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ABSTRACT 

One of the leading aims of systems biology is the complete delineation of the 

organization and architecture of signaling networks.  Within this aim, characterizing 

integrated circuits is a particular challenge.  Integrated circuits are the sites of 

information multiplexing, where input from multiple sources are combined into a single 

output or channel.  A number of quantitative methods for analyzing epistasis within 

integrated pathways have been developed, with limited success. Here I present 

Expression Component Analysis, a novel approach for determining quantitative 

epistasis within an integrated signaling circuit, and describe the application of 

Expression Component Analysis in analyzing an interesting and important integrated 

signaling circuit in the model eukaryote, S.cerevisiae.   
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CHAPTER I: NUTRIENT INDUCED GENE EXPRESSION IN S.CEREVISIAE 

1.1 General Introduction 

Growth in eukaryotes is the result of a highly complex accounting, a process in 

which cells must incorporate information from multiple nutritional inputs, appraise 

internal and external environmental conditions, reconcile this information and set the 

rate with which they accumulate mass and divide accordingly.  The contributing nutrient, 

hormone, and stress stimuli each activate separate signal transduction pathways that 

intersect with each other to form circuits.  These circuits are organized in large scale 

networks, in which circuit interaction systematically amplifies or inhibits the activity of 

functionally related signal transduction pathways.  Through this interaction, eukaryotic 

cells are able to process information relayed from multiple environmental inputs in 

relative context and optimally regulate growth rate.   

The core control elements that cells use to process environmental and nutritional 

information are conserved across eukaryotes (Fontana, et al., 2010; Loewith and Hall, 

2011; Wullschleger, et al., 2006). The mis-regulation of these pathways can lead to 

medical disorders, most notably cancer, and is associated with non-proliferating cells 

regaining a proliferative state (Wullschleger, et al., 2006, Laplante and Sabatini, 2012).  

Studying this growth control system is important from both basic science and biomedical 

perspectives.  Characterizing the hierarchical organization of the circuits and higher-

order networks that regulate growth rates in a variable environment may reveal key 

targets for inhibiting tumor growth or cellular aging (Niepel et al., 2013; Quaranta and 

Tyson, 2013; Mirisola, et al., 2014; Fabrizio, et al., 2010 ).  Therefore dissecting the 
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basic design features of biological growth control systems in the simple eukaryote 

Saccharomyces cerevisiae will be informative to related questions about how cells in 

higher eukaryotic organisms process information to control growth. 

1.2  The TORC1 pathway 

The principal agent of nutrient regulated growth signaling in S. cerevisiae is the 

TORC1 complex, a 1 mDa multiprotein complex comprised of the serine/threonine 

kinase Tor1 and adjunct protein subunits Kog1, Lst8, and Tco89. (Loewith, et al., 2002; 

Reinke, et al., 2004;)  Though it is primarily responding to nitrogen availability, the 

TORC1 complex integrates and relays diverse environmental information through a 

highly connected signaling network, responding to nutrient quality and quantity, inter 

and intra-cellular stress conditions and cellular energy status.  In its position at the 

network hub, TORC1 activity regulates a wide range of cellular functions, coordinately 

activating ribosome biogenesis, the initiation of translation, transport of nutrients, 

mediating condition-specific metabolism, and inhibiting growth-repressive stress 

response processes, protein degradation and entry into quiescence (Breitkreutz, et al., 

2010).  In budding yeast, much of that regulation is modulated at the transcriptional 

level through the phosphorylation of dedicated transcription factors.  TORC1 signaling 

has been the subject of a great deal of research in recent years, and considerable data 

has been accumulated that describes the TORC1 network architecture and organization 

(Zaman, et al., 2008).  However, despite this effort the precise input and mechanisms 

that regulate TORC1 signaling remain elusive.   
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TORC1 complex  

The TORC1 complex and its component proteins were first described by the Hall 

lab in their search to identify the target of the antifungal macrolide rapamycin (TOR: 

Target Of Rapamycin) (Heitman, et al., 1991).  In S.cerevisiae, rapamycin binds the 

protein Fpr1 (a FK506-binding peptidyl-prolyl cis-trans isomerase, which are highly 

conserved from yeast through humans), and the Fpr1-rapamycin complex then binds 

the TORC1 complex to inhibit its activity.  This mechanism of action is conserved 

throughout eukaryotes (Crespo and Hall, 2002). 

There are two TOR complexes in S.cerevisiae, TORC1 and TORC2, which are 

distinguished by composition, function, and location.  Tor1 and its homolog Tor2 are 

large serine/threonine kinases which serve as the catalytic core of each signaling 

complex.  TORC1 is comprised of Tor1 (or Tor2 in the absence of Tor1), and the 

accessory proteins Kog1, Lst8, and Tco89 which are believed to facilitate the 

recruitment and stabilization of substrate interaction, and relay environmental signals to 

Tor1.  TORC2 is comprised of Tor2 only, Lst8, and Avo1, Avo2, and Avo3.  TORC2 is 

rapamycin insensitive, and functions as the catalytic center of a signaling pathway 

unrelated to environmental nutrient conditions (Loewith, et al., 2002; Wedaman, et al., 

2003).  As such, it will not be further discussed here.  Tor1 is comprised of the catalytic 

domain, a kinase regulatory domain, the rapamycin-binding domain, and multiple 

tandem protein-binding/scaffolding HEAT domains (totaling approximately 280kD) 

(Loewith and Hall, 2011).  In a nutrient-rich environment, TORC1 is localized on the 

vacuolar membrane.  The positioning of TORC1 at the periphery of the nutrient 

reservoir is consistent with its function as the primary nutrient signaling pathway.  
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Similar to mammalian lysosomes, the vacuole in S.cerevisiae is the endpoint of 

authophagic and endocytic pathways and serves as the cells primary nutrient store 

(Settembre, et al., 2013).  Under nutrient stress, the complex is believed to dissociate 

from the membrane, and has been observed associating with several distinct classes of 

cytoplasmic granular protein bodies, such as stress granules or the recently discovered 

Kog1 bodies (Hughes Hallet and Capaldi, submitted).   

 

Nutrient regulated growth signaling  

TORC1 signaling is functionally divided between two separate downstream 

branches:  the Sch9 branch, which promotes the accumulation of mass and 

proliferation, and the Tap42/PP2A branch, which mediates alternative nitrogen 

metabolism and stress response (Urban, et al., 2007; Huber, et al., 2009; Huber, et al., 

2011; Jiang and Broach, 1999; Yan, et al., 2006; Hughes Hallett, et al, 2014).  Nutrient 

signaling through TORC1 alternates signaling states between the two branches.  

Nitrogen availability, particularly through amino acid quality and quantity, determine 

which branch is active.   

 

Tap42/PP2A branch   

TORC1 signaling in a nitrogen poor environment, such as amino acid starvation, 

activates Tap42/PP2A mediated signaling.  The Tap42/PP2A branch consists of a 

heterotrimer that includes a protein phosphatase (either Sit4, Pph3, Pph21 or Pph22), a 
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phosphatase activator (either Rrd1 or Rrd2), and the Tap42 regulatory protein.  Under 

nutrient rich conditions, Tap42 is phosphorylated by TORC1 and bound with the 

complex at the vacuole.  Following amino acid starvation, Tap42/PP2A is liberated and 

activates the Nitrogen Discrimination Pathway (NDP) and General Amino Acid Control 

Pathway (GAAC) through the Sit4-dependent activation of transcription factors 

necessary for increased amino acid import and synthesis.  In addition to prompting 

import and synthesis, Tap42/PP2A signaling (and the direct action of TORC1 itself) 

restore the amino acid pool through the induction of autophagy, the cellular bulk protein 

recycling program.  The protein Atg13 is an activating component of a protein complex 

that is essential for inducing autophagy, and heavily phosphorylated by TORC1 under 

nutrient rich conditions.  Upon nutrient starvation, Atg13 is rapidly dephosphorylated by 

Tap42/PP2A activity, which supports the binding and activation of the kinase 

responsible for autophagosome formation, Atg1.  The precise mechanism by which 

activated Tap42/PP2A is liberated to effect the transition in nutrient metabolism is not 

known.  However, the release of Tap42/PP2A form TORC1 has been shown to require 

the direct binding of the small Rho-family GTPase Rhol1 to the TORC1 complex at the 

vacuolar membrane (Jiang and Broach, 1999; Yan, et al., 2006; Yan, et al., 2012; 

Hughes Hallett, et al, 2014).   

 

Sch9 branch 

Multiple studies have identified the vacuolar membrane bound EGO complex and 

Rag-family GTPases as the intermediates between cellular amino acid levels and 
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TORC1 signaling.  The EGO (exit from growth arrest) complex is comprised of the 

vacuolar anchors EGO1 and SLM4, and the Ras-GTPases GTR1 and GTR2.  TORC1 

is activated by the Gtr1/Gtr2 complex in a Gtr1-GTPGtr2-GDP configuration, where the 

reciprocal configuration Gtr1-GDP/Gtr2-GTP will inactivate TORC1 signaling 

(Panchaud, et al., 2013;, Binda, et al., 2009, Loewith and Hall, 2011).  The exchange of 

GTP for GDP on Gtr1 has been shown to be facilitated by the guanine nucleotide 

exchange factor Vam6 in an amino acid dependent manner, but the GEF responsible 

for the reciprocal exchange on Gtr2 has yet to be identified.  Following amino acid 

starvation, through a currently unknown mechanism, the re-addition of amino acids 

(particularly leucine, glutamine, and methionine) to S.cerevisiae culture induces Vam6 

nucleotide exchange on Gtr1 and the subsequent activation of the TORC1 Sch9-branch 

(Bonfils, et al., 2012; Jewell, et al., 2015; Sutter, et al., 2013).  Signaling through the 

Sch9 branch is responsible for the activation and mediation of the anabolic processes 

related to growth, (ribosome biogenesis and protein synthesis), the sustained inhibition 

of catabolic processes (autophagy and nitrogen metabolism), and prevents the 

activation of growth-inhibiting cellular stress responses (Urban, et al., 2007; Huber, et 

al., 2009; Huber, et al., 2011; Jorgensen, et al., 2004; Santhanam, et al., 2004; 

Yorimitsu, et al., 2007).  Sch9 branch signaling is enacted by TORC1 through the direct 

phosphorylation of the AGC kinase Sch9, a yeast homolog of the mammalian S6 kinase 

(Toda, et al., 1988).  TORC1 activated Sch9 promotes anabolic activity through the 

transcription of tRNAs, rRNA, the ribosomal biogenesis regulon (RiBi – a collection of 

approximately 500 genes whose function includes rRNA processing, ribosome subunit 

assembly and nuclear export), and the ribosomal proteins themselves (RP) (Urban, et 
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al., 2007; Huber, et al., 2009; Huber, et al., 2011; Lee, et al., 2009; Lee, et al., 2012).  In 

addition to activating transcription, Sch9 signaling promotes protein synthesis efficiency 

by fostering 5’ cap-dependent translation through the activity of eukaryotic initiation 

factor 2 (eIF2) (Dever, et al., 1992; Cherkasova and Hinnebusch, 2003).   

Nutrient starvation and Quiescence 

Following extended nutrient stress, yeast cells enact a series of physiological 

changes that serve to maintain long-term viability.  The exhaustion of all environmental 

carbon sources will drive S.cerevisiae to exit the cell cycle and enter a quiescent state, 

characterized by the complete cessation of proliferation and specific physiological 

adaptations which allow for extended periods of nutrient limitation: thickened cell walls, 

the conversion and accumulation of carbon sources into dense storage molecules, a 

near complete reduction of anabolic activity (protein synthesis is less than 1% of that 

seen during exponential growth), and marked by extreme thermo- and osmotolerance 

(De Virgilio, 2012; Gray, et al,. 2004).  The transition out of the cell cycle and into the 

quiescent, or stationary phase, impacts nearly every cellular homeostatic process and 

requires the coordinate action of multiple signaling pathways.  The steps leading to 

quiescence are not well defined, but several essential mechanisms that initiate the entry 

into stationary phase have been identified, and their activity is mediated by TORC1 

nutrient signaling (Pedruzzi, et al., 2003; Cameroni, et al,. 2004; Swinnen, et al., 2006; 

De Virgilio, 2012; Gray, et al., 2004).   
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Recent studies have identified Rim15 as the essential transcriptional regulator of 

entry into the quiescent state.  Under optimal nutrient conditions, TOR-activated Sch9 

facilitates Rim15 cytoplasmic anchoring with the 14-3-3 Bmh1 (Pedruzzi, et al., 2003; 

Cameroni, et al., 2004; Swinnen, et al., 2006), and under extended carbon stress, 

nuclear import of Rim15 is mediated through Tap42/PP2A branch phosphatase activity.  

In response to glucose starvation, nuclear-localized Rim15 directs Msn2, Msn4 and 

transcription factor Gis1 to genes necessary for the accumulation of energy-storage 

molecules, and for de-repressing the transcription of essential stress response genes, 

particularly those involved in thermo-tolerance, starvation resistance, and cell cycle 

arrest (Pedruzzi, et al., 2000; Pedruzzi, et al., 2003; Santhanam, et al., 2004; Martinez-

Pastor, et al., 1996).  In addition, the zinc-finger transcription factors Msn2 and Msn4 

are also controlled by the Tap42/PP2a branch via their nuclear localization, where 

deletion of either Tap42 or the PP2A branch phosphatases will result in the inhibition of 

more than 200 Msn2/4-dependent genes that respond to cellular stresses such as heat 

shock, oxidative, osmotic, and pH stress (Gorner et al, 1998, 2002).  Treatment with 

rapamycin inhibits TORC1 Sch9 branch activity, and induces a phenotype that closely 

resembles aspects of nutrient starvation signaling.  It results in a strong and rapid 

repression of translation, which arrests cells at G1 in the cell cycle.  Transcription of 

mRNA, RiBi and RP are severely inhibited.  Storage carbohydrates begin to 

accumulate, and the autophagy and nitrogen discrimination pathways are activated 

(Galdieri, et al., 2010; Gray, et al., 2004; Davidson, et al., 2011; De Virgilio, 2012).   
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1.3 The Ras/PKA pathway 

The Ras/PKA pathway is a nutrient responsive signaling pathway in S. cerevisiae 

that has been shown to regulate many of the same cellular processes that are 

controlled by TORC1.  The introduction of fermentable carbon sources to the 

extracellular environment triggers a signaling cascade through the Ras/PKA pathway, 

whose activity alters metabolic programming, inhibits growth-inhibiting stress 

responses, and increases growth-promoting transcription and translation activity.  How 

the presence of glucose activates the signaling cascade is not currently understood, but 

the interaction of components within the pathway, and subsequent activity of PKA in 

response to glucose have been well described. 

 

Glucose signal transduction 

The introduction of high concentrations of glucose into a cellular environment that 

contains no carbon source, or a non-fermentable carbon source, will activate the 

Ras/PKA signaling pathway.  Yeast will prioritize metabolizing fermentable carbon 

sources over those that require oxidative phosphorylation, and will prioritize glucose 

over other available fermentable carbon sources.  Though the precise mechanism 

through which extracellular glucose initiates the cascade has not yet been 

characterized, the presence of glucose has been shown to be transduced throughout 

the cell via small GTP binding proteins.  Ras1 and Ras2 are homologous and redundant 

small G proteins that resemble the ras proto-oncogene in mammals.  The Ras proteins 

are activated via the exchange of GTP for GDP by the guanine nucleotide exchange 
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factor, Cdc25.  Following the addition of glucose, GTP-bound Ras1 and Ras2 directly 

interact with adenlylate cyclase (Cyr1), the enzyme that converts ATP to cyclic AMP 

(cAMP), which induces a rapid and transient burst of cAMP formation.  cAMP acts as a 

second messenger, rapidly diffusing throughout the cytoplasm and interacting with 

multiple targets, including Protein Kinase A (PKA), to initiate growth and proliferation.  

PKA includes three redundant catalytic subunits, TPK1, TPK2, and TPK3, and a 

regulatory subunit BCY1.  The PKA holoenzyme exits as a heterotetramer, consisting of 

two Bcy1 subunits and any two of the three catalytic subunits.  Cytoplasmic cAMP binds 

to Bcy1, activating PKA by causing the dissociation of the tetramer and subsequent 

release of the catalytic subunits.   

 

Ras activates cAMP-dependant PKA signaling 

Multiple studies have focused on Ras signaling in yeast, and show conclusively 

that Ras mediates activation of PKA signaling in response to glucose via cAMP 

formation.  Double mutant ras1� ras2� strains cannot engage in vegetative growth, but 

ras1 ras2bcy1 are able to grow, despite the absence of detectable cAMP (Toda et 

al, 1985).  Post-translation alterations that affect the subcellular trafficking of the Ras 

proteins to Cyr1 are viable, but prevent the increase in cAMP levels following glucose 

addition (Bhattacharya et al, 1995).  Induction of constitutively active Ras alleles 

(Ras2V19) in the absence of glucose will recapitulate the changes in transcription of 90% 

of the genes whose expression change following glucose addition, and the entirety of 

this transcriptional change is mediated by PKA (Wang et al, 2004).          
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In addition to Ras1 and 2, the small GTP binding protein GPA2 is believed to 

play an independent and parallel role in activating PKA through the formation of cAMP.  

Gpa2 has been shown to physically interact with a transmembrane protein receptor 

GPR1.  Both proteins are homologous to mammalian G-protein coupled receptor 

subunits, suggesting that Gpr1 and Gpa2 may function as an extracellular glucose 

sensor contributing to cAMP-dependent PKA signaling.  Consistent with this hypothesis 

are the observations that growth defects seen in either gpa2/ gpa2 or gpr1 gpr1 

deletes can be suppressed with the addition of cAMP to growth media, and that the 

deletion of either gpa2 or gpr1 is synthetically lethal with a ras2, but this lethality is 

suppressed by the deletion of enzymes which degrade cAMP (Zaman, et al., 2008; 

Nakafuku, et al., 1988; Rolland, et al., 2000).  Induction of constitutively active Gpa2 

alleles activates the same collection of genes as induction of constitutively active Ras2 

alleles, and in both cases these genes are induced exclusively through PKA.   Though 

the pattern of genes activated by the addition of glucose match those seen by the 

induction of either Ras2 or Gpa2, constitutive Gpa2 activity results in an increase of 

expression that is only half the magnitude resulting from the addition of glucose, 

suggesting the Gpa2 and Gpr1 activity are an alternate or secondary path to Ras 

activation of cAMP-dependent PKA signaling.   
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cAMP-dependent PKA signaling 

Once stimulated, PKA will continue its catalytic activity until all the glucose in 

culture has been entirely consumed (a period of approximately 24 hours), despite the 

observation that cAMP formation occurs in a transient burst, lasting only 1-2 minutes 

(Thevelein et al, 1987).  The regulation of cAMP synthesis and PKA activation is 

achieved through a combination of feedback inhibition on both cAMP levels and Ras 

activity.  The state of the Ras proteins cycle between inactive and active states 

(GDP/GTP bound) according to the GTP-loading activity of Cdc25, the inherent GTPase 

activity of the Ras proteins themselves, and the activity of GTPase-activating proteins 

Ira1 and Ira2.  Ira1 and 2 appear to be the primary agents acting to balance active Ras 

levels, as an ira1 ira2 strain will maintain a constitutively high level of activated Ras-

GTP, and these levels do not increase in response to the addition of glucose (Colombo 

et al, 2004).  Cellular cAMP levels are reduced by the action of phosphodiesterases 

Pde1 and Pde2.  Following the addition of glucose, cAMP accumulates in pde1strains, 

and induced Pde1 over-expression inhibits glucose induced cAMP synthesis.  The 

activity of Pde1 toward cAMP degradation is strongly dependent upon PKA activity, 

indicating a feedback inhibition of cAMP synthesis (Ma et al, 1999).   

 

The role of Ras/PKA signaling in growth control 

The Ras/PKA pathway is the primary glucose signaling circuit in S.cerevisiae, 

and in its role in relaying changes in nutrient conditions, PKA signaling directly alters the 

cell’s metabolic programming, inhibits active stress response activities, and activates 
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the transcription of genes involved in the accumulation of mass.  Many of the PKA 

protein substrates are active in cellular metabolism.  Post-translational modification by 

PKA activates enzymes involved in glycolysis, including phosphofructokinase 2 (Pfk2) 

and the pyruvate kinases 1 and 2 (Pyk1, Pyk2).  At the same time, PKA targets and 

inhibits the activity of enzymes involved in gluconeogenesis and the metabolism of 

storage carbohydrates such as fructose-1,6-biphosphotase (Fbp1), isocitrate lyase 

(Icl1), trehalase (Nth1) and glycogen synthase (Gsy1) (Schepers et al, 2012; Zharinger, 

et al., 2000; Zaman, et al., 2008).     

PKA is known to directly target and inhibit a set of transcription factors and 

kinases involved in activating stress response genes and the transition into the 

quiescent state.  PKA has been shown to phosphorylate the nuclear localization 

sequence of Msn2 and Msn4, preventing their nuclear accumulation and inhibiting 

transcription of genes controlled by the stress response promoter element (STRE) 

(Schmidt and McEntee, 1996; Gorner, et al., 1998).  The PAS kinase Rim15 

coordinates the entry into stationary phase, activating Msn2, Msn4, and another stress 

response transcription factor, Gis1 in response to multiple nutrient signaling pathways, 

including both TORC1 and Ras/PKA.  Gis1 is required for the transcription of genes with 

post-diauxic shift (PDS) promoter elements, which are necessary for the response to 

glucose starvation (Pedruzzi, et al., 2000). While the localization of Rim15 has been 

shown to be regulated by TORC1, its catalytic activity is inhibited by PKA 

phosphorylation at multiple sites (Pedruzzi, et al., 2003).  In regulating transcription 

factor activity, the role of multiple Ras/PKA phosphorylation events have been shown to 

be unique, separately contributing to nuclear import, export and transcription activation 
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of substrates, and the dual regulation of nuclear import and export by Ras/PKA has 

been shown to generate tunable signal processing (Hao, et al., 2013; Petrenko, et al., 

2013; Sadeh, et al., 2011).  In addition to restricting growth inhibitory stress responses, 

Ras/PKA signaling promotes growth by inhibiting autophagy.  Inducing constitutively 

active Ras alleles (Ras2V19) has been shown to inhibit essential Atg13-dependent steps 

early in the targeting and transport processes in autophagy, and inducing constitutively 

inactive Ras alleles (Ras2A22) has been shown to be sufficient to trigger autophagy in a 

PKA-dependent manner independent of TORC1 signaling (Budovskaya, et al., 2004; 

Stephan, et al., 2009).        

PKA signaling contributes to cellular growth by inhibiting growth-repressive stress 

response processes, constraining cellular protein recycling and encouraging 

proliferative processes, but the most significant contribution to cellular growth stemming 

from activated Ras/PKA signaling is in escalating the accumulation of mass via the 

increased transcription of genes responsible for translation.  The addition of glucose to 

cells growing in non-fermentive media induces a greater than 3-fold increase in 

expression of ribosome biogenesis genes and the ribosomal proteins.  During 

exponential growth in fermentive media, S.cerevisiae is producing approximately 2000 

ribosomes per minutes, requiring the dramatic reorganization of energy distribution 

toward transcription of the assembly machinery (Warner, 1999).  Accordingly, following 

the addition of glucose, transcription of ribosomal RNA accounts for 60% of all 

transcription, and ribosomal proteins themselves account for half of all RNA pol II 

activity (Warner, 1999).  90% of the changes in global gene expression upon the 

addition of glucose can be recapitulated with an inducible constitutively active Ras 
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allele, and all of the Ras-induced gene expression is entirely dependent upon PKA 

activity (Wang et al, 2004). 

1.4 TORC1 and Ras/PKA network architecture 

The cellular processes that promote growth in S.cerevisiae have been shown to 

be regulated by both the TORC1 pathway and the Ras/PKA pathways in response to 

environmental nutrient levels.  In nutrient rich environments, both pathways encourage 

growth and proliferation through the inhibition catabolic processes, growth-inhibiting 

stress responses, and by restricting stationary phase development.  The mode of their 

cooperation toward those processes is relatively well understood.  In regulating 

autophagy, stress response transcription and quiescence, the TORC1 and Ras/PKA 

signaling circuits intersect at a few key nodes.  Both pathways phosphorylate Atg13 to 

discourage development of the autophagosome, restraining protein degradation and 

recycling (Stephan, et al., 2009; Ramachandran and Herman, 2010).  In restricting the 

localization of Msn2 and Msn4, TORC1 and Ras/PKA impinge on the downstream 

transcription of hundreds of genes.  Cooperatively deactivating and restricting Rim15 

localization suppresses the initiation of a massive cellular reorganization (Reinders et 

al., 1998; Pedruzzi, et al., 2000; Pedruzzi, et al., 2003; Cameroni, et al., 2004; Swinnen, 

et al., 2006).  In response to nutrient availability in a nutrient limited environment, each 

pathway promotes transcription of the RiBi regulon, escalating anabolic processes and 

the accumulation of protein mass by increasing the total number of ribosomes.  While 

the interaction of TORC1 and Ras/PKA signaling toward the accumulation of mass is 
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more complex, (involving all three RNA polymerases and multiple feedback systems) 

the two pathways again appear to coordinate expression-promoting signaling by 

converging on a few crucial trans-acting factors.    

The organization and hierarchical relationship of these two core nutrient sensing 

pathways has been the subject of investigation for more than a decade, studied in 

hopes of revealing basic organizational principles of cooperation and interaction in large 

scale signaling networks, and to inform nutrient information processing in higher 

eukaryotes.  Unfortunately, some confusion stills exists regarding how these two 

pathway function to signal the availability of their respective nutrient resources.  Some 

studies have placed Ras/PKA signaling within the scope of TORC1 regulation (Martin et 

al., 2004, Schmelzle et al., 2004, Soulard et al., 2010), while others posit that TORC1 

and Ras/PKA jointly regulate growth processes as parallel, independent contributors 

(Zurita-Martinez and Cardenas, 2005; Chen and Powers, 2006; Lippman and Broach, 

2009; Zaman, et al., 2009).  In either interpretation, the precise mechanism of their 

interaction, whether as part of a large and linear regulatory pathway or as cooperative, 

autonomous pathways, has not been elucidated.        

 

Early Research 

The functional overlap between TORC1 and Ras/PKA signaling has been well 

documented.  Early in Ras/PKA signaling research, Wang et al. discovered that Ras2 

and Gpa2 mediate the transcriptional response to glucose in S.cerevisiae, and that PKA 

is responsible for the entirety of the Ras/Gpa-mediated transcriptional response (Wang 
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et al, 2004).  The S6 kinase Sch9 was first discovered in a screen for suppressors of the 

lethal phenotype of Ras/PKA mutants (cyr1 ras1 ras2 and tpk1tpk2 tpk3) (Toda 

et al., 1988), and is the major arm of nutrient related growth control in TORC1 signaling 

(Urban et al., 2007).  Schmelzle et al. conducted a screen for multi-copy suprressors of 

rapamycin-induced growth inhibition and identified multiple components of the Ras/PKA 

pathway.  They noticed that induction of a constitutively active Ras allele (Ras2V19) will 

prevent the induction of rapamycin-dependent hallmarks of stationary phase entry, 

including stress response transcription, glycogen accumulation and the translocation of 

Msn2 and Msn4.   Lastly, they observed that following treatment of S.cerevisiae with 

rapamycin, Tpk1 and Bcy1 accumulate in the nucleus.  (Schmelzle et al, 2004).  This 

data lead them to suggesting the model that TORC1 controls growth related expression 

by signaling through the Ras/PKA pathway (Martin et al., 2004).  However the same 

accumulation of Tpk1 and Bcy1 in the nucleus is observed upon the artificial removal of 

cAMP in exponentially growing cells (Griffioen, et al., 2000).  Martin et al. showed that 

the expression profiles of the ribosomal proteins are regulated by TORC1 through the 

activity of transcription factors Fhl1, Ifh1, and Crf1, and that the Fhl1/Crf1 complex may 

repress RP transcription via Ras/PKA dependent nuclear localization (Martin et al, 

2004).  The authors present the model that TORC1 regulates RP expression through 

Ras/PKA signaling though no direct evidence that suggests TORC1 signals directly to 

Ras/PKA was provided.  An alternative model in which the TORC1 and Ras/PKA 

pathways converge on a few common targets would also be consistent with this data.  

Zurita-Martinez and Cardenas applied genetic techniques to argue the alternative 

model.  They observed that a significant reduction in the expression of RP genes in a 

25



tpk1tpk2 tpk3 yak1 strain, and a further reduction of RP expression following 

rapamycin treatment.  That the regulation of gene expression controlling RP expression 

was still responsive to rapamycin in PKA deletion experiments suggests that TORC1 

and Ras/PKA act in separate and parallel pathways to control the accumulation of mass 

(Zurita-Martinez and Cardenas, 2005).  The model of independent but coordinate 

regulation was subsequently tested in greater resolution by Powers and coworkers 

using microarray analysis to measure the transcriptional responses to dynamic nutrient 

and genetic conditions.  Their findings provided evidence that supports a complex 

model in which TORC1 and Ras/PKA exhibit multiple modes of cross-talk and functional 

interaction (independent, cooperative, and antagonistic) in the expression of co-

regulated gene clusters (Chen and Powers, 2006).   

A Dynamic Model of Interaction 

More recently, experiments have been conducted to test the parallel signaling 

model at the global scale using microarray analysis to measure transcriptional 

responses to varying nutrient and genetic conditions, and by the artificial activation of 

Ras/PKA signaling by the addition of cyclic AMP to cells missing adenylate cyclase, the 

enzyme that catalyzes its formation.  A 2008 study attempted to measure the relative 

contributions of TORC1 and Ras/PKA signaling to the control of gene expression upon 

nutrient repletion by blocking the signaling of each pathway alone and in concert.  They 

observed that the addition of cAMP to nutrient exhausted culture recapitulates the 

transcriptional response to the addition of cAMP and nutrients, and that this response 
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was primarily Ras/PKA dependent, but that the transcriptional response to cAMP alone 

is not enough to promote growth, nor down-regulate the transcription of the stress-

response element in a nutrient exhausted culture (Slattery et al., 2008).  These results 

are potentially misleading, as it is known that cyclic AMP formation is an excitable 

system, that cAMP levels are pulsatile (Thevelein et al., 1987), and TORC1 signaling is 

also activated by nutrient repletion.   

The confusion surrounding the extent of crosstalk between TORC1 and Ras/PKA 

signaling highlights the fundamental limitations of the approaches applied.  Genetic 

interruption of essential signaling pathways can obscure the native response.  Extended 

exposure to transient activators, or saturation of second messengers in a sensitive 

circuit could result in the premature or unintended activation of auxiliary pathways, 

leading to inaccurate network models.  Several of the methods described produce a 

saturated Ras/PKA signal, which may obstruct for the temporally dynamic behavior of 

Ras/PKA signaling or overpower the weaker activity of circuits acting in opposition.  

Lastly, the absence of longitudinal investigations that monitor the relative activation and 

termination TORC1 and Ras/PKA signaling over an extended time course limits the 

understanding of native network structure and adaptation that any approach might 

generate.    

Greater Resolution with New Techniques 

A higher resolution approach to identifying the individual contribution of Ras/PKA 

signaling in response to glucose and cAMP pulses has been employed in recent 

studies, using strains that carry a single mutation in each of the three PKA catalytic 
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subunits of the Ras/PKA pathway (Bishop et al., 2000; Slattery, et al., 2008; Zaman et 

al., 2009).  These mutations render Ras/PKA signaling sensitive to a modified inhibitor 

(an ATP-analog) specific to the affected kinases, and allow for the selective, inducible 

and transient inhibition of signaling pathway (Bishop et al., 2000).  Use of this more 

precise method of inhibiting Ras/PKA signaling during glucose repletion confirmed the 

observations made in Slattery et al. 2008 and Wang et al., 2004, specifically that 

Ras/PKA signaling mediates the majority of the change in gene expression in response 

to glucose, but was unable to resolve the means of interaction between TORC1 and 

Ras/PKA signaling in the control of gene expression (Zaman et al., 2009).  Results from 

a 2010 study employing Ras/PKA specific inhibition to determine how the activity of 

TORC1 and Ras/PKA are integrated to control growth processes in the cell suggest that 

the two pathways are parallel and act in semi-antagonistic roles (Ramachandran and 

Herman, 2010).  This data is based upon the post-translational activity of Ras/PKA and 

TORC1 Sch9 branch on shared substrates, and does not address the integration of the 

two pathways in the expression of RiBi or the stress reponse genes, where growth is 

controlled.  The integration of TORC1 and Ras/PKA signaling in the expression of RiBi 

is addressed by Lippman and Broach, who describe the transcriptional repression of 

RiBi mediated by the DNA-binding proteins Stb3, Dot6 and Tod6.  Stb3, Dot6 and its 

cognate Tod6 are transcription factors that recognize and bind RRPE and PAC-motif 

promoter elements.   When bound Stb3, Dot6 and Tod6 recruit the histone deactylase 

RPD3L to repress transcription (Huber, et al., 2011).  Stb3 binds the RRPE motif, and is 

primarily responsible for recruitment of RPD3L to ribosomal protein genes, where Dot6 

and Tod6 recognize bind the PAC motif and with Stb3 recruit RPD3 to ribosome 
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biogenesis genes (Liko et al., 2007, Huber et al., 2011).  All three (Dot6, Tod6, and 

Stb3) are regulated by TORC1 through Sch9 branch signaling (Huber et al., 2011).   

Lippman and Broach show in addition to Sch9 regulation, Dot6 and Tod6 are 

phosphorylated at Ras/PKA consensus sites (RRXS) following the introduction of 

glucose to non-fermentive media, and Dot6 and Tod6 are required for adaptation to 

nutrient limitation (Lippman and Broach, 2009).  The application of kinase-specific 

inhibitors and the detailed observations they grant have provided strong support for the 

model of parallel, independent contribution by TORC1 and Ras/PKA to the nutrient-

induced growth control network, and suggest possible loci of interaction for some of the 

nutrient-specific functional cooperation of TORC1 and Ras/PKA signaling.   

 

1.5  Expression Component Analysis        

Despite the progress these studies have made toward understanding how 

TORC1 and Ras/PKA interact to control growth, the cooperation between these two 

pathways has yet to be dissected in a systematic, longitudinal study, and as a result, the 

fundamental question about how eukaryotes integrate discrete information about 

environmental conditions remains unclear.  In my thesis I attempt to address this 

question through an investigation into the interaction between TORC1 and Ras/PKA, by 

systematically blocking signaling through each pathway, both separately and together 

under their native conditions.  In order to avoid the problem of global induction that can 

result from constitutive activation, or by saturation with second messengers, my 

experimental procedure employs the ATP-analog sensitive PKA strain. The mutations 
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render Ras/PKA signaling sensitive to a modified inhibitor (the ATP-analog 1-NMPP1) 

specific to the affected kinases, and allow for discriminate, inducible and transient 

inhibition of signaling without additional stress to the cell (Bishop, et al., 1998; Bishop, et 

al., 2000).  Selective TORC1 signaling interruption is induced through the addition of the 

TOR-specific small molecule inhibitor Rapamycin.  To dissect the interaction of the 

TORC1 and Ras/PKA pathways in our approach, the selective inhibitors are added 

synchronously with glucose to cell culture growing in media which contains glycerol as 

the sole carbon source, and the dependent change in gene expression is measured by 

microarray analysis.  To determine the dynamic output of each pathway individually 

through time, I repeat the dissection procedure over a time course, and measure the 

pathway specific change in gene expression prior to the addition of glucose, upon its 

addition, 60 minutes after, and 120 minutes after its addition.  By comparing the gene 

expression defects between single and double pathway inhibition, I can determine the 

relative contribution of each pathway to the total magnitude of nutrient induced 

expression, and observe the influence of individual pathways on the entire growth 

control network.  Double mutant analysis, as described here, has been applied in 

combination with microarray analyses over smaller regulatory networks to build precise 

models of transcriptional regulatory networks, detailing the condition-specific regulatory 

logic at individual nodes, and to qualitatively and quantitatively distinguish the overlaps 

in function of converging signaling pathways (Capaldi, et al., 2008; Van Wageningen , et 

al., 2010).  In order to conduct pathway epistasis analysis on a regulatory network with 

output as large and functionally varied as TORC1 and Ras/PKA nutrient induced growth 
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control, I apply a mathematical approach for a quantifiable picture of the nearly 1,500 

genes affected. 

I determine the contribution of each pathway to the change in transcription of a 

gene by applying Expression Component Analysis to microarray data.  A gene’s 

pathway-specific expression component value is calculated by a comparison of the 

difference in expression level between the double mutant (TORC1 AND Ras/PKA 

inhibition) and the expression level of either of the single mutants (TORC1 inhibition, 

Ras/PKA inhibition).  For example, blocking signaling of both TORC1 and Ras/PKA 

together will result in a change in expression that includes the loss of the individual 

contribution from TORC1 signaling, the loss of any individual contribution from Ras/PKA 

signaling, and the loss of any cooperative activity between the two pathways.  Blocking 

signaling through the TORC1 pathway alone will result in the loss of the individual 

contribution from TORC1 and any cooperative activity between TORC1 and Ras/PKA.  

By subtracting the expression deficit of a single mutant (i.e. TORC1 individual 

contribution and cooperative component) from the expression deficit of a double mutant 

(both TORC1 and Ras/PKA individual contributions and their cooperative component), I 

have isolated the expression component value of the alternate pathway (Ras/PKA 

alone, without TORC1 or the cooperative component).  Once each of the signaling 

pathway expression component values has been isolated, the value of the cooperative 

component is calculated by subtracting the sum of these values from the expression 

deficit of the double mutant.  I applied this procedure to the collection of microarray 

datasets described above to create a map of the individual and cooperative dynamic 
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contributions from the TORC1 and Ras/PKA pathways to nutrient induced transcription 

in S.cerevisiae. 
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2.1 Abstract  

The TORC1 and PKA pathways are known to regulate the growth of yeast cells 

by controlling expression of the protein and ribosome synthesis genes.  However, how 

TORC1 and PKA cooperate to carry out this task remains unclear.  Here, we use DNA 

microarray analysis of yeast grown in two carbon sources, and treated with different 

kinase inhibitors, to build a detailed model of the TORC1-PKA growth control circuit. 

Our data and model show that the TORC1 and PKA pathways play distinct roles in the 

circuit, with TORC1 setting the steady state level of gene expression and PKA driving 

gene expression during transitions into, and out of, the rapid growth state in glucose. 

This circuit design may help cells to set an exact growth rate based on the level of 

internal metabolites, via TORC1, but also adapt rapidly to changes in the concentration 

of the key external nutrient, glucose, via PKA.    
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2.2 Introduction 

 

Cells respond to nutrient, stress and hormone stimuli by activating specific signal 

transduction pathways.  Although these pathways are generally studied in isolation it is 

well established that they are connected together to form signaling circuits.  Determining 

how these circuits function is a critical step towards understanding cell behavior and 

should shed light on the way that cells integrate information and make decisions. 

Experiments in the model eukaryote, S. cerevisiae, have led to the identification 

of a particularly interesting signaling circuit that includes the highly conserved target of 

rapamycin kinase complex I (TORC1) and cAMP dependent protein kinase (PKA) 

pathways.  In this circuit (Fig. 1a), the TORC1 and PKA pathways work together to 

regulate expression of the protein and ribosome synthesis genes (Broach, 2012; Huber 

et al., 2011; Jorgensen et al., 2004; Lippman and Broach, 2009; Slattery et al., 2008; 

Zaman et al., 2009; Zurita-Martinez and Cardenas, 2005) and, as a consequence, help 

set the growth rate of the cell (Airoldi et al., 2009; Brauer et al., 2008; Broach, 2012; 

Castrillo et al., 2007; Lippman and Broach, 2009).  

TORC1 has been shown to induce expression of the protein and ribosome 

synthesis genes by phosphorylating and activating the transcriptional activator Sfp1 

(Jorgensen et al., 2004; Lempiainen et al., 2009; Marion et al., 2004) and the S6 kinase 

Sch9 (Huber et al., 2011; Lippman and Broach, 2009; Urban et al., 2007) (Fig. 1a).  

Sch9 then phosphorylates and inactivates the transcriptional repressors Dot6/Tod6 and 

Stb3 (Huber et al., 2011; Liko et al., 2007; Lippman and Broach, 2009) (Fig. 1a).  
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Meanwhile, the PKA kinases work in parallel with TORC1 to activate Sfp1 (Jorgensen et 

al., 2004; Marion et al., 2004), and in parallel with Sch9 to phosphorylate and repress 

Dot6 and Tod6 (Huber et al., 2011; Lippman and Broach, 2009) (Fig. 1a).   

Studies of TORC1 and PKA signaling to factors outside of the protein and 

ribosome synthesis gene control circuit suggest that TORC1 also regulates the PKA 

kinases.  Specifically, there is strong evidence that TORC1 activates PKA signaling to 

some (but not all) of its downstream targets by blocking Slt2 dependent activation of the 

PKA inhibitor Bcy1 (Soulard et al., 2010). TORC1 has also been shown to activate 

ribosome protein gene (RP gene) expression via PKA (Martin et al., 2004).  However, 

other studies indicate that the TORC1 and PKA pathways act mostly in parallel (Zurita-

Martinez and Cardenas, 2005), or even repress one another (Ramachandran and 

Herman, 2011).   

While the TORC1 and PKA pathways activate many of the same transcription 

factors and genes, each pathway responds to different types of stimuli.  Specifically, the 

PKA kinases are activated by glucose and other fermentable sugars via Ras and Gpa2 

(Broach, 2012; Broach and Deschenes, 1990; Nakafuku et al., 1988; Thevelein and de 

Winde, 1999; Wang et al., 2004), while TORC1 is activated by nitrogen, amino acids, 

and glucose/energy via the small GTPases Gtr1/2, the AMP activated protein kinase 

Snf1, and other (unknown) factors (Binda et al., 2009; Bonfils et al., 2012; Broach, 

2012; Duran et al., 2012; Gwinn et al., 2008; Hughes Hallett et al., 2014).  It has 

therefore been proposed that the TORC1 and PKA pathways work together to send 

distinct signals to the ribosome and protein synthesis genes (Broach, 2012; Zaman et 

al., 2009; Zurita-Martinez and Cardenas, 2005) (Figs. 1a). However, this simple model 
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does not explain how signals transmitted through the TORC1 and PKA pathways are 

integrated to set overall gene expression levels. 

Here, to answer this question, we perform temporal analysis of gene expression 

in yeast switched from a non-fermentable substrate (glycerol), to glucose, in the 

presence and absence of TORC1 and/or PKA inhibitors.  Using quantitative analysis of 

these data we show that the PKA kinases primarily drive the expression of the ribosome 

and protein synthesis genes during transitions into, and out of, the rapid growth state in 

glucose, whereas TORC1 is important for steady-state expression of the ribosome and 

protein synthesis genes. This circuit design may enable yeast to set an exact growth 

rate based on the abundance of internal metabolites, through TORC1, but also rapidly 

adapt to changes in external nutrients, such as glucose, through PKA. 

2.3 Materials and Methods 

2.3.1 Saccharomyces cerevisiae Strains 

The base strain used in this study, Tpk1-3as (Zaman et al., 2009), was created 

using a loop in/loop out procedure.  First, Tpk1, Tpk2 and Tpk3 were cloned into a 

pRS306 vector.  Next, a Quickchange reaction (Agilent) was used to the introduce 

Shokat mutation into each plasmid (to create Tpk1M164G, Tpk2M147G and Tpk3M165G).  The 

three plasmids were then cut using BseRI, BlpI, and AflII respectively, and transformed 

into both a and alpha type cells; W303 strains EYO690 and 691 from the O’Shea lab 

(trp1 leu2 ura3 his3 can1 GAL+ psi+).  Ura+ cells were then struck on 5FOA media to 

38



select for mutants that had looped out the Ura3 marker, and therefore carry a single 

copy of Tpk1, 2 or 3. Finally, these strains were mated to create the Tpk1-3as strain.  At 

each step in this procedure, we sequenced in and around the Tpk1, 2 and 3 genes to 

ensure the strain selected carry the Shokat mutation(s), and no other change. 

Once we had the Tpk1-3as strain, the dot6�tod6�, sfp1��a���stb3� strains 

were produced by transforming the cells with PCR products that consist of auxotrophic 

markers, flanked by the 40 bp sequence found directly up and downstream from the 

gene, and selection on the appropriate medium (Rothstein, 1991). HA-tagged (Dot6-HA, 

Tod6-HA, and Stb3-HA) strains were constructed similarly but the primers directed the 

recombination to the sites directly upstream and directly downstream from the stop 

codon (Longtine et al., 1998). PCR was used to confirm the location of the marker gene 

or epitope tag insertion.  Sequencing was used to check the integrity of the HA tagged 

and deletion strains. 

2.3.2 Gene Expression Microarray Experiments 

Glucose introduction time-course experiments 

An overnight culture of TPK1-3as cells was used to inoculate three 4L conical 

flasks containing 1L of SC + 3% glycerol media to an OD600 of 0.05.  These cultures 

were then grown, shaking at 200 rpm and 30°C, to an OD600 of 0.3 before 500 ml of 

cells were collected by vacuum filtration and frozen in liquid nitrogen.   At this point 

glucose was added to the remaining flasks (to a 2% final concentration), and 150 OD 
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units of cells were collected (as above) at each time point (20, 90, 150 min).  Finally, 

RNA was purified from the frozen cells, converted into cDNA using reverse 

transcription, labeled with Cy3 (glycerol) or Cy5 (glucose time-points) and examined 

using Agilent microarrays (as described previously (Capaldi, 2010; Capaldi et al., 

2008)). 

Expression Component Analysis 

An overnight culture of TPK1-3as, or TPK1-3as dot6�tod6� cells, was used to 

inoculate two 4L conical flasks containing 1L of SC + 3% glycerol medium to an OD600.  

These cultures were then grown, shaking at 200 rpm and 30°C, to an OD600 of 0.4 and 

then 375 ml of cells were collected, as described above.  The remaining cells were 

transferred to create four 400 ml cultures, each in a 2.8 L conical flask.  Glucose was 

added to each flask (to 2% final concentration) and the cultures grown for 20, 60 or 120 

minutes.  Cultures were then treated for 30 minutes with DMSO, 1-NM-PP1 (100 nM 

final concentration), rapamycin (200 ng/L final concentration), or both 1-NM-PP1 and 

rapamycin, before 150 OD units of cells collected by vacuum filtration and frozen in 

liquid nitrogen.   Cells collected at 20 minutes were treated with inhibitors for 10 minutes 

before the addition of glucose, to insure the PKA and TORC1 pathways were locked off 

before the glucose response was activated.  Expression analysis was then carried out 

as described above, for the time-course experiments, except that drug treated cells 

were labeled with Cy5 while cells without treatment were labeled with Cy3 
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Western Blots 

An overnight culture of a Dot6-HA, Tod6-HA or Stb3-HA cells was used to 

inoculate two 1 L flasks containing 250 ml of SC + 3% glycerol to an OD600 of 0.1.  

These cultures were grown, shaking at 200 rpm and 30°C, to an OD600 of 0.6 and a 47 

ml sample was collected, mixed with 3 ml 100% trichloroacetic acid (TCA), and held on 

ice for at least 30 mins. One flask was treated with 1-NM-PP1 (100 nM final 

concentration) for 10 minutes, and then glucose was added to each flask to 2% final 

concentration.  47 ml samples were then collected and treated with TCA, as before, at 

20, 40 and 60 min time-points. TCA treated samples were centrifuged at 4000 rpm for 5 

mins at 4oC, and the cell pellets washed twice with 4�C water, twice with acetone, and 

disrupted by sonication at 15% amplitude for 5 s before centrifugation at 8000 rpm for 

30 s. Cell pellets were then dried in a speedvac for 10 mins at room temperature, and 

frozen until required at -20oC.  

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 collected after centrifugation for 5 

minute at 3000 rpm, resuspended into a homogenous slurry by vortexing, and heated at 

65oC for 10 minutes. Soluble proteins were then separated from insoluble cell debris by 

centrifugation at 15,000 rpm for 5 minutes, and the lysates stored at -80oC until 

required. Cell extracts were then heated to 95oC in SDS sample buffer for 5 min before 
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they were run on an SDS-PAGE gel, transferred to a nitrocellulose membrane, and then 

detected using 12CA5 (anti-HA). 

2.4 Results 

2.4.1 Expression Component Analysis  

To determine how the TORC1 and PKA pathways regulate cell growth, we set 

out to measure the impact that the TORC1 and PKA kinases have on gene expression 

in cells growing in glycerol (where PKA is inactive) and 20, 90 and 150 min after cells 

are exposed to glucose (where PKA is active).  

As a first step, we simply measured the expression changes that occur when 

glucose (2%) is added to cells growing in glycerol.  As expected (Wang et al., 2004; 

Zaman et al., 2009), we found that glucose triggers massive changes in gene 

expression, including ≥3-fold up-regulation of 574 genes, and ≥3-fold down-regulation of 

747 genes (Fig. 1b).  Most of the genes up-regulated in glucose are involved in 

ribosome and protein synthesis (Fig. 1b), while those down-regulated in glucose tend to 

be involved in aerobic respiration (Fig. 1b).  

Next, to measure the impact that the TORC1 and PKA kinases have on the 

glucose dependent gene expression program, we employed expression component 

analysis (Capaldi, 2010; Capaldi et al., 2008):  
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Yeast carrying mutations that render all three PKA kinases sensitive to the 

Shokat Inhibitor 1-NM-PP1 (Tpk1-3as) were grown to log phase in glycerol, or grown to 

log phase in glycerol and 2% glucose added to the medium.  Then, at the appropriate 

time-points, we blocked PKA activity using 1-NM-PP1 (as described in (Zaman et al., 

2009)), TORC1 activity using rapamycin, or TORC1 and PKA activity using rapamycin + 

1-NM-PP1, and measured the gene expression changes that occur 20 minutes later 

using a two-color DNA microarray (comparing mRNA from drug treated and untreated 

cells).  

The microarray data were then used to split the expression data for each gene, at 

each time-point, into three components; TOR, the activation from TORC1 in the 

absence of PKA; PKA, the activation from Tpk1-3 in the absence of TORC1; and Co, 

the activation that results from an interaction (cooperation) between TORC1 and PKA. 

This was done by fitting the log2 expression change found in rapamycin, 1-NM-PP1, and 

rapamycin + 1-NM-PP1, to equations describing the components lost in each drug 

treatment/microarray experiment (red equations, bottom of Fig. 2a).  Specifically: 

(i) Rapamycin treatment leads to a loss of both TORC1 signaling and any 

interaction between TORC1 and PKA (TOR + Co). 

(ii) 1-NM-PP1 treatment leads to a loss of both PKA signaling and any interaction 

between TORC1 and PKA (PKA + Co). 
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(iii) Rapamycin + 1-NM-PP1 treatment leads to a loss of all PKA and TORC1 

signaling (TOR + PKA + Co).   

 

Thus, we calculated the TOR component by subtracting the expression defect in 1-

NM-PP1 (PKA + Co) from the expression defect in 1-NM-PP1 + rapamycin (TOR + PKA 

+ Co); the PKA component by subtracting the expression defect in rapamycin (TOR + 

Co) from the expression defect in 1-NM-PP1 + rapamycin (TOR + PKA + Co); and the 

Co component by subtracting the value of the TOR and PKA components (calculated as 

above) from the expression defect in 1-NM-PP1 + rapamycin (TOR + PKA + Co).  Note 

that in this system of equations the expression components and microarray data have 

the opposite sign (since TOR activity goes down in rapamycin, etc).   

Our expression component analysis provided a comprehensive (global) view of 

TORC1 and PKA dependent transcriptional control during glucose repletion, including 

regulation of metabolism and nutrient transporters (Fig. S1).  These data should be 

useful to others studying TORC1 and PKA signaling, but we focused our analysis on 

regulation of the ribosome biogenesis, protein synthesis and ribosomal protein gene 

modules (Groups I and II, Fig. 1c) since their expression depends on the circuit under 

investigation here. 

Remarkably, we found that 461/463 ribosome and protein synthesis genes are 

regulated ≥2-fold by both TORC1 and PKA, if you include data from all four time-points 

in our study (Fig. 2b and Table S1).  However, the influence that the TORC1 and PKA 
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kinases have on these genes changes dramatically during the glycerol to glucose 

transition:   

First, in glycerol medium, TORC1 acts mostly on its own to induce gene expression 

(TOR component only, glycerol columns, Fig. 2b).  

Next, 20 minutes after cells are exposed to glucose, most genes are activated by 

TORC1 and PKA, but there is very little cooperation between the two factors (305/463 

genes activated by TOR and PKA, at a 2-fold cutoff, Fig. 2b and Table S1).  This 

expression pattern (PKA and TOR but no Co component) shows that the TORC1 and 

PKA kinases act independently (in parallel) during initial response to glucose (middle 

panel, Fig. 2a).   

Finally, as cells reach their steady-state growth rate, at 90 and 150 min (Fig. S2), the 

influence that PKA has on gene expression changes again.   

At a subset of ribosome biogenesis genes, PKA dependent induction disappears 

almost entirely, so that gene expression is regulated by TORC1 alone (Group Ib, Fig. 

2b).  At other genes (Groups Ia and c, Fig. 2b), TORC1 and PKA stop acting 

independently, and start acting cooperatively (Co component only; top panel, Fig. 2a) or 

partially cooperatively (TOR + Co component; lower panel, Fig. 2a).    

The PKA kinases also induce expression of the ribosome protein genes at 90 and 

150 min (Group II, Fig. 2b), but PKA only activates these genes in the absence of 

TORC1 activity (e.g. PKA activity is redundant with TORC1 activity, PKA + Co = 0). 
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2.4.2 TORC1 and PKA cooperate to regulate Dot6/Tod6 during log phase growth 

Our expression component data show that the TORC1 and PKA pathways 

cooperate to regulate gene expression during log growth in glucose (150 min time-point, 

Fig. 2b). To gain insight into how this occurs, we compiled a list of genes 

activated/repressed by each transcription factor in the ribosome and protein synthesis 

control circuit (Dot6/Tod6, Stb3 and Sfp1) based on published data, and then compared 

the list to our TORC1-PKA expression component data (Fig. 3a).   

Our analysis revealed that Dot6 and Tod6 act at most genes induced 

cooperatively by TORC1 and PKA (Co component, Fig. 3a), but few genes regulated by 

TORC1 alone (Fig. 3a).  We also found a DNA sequence recognized by Dot6/Tod6 

(known as a PAC site; (Wade et al., 2001)) in the promoter of many genes with a 

cooperative expression component (Fig. 3a).  In contrast, the transcriptional activator 

Sfp1 and the transcriptional repressor Stb3 (known to bind to the RRPE motif; (Hughes 

et al., 2000; Liko et al., 2007)), act at genes regulated by TORC1 alone and genes 

regulated cooperatively by TORC1 and PKA (Fig. 3a).  Based on these correlations, 

and previous data showing that TORC1 and PKA phosphorylate and inactivate 

Dot6/Tod6 in log growth conditions (Huber et al., 2011; Lippman and Broach, 2009), we 

hypothesized that Dot6/Tod6 are required for cooperation between the TORC1 and 

PKA pathways.    

To test this idea, we performed expression component analysis in dot6tod6 

cells.  The resulting data show that deletion of Dot6/Tod6 completely eliminates 

cooperation between the TORC1 and PKA pathways, as well as almost all PKA 
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signaling to the ribosome and protein synthesis genes (12/463 genes with ≥3-fold 

activation by PKA+Co, Fig. 3b and Table S1).  In contrast, TORC1 continues to activate 

gene expression on its own in cells missing Dot6 and Tod6 (220/463 genes with ≥3-fold 

activation by TOR, Fig. 3b and Table S1).  Therefore, we conclude that the TORC1 and 

PKA pathways work together to regulate the ribosome and protein synthesis genes 

through Dot6 and Tod6 (Co component) during log phase growth and that TORC1 also 

acts through a Dot6/Tod6 independent mechanism to regulate many of the same genes 

(TOR component). 

 

2.4.3 TORC1 and PKA act independently of Dot6/Tod6 during the initial response 

to glucose 

Dot6/Tod6 play a critical role in TORC1 and PKA signaling during log phase 

growth, but how do Dot6/Tod6 impact the initial stages of the glucose response?  To 

answer this question we examined the expression components in dot6tod6 cells 

exposed to glucose for 20 minutes (Fig. 3c). Surprisingly, we found that deletion of 

Dot6/Tod6 does not impact TORC1 or PKA signaling at this early time-point (Fig. 3c). 

We also found that the initial response to glucose repletion occurs largely independently 

of Sfp1 and Stb3 (Fig S3), indicating that the PKA and TORC1 pathways act through a 

distinct set of (currently unknown) factors when cells are first exposed to glucose. 
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2.4.4 Rewiring of the TORC1-PKA circuit in glucose 

Our expression component data show that Dot6 and Tod6 have little to no 

influence on gene expression during the initial response to glucose, but then play an 

important role in gene regulation during log growth in glucose.  But how does this switch 

from Dot6/Tod6 independent regulation, to Dot6/Tod6 dependent regulation, occur?  

We reasoned that Dot6/Tod6 levels might be low in glycerol and then increase in 

glucose.   

To test this hypothesis, we first looked to see if Dot6/Tod6 transcripts are 

produced at a higher level in glucose than in glycerol.  This was not the case: Dot6 and 

Tod6 mRNA levels are similar during steady state growth in glycerol and glucose (<2-

fold difference, Table S1).  We then asked if the Dot6/Tod6 protein levels change in 

glucose.  To do this we performed western blot analysis to examine the levels of HA-

tagged versions of both Dot6 and Tod6 during growth in glycerol, and at several time-

points after cells are exposed to glucose (using Stb3 as a control).  Strikingly, we found 

that both Dot6 and Tod6 are very low during growth in glycerol, and accumulate to near 

maximum levels 40 min after the cells are exposed to glucose (Fig. 3c).  Furthermore, 

accumulation of Dot6 and Tod6 in glucose requires the activity of the PKA pathway itself 

(Fig. 3c), indicating that the PKA pathway not only plays a key role in regulating the 

ribosome and protein synthesis genes, it also drives the rewiring of the TORC1-PKA 

circuit by triggering accumulation of the repressor proteins Dot6 and Tod6 in glucose. 
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2.4.5 The TORC1-PKA dependent cell growth control circuit 

Putting our data together, we are able to construct a detailed model of the 

TORC1-PKA dependent growth control circuit.  This model describes TORC1 and PKA 

signaling as cells transition from slow growth in glycerol, to rapid growth in glucose, and 

back again (Fig. 4): 

(I) In glycerol medium, the TORC1 pathway acts largely on its own to drive expression 

of the protein and ribosome synthesis genes (Fig. 2b).  This makes sense since the 

PKA pathway has low activity in synthetic medium with glycerol due to the absence of 

glucose and other fermentable sugars known to activate Ras and Gpa2 (Fig. 1a) 

(Broach, 2012). 

(II) Twenty minutes after cells are exposed to glucose, the ribosome and protein 

synthesis genes are up-regulated by an average of 5.7-fold (Fig. 1c and Table S1). 

This dramatic increase in gene expression is driven by the PKA kinases, acting in 

parallel with TORC1  (Fig. 2b).   In fact, PKA kinase activity accounts for over 75% of 

gene induction observed during the initial phase of glycerol to glucose transition (Table 

S1).  These data fit well with previous studies from the Broach and Heideman labs 

showing that the PKA pathway is necessary (Slattery et al., 2008; Zaman et al., 2009) 

and sufficient (Wang et al., 2004) for most of the early transcriptional response in 

glucose repletion.   

Importantly, our results also show that exposure to glucose triggers PKA-

dependent up-regulation of Dot6 and Tod6 protein levels (Fig. 3d).   
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(III) As cells reach steady state growth in glucose at 90/150 min, the expression of most 

ribosome and protein synthesis genes decreases again, so that the average expression 

level is just 2.1-fold above that found in glycerol (Fig. 1c and Table S1).  This decrease 

in gene expression is due, at least in part, to a decrease in PKA pathway activity.  First, 

there is a complete (or near complete) loss, of PKA dependent gene induction at almost 

100 genes as cells transition to log phase growth (Fig. 2b).  Second, at many other 

ribosome and protein synthesis genes we see a switch--the PKA pathway stops acting 

independently and starts working with TORC1 to regulate genes through Dot6/Tod6 

(Fig. 2b).  This switch is especially important because Dot6 and Tod6 are inactive 

repressors during log phase growth in glucose (Huber et al., 2011; Lippman and 

Broach, 2009).  In other words, the PKA kinases do not have a large impact on the 

absolute level of ribosome and protein synthesis gene expression during log phase 

growth; they just act with TORC1 to keep Dot6 and Tod6 phosphorylated and inactive. 

In contrast, TORC1 continues to induce gene expression through a Dot6/Tod6 

independent mechanism during log phase growth. 

While our data provides strong evidence that PKA pathway activity decreases as 

cells adapt to glucose, our experiments do not help to explain how this happens. 

However, previous studies show that concentration of the PKA kinase activator, cAMP, 

increases 5-fold a few minutes after yeast cells are exposed to glucose and then 

decreases again over the next 5-10 minutes until it reaches a steady state concentration 

2-fold above the pre-stimulation level (Gonzales et al., 2013; Jiang et al., 1998).  This 

decrease in cAMP concentration is caused by negative feedback; the PKA kinases 

activate the phosphodiesterases Pde1 and Pde2 to clear cAMP from the cell, and likely 
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inactivate the upstream factor Ras to limit cAMP synthesis (Gonzales et al., 2013; 

Gross et al., 1992; Ma et al., 1999; Nikawa et al., 1987; Resnick and Racker, 1988).  It 

therefore seems likely that PKA kinase activity decreases as cells adapt to glucose, due 

to negative feedback, and this stops the PKA kinases from activating the ribosome and 

protein synthesis genes.  However, residual activity in the PKA pathway is sufficient to 

promote synthesis of Dot6 and Tod6, and is needed (along with TORC1 activity) to keep 

Dot6 and Tod6 phosphorylated and inactive.  The residual PKA activity is also important 

for repression of other key transcription factors in the glucose response (not considered 

in this study), including the general stress factors Msn2/4 (Gorner et al., 1998; Smith et 

al., 1998). 

(IV) The final step in the TORC1-PKA dependent response to glucose stimuli is the 

return to the glucose starvation, or glycerol growth, state.  The Broach and Loewith labs 

have already examined this transition in detail to show that glucose starvation (and 

other stress/starvation stimuli) trigger activation of Dot6 and Tod6, and dramatic down-

regulation of the ribosome and protein synthesis genes via the HDAC Rpd3L (Huber et 

al., 2011; Lippman and Broach, 2009).  What our study adds to this picture is the 

discovery that it is glucose and the PKA pathway that trigger the accumulation of 

Dot6/Tod6.  As a consequence, once cells are starved for glucose Dot6 and Tod6 are 

degraded (~30 min half-life, Fig. S4) so that the system returns to a state where TORC1 

acts largely on its own to regulate gene expression.   

Putting all the steps in the glycerol to glucose growth transition together, we see 

that the PKA pathway drives the cell into a rapid growth state when cells are first 

exposed to glucose (Panel II, Fig. 4) by triggering hyper-activation of the ribosome and 
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protein synthesis genes.  The PKA pathway also ensures the cell is driven to a slow 

growth state when cells are starved for glucose, via Dot6 and Tod6 (Panel IV, Fig. 4).  

In contrast, the TORC1 pathway plays the major role in setting the absolute level of 

gene expression during steady state growth in glycerol and glucose (Panels I and III, 

Fig. 4).   

 

2.5 CONCLUSIONS 

 

Previous studies of TORC1 and PKA signaling have revealed that the TORC1 

and PKA kinases regulate many of the same transcription factors and genes (Broach, 

2012; Huber et al., 2011; Jorgensen et al., 2004; Lippman and Broach, 2009; Marion et 

al., 2004; Slattery et al., 2008; Zaman et al., 2009).  However, it was unknown how the 

TORC1 and PKA pathways work together to control gene expression levels.  Here, 

using chemical inhibitors and expression component analysis, we were able to take 

“snapshots” of the TORC1-PKA signaling system at different time-points and build a 

detailed model of the TORC1-PKA signaling circuit that regulates the expression of 

ribosome and protein synthesis genes.  Our model shows that the PKA and TORC1 

pathways play distinct roles in gene regulation; the PKA pathway primarily drives 

expression of the ribosome and protein synthesis genes during the transition into, and 

out of, the rapid growth state in glucose, while the TORC1 pathway sets gene 

expression levels during steady state growth. 

 

But why does the TORC1-PKA circuit function in this way? 
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Previous work suggests that the TORC1 pathway acts (at least in part) as a 

feedback controller: TORC1 drives the use of energy and amino acids by activating 

protein and ribosome synthesis, translation and other processes (Broach, 2012; Loewith 

and Hall, 2011).  However, if energy or amino acid levels fall, TORC1 signaling is 

repressed via AMPK or the Rag proteins Gtr1/2 (Binda et al., 2009; Bonfils et al., 2012; 

Gwinn et al., 2008; Hughes Hallett et al., 2014; Panchaud et al., 2013).   

This kind of feedback control is known to have two advantages (Chen et al., 

2013).  First, it is very accurate; the rate of protein synthesis will always be set based on 

the level of resources available to the cell.  Second, it works in the face of any 

perturbation, predictable or not.   

Importantly, however, feedback control modules also have a limitation--they 

respond poorly (slowly) to large external changes (El-Samad et al., 2005; Khammash, 

2008; Kurata et al., 2006).  As a result, man-made control systems often include a 

feedforward control module that drives the response to key input signals, and then lets 

the more accurate feedback controller take over again (El-Samad et al., 2005; 

Khammash, 2008; Kurata et al., 2006).  This is precisely how the PKA pathway 

functions.  When glucose levels increase, PKA drives the TORC1 dependent gene 

expression program to a new, higher level.  Then, (presumably) via negative feedback, 

this PKA signaling channel turns off, or mostly off, again.  Similarly, when the cells are 

growing rapidly in glucose, PKA stabilizes Dot6/Tod6 so that a loss of glucose triggers 

rapid and dramatic down-regulation of the ribosome and protein synthesis genes. 

However, over time, Dot6/Tod6 are degraded and the TORC1 pathway takes over the 

regulation of gene expression again. 
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Further work is needed to test this hybrid feedback/feedforward control model 

and explore its implications.  In particular, it remains uncertain how the TORC1 pathway 

is regulated, and if it acts purely as a feedback control module.  However, the data 

presented here for the PKA pathway and protein/ribosome synthesis genes are clear: 

the PKA kinases drive gene expression during cellular transitions, but have limited 

influence on steady state gene expression levels.  Going forward, it will be interesting to 

see if other nutrient response and/or hormone signaling pathways act in a similar way. 
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2.7 Figures 
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Figure 1  

TORC1 and PKA signaling. (a) Model of the TORC1-PKA signaling circuit. The TORC1 

and PKA kinases regulate the transcriptional activator, Sfp1, and the transcriptional 

repressors, Stb3 and Dot6/Tod6, to control expression of the protein and ribosome 

synthesis genes, as described in the text.  TORC1 and PKA also regulate numerous 

other factors involved in cell growth, including Maf1 (involved in Pol III regulation (Huber 

et al., 2009; Lee et al., 2012; Moir et al., 2006)) and Ifh1/Fhl1 (involved in ribosome 

protein gene expression (Martin et al., 2004; Schawalder et al., 2004; Wade et al., 

2004)) not shown in this diagram. (b) Global response to glucose repletion. The gene 

expression program activated in glucose was measured by comparing the mRNA from 

Tpk1-3as cells growing in glycerol (labeled with Cy3) to the mRNA from Tpk1-3as cells 

exposed to 2% glucose for 20, 90 or 150 min (labeled with Cy5), on a 2-color DNA 

microarray. The heat map shows data for all genes with ≥3-fold activation or repression 

in glucose at one or more time-point.  Clustering the data led to the identification of five 

gene modules. 574 genes are induced in glucose, including: (Group I) 341 genes 

involved in ribosome biogenesis and protein synthesis.  This included 116 genes 

involved in rRNA processing (p <1-100) and 206 genes involved in ribosome biogenesis 

and assembly (p <1-100).  (Group II) 123 genes involved in ribosome function, including 

100 components of the ribosome (p <1-100).  (Group III) 87 genes involved in a range of 

processes, with an abundance of membrane transporters, including 21 transmembrane 

transporters (p <3-8), and 18 plasma membrane proteins (p <1-6).  (Group IV)  24 genes 

involved in glucose and alcohol metabolism, including: 8 genes involved in alcohol 
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biosynthesis (p <2-10), 6 genes involved in glycolysis (p <3-8), and 10 genes involved in 

carboxylic acid metabolism (p <2-6).  747 genes are down-regulated in glucose (Group 

V), including: 79 genes involved in energy derivation by oxidation of organic compounds 

(p <1-39), 38 genes involved in respiration (p <4-18), 93 genes involved in carbohydrate 

metabolism (p <8-40), 91 genes involved in oxidoreductase activity (p <9-30), and 215 

genes involved in mitochondrial function (p <1-19).  The gene ontology groups were 

identified using GO Stat (Beissbarth and Speed, 2004).  
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Figure 2  

Expression component analysis. (a) We are interested in determining if, and how, 

TORC1 and PKA cooperate to regulate gene expression at specific time-points as cells 

transition from growth in glycerol to growth in glucose.  Expression component analysis 

(a type of quantitative epistasis analysis) is ideal for solving this problem.  To see how 

expression component analysis works it is useful to compare three possible scenarios.   

In the first scenario (upper panel), the TORC1 and PKA kinases are both absolutely 

required for activation of a particular gene.  In this case the expression defect in 

rapamycin (due to TORC1 inhibition) should be equal to the expression defect in 1-NM-

PP1 (due to PKA inhibition) and the expression defect in rapamycin + 1-NM-PP1 (due to 

TORC1 and PKA inhibition).   Solving the three equations discussed in the text, and 

listed in red at the bottom of the figure, then leads us to a positive Co component and 

no TOR or PKA component. 

In the second scenario (middle panel), the TORC1 and PKA kinases act independently 

(in parallel) to activate the same gene.  In this case the log2 expression defect in 

rapamycin (due to TORC1 inhibition) plus the log2 expression defect in 1-NM-PP1 (due 

to PKA inhibition) should add up to the log2 expression defect in rapamycin + 1NM-PP1. 
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Solving the three equations listed in red at the bottom of the figure then leads to a 

positive TORC1 and PKA component, but no Co component (Co=0).   

Finally, in the third scenario (lower panel), the TORC1 and PKA kinases act 

cooperatively to activate the same gene (for example both factors phosphorylate and 

activate a single transcription factor) but TORC1 also activates the gene through a 

separate mechanism.  In this case, the log2 expression defect in rapamycin and 

(rapamycin + 1-NM-PP1) should be identical (since TORC1 is absolutely required for 

gene activation) and greater than the expression defect in 1-NM-PP1.  Solving the three 

equations listed in red at the bottom of the figure then leads to positive TORC1 and Co 

components, but no PKA component (PKA=0). 

Expression component analysis can also be used to identify other modes of regulation, 

including redundancy (where the Co component is negative if TORC1 and PKA are 

acting as activators), as described in detail in (Capaldi, 2010; Capaldi et al., 2008). 

(b) Expression component analysis of TORC1 and PKA signaling in glycerol and 

glucose medium.  The first three columns in the heat map show the raw expression data 

for the ribosome and protein synthesis genes (Groups 1 and 2), taken from Fig. 1.  The 

remaining columns show the expression components calculated using the rapamycin, 1-

NM-PP1, and rapamycin + 1-NM-PP1 data listed in Table S1 and the equations listed in 
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part (a), as explained in the text.  All experiments shown here have been repeated at 

least twice, leading to near identical expression component data.  
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The role of Dot6/Tod6 in TORC1-PKA signaling. (a) Comparison of the TORC1-PKA 

expression components from Fig. 2 (left three columns) to a list of genes 

activated/repressed by each transcription factor in the TORC1-PKA circuit.   The left set 

of grey bars show the genes activated by Sfp1 (>2-fold change in the microarray data of 

(Marion et al., 2004)), repressed by Stb3 (>2-fold change in the microarray data of (Liko 

et al., 2010)), and repressed by Dot6/Tod6 (>2-fold in the microarray data of (Worley et 

al., 2013)).  The right set of grey bars show the genes that have Dot6/Tod6 binding site 

(PAC site) or Stb3 biding site (RRPE site) in their promoter (as listed in (Jorgensen et 

al., 2004)). (b and c) Expression component analysis in dot6∆tod6∆ cells. Data are 

shown next to the expression component data from Fig. 2 for comparison. (d) Western 

blot analysis to examine Dot6, Tod6 and Stb3 levels during the glycerol to glucose 

transition. Tpk1-3as cells with HA-tagged Dot6, Tod6 or Stb3, were grown in glycerol 

medium as described in the Methods section, and cells harvested before, or at various 

time-points after, 2% glucose +/- 1-NM-PP1 was added to the culture. All experiments 

shown here were repeated at least three times with near identical results.  *The band 

seen in glycerol lane of the Tod6 Western blot is also present in blots examining 

extracts from wild-type cells and is therefore not due to low levels of Tod6-HA in 

glycerol medium.   

Figure 3  
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Model of the TORC1-PKA signaling circuit.  See text for details.  
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2.8  Supplemental Figures 
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Fig. S1. TORC1 and PKA signaling. (Columns 1-3) The gene expression program activated in 
glucose was measured by comparing the mRNA from Tpk1-3as

 cells growing in glycerol 
(labeled with Cy3) to the mRNA from Tpk1-3as

 cells exposed to 2% glucose for 20, 90 or 150 
min (labeled with Cy5), on a 2-color DNA microarray. (Columns 4-15) To quantify the 
influence that the PKA and TORC1 kinases have on this gene expression program, Tpk1-3as 
cells (grown as above) were treated with 1-NM-PP1, rapamycin, or rapamycin + 1-NMPP1 for 
30 min, leading up to the reported time, and the mRNA levels compared to those from cells 
treated with DMSO alone, using a two color microarray. Drug treated samples were labeled 
with Cy5 while DMSO treated samples were labeled with Cy3. The heat map shows data for all 
genes with ≥3-fold activation or repression in glucose (Columns 1-3). GO terms are from Fig. 
1.  
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Fig. S2. Growth curve for Tpk1-3as cells (on a log scale). Tpk1-3as cells were grown to log 
phase in glycerol, 2% glucose added to the medium (at time = 0) and the optical density 
(OD600) measured every 30 to 60 min.  Each time-point shows the average and standard 
deviation for three biological replicates (the error bars are smaller than the data points).  The 
cells take less than 30 min to adapt to glucose and enter the log growth phase. 
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Fig. S3. Sfp1 and Stb3 signaling during the initial response to glucose repletion.  Tpk1-3as cells 
with Sfp1 or Stb3 deleted were grown to log phase in glycerol, 2% glucose added to the 
medium, and then snap frozen after 20 min (see Methods).  The mRNA isolated from these 
cells (labeled with Cy5) was then compared to the mRNA from Tpk1-3as cells grown and 
prepared in an identical way, but labeled with Cy3, to look for defects in the induction of protein 
and ribosome synthesis (Group I) or ribosome protein (Group II) genes (Columns 2 and 3). 
The gene induction levels in Tpk1-3as cells grown in glycerol and then exposed to glucose for 
20 min (from Figure 1b) are shown in Column I for comparison.  The sfp1Δ and stb3Δ strains 
have a 1.15 and 1.3-fold decrease in ribosome and protein synthesis gene induction, and a 1.4 
and 1.5-fold increase in ribosome protein gene induction, respectively.   
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Fig. S4. Western blot analysis to examine Dot6 and Tod6 protein levels following glucose 
starvation.  Tpk1-3as cells with HA-tagged Dot6 or Tod6 were grown in synthetic complete 
medium + 2% glucose (as described in the Methods section), and cells harvested before, or at 
30 min intervals after, cells were transferred to synthetic complete medium containing 3% 
glycerol (and no glucose).  *The band seen at the bottom of the Tod6 lane is also present in 
blots examining extracts from wild-type cells (no HA tag) and is therefore not Tod6-HA. 
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CHAPTER III: DISCUSSION AND FUTURE DIRECTIONS 

In eukaryotic cells, growth and proliferation require input from the major nutrient, 

hormone, and stress response pathways.  In S.cerevisiae, the main nutrient pathways 

are TORC1 and Ras/PKA, which relay the quality and quantity of available nitrogen and 

carbon sources, respectively.  The organization and hierarchical relationship of these 

two core nutrient sensing pathways has been the subject of investigation for more than 

a decade, studied in hopes of revealing basic organizational principles of cooperation 

and interaction in large scale signaling networks, and to inform nutrient information 

processing in higher eukaryotes. This work attempted to address one facet of a 

persistent debate regarding the nature of the interaction between TORC1 and Ras/PKA 

nutrient-induced growth control.  Specifically, I examined how the TORC1 and Ras/PKA 

signaling pathways regulate the accumulation of mass through the transcription of 

ribosome biogenesis genes and ribosomal protein genes.  I focused my investigation on 

the glucose induced transcription of ribosome biogenesis genes for the following 

reasons: first, the accumulation of mass is the single most important factor contributing 

to cellular and population growth (reviewed in Warner, 1999).  Second, the 

approximately 1500 genes whose expression are synchronously altered more than 2-

fold following the introduction of glucose provide an extensive, sensitive, quantitative, 

and discrete dataset (Gasch et al., 2000 ).   Third, within this dataset the ribosome 

biogenesis genes form the largest single purpose gene module, and their transcription 

has been used previously as a predictor of growth rate (Brauer et al., 2008).   
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3.1 TORC1 and Ras/PKA dependent growth control circuit   

To understand in detail how TORC1 and Ras/PKA co-regulate the ribosome 

biogenesis genes, we dissected the interaction of these pathways by systematically 

blocking signaling through each separately and together under their native conditions.  

To measure the behaviors of these pathways under activating conditions, selective 

inhibitors were added synchronously with glucose to cell culture growing in media which 

contained glycerol as the sole carbon source, and the dependent change in gene 

expression was measured by microarray analysis.  In order to observe the dynamic 

output of each pathway individually, we performed the dissection procedure over a time 

course, measuring the pathway inhibition dependent change in gene expression prior to 

the addition of glucose, upon its addition, 60 minutes after, and 120 minutes after its 

addition.    Using this experimental design, and applying Expression Component 

Analysis to the microarray data, this study determined that in regulating the 

accumulation of mass in S. cerevisiae, Ras/PKA signaling acts as a 

feedforward/feedback control element, regulating a cell’s capacity to support 

exponential growth rates through ribosome production.  Following detection of 

fermentable carbon in the environment, Ras/PKA escalates the expression of ribosome 

biogenesis genes, driving a transition into exponential growth (feedforward).  The 

independent contribution from Ras/PKA signaling to transcription of these genes is 

short-lived, and exhibits a pattern of shifting influence from activation to cooperative 

maintenance through the inhibition of transcription repressors Dot6 and Tod6.  When 

the cellular environment no longer supports exponential growth (i.e. glucose or nitrogen 

exhaustion), Ras/PKA signaling ceases, Dot6 and Tod6 are de-repressed and reduce 
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the expression of the ribosome biogenesis genes in order to adapt to the new growth 

environment (feedback).  Thus the role of Ras/PKA signaling in growth control is as an 

auxiliary to TORC1 regulated growth control, fostering large-scale transitions in growth 

rate.   

3.2 Feedforward / Feeback control design  

That the nutrient induced growth control network in S.cerevisiae is organized in a 

coupled feedforward/feedback scheme is logical given the environment yeast occupy 

outside of the laboratory.  Systems of growth control depend entirely upon the strategy 

an organism employs to optimize growth in a competitive environment.  Internal nutrient 

sensing provides a direct accounting of the type and concentration of nutrients and their 

metabolites available.  The accurate accounting of internal nutrient pools is more 

important to a cell than an assessment of the type and concentration of nutrients in the 

cell’s immediate environment because the enzymatic reactions that result in growth will 

act on available material rather than a signal of external substrate availability 

(Gutteridge et al., 2010; Boer et al., 2010; McKnight, 2010).   Therefore an internal 

sensing system should be the principal agent of growth control, employing a feedback 

mechanism (like TORC1) (Broach, 2012; Loewith and Hall, 2011) to ensure a precise 

balance of production versus resources.  External nutrient sensing provides an 

anticipatory capacity for a cell, informing future growth potential (feedforward).  An 

external nutrient sensing system will be able to make compensatory adjustments to the 

cellular metabolic and growth before internal resources are exhausted, as have 

observed here with Ras/PKA glucose signaling.  Coupled feedforward/feedback control 

systems such as we have described have been shown to be effective and 
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advantageous.  Feedback systems ensure accuracy and are robust (Chen et al., 2013), 

though slow to respond to environmental changes.  Feedforward systems respond 

quickly to favorable input and temporarily bypass the current control schema to promote 

rapid adaptation and ensure that control is restored to feedback systems (El-Samad et 

al., 2005; Khammash, 2008; Kurata et al., 2006).   

3.3  Future Directions and Applications 

In regulating growth in response to nutrients, the TORC1 and Ras/PKA signaling 

circuits interact at multiple nodes, through a complex and diverse collection of 

mechanisms: jointly activating polymerases, regulating transcription factor localization, 

chromatin dynamics, altering RNA degradation rates, inhibiting protein recycling and 

degradation, increasing translation rate, and converging on other regulatory kinases to 

inhibit the activation of quiescence programming.  Previous research has described in 

detail the mechanisms of many of these interactions (reviewed in Conrad, et al., 2014; 

Loewith and Hall,  2011; Galdieri, et al., 2010; Zaman, et al., 2008; Gray, et al., 2004 ).  

Indeed, it will take the collective effort of many labs to completely describe the 

interaction of pathways that impact so many global cellular processes.  Mapping the 

organizational architecture of a complete network will require systematic dissection such 

as described here, particularly in light of the Dot6/Tod6 data, which illustrates how 

network organization is not static, and that key nodes can exist transiently, or be utilized 

in one particular purpose only to be repurposed or recycled.    
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Our study focused on one facet of this interaction, regulation of growth via the 

transcription of the ribosome biogenesis genes, and developed a method of analysis 

which permits the separation and analysis of multiple inputs from their combined single 

output (information multiplexing).  While we were able to describe the interaction of 

TORC1 and Ras/PKA signaling in this respect, the mechanism of action in regulating 

transcription remains unknown.  Specifically, the factors through which Ras/PKA 

activates the increase in transcription following the addition of glucose were not 

identified.  The zinc-finger protein Spf1 has been shown be a regulator of the 

transcription of ribosome biogenesis genes in a TORC1 and Ras/PKA dependent 

manner  (Fingerman, et al., 2003; Marion et al., 2004; Jorgensen, et al., 2004; Cipollina, 

et al, 2008).   Similarly, previous work has indentified the RRPE binding (ribosomal RNA 

processing element) protein Stb3 as an important factor regulating the RiBi 

transcriptional response to glucose (Liko, et al., 2007; Liko,  et al., 2010; Lippman, et al., 

2009; Huber, et al., 2011).  We generated Sfp1 and Stb3 strains, and examined the 

change in transcription levels following the addition of glucose.  We expected to observe 

a significant deficit in activation of ribosome biogenesis, but the expression data 

generated by these mutants show only minor reductions in transcription (Supplemental 

Figure 2).  Having excluded the known transcription factor effectors of ribosome 

biogenesis gene expression, Sfp1, Dot6, Tod6, and Stb3, (not considered were the 

ribosomal protein transcription factors, including Fhl1, Ifh1 and Crf1) we examined 

whether the increase in Ras/PKA-mediated transcription was the result of a general 

increase in transcription elongation rates, and not due to the influence of single factors 

at specific gene modules (Pelechano, et al., 2009).  The Srb complex (also known as 
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the Srb-Mediator complex, or RNAP II-Mediator complex) is a protein complex that 

interacts with RNA polymerase II to facilitate transcription of many protein coding genes.  

A component of the regulatory subcomplex within the Mediator holoenzyme, Srb9 (alias 

SSN2), has been shown to be a substrate of Ras/PKA, and phosphorylation of Srb9 by 

PKA increased activity of the Srb complex (Chang, et al., 2004).  We generated strains 

that inhibit the phosphorylation of Srb9 by PKA (substituting alanine for serine within the 

identified PKA consensus sites), and monitored the change in transcription levels 

following the addition of glucose.  The absence of PKA phosphorylation activity on Srb9 

induced a very minor and inconsistent impact on transcription (data not shown).  The 

effect of the residue substitutions on gene expression were not localized to the 

ribosome biogenesis genes, and were inconsistent within the ribosome biogenesis 

regulon (slightly up-regulating some genes that function in the same processes such as 

rRNA splicing, nuclear export, etc, while slightly down-regulating others).  If the increase 

in Ras/PKA-mediated transcription following the addition of glucose was the result of a 

general increase in transcription elongation rates due to Srb9 phosphorylation and 

Mediator activity, we would expect to see a deficit in transcription that was severe and 

consistent across the ribosome biogenesis genes.  The question of how Ras/PKA 

mediates the massive increase in transcription of these genes remains unanswered. 

Here I have described the application of Expression Component Analysis in 

dissecting the TORC1 and Ras/PKA nutrient induced growth control circuit, a conserved 

integrated signaling circuit in the model eukaryote, S.cerevisiae.  The  illustrates the 

exciting potential of Expression Component Analysis as a tool for quantitative 

partitioning of any integrated signaling network, and for the detection of cryptic nodes of 
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interaction between signaling pathways.  Transient network topology and the discovery 

of missing pathway interactions are growing fields of study in which Expression 

Component Analysis would be of demonstrable use (Petrenko et al., 2013, Van 

Wageneingen et al., 2010, Navlahka et al., 2012).   Complexity and redundancies in 

signaling networks are a frustrating hurdle in the development effective 

chemotherapeutics, and have led to the call for the development of systems analyses 

like Expression Component Analyses to identify druggable oncogene targets (Quaranta 

and Tyson, 2013).   In addition, tumors are constantly changing and developing 

resistance to treatment, which makes targeting cancer cells with chemotherapy drugs 

such a difficult task.  Expression Component Analysis should be applied to detect the 

alternate routes through which cancer cells rewire their signaling circuits to avoid 

chemotherapeutics (Niepel et al., 2013).   
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