!Study! S5;!S6!

! ! ! ! !
Plasmid!

Catalogue!
Number! Description! Source!

!pEDC3mCH! ACB252! [CEN]!EDC3LmCherry!(URA3)! Buchan!et#al.!Journal!of!Cell!Biology!
2008!

!pPUB1mCH! ACB253! [CEN]!PUB1LmCherry!(URA3)! Buchan!et#al.!Journal!of!Cell!Biology!
2008!

!pDED1mCH! ACB267! [CEN]!DED1LmCherry!(URA3)! Hilliker!et#al.#Molecular!Cell!2011!
!pPBP1mCH! ACB268! [CEN]!PBP1LmCherry!(URA3)! Roy!Parker,!unpublished!
!!

Table'S4!!!Saccharomyces#cerevisiae!strains!used!in!this!study.!
! !
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CHAPTER IV:  DISCUSSION OF FINDINGS AND FUTURE DIRECTIONS 

 

Identification of TORC1 as the key signaling pathway in eukaryotic cells has dramatically 

expanded our knowledge of the cell growth control apparatus. Yet, our understanding of how this 

system functions remains remarkably naïve, as evidenced by the number of very general 

questions that can still be asked about growth regulation in eukaryotes. These include, how is cell 

size determined? How is this decision coordinated with the cell cycle? How does nutritional status 

affect this decision? Why does nutritional status influence aging? What, exactly, is quiescence? 

Are there different quiescent states depending upon the reason for entry? How does stress 

influence growth? And, How does the cell process information from multiple pathways to make 

decisions regarding growth and development? In the course of my thesis, I have begun to 

address these final two neglected questions through a systems level investigation into TORC1 

signaling.  

 

4.1  Information processing by the TORC1 pathway 

The TORC1 pathway is named after the lipophilic macrolide rapamycin produced by the 

bacterium Streptomyces hygroscopicus (Loewith and Hall, 2011). This drug promotes an 

interaction between Fpr1, a peptidyl-prolyl cis-trans isomerase, and Tor kinases in complex with 

TORC1, resulting in the allosteric inhibition of kinase function and growth arrest in eukaryotic cells 

(Heitman et al., 1991; Lorenz and Heitman, 1995; Stan et al., 1994). Investigations into the 

mechanism of rapamycin’s action revealed a concordance between the effects of rapamycin 

treatment and nitrogen or amino acid starvation (Barbet et al., 1996; Hara et al., 1997; Rohde et 

al., 2001). This observation suggested compartmentalization of cellular growth control pathways, 

with PKA functioning in glucose sensing and TORC1 functioning in nitrogen sensing. This 

remains the prevailing model, albeit with furious debate over exactly at what level these pathways 

integrate their respective nutrient signals to regulate growth (Dechant and Peter, 2008; Huber et 

al., 2009; Ramachandran and Herman, 2011; Schmelzle et al., 2004; Soulard et al., 2010; Zurita-

Martinez and Cardenas, 2005), and despite recognition that TORC1 may also be influenced by 
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stress, phosphate, and glucose signals (Hosiner et al., 2009; Loewith and Hall, 2011; Marion et 

al., 2004; Urban et al., 2007). However, since only a limited set of the possible TORC1 outputs 

were interrogated, these recent studies lacked the experimental power necessary to determine 

fully how and at what level TORC1 signaling was affected. Consequently, the qualified results 

were broadly interpreted, with deference for the existing growth model, as indicating that all stress 

and starvation signals affect the TORC1 pathway in the same way; by inhibiting Sch9-branch 

signaling and activating Tap42-PP2A branch signaling. 

 

A precise understanding of TORC1 behavior remained wanting. In Chapter II I describe a 

systematic investigation of the global output of the TORC1 signaling pathway under a range of 

stress and starvation conditions. Contrary to the predictions of the accepted growth model, I 

found that context dependent, and branch specific, signaling occurs through the TORC1 pathway, 

whereby nitrogen, glucose, and stress signaling pathways drive the TORC1 pathway into at least 

four distinct signaling states with differing Sch9-branch and Tap42-PP2A branch activities. My 

results show that the known nitrogen/amino acid signaling factors (the Rag GTPases Gtr1/2, the 

Rho GTPase Rho1, and the SEA-associated Npr2/3 proteins) regulate TORC1 during nitrogen 

starvation, but have little to no influence upon TORC1 signaling in additional starvation/stress 

conditions (e.g. glucose deprivation, osmotic stress). Furthermore, I found that while Snf1 

regulates TORC1 during glucose starvation, and Hog1 regulates TORC1 in osmotic stress, 

neither factor offered cross conditional regulation of TORC1. In sum, this work showed that the 

TORC1 pathway acts as an information-processing hub, integrating multiple signals, and 

activating different proteins and genes under different conditions, to ensure that available energy 

is allocated to drive growth, amino acid synthesis or a stress response, depending on the needs 

of the cell. 

 

Through this study we are able to frame the critical question moving forward: how does the 

TORC1 pathway process information to make decisions regarding growth? The answer to this 

question lies in the answers to many smaller questions. What mechanisms are at play in the 
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conditions we now know regulate TORC1 distinctly?  

 

4.2  TORC1 regulation and Tap42-PP2A signaling specificity in nitrogen starvation 

In nitrogen/amino acid starvation, Rho1 appears to stimulate Tap42-PP2A activation through 

displacement from TORC1 (Yan et al., 2012), while Npr2 and Npr3 appear to function via the 

conversion of the GTP/GDP bound states of the Rag GTPases Grt1 and Gtr2 (Bar-Peled et al., 

2013; Panchaud et al., 2013). But, how does Rho1 also inhibit Sch9-branch outputs, and what is 

the molecular mechanism of Gtr1/2 inhibition of TORC1? The vacuolar membrane (lysosome in 

higher eukaryotes) has emerged as the critical surface on which all known TORC1 regulation 

occurs. Here the Ego complex tethers Gtr1/2 in proximity to TORC1 while Rho1 localization 

appears to be more dynamic. Gtr1/2 and Rho1 appear to regulate TORC1 through physical 

binding. Since the molecular mechanisms behind these regulatory interactions remain unknown it 

is tempting to speculate on what these might be. One possibility could be that binding induces a 

conformational change in TORC1 thereby reducing TOR kinase activity towards its substrates 

including Sch9, Dot6, and Tod6. This is unlikely to be the case, however, since TOR 

autophosphorylation may persist following amino acid starvation (Peterson et al., 2000; Soliman 

et al., 2010). In addition, TORC1 appears to remain in complex and associated with the vacuolar 

membrane under conditions of nitrogen/amino acid limitation, at least at short timescales, 

indicating a gross change in structure or localization is probably not the underlying mechanism. 

Alternatively, GTPase binding may displace Sch9-branch effector proteins, similar to mechanism 

of Tap42-PP2A activation by Rho1 function. How multiple proteins, including Sch9, Dot6, and 

Tod6, could be simultaneously displaced is unclear. Perhaps then, GTPase binding takes 

advantage of the wiffle-ball like structure of TORC1 to occlude the access of substrates to TOR 

kinase.  Differentiating between these and other possible models requires detailed structural 

studies of the TORC1 pathway signaling in nitrogen or amino acid limiting conditions. 

 

Different sorts of nitrogen and amino acid starvation elicit distinct responses through the Tap42-

PP2A output branch of the TORC1 pathway (Crespo et al., 2002; Georis et al., 2011; Rai et al., 
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2013; Tate and Cooper, 2013). How is this achieved? One attractive possibility is that flexibility in 

the composition of the PP2A complex enables the creation of a number of functionally specific 

phosphatase complexes, which together generate the needed diversity. Yet, if this were the case 

then how would TORC1 correctly select among the many distinct PP2A complexes? An 

alternative model would be that the nitrogen and amino acid signaling pathways are even more 

complex than currently appreciated, functioning simultaneously at the level of TORC1 to activate 

a common Tap42-PP2A program and downstream of the phosphatase complex to tune the 

response as necessary. Differentiating between these and other possible models requires 

detailed mechanistic studies of TORC1 and Tap42-PP2A pathway signaling in a variety of 

nitrogen and amino acid limiting conditions. 

 

A related question is how does the Tap42-PP2A complex become deactivated? The current 

working model suggests dephosphorylation of the Tap42-PP2A complex blocks phosphatase 

activity (Yan et al., 2006). This design implies that Tap42-PP2A behaves like a molecular timer, 

limiting the time and resources spent attempting to adjust to new environmental conditions, 

presumably to ensure the cell is able to make the switch into a quiescent state should TORC1 

reactivation not be possible. Since the regulating phosphatase has not yet been identified it is 

tempting to speculate that the Tap42-PP2A pathway may be self-regulated. If so, both the 

intensity and duration of Tap42-PP2A activity, from between short but intense bursts to long but 

mild waves, would be intimately linked to TORC1 signaling. Under such a regime, Tap42-PP2A 

substrate quality and availability would impose the barriers to activation. Evolving different 

thresholds for activation would allow different sorts of nitrogen and amino acid starvation to elicit 

distinct responses through the Tap42-PP2A pathway. Determining which, if any, of these 

speculations are valid requires detailed investigation of Tap42-PP2A pathway signaling in a 

variety of nitrogen and amino acid limiting conditions. 

 

 

 



	   121 

4.3  The relationship between stress and growth 

Understanding the relationship between stress and growth is a matter of academic interest, but is 

especially important since, for example, cancer progression relies upon cells finding a way to 

grow and divide under suboptimal, or stressful, conditions, including during chemotherapy, in the 

absence of growth hormones, and with insufficient supply of nutrients. In the study presented in 

Chapter II I queried the influence of osmotic, oxidative, and heat stress on TORC1 signaling. This 

investigation revealed that all three stresses elicited a nearly identical response in TORC1 

signaling. Specifically, these stresses triggered inhibition of Sch9-branch output at all levels; 

Sch9, Dot6, and Tod6 phosphorylation; Dot6, Tod6, and Sfp1 localization; and transcription of 

genes promoting growth, but had little to no influence on Tap42-PP2A branch signaling, as 

judged by bandshift assays of the Tap42-PP2A dependent signaling factors Gln3, Par32, Nnk1, 

and Npr1, and since a clear transcriptional response among PP2A regulated genes was absent. 

The most parsimonious explanation for these results would be that all three stresses act directly 

on the TORC1-PP2A complex to inhibit Sch9-branch signaling but without triggering Tap42-PP2A 

activation. Since Tap42-PP2A activation is believed to require both phosphorylation by and 

release from TORC1 (Yan et al., 2006), interfering with either process ought to inhibit Tap42-PPA 

activation. The simplest model accounting for the observed data is therefore that stress inhibits 

TOR kinase activity, as this would lead to the simultaneous dephosphorylation and inhibition of 

both Sch9 and Tap42-PP2A branches. Another possible mechanism could be that stress causes 

a conformational change in TORC1 such that the Tap42-PP2A complex cannot easily be 

released. This is unlikely to be correct however, because simultaneous osmotic stress and 

nitrogen starvation was found to be able to elicit normal Tap42-PP2A function. A third possibility 

could be that stress blocks the ability of Rho1 to bind Kog1 and displace Tap42-PP2A. This could 

occur through interactions with Kog1, Rho1, and/or the GEF for Rho1 (Yan et al., 2012). All three 

proposals run contrary to the accepted model of TORC1 signaling however, where TORC1 

inhibition always triggers Sch9-branch inhibition and Tap42-PP2A branch activation, as is seen 

following amino acid/nitrogen starvation or rapamycin treatment. An alternative model therefore 

would be that the stress signaling pathways function simultaneously at the level of TORC1 to 
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inactive Sch9-branch output and also downstream of the Tap42-PP2A phosphatase complex to 

mute the response among its many effector proteins. How simultaneous stress and starvation 

would avoid silencing the Tap42-PP2A response in this scenario is not immediately obvious. 

Differentiating between these and other possible models requires detailed mechanistic studies of 

Rho1, TORC1, and Tap42-PP2A pathway signaling in a variety of stress conditions. 

 

In addition to describing the outcome of stress on TORC1 signaling, I was also able to identify 

Hog1/p38 as an osmotic stress regulator of TORC1 in this study. This finding represents the first 

formal connection between a stress response pathway and the TORC1 pathway. How Hog1 

achieves this feat currently remains a mystery, as does the identity of the equivalent regulators in 

heat and oxidative stress. What we do know is that Hog1 acts only in osmotic stress to inhibit 

TORC1, but does not do so alone since the defect in a hog1∆ strain is not complete. Identifying 

these missing regulators will likely require genome wide screening using the yeast deletion 

library, as a limited candidate approach did not yield any leads. Investigations into the mechanism 

of Tap42-PP2A regulation in osmotic stress may also provide some clues as to how Hog1 

functions to inhibit TORC1. However, this connection warrants specific and targeted investigation. 

Given that Hog1 is MAP kinase, it is extremely likely that this regulatory event is phospho-

dependent. In the case of canonical kinases, such as Hog1, it is possible to construct ATP 

analogue sensitive mutant “Shokat” alleles which are specifically inhibited by a small molecule 

active site inhibitor (e.g. 1-NM-PP1) but which are indistinguishable from their wildtype 

counterparts in its absence (Bishop et al., 2000; Zaman et al., 2009). Creating such a kinase 

dead mutant could be used to confirm the suspicion of phospho-dependent regulation. If so, 

mapping phosphorylation events following osmotic stress may reveal the mechanism of 

regulation. Whether Hog1 acts directly on TORC1 is another question that deserves further 

investigation. Matching any identified phosphorylations to the known Hog1 consensus sequence 

would implicate direct regulation of TORC1 by Hog1, as would co-immunoprecipitation 

experiments. However, direct phosphorylation of the TORC1-PP2A complex by Hog1 could be 

unequivocally demonstrated by monitoring radioactive phospho-transfer from a modified form of 
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ATP, N6-(benzyl)-ATP-γ32, which is available only to the “Shokat” allele kinase (Dephoure et al., 

2005; Liu et al., 1998a, 1998b). Should regulation prove to be indirect I expect it to involve a 

novel pathway since preliminary experiments suggest that the only two known effectors 

downstream of Hog1, Rck1 and Rck2 (Bilsland-Marchesan et al., 2000; Bilsland et al., 2004), are 

not involved in the regulation of TORC1 in osmotic stress. 

 

4.4  TORC1 regulation in glucose starvation 

In glucose starvation, Snf1 signals to TORC1 through a rapid pathway to immediately inhibit both 

Sch9 and Tap42-PP2A branch signaling, and a slow mechanism to increase the activation barrier 

to reenter growth. Although it involves Snf1 dependent phosphorylation, the slow mechanism is 

likely indirect since these sites do not match the Snf1/AMPK consensus sequence. But what 

about the fast mechanism? AMPK has been found to phosphorylate two sites on Raptor in 

mammals to regulate mTORC1 function under energy stress (Gwinn et al., 2008), only one of 

which is conserved in Kog1 in yeast and alone it does not account for Snf1 dependent regulation 

(data not shown; Kawai et al., 2011). Additionally, Snf1 does not act alone to regulate TORC1 in 

glucose starvation conditions since the defect in a snf1∆ strain is not complete and since 

simultaneous nitrogen starvation does not activate the Tap42-PP2A branch. Identifying the 

missing glucose regulator(s) will likely also require genome wide screening using the yeast 

deletion library. The accepted model of TORC1 signaling predicts TORC1 inhibition always 

triggers Sch9-branch inhibition and Tap42-PP2A branch activation. Glucose starvation breaks 

this prediction since Tap42-PP2A branch activity is blocked, even during simultaneous nitrogen 

starvation or rapamycin treatment. How does this occur? As in stress, the simplest model would 

be that glucose starvation leads to the inhibition of TOR kinase activity, blocking both Sch9 and 

Tap42-PP2A branches. Monitoring TOR autophosphorylation following glucose starvation would 

test the plausibility of this model. Alternatively, glucose starvation causes a conformational 

change in TORC1 such that the Tap42-PP2A complex cannot easily be released, or Snf1 and the 

unknown regulator(s) block the ability of Rho1 to bind Kog1 and displace Tap42-PP2A through 

modulation of interactions with Kog1, Rho1, and/or the GEF for Rho1. A fourth possibility, broadly 



	   124 

consistent with the current model governing TORC1 signaling, could be that glucose starvation 

signals function simultaneously at the level of TORC1 to inactive Sch9-branch output and 

downstream of the Tap42-PP2A phosphatase complex to mute the response among its many 

effector proteins. Differentiating between these and other possible models requires detailed 

biochemical analysis of the TORC1 pathway following glucose limitation at a range of 

concentrations. 

 

At longer timescales of glucose starvation, Snf1 triggers dissociation of TORC1 and the 

relocalization of Kog1 to a single perivacuolar body. This raises several important questions; 

What is the composition of Kog1-bodies? The formation of Kog1-bodies is not associated with P-

bodies or stress granules. However, several other cellular aggregates are known to form under 

starvation conditions (Narayanaswamy et al., 2009b; O’Connell et al., 2012, 2014; Shah et al., 

2014). Which, if any, of these join or aid in the formation of Kog1-bodies requires further 

investigation. Candidates could be drawn from the library of GFP tagged yeast proteins (Huh et 

al., 2003) showing similar dynamics and localization of aggregate bodies following glucose 

starvation. What additional factors influence Kog1 body formation and disassembly? Taking 

advantage of the yeast deletion library, it should be possible to rapidly screen for genes that 

affect Kog1 aggregation potential or dynamics following glucose starvation or repletion. Of 

particular interest would be factors that influence the disaggregation of Kog1-bodies, of which 

chaperones and their co-factors are the most likely candidates. Why use protein aggregation 

dynamics rather than feedback loops to generate hysteresis? It may also be possible to gain 

further insight into the function of Kog1-bodies by monitoring TORC1 signaling in single cells (for 

example by Sfp1, Dot6, or Tod6 localization) under a variety of carefully controlled nutrient 

conditions in microfluidic experiments. However, we lack sufficient understanding of protein 

aggregation dynamics to suggest an answer to this question at present. Careful analysis may 

reveal differences in the signaling properties, such as robustness or cost of maintenance, 

between these alternative mechanisms, providing a clue as to when one is preferable to the 

other. Finally, does the regulation of protein aggregation/disaggregation dynamics represent 
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another general mechanism of gene regulation? There is much debate as to what protein 

aggregation represents. Some argue that protein aggregation indicates weakness in the system 

of proteome maintenance and that it is usually associated with disease (Aguzzi and O’Connor, 

2010; Halfmann et al., 2010; Nakayashiki et al., 2005; Ross and Poirier, 2004; Wickner et al., 

2011). Others forcefully argue that protein aggregation may serve a beneficial role by increasing 

phenotypic diversity (Halfmann et al., 2010; Masel, 2005; Masel and Bergman, 2003; True and 

Lindquist, 2000). It is particularly interesting therefore that out of the 101 genes in yeast identified 

by Michelitsch and Weissman (2000) to contain enriched Glutamine and/or Asparagine windows, 

25 are in pathways connected to stress and/or growth. Of these, 12 make physical interactions 

with TORC1 (versus less than 3 expected by chance, p=1x10-5, Fisher exact test). More recent 

data indicates that hundreds of yeast genes form aggregates under stress and starvation 

conditions. But for the exception of a few prions (for example [URE3], [MOT3+], [OCT+]) the 

function of most cellular aggregates is unknown, disturbingly even for heavily studied entities 

such as stress granules (Decker and Parker, 2012; O’Connell et al., 2012). One possible answer 

is that, similar to Kog1 aggregation serving to increase the threshold for TORC1 activation, these 

other bodies may function to alter the signaling dynamics of their respective pathways.  

 

4.5  Growing questions 

The investigations carried out as part of my thesis have raise many more questions than they 

have answered. This may not be viewed as productive. However, I believe this work has served a 

useful function in reframing the pertinent questions regarding TOR biology moving forward. 

Beyond the questions raised so far, these include: What additional conditions influence TORC1 

signaling? How does the TORC1 network sense internal metabolite availability? Does TORC1 

sense flux of nutrients across the vacuolar/lysosomal membrane? Can TORC1 function when not 

associated with this surface? Does Tor kinase, when separated from Kog1 continue to function? 

If so, how is it regulated? Does it respond to the same inputs, with the same sensitivity, or new 

inputs? Does it regulate the same pathways, with the same sensitivity, or does it influence distinct 

outputs?  
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GLOSSARY OF ABBREVIATIONS 

 

4E-BP1   Eukaryotic translation initiation factor 4E-binding protein 1 

AMP   Adenosine monophosphate 

AMPK   AMP activated protein kinase 

ATP   Adenosine triphosphate 

CHX   Cycloheximide 

Ego   Escape from growth arrest 

ESR   Environmental stress response  

GAP   GTPase activating protein 

GDP   Guanosine diphosphate 

GEF   Guanine nucleotide exchange factor 

GTP   Guanosine triphosphate 

HEAT   Huntingtin, Elongation Factor 3, Protein Phosphatase 2A, TOR1 

MAPK   Mitogen activated protein kinase 

mTORC1  mechanistic/mammalian Target of Rapamycin Complex 1 

P-body   Purgatory-body 

PAC   Polymerase A and C 

PKA   Protein Kinase A 

PP2A   Protein Phosphatase 2A 

RiBi   Ribosome biogenesis gene 

RFP   Red Florescent Protein (specifically mCherry) 

RP   Ribosomal protein gene  

RPD3L   Rpd3 large histone deacetylase complex  

RRPE    rRNA processing  

SD   Complete Synthetic Defined Media 

SEA complex  Seh1-associated complex 

STRE   Stress response elements 
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TORC1   Target of Rapamycin Complex 1 

TSC   Tuberous Sclerosis Complex 

V-ATPase  Vacuolar ATPase 

WD40   Beta-transducin repeat 

YFP   Yellow Florescent Protein (specifically yECitrine) 

YPD   Yeast Extract Peptone Dextrose complete media 
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APPENDIX A: PERMISSIONS 

 

Permission from the Genetics Society of America is required for reuse or modification of all or 

part of a published article, including figures, tables, and legends. Permission from the GSA is not 

needed if you will use the material in an article published in GENETICS or if you are reproducing 

an article (on which you are an author) for your dissertation. 
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