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Introduction 
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As an unavoidable consequence of their existence, most free-living organisms 

encounter changing environmental conditions that inflict a variety of stresses. The 

organism’s responses to those stresses enable it to survive both transient (e.g. daily) 

and longer term (e.g. seasonal) changes in their environment.  These environmental 

conditions include any condition that interferes with optimal growth, including 

decreased nutrient availability, and changes in pH, osmolarity or temperature.  The 

molecular responses to many of these environmental stresses have been studied in 

organisms ranging from bacteria to mammals (GASCH and WERNER-WASHBURNE 2002; 

POSAS et al. 2000; WELCH and SUHAN 1985; WELCH and SUHAN 1986).  Many of these 

studies focus on understanding the heat shock response, a highly conserved 

molecular response that organisms demonstrate during exposure to high 

temperatures (reviewed (RICHTER et al. 2010)).  Heat shock has a range of effects on 

cells, and can result in protein denaturation and aggregation (PARSELL et al. 1994; 

PARSELL and LINDQUIST 1993; RICHTER et al. 2010), disruption of the cytoskeleton 

(TOIVOLA et al. 2010; WELCH and SUHAN 1985; WELCH and SUHAN 1986), and altered 

membrane composition (KRUUV et al. 1983; VIGH et al. 1998).   While these effects 

can be seen in organisms that need to respond to temporary exposure to elevated 

temperatures, some thermophilic organisms survive temperatures greater than 

100˚C, in environments such as geothermal geysers and deep-sea hydrothermal 

vents.  These organisms survive because of the evolutionary adaptations to high 

temperatures arising through natural selection.  Understanding the molecular basis 
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of thermophiles’ adaptations to extreme temperatures is a topic of ongoing research 

(ATOMI et al. 2011; BROCK 1997; GERDAY et al. 2007; STETTER 2006).   

 

At the other temperature extreme, environments well below freezing are colonized 

by a wide diversity of microorganisms known as psychrophiles.   Although it is easy 

to assume that low temperature environments are only a marginal part of our 

biosphere, more than 80% of the biosphere exists at temperatures below 5˚C 

(MARGESIN and MITEVA 2011) These environments occur throughout the planet, 

including the deep-sea, permafrost, and glaciers (BROWN and BOWMAN 2001; 

MARGESIN and MITEVA 2011; MERGAERT et al. 2001; MORITA 1975; REDDY et al. 2004).  

Psychrophiles are found in a broad range of organisms, including prokaryotes 

(archea and bacteria), as well as eukaryotes (e.g. yeasts, fungi, and microalgae) 

(GERDAY et al. 2007).  However, less work has been done towards a better 

understand of the cellular mechanisms necessary for cells to overcome the 

challenges presented in these low temperature environments.   

 

We use the eukaryotic model system Saccharomyces cerevisiae to further explore the 

genetic and molecular requirements for cell growth at low temperatures.  

Interestingly, yeast species have been isolated from natural environments that have 

a wide range of temperatures.  Correspondingly, these yeasts have different optimal 

growth temperatures, ranging from 8˚C to 50˚C (RAINIERI et al. 1999). For example, 

thermophilic yeasts such as Arxiozyma telluris (DEEGENAARS and WATSON 1998), 
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Candida thermophila (SHIN et al. 2001), and Hansenula polymorpha (GELLISSEN 2002) 

grow optimally at 45˚C to 50˚C.  Other yeasts inhabit environments such as glacial 

ice and meltwater, which have temperatures just above freezing.  For example, 

glacial meltwater samples in Argentina contained twenty-one different yeast 

species, the majority of which were in the genera Cryptococcus and Leucosporidiella 

(DE GARCIA et al. 2007). Cryptococcus species have also been isolated from subglacial 

ice in Norway (BUTINAR et al. 2007) and many yeast species have been isolated from 

soil and ice in Antarctica (ABYZOV et al. 2001; CHRISTNER et al. 2003; CHRISTNER et al. 

2001; MITSKEVICH et al. 2001; POGLAZOVA et al. 2001; VISHNIAC 1985).  These 

environmental surveys demonstrate that yeasts have evolutionarily adapted to both 

high and low temperatures and can survive, and even thrive, in extreme 

environments.   

 

Members of the genus Saccharomyces have a broad range of optimal growth 

temperatures.   For example, S. bayanus grows optimally at 8˚C-10˚C (RAINIERI et al. 

1999) and S. kudriavzevii grows optimally at 10-17˚C (SAMPAIO and GONCALVES 2008).  

S. cerevisiae, the yeast most commonly used for bread making and brewing, grows 

optimally at 25˚C-35˚C, but can survive at temperatures significantly lower 

(CAMPBELL and DUFFUS 1988).  S. cerevisiae has been isolated from natural 

environments in Siberia, Japan, Europe (NAUMOV and NAUMOVA 1991) North America 

(NAUMOV et al. 1998; SNIEGOWSKI et al. 2002) and South America (NAUMOV et al. 

1995).  The discoveries of S. cerevisiae distribution across the globe suggest that this 



 

 
 
5

species may be evolutionarily adapted to a variety of temperatures.  In addition, in 

these natural environments, it must endure temperature changes over short periods 

of time, such as differences between nighttime and daytime temperatures, as well as 

broader temperature changes between seasons.  Insight into the genetic and 

molecular basis of survival at low temperatures may help understand how these 

species, and others, survive such temperature changes in the wild.   

 

S. cerevisiae is a widely studied eukaryotic model organism that has been used in 

labs around the world for research on topics ranging from cell cycle regulation (LEW 

and REED 1993) to aging (MURAKAMI and KAEBERLEIN 2009).  Therefore, in addition to 

the temperature variations they encounter in natural environments, yeasts also 

routinely encounter extreme temperature variation in artificial laboratory 

environments.  During experiments, laboratory yeast strains are typically cultured 

between 25˚C and 30˚C, but prior to use in experiments, they are stored in 

refrigerators at ~4˚C (CAMPBELL and DUFFUS 1988).  During low temperature storage, 

most S. cerevisiae strains can survive for months, during which time they can be 

inoculated into fresh media and grow well at their normal optimal temperatures, 

nearly 20 degrees warmer (MULLER et al. 1980; POSTMA et al. 2009).  Regardless of 

whether S. cerevisiae encounters a low temperature environment in a natural 

habitat or in the laboratory, the molecular mechanisms that underlie its ability to 

adapt temperature changes remain poorly understood. 
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Interestingly, work with plants and microorganisms have revealed some general 

similarities between cellular responses to heat stress and cold stress.  For example, 

proteins can be considerably denatured at both high and low temperatures and 

many organisms express heat shock proteins (Hsps) that promote refolding of the 

damaged proteins, thus minimizing damage to the cell (NGUYEN et al. 1989; PRIVALOV 

1990).  Heat shock proteins (Hsps) appear to be highly conserved throughout 

evolution and are the source of extensive review (CRAIG 1985; MYMRIKOV et al. 2011; 

TABUCHI et al. 2008).  Like heat shock proteins, several molecular chaperones are 

also classified as cold shock proteins in the prokaryotic model organism, Escherichia 

coli (ERMOLENKO and MAKHATADZE 2002; HORN et al. 2007), but the specific 

mechanisms of protein stabilization at low temperatures are not yet well defined. 

Unlike high temperatures that tend to disrupt protein secondary structure, low 

temperatures appear to primarily affect the quaternary and supramolecular protein 

structures (NGUYEN et al. 1989; PRIVALOV 1990; TANFORD 1968).   However, the 

disruption of these higher order protein structures is typically reversible when cells 

are returned to typical physiological temperatures (PRIVALOV 1990).  This suggests 

that low temperature may be conditionally destabilizing oligomers and protein 

complexes on a global scale.  These types of protein instability can also induce 

substantial cytoskeletal defects and instability in eukaryotic cells (TOIVOLA et al. 

2010; WEIS et al. 2010; WELCH and SUHAN 1985; WELCH and SUHAN 1986).  For 

example, high temperatures have been shown to induce severe aggregation and 

denaturation of actin and tublin (LEVITSKY et al. 2008; LIANG and MACRAE 1997; 
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TIMASHEFF and GRISHAM 1980).  Conversely, low temperatures have been shown to 

cause significant tubulin catastrophe that can be reestablished once cells are 

returned to normal temperatures (LEE and TIMASHEFF 1977; TIMASHEFF et al. 1976).  

These cytoskeletal responses to temperature differences may appear to elicit similar 

cellular responses, but the underlying molecular mechanisms behind these 

responses are different.    

 

Similarly, one of the most anticipated effects of temperature change on cellular 

structure and function is the alteration of membrane composition and the resulting 

change in membrane fluidity (BENEY and GERVAIS 2001; LOS and MURATA 2004; 

SOMERVILLE and BROWSE 1991; THIERINGER et al. 1998).  At extremely high 

temperatures, thermophilic organisms increase the proportion of saturated fatty 

acids in their membranes, thus decreasing membrane fluidity (ALBERS et al. 2000; 

REIZER et al. 1985), while at low temperatures, psychrophiles increase the 

proportion of unsaturated fatty acids and sterols in their membranes, thus 

increasing membrane fluidity (COSSINS et al. 2002; MANSILLA and DE MENDOZA 2005).   

This increase in unsaturated fatty acids in the plasma membrane is the most 

common cellular response to low temperatures and occurs in bacteria, plants, and 

mammalian cells (COSSINS and SHETERLINE 1983; FUJITA 1999; MURATA and LOS 1997; 

SHODELL 1975; SOMERVILLE and BROWSE 1991; VIGH et al. 2007).  This change in 

membrane fluidity at suboptimal temperatures has been shown to have a direct 

impact on the activity of a variety of membrane-bound proteins involved in 
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processes such as nutrient uptake, cell signaling, and environmental sensing (GABER 

et al. 1989; TOKISHITA and MIZUNO 1994; WOOD 1999). 

 

While the heat shock response has been well studied for decades and appears to be 

relatively simple, the molecular complexity of low temperature growth and 

adaptation is just beginning to be appreciated (LOS et al. 1997; POSTMA et al. 2009; 

SCHADE et al. 2004; THIERINGER et al. 1998).  In fact, the effort to understand 

molecular responses to cold in eukaryotes has only recently been a topic of 

research.  Several labs used transcriptome analysis in Saccharomyces cerevisiae to 

identify mRNA transcripts that are regulated in response to low temperature 

(HOMMA et al. 2003; MURATA et al. 2006; SCHADE et al. 2004; TAI et al. 2007).  As 

expected, some genes identified by these microarray experiments fit nicely with 

expectations based on studies in E. coli.  For example, Schade et al. show that OLE1, a 

fatty acid desaturase, is up regulated in S. cerevisiae cells exposed to 10˚C for 12 

hours (SCHADE et al. 2004).  Additionally, several of the canonical heat shock 

proteins are up regulated when cells are exposed to 10˚C or experience cold shock 

at 4˚C (MURATA et al. 2006; SCHADE et al. 2004).  However, these studies also show 

that, unlike the simple changes in chaperones and lipid metabolism that occur in 

response to high temperatures, the response to low temperatures includes a 

complex range of additional molecular processes.  For example, work by Schade et 

al. reports that 280 genes are transcriptionally induced ≥2-fold when cells are 

exposed to 10˚C and many of them are involved in the general Environmental Stress 
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Response (SCHADE et al. 2004).  Additionally, Tai et al. show that 216 genes are 

induced ≥2-fold during exposure to 12˚C, and include processes like lipid 

metabolism and rRNA processing and ribosome biogenesis (TAI et al. 2007).  Work 

done by Murata et al. also show that genes involved in glycolysis and glycogen 

metabolism are up regulated when cells are exposed to 4˚C (MURATA et al. 2006).  

These reports implicate gene categories expected to play a role in the response to 

cold shock, but do not address the specific genetic requirements for long-term cell 

growth at low temperatures.  In addition, other studies have shown that 

transcriptional analysis may only show a minimal correlation between genes whose 

expression patterns change significantly in response to an environmental stress and 

genes that encode functions required for survival of that stress (BIRRELL et al. 2002; 

GIAEVER et al. 2002; JONIKAS et al. 2009; WINZELER et al. 1999).  For example, work 

done by Birrell et al. showed that there is little, if any, relationship between the 

genes that are induced after cells are exposed to DNA damage and the genes that are 

necessary for surviving that particular DNA damaging agent (BIRRELL et al. 2002).  

This result suggests that genes necessary for the response to a particular cytotoxin 

cannot be construed from the corresponding transcriptional changes of cells 

exposed to these agents. 

  

Understanding the physiological mechanisms that underlie biological responses to 

low temperatures in S. cerevisiae was initially approached through studies of the 

cold-induced transcriptome.  These studies report changes in transcripts that occur 
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in response to a short-term, acute exposure to suboptimal temperatures (i.e. “cold 

shock”) (ABE and MINEGISHI 2008; ABE et al. 2006; GASCH et al. 2000; HOMMA et al. 

2003; MURATA et al. 2006; SCHADE et al. 2004; TAI et al. 2007).  These data identify 

genes whose expression changes relatively quickly upon the shift to a lower 

temperature, but may not identify genes that are required for surviving the change 

in temperature.  In fact, other studies have shown only minimal correlation between 

genes whose expression patterns change significantly in response to an 

environmental stress and genes that encode functions required for survival of that 

stress (GIAEVER et al. 2002; JONIKAS et al. 2009; WINZELER et al. 1999).  For example, in 

S. cerevisiae, the expression of CCT1, which encodes a member of the eukaryotic 

cytoplasmic chaperonin CCT complex, is induced ~4 fold at 4˚C.  Additional analysis 

of the strain at 4˚C showed no parallel increase in Cct1protein levels.  Interestingly, 

an increase in CCT1 protein levels only occurred when cells were shifted back to 

30˚C (SOMER et al. 2002).  Thus, although transcriptional analysis provides important 

data, it may not identify the functional players in the processes under examination. 

 

Chapter 2 of this manuscript focuses on the work that I have done towards 

expanding the understanding of the genetic requirements and molecular pathways 

necessary for S. cerevisiae growth at 10˚C beyond the general responses 

(membranes, cytoskeleton and protein folding).  I screened the homozygous yeast 

deletion collection to investigate the genetic requirements for low temperature 

growth and showed that 790 genes are required for normal cell growth at 10˚C.  
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These genes encode proteins that play a role in an extensive range of molecular 

processes ranging from histone modification to mRNA processing machinery.  

Interestingly, I found that this set of 790 genes required for S. cerevisiae growth at 

10˚C.  Among genes required for growth at low temperatures, only two processes 

are enriched, including the dynein/dynactin machinery and biosynthesis of 

threonine and tryptophan.   

 

Along with these two sets of enriched genes, we also identified two additional 

strains of interest, the ubc7∆ and cue1∆ mutants.   Previous work in our lab done by 

Loertscher, et al. also demonstrated cold-sensitivity of S. cerevisiae strains carrying 

null mutations in ubc7∆, cue1∆ or doa10∆, which are genes required for the Ubc7-

dependent branch of the endoplasmic reticulum associated degradation (ERAD) 

pathway (Ubc7-ERAD) (LOERTSCHER et al. 2006).    ERAD is a protein quality control 

mechanism that selectively targets short-lived or misfolded substrates in the 

endoplasmic reticulum for ubiquitination and subsequent degradation (BRODSKY and 

02 #13536" BRODSKY and MCCRACKEN 1999; HAMPTON 2002; MCCRACKEN and BRODSKY 

2003).  The endoplasmic reticulum (ER) is an extensive network of interconnected 

membrane-bound lumenal space, continuous with the nuclear membrane, that plays 

a central role in lipid and protein biosynthesis (ALBERTS 2008).  Additionally, 

eukaryotic proteins that are targeted for secretion or are transmembrane proteins 

are all trafficked through the ER, where they are properly modified and folded into 

their active conformation (ALBERTS 2008; KOSTOVA and WOLF 2003).  As these 
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proteins are processed, sensors in the ER, including Ire1, monitor the folding state 

of the peptides, and are able to distinguish between properly folded proteins and 

those that are terminally misfolded or unassembled (ELLGAARD et al. 1999; ROMISCH 

2005; WALTER and RON 2011).   

 

Significant advances have been made in understanding the details of the ERAD 

pathway and other ER quality control mechanisms using the single cell eukaryote, 

Saccharomyces cerevisiae, or budding yeast (EGNER et al. 1998; METZGER et al. 2008; 

VASHIST and NG 2004; WOLF and FINK 1975).  When yeast experience stresses that 

affect protein folding or need to manufacture ER-targeted proteins at a high rate, 

accumulation of misfolded proteins activates the unfolded protein response (UPR).  

The UPR is a highly conserved signaling pathway that monitors the condition of the 

ER, senses folding stress within the lumen, and is then communicates the status of 

the ER to the cell’s transcriptional machinery (reviewed in (RON and WALTER 2007; 

WALTER and RON 2011)).  One of the major responses of the UPR is the 

transcriptional up regulation of the Kar2 chaperone protein, which is a member of 

the Hsp70 family that assists in relieving the folding load of the ER when it is under 

stress (NICHOLSON et al. 1990; NORMINGTON et al. 1989).  If the increased levels of 

Kar2 are unable to overcome the accumulation of misfolded proteins, the ERAD 

pathway is activated to target the aberrant proteins for degradation (TRAVERS et al. 

2000).  ERAD substrates are polyubiquitinated, removed from the ER membrane or 

lumen, and degraded by the proteasome (reviewed in (CLAESSEN et al. 2011)).   
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Ubiquitin is a small 76 amino acid peptide that is extremely well-conserved among 

all eukaryotes (HAAS and SIEPMANN 1997).  Conjugation of a single ubiquitin molecule 

to the target protein requires a sequence of enzymatic reactions carried out by E1 

ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin 

ligases (Figure 3.1A).  In S. cerevisiae, the E1 enzyme, Uba1, activates a single 

ubiquitin molecule in an ATP-dependent manner and then passes it to an E2 

enzyme.  In cooperation with the E1 and E2 enzymes, an E3 enzyme covalently 

attaches the ubiquitin monomer to its final target substrate (HERSHKO and 

CIECHANOVER 1992; HERSHKO and CIECHANOVER 1998; PICKART and EDDINS 2004).  

Although the yeast genome encodes only one E1, multiple E2 and E3 enzymes are 

synthesized in S. cerevisiae and different combinations of these enzymes determine 

which substrate will be targeted for proteasomal degradation (HAAS and SIEPMANN 

1997; HAMPTON 2002).  The ERAD ubiquitination pathway requires two E2 enzymes: 

Ubc6, a C-terminally anchored ER-membrane protein, and Ubc7, a peripheral ER 

membrane protein.  Ubc7 is anchored to the ER by the ER-membrane protein, Cue1 

(HAMPTON 2002; VASHIST and NG 2004) (Figure 1B).  Along with the Ubc6 and Ubc7 

E2 enzymes, two primary ERAD E3 ubiquitin ligases, Hrd1 and Doa10, are 

responsible for the majority of ER-associated proteasomal degradation (HAMPTON 

2002; HIRSCH et al. 2009; VEMBAR and BRODSKY 2008). 
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It is well established that, like most if not all other organisms,  S. cerevisiae alters 

membrane compositions to survive temperature changes in their environment 

(MURATA and LOS 1997; VIGH et al. 1998).  Additional analysis of ubc7∆, cue1∆ or 

doa10∆ mutants suggests that these strains are unable to properly regulate their 

membrane sterol composition due to mutations in ubc7-ERAD mediated 

ubiquitination.  The inability to modify membrane composition may may, in turn, be 

responsible for the increased sensitivity to low temperature environments 

(LOERTSCHER et al. 2006). These findings suggest that specific temperature-

dependent targets of the Ubc7-ERAD pathway allow S. cerevisiae cells to survive and 

grow at 10˚C. 

 

While there have been no reports of low temperature dependent targets of ERAD, a 

variety of model protein substrates have been used to study the enzymology, 

genetics, and regulation of ERAD.  Such substrates include Pdr5* (EGNER et al. 1995; 

EGNER et al. 1998), CPY* (WOLF and FINK 1975), PrA* (FINGER et al. 1993; TEICHERT et 

al. 1989), KWW, KWS, KSS (VASHIST and NG 2004) and Ura3p-CL1 (METZGER et al. 

2008).  Consequently, much of what we know about the mechanics of the ERAD 

pathway is based on substrates that are not endogenous to wild-type S. cerevisiae.  

Thus far, only one study has attempted to identify the specific, biologically relevant 

targets of ERAD.  Hitchcock, et al. used a large-scale mass spectrometry approach to 

identify 83 potential membrane-bound Ubc7-ERAD substrates (HITCHCOCK et al. 
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2003). Because this study was limited to membrane-bound targets it has limited 

potential to identify the full range of ERAD targets.  

 

To overcome this limitation, we set out to identify suppressors of the cold-sensitive 

phenotype of the S. cerevisiae ubc7∆ mutant as a means to identify biologically 

relevant targets of Ubc7 that were important for growth at low temperatures.  We 

attempted to identify Ubc7-ERAD targets using a genetic suppressor screen that 

exploited the cold-sensitivity of ubc7∆ mutants.  Due to the role of Ubc7 in 

ubiquitinating substrates for degradation, we hypothesized that, when yeast are 

shifted to low temperatures, Ubc7 is responsible for the degradation of one or more 

proteins.  We also hypothesized that the decreased levels of these Ubc7 targets is 

critical for adaptation to low temperature.  If so, the inability of the ubc7∆ mutant to 

remove this target(s) is responsible for its cold-sensitive phenotype; therefore, 

removal of the gene encoding this potential target in a ubc7∆ background should 

suppress the cold sensitivity and restore normal growth at 10˚C.   

 

Phenotypic suppression of S. cerevisiae mutant phenotypes is a standard approach 

that has been used to identify members of many molecular processes, including the 

unfolded protein response (UPR) (JONIKAS et al. 2009), the actin cytoskeleton 

(NOVICK et al. 1989), telomere capping machinery (ADDINALL et al. 2008; ADDINALL et 

al. 2011) and vesicle trafficking components (PANEK et al. 1997).  Additionally, 

Ravid, et al. also studied the phenotypic suppression of the temperature sensitive 
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ndc10-2 mutant to show that Ndc10 was a direct target of the E3, Doa10 (RAVID et al. 

2006).  Thus, screening double mutants can identify relevant genetic interactions 

within specific pathways, including ERAD.   

 

The Synthetic Genetic Array (SGA) method was used to create a complete library of 

xxx∆ubc7∆ double mutants by systematically introducing the ubc7∆ mutation into 

the 4,827 strains in the haploid yeast deletion library (TONG and BOONE 2006; TONG 

et al. 2001; WINZELER et al. 1999).  Screening of the resulting collection of double 

mutants allowed us to identify secondary null mutations that suppressed the 10˚C 

growth defect of the ubc7∆ single mutant.  Taking into account results from previous 

reports, we hypothesized that uncovering targets of Ubc7-ERAD might produce 

unexpected or surprising results.  Thus, we were excited that our results showed 

that proteins of the phosphate transport (PHO) pathway in S. cerevisiae have strong 

genetic interactions with members of the Ubc7-dependent ERAD pathway. 

 

My findings from this work are presented in Chapter 3, and will focus on the 

unexpected discovery that phosphate transport may be regulated by Ubc7 in a cold-

dependent way.  The work I present in Chapter 3 gives insight into cellular 

pathways that may play critical roles in cell growth of S. cerevisiae at suboptimal 

temperatures.    Additionally, we have developed new hypotheses about how the 

ERAD pathway impacts low temperature growth and influences phosphate 

transport.  When I began this work, my focus was on identifying membrane 
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components that are regulated by ubiquitination at low temperatures.  As the 

project developed, I have developed more questions than I have answers.  I was, and 

still am, interested in understanding how a small molecule like ubiquitin can be 

responsible for such complex signaling pathways and how these signaling pathways 

are impacted by changes in temperature.  
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Figure 1.1 

 

 

Figure 1.1: This figure is adapted from (LOERTSCHER et al. 2006).  The ERAD proteins 

Ubc7, Cue1, and Doa10 are required for normal growth at low temperature. Wild-type 

yeast strains and cue1∆, doa10∆, and ubc7∆ mutants were serially diluted five-fold 

and plated onto YPD medium. After growth at 10°C for 12 days, significant slow 

growth was observed in the cue1∆ and ubc7∆ mutants. The doa10∆ mutant is 

slightly cold sensitive at 10°C. 
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Chapter 2 

Using the Yeast Homozygous Deletion Collection to Identify the Genetic 
Requirements for Growth of Saccharomyces cerevisiae at Low Temperature 

 

Modified from:  Kelaine Zimmerman, Jonathan Lam and Robin Wright (2012). Using 
the Yeast Homozygous Deletion Collection to Identify the Genetic Requirements for 
Growth of Saccharomyces cerevisiae at Low Temperature.  In review. 
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Most organisms must possess molecular mechanisms that enable them to respond 

to both long-term and transient temperature fluctuations in their environment.  As a 

first step in understanding these mechanisms, we focused on identifying molecular 

mechanisms that allow the budding yeast, Saccharomyces cerevisiae, to respond to 

low temperature, a condition that yeasts encounter in their natural environment as 

well as in the laboratory.  The goal of this study was to analyze the growth rate of S. 

cerevisiae mutant strains to identify genes required for growth at 10˚C.  Within the S. 

cerevisiae homozygous deletion collection, we identified cold-sensitive strains 

representing 790 genes (CS790).  Surprisingly, these genes have minimal overlap 

with those reported to be transcriptionally regulated by low temperature, 

suggesting that genes that demonstrate cold-dependent transcriptional regulation 

are different from those required for growth at 10˚C.  The CS790 genes encode 

proteins that function in a wide range of biological processes, suggesting that genes 

required for S. cerevisiae growth at low temperatures represent complex networks 

of cellular and molecular functions.  Two processes were statistically enriched 

among the CS790 genes: genes required for threonine and tryptophan biosynthesis, 

and genes encoding components of the dynein/dynactin complex.  These results 

provide a framework for future studies to identify the specific molecular 

mechanisms responsible for cold adaptation and growth of organisms. 
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Chapter 2.1: Materials and Methods 

Yeast strains and culture media  

This study used the Open Biosystems Yeast Homozygous Diploid Deletion Collection 

(Cat. No. YSC1056, Thermo Scientific, Huntsville, AL) containing 4986 deletion 

mutant strains in the BY4743 diploid background (GIAEVER et al. 2002; WACH et al. 

1994; WINZELER et al. 1999). These strains carry complete deletions of individual 

genes that were systematically created using a PCR and homologous recombination-

based strategy to replace each ORF with a KanMX (kanamycin-resistance) cassette 

(WACH et al. 1994).  Unless otherwise stated, all liquid cultures were grown at 30°C 

in flat-bottomed 96-well microtiter plates (Costar, Cat. No. 3596, Corning 

Incorporated, Corning, NY) in 150L of rich media (YPD) (2% yeast peptone, 2% 

yeast extract and 2% dextrose) without shaking.  The 96-well microtiter plates from 

the deletion collection were thawed on ice for approximately 30 minutes.  Thawed 

plates were inoculated into fresh YPD with a 96-well replica pinner (Sigma-Aldrich, 

St. Louis, MO Product# R2383) and the original plates were immediately returned to 

-80˚C storage.  Freshly stamped 96-well microtiter plates were incubated at 30˚C 

overnight.  We then isolated three KANR clones of each mutant strain, by diluting the 

overnight cultures 150-fold and stamping onto YPD plates + G418 (2% yeast 

peptone, 2% yeast extract, 2% dextrose, 2% agar, 200μg/mL G418, and 100µg/mL 

ampicillin).  Three single colonies were then picked using sterile toothpicks and 

inoculated into 96-well plates, to create three clonal copies of the deletion collection 

for use in our first screen.   
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Growth Rates in Liquid Medium  

After growth overnight to saturation at 30˚C, cells in the microtiter plates were 

resuspended by shaking for 5 minutes on a microtiter plate shaker (Lab-line 

Instruments, San Diego, CA; Model #4625) and diluted into new microtiter plates to 

an initial OD595 of approximately 0.1 (1x108 – 2x108 cells/mL). Plates were 

incubated without shaking at either 26˚C (control) or 10˚C (low temperature). Cell 

growth was monitored by measuring the OD595 using a Tecan Sunrise™ microplate 

reader and associated Magellan™ software (Tecan Trading AG, Switzerland).  OD595 

measurements were taken periodically until the strains had reached late log phase 

(OD595 of 1.0), which was 12 hrs for 26˚C and 96 hrs for 10˚C; cell density was 

measured every 2 hours for plates grown at 26˚C and every 12 hours for plates 

grown at 10˚C.  Due to condensation on the 96-well microtiter plates upon transfer 

from the 10˚C incubator to the Tecan Sunrise™ microplate reader, we were unable 

to obtain accurate in vivo readings of the cultures growing at 10˚C.  As a result, we 

inoculated duplicate plates to use for each 10˚C time point (12 hr, 24 hr, 72 hr, and 

96 hr.)  A set of plates for one time point was removed from the incubator, shaken 

for 3 minutes on a microtiter plate shaker, and immediately fixed by addition of 

formaldehyde to 1% final concentration (XIAO and SPRINGERLINK (ONLINE SERVICE) 

2006).  The plates were allowed to equilibrate to room temperature before 

measuring the OD595 of each plate.  Individual growth rates were calculated in 

Microsoft Excel using the following formula: 
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Growth Rate = 
(OD595 t2) – (OD595 t1)

(t2 – t1)
 

Average growth rates were calculated by averaging the growth rate values for each 

strain at the 8, 10 and 12 hour time points of the 26˚C cultures and the 24, 48, 72 

and 96 hour time points of the 10˚C cultures.  Maximum growth rate was calculated 

by determining the maximum growth rate value at any of the time points taken at 

26˚C or 10˚C.  Screen 1 identified potential cold-sensitive strains from the entire 

deletion collection; these potentially cold-sensitive strains were rescreened in 

Screen 2, following the same protocol.  The overview of this strategy can be seen in 

Figure 2.1. 

 

Gene Ontology (GO) Enrichment Analysis  

GO terms were mapped to all of the genes associated with the 790 cold-sensitive 

mutants using the Saccharomyces Genome Database (SGD) and tools available on 

that website (CHERRY et al. 1998; HONG et al. 2008).  Significant GO Term and KEGG 

Pathway enrichment analysis was done using the g:Profiler program 

(http://biit.cs.ut.ee/gprofiler/index.cgi).  A p-value cut off of 0.05 was applied for 

the analysis with a Bonferroni correction applied (REIMAND et al. 2007). 

 

Growth on Solid Medium 

Cold-sensitive Plate Assay. 370 cold-sensitive strains were inoculated into microtiter 

plates containing 150L of YPD and grown to saturation overnight at 30˚C. Cultures 
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were resuspended by shaking for 5 minutes on a microtiter plate shaker (Lab-line 

Instruments, San Diego, CA Model# 4625) and then diluted to a starting OD595 of 

approximately 0.5. This culture was diluted in four 10-fold serial dilutions and 

stamped with a 96-well replica pinner (Sigma-Aldrich, St. Louis, MO Product 

#R2383) onto plates of YPD with 2% agar.  Since cells grow slower at 10˚C than at 

26˚C, duplicate plates were incubated at both temperatures until growth of the wild-

type control on the plate was clearly visible at the highest dilution, i.e. in the last 

spot on the plate; this level of growth occurred after 2 days at 26˚C and after 12 days 

at 10˚C.  

 

Amino acid supplements. YPD agar medium was supplemented with threonine or 

tryptophan to levels that were 20-fold greater than in synthetic minimal medium 

(threonine: 34mM final concentration; tryptophan: 20mM final concentration) 

(GUTHRIE and FINK 1991). Potentially cold-sensitive mutants in amino acid synthesis 

or transport were serially diluted and stamped as described above onto rich media 

plates +/- amino acid supplement.  

 

Benzyl Alcohol Assay. YPD agar medium was supplemented with 0.1%, 0.4% and 

1.0% benzyl alcohol (BA), a generally used membrane fluidizer (SINICROPE et al. 

1992).  Varying concentrations of BA were chosen to induce a gradual increase in 

membrane fluidity (MUKHOPADHYAY et al. 2002).  Potentially cold-sensitive mutants 

with deletions in genes involved in amino acid biosynthesis or transport were 
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serially diluted and stamped as described above onto YPD plates with or without 

0.1% BA.  Strains plated on YPD agar plates supplemented with 0.4% and 1.0% BA 

did not survive at either temperature. 

 

Complementation Analysis 

Plasmids containing wild-type yeast genes of interest were prepared from the Open 

Biosystems Yeast Genomic Tiling Collection (Cat. No. YSC4613, Open Biosystems) 

with QIAGEN Plasmid Mini Kit (Cat. No. 12123, Quiagen). This collection contains E. 

coli-yeast 2-micron LEU2 shuttle vectors (pGP564) that contain an insert of S. 

cerevisiae genomic DNA.  The 370 mutants selected for complementation analysis 

were transformed with a tiling plasmid carrying a wild-type version of the putative 

deleted gene in that strain.  Yeast transformations were performed using the 

standard lithium acetate method (GIETZ et al. 1995) and selected on complete 

synthetic medium lacking leucine (CSM-LEU).  Transformed strains were 

subsequently maintained in liquid or on plates containing complete synthetic 

medium lacking leucine (CSM-LEU). 

 

PCR to confirm identity of strains within the collection  

We used the PCR methods that were developed for creation of the yeast deletion 

collection strains to confirm the identity of a sample of strains of interest.  Strain 

confirmation was performed by PCR analysis with previously documented primers 

from the Saccharomyces Genome Deletion Project website (http://www-
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sequence.stanford.edu/group/yeast_deletion_project/downloads.html).  PCR was 

run on thirty randomly selected cold-sensitive strains to evaluate the status of the 

gene locus of each of these strains.  Two different PCR reactions were performed on 

each strain: one using primers external to the deletion (A_confirmation_primer and 

B_confirmation_primer) and the other using an internal and external primer 

(A_confirmation_primer and the internal KAN_B_primer).  A wild-type genomic DNA 

control reaction was included with each pair of external primers to verify that the 

primers produced the wild-type fragment size of the gene to compare with the 

individual deletion collection strains.  The PCR conditions were:  (1) Initial 

denaturation: 3 min, 94˚C.  35 cycles: 15 sec, 94˚C; 15 sec, 57˚C; 60 sec, 72˚C; (2) 

Final elongation: 3 min, 72˚C.  External A and B primer reactions that produced a 

band shift from the control wild-type band size to approximately 2kb suggested that 

the kanMX4 insert was in the correct genomic location. Additionally, PCR bands 

from the external A primer and the internal KAN_B primer confirmed the presence 

and correct location of the kanMX4 insert.  These reactions allowed us to determine 

the status of the gene locus and the presence of the kanMX4 insert, which replaces 

the deleted yeast gene. 
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Chapter 2.2: Results 

Identification of yeast genes that have a functional role in cell growth at 10˚C.  

Our initial interest in the cold-sensitive phenotype derived from the discovery that 

mutations in three members of the Ubc7-dependent ERAD pathway are cold-

sensitive (LOERTSCHER et al. 2006). While the mechanism behind this unusual ERAD 

mutant phenotype is still being explored, the goal of the current work was to 

determine whether growth at low temperatures involves a limited number of 

physiologically relevant biological pathways.  The analysis of strains in this screen 

uses the phenotype of the ubc7∆ mutant as a standard for defining cold sensitivity.  

As previously published, ubc7∆ has a moderate phenotype, enabling us to identify 

deletion strains with moderate to severe cold-sensitivity (LOERTSCHER et al. 2006). 

 

To determine which deletion mutations conferred a cold-sensitive phenotype, three 

clonal sets of the Homozygous Diploid Deletion Collection were independently 

screened for growth at 10˚C.  A summary of the screen strategy can be seen in 

Figure 2.1.  Because some mutations were duplicated within the collection, each 

collection contained 4858 unique mutant strains.  The average and maximum 

growth rates of all strains in each clonal set were determined at 26˚C and 10˚C (see 

Materials and Methods).  In the first screen, strains were selected for further analysis 

based on their growth rates in comparison to the average growth rates of all strains 

in that clonal set (Table 2.1).  Strains that had a growth rate at 26˚C that was one 

standard deviation (SD) slower than the mean maximum or average growth rate of 
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the entire clonal set were considered to be “sick” and eliminated from further 

analysis (Figure 2.2A and 2.2C).  Strains that had a growth rate at 10˚C that was one 

SD or slower than the mean average or maximum growth rate of the entire clonal 

set were considered to be potentially cold-sensitive mutants (Figure 2.2B and 2.2D).  

The potentially cold-sensitive strains included all strains in which at least two of the 

three clones met the potential cold-sensitive criteria.  In addition, we rescreened 

approximately half of the strains in which only one clone met the potential cold-

sensitive criteria.  In total, 941 homozygous deletion mutations were rescreened. 

 

One cold-sensitive clone representing each of the 941 potential cold-sensitive genes 

was re-arrayed into new 96-well microtiter plates.  This potential cold-sensitive set 

was inoculated into three microtiter plates so that growth data could be obtained in 

triplicate, allowing statistical analysis of growth rates at 26˚C and 10˚C.  The average 

maximum growth rate and standard deviation were calculated for each strain.  A 

total of 124 strains were eliminated because they grew poorly at 26˚C, leaving 817 

potential cold-sensitive strains that grew well at 26˚C.  These remaining strains 

were considered to be cold-sensitive if they grew statistically at least as slowly as 

the ubc7∆ control (Figure 2.3A and 2.3B).  This analysis resulted in the identification 

of 790 cold-sensitive mutant strains, referred to as CS790, a complete list of which is 

available in Supplemental Table 2.1.   
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A subset of strains is cold-sensitive at 10˚C in liquid and on plates. 

Mutant strains were initially screened for cold sensitivity in liquid medium, but 

previous (unpublished) results from our lab indicate that many cold-sensitive 

strains show variable cold-sensitive phenotypes on agar plates versus in liquid 

media.  Thus, we were interested in exploring the relationship between the cold-

sensitive phenotype in both liquid and solid media.  We expected that the plate 

assays were less sensitive and thus, hypothesized that only those strains that were 

most cold-sensitive in liquid would also be classified as cold-sensitive on plates. To 

test this hypothesis, we examined the growth phenotype of 370 of the CS790 strains 

on plates.  Only 121 of these cold-sensitive deletion strains were also cold-sensitive 

on plates.  Supporting our hypothesis, these 121 strains also grew more slowly on 

liquid (0.010 ± 0.004) than the mean 10˚C maximal rate of the 370 strains tested 

(0.014 ± 0.005.) Strains that were cold-sensitive on plates are indicated in 

Supplemental Table 2.1. 

 

Limited analysis suggests that most strains carry the expected mutation.  

Several published reports (GIAEVER et al. 1999; HUGHES et al. 2000; SCHERENS and 

GOFFEAU 2004) and anecdotal evidence from many yeast researchers suggest that 

discrepancies exist within the deletion collections. These discrepancies may be due 

to cross contamination between microtiter wells, suppressor or enhancer mutations 

within a strain, or aberrant insertions into neighboring genes instead of the 

intended locus. In an effort to verify the status of the deletion mutation in each cold-
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sensitive strain, we attempted to complement each mutation with a corresponding 

genomic tiling plasmid (JONES et al. 2008).  If the cold-sensitive phenotype resulted 

from the expected deletion mutation, the transformed strains should show a wild-

type growth rate.  The same subset of 370 strains that was tested on plates was also 

transformed with their corresponding tiling plasmid.   Retention of the 2-micron 

plasmids for this analysis required growth in minimal medium lacking leucine.  

Under these nutrient-limiting conditions, many mutants grew so much more slowly 

than in YPD, that it was not possible to accurately measure growth rates at either 

26˚C or 10˚C.  As a result of these complications, we were unable to confirm that 

each potential cold-sensitive mutant contained the anticipated deletion mutation or 

that the cold-sensitive phenotype resulted solely from that single mutation.  Future 

analysis could take advantage of a CEN plasmid tiling library that should soon be 

available from Open Biosystems (personal communication).  

  

To further pursue the correspondence between genotype and phenotype on a small 

scale, we used PCR to determine the status of the gene of interest in 30 of the CS790 

strains.  Briefly, PCR reactions were used to determine whether the wild-type gene 

locus was intact (produced a wild-type, WT band) or if it contained the kanMX4 

fragment (knock-out, KO band).  Out of the 30 strains tested, 27 contained the 

expected KO band.  Of these, 22 strains carried just a KO band (i.e. were 

homozygous) and 5 strains carried a WT band as well as a KO band (i.e were 

heterozygous).  Thus, only 10% of the strains represented by this small sample 
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lacked the expected mutation.  While relatively small, this level of discrepancy 

within the strains should be noted in future studies with the yeast deletion 

collections.  Systematically sequencing all of the CS790 strains would have been 

optimal, but this analysis was beyond the scope of the work we were able to fund. 

 

Gene Ontology annotations of the CS790 genes represent broadly diverse 

physiological functions and cellular locations. 

The Gene Ontology (GO) project aims to standardize descriptions of genes and gene 

products across species and databases (www.geneontology.org; (ASHBURNER et al. 

2000).  GO Terms fall into three areas, called “aspects,” which include GO Biological 

Process  (GO-BP, a series of molecular events with a defined beginning and end), GO 

Cellular Component (GO-CC, information about the location of the gene product), 

and GO Molecular Function (GO-MF, activities of the gene product that occur at a 

molecular level). In an effort to better understand the spectrum of genes required 

for growth at 10˚C, we examined the Gene Ontology (GO) Terms associated with all 

CS790 genes.  A complete list of all GO Term annotations for the CS790 can be found 

in Supplementary Tables 2.   

 

No GO Term annotations were available for 75 of the CS790 genes.  These 75 genes 

are listed as dubious open reading frames (ORFs) in SGD.  Thirty-three of these 

dubious ORF deletions partially or completely overlap with verified ORFs, only three 

of which are included in CS790 genes (i.e. DAL80, DIA1, PKH2).  Thus, the cold-
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sensitive phenotype associated with deletion of 72 of these dubious ORFs suggests 

they may encode functional products that are required for growth at 10˚C.  

Alternatively, deletion of these sequences may interfere with the function of 

surrounding genes that are required for cold adaptive growth.  These 75 genes were 

eliminated from our GO Term analysis, leaving 715 genes with at least one GO 

annotation in any of the three aspects (biological process, cellular component, 

and/or molecular functions). 

 

As an initial attempt to describe the functions represented among the CS790 genes, 

we completed an analysis of GO-Slim terms. GO-Slim terms represent extremely 

broad categories, and it is not possible to drill down from these categories into more 

specific functions.  Thus, we determined that a more nuanced understanding could 

be gained by describing the CS790 functions based on clustering of similar GO 

terms.  An example of the value of ad hoc clustering is examination of the potential 

membrane association of the CS790 gene products. For example, 154 of the CS790 

genes contained the GO-CC annotation, ‘membrane.’  However, if all GO-CC terms 

that contain the keyword “membrane” are clustered, 249 genes fall into that cluster.  

Thus, the cluster of GO-CC terms that contain the keyword, “membrane,” was more 

informative for predicting which of the CS790 genes are likely to be associated with 

cellular membranes.  In addition, our approach of clustering GO terms with the same 

key words provided the potential to drill down into more specific or related terms.  

Biological Process and Cellular Component terms were most informative. 
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GO-BP terms were associated with 715 of the CS790 genes (Table 2.2).  For this 

analysis, we clustered GO Terms that contained the same key words.  For example, 

GO terms containing the word “transport” or “permease” were clustered into a 

‘transport’ category, representing processes involved in transport of molecules, 

vesicles, or organelles.  A total of 104 of the 715 genes contain one or more 

annotations from the ‘transport’ GO-BP cluster.  Table 2.2 illustrates the broad range 

of processes in which the 715 genes are likely to operate, including transport, 

transcription, translation, cellular reproduction, phosphorylation or 

dephosphorylation, stress, mitochondrial biogenesis and function, DNA repair and 

response to DNA damage, amino acid biosynthesis, and cytoskeleton.   

 

GO-CC terms were associated with 710 of the CS790 genes.  Of these 710 genes, the 

potential subcellular localization of 228 was either not apparent from the GO-CC 

term (e.g. the only GO-CC term for that gene was ‘cytoplasm’ or ‘membrane’) or the 

annotations reflected complex localization patterns.  To examine localization 

patterns in the remaining 484 gene products, GO-CC terms with the same key words 

were clustered.  For example, all GO-CC terms containing “nucleus, nucleolus, 

nuclear envelope, outer nuclear membrane, inner nuclear membrane, nuclear 

matrix, chromosomes, or chromatin” were included in the ‘nucleus’ cluster. Table 3 

shows the presumptive localization of the 484 CS790 genes with GO-CC terms 

suggesting simple associations with a particular subcellular compartment.  The 
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largest groups are gene products localized to the nucleus, mitochondria, or 

secretory pathway organelles (Table 2.3).  

 

The denaturation of proteins at high temperatures is well established.  However, the 

same types of protein destabilization may occur at low temperatures, particularly at 

the quaternary and supramolecular levels (PACE and TANFORD 1968; PRIVALOV 1990).  

Examples of protein structures that are susceptible to cold destabilization can be 

found in (PRIVALOV 1990).  Due to the possibility of cold-induced protein 

destabilization, protein complexes might be destabilized at low temperatures, 

producing a cold-sensitive phenotype.  Consequently, we were interested in 

determining which of the CS790 genes necessary for growth at low temperatures 

were members of a protein complex.   Based on GO-CC annotations, 172 of the 

CS790 gene products were members of a protein complex.  Most complexes that 

contained a CS790 protein, contained only one.  Out of the 382 protein complexes 

listed in SGD, 218 contained no CS790 protein.  Thus, the CS790 strains were not 

generally enriched for proteins that are components of protein complexes. 

 

Genes required for synthesis of threonine and tryptophan are statistically 

enriched in the CS790 genes. 

Only two GO-BP term clusters were statistically enriched for CS790 genes. One 

cluster includes the terms: ‘dicarboxylic acid metabolic process’ (p-value = 8.68E-

04), ‘aromatic amino acid biosynthesis’ (p-value = 2.25E-02), ‘glycine, serine and 
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threonine metabolism’ (p-value = 5.00E-02) and tryptophan biosynthetic process 

(p-value = 5.00E-02) (Table 2.4).  Thus, strains with mutations in any of the genes 

necessary for threonine or tryptophan metabolism were cold-sensitive.  For this 

reason, we further analyzed all cold-sensitive strains with mutations involving 

amino acid biosynthesis.  We hypothesized that the cold-sensitive phenotype of the 

tryptophan and threonine biosynthesis mutants was due to their inability to 

efficiently transport the corresponding amino acids (or precursors) at low 

temperatures. It is also possible that certain amino acids become limiting at low 

temperatures due to differences in amino acid concentrations in the medium. If this 

is the case, supplementation with additional amino acid may suppress the cold 

sensitivity. Consistent with this hypothesis, supplementing the medium with 

threonine significantly improved the growth of the hom2∆, hom6∆, and thr1∆ 

mutants at 10˚C and had a detectable positive effect on growth of the thr4∆ mutant 

(Figure 2.5A).  However, the addition of tryptophan did not improve growth of any 

trp null mutants (Figure 2.5B).  The subsequent experiments were conducted on 

YPD agar plates as these strains were cold-sensitive in both liquid and on agar 

plates. 

 

Previous reports have shown that alterations in membrane composition can have an 

effect on the function of amino acid transporters (GABER et al. 1989).  We 

hypothesized that reducing the cold-induced membrane rigidity might restore 

sufficient functionality of the amino acid transporters to alleviate the cold-
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sensitivity.  To test this hypothesis, we grew the strains with defects in amino acid 

biosynthesis on medium containing 0.1% benzyl alcohol (BA, C6H5CH2OH), a 

membrane-fluidizing compound (GORDON et al. 1980).  None of the thr mutants were 

affected by addition of BA (Figure 2.5C).  In contrast, all mutants in the late aromatic 

amino acid and tryptophan synthesis pathway were rescued by the addition of 0.1% 

BA.  Figure 2.5D shows that all seven of these mutants show some level of improved 

growth at 10˚C in the presence of 0.1% BA.  The BA supplementation most positively 

affected the growth of aro7∆, trp2∆, trp4∆ and trp5∆ mutants, with less effect on the 

aro2∆, trp1∆ and trp3∆ mutants.    

 



 

 
 

37

Chapter 2.3: Conclusions & Future Directions 

The goal of this work was to contribute to the understanding of the physiology of cold 

adaptation.   Our work, and that of others, makes it clear that cold sensitivity is a very 

complex phenotype that involves processes that range from threonine biosynthesis to 

mitochondrial translation.  Thus, the ability to grow at low temperatures does not merely 

reflect adaptation to altered membrane fluidity or slower metabolic processes.  Together, 

these findings suggest that adaptation to low temperature may be more complicated than 

adaptation to high temperatures.  Additionally, these results may mean that cells have to 

fine-tune a variety of processes to survive exposure to the cold. 

 

Unfortunately, this work also calls into question the value of transcriptional analysis 

for understanding cellular structure and function.  For example, most of the genes 

previously shown to be transcriptionally regulated at low temperatures are simply 

not required for prolonged survival of S. cerevisiae at low temperatures.  In contrast, 

many genes that are essential for growth at low temperatures are (apparently) not 

transcriptionally regulated under similar conditions.  For example, the two Gene 

Ontology functions that were enriched among the CS790 genes included several 

amino acid permeases and members of the dynein/dynactin complex, neither of 

which contain genes that are either up- or down-regulated in response to low 

temperatures.  
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We recognize that identifying the 790 genes presented here is just the beginning of 

the complete story about the genetic basis of cold adaptation.  However, these 

results provide a launching point for future studies aimed at identifying the 

molecular mechanisms behind cell survival and growth at low temperatures. Our 

screen may have uncovered a combination of genes necessary for cells to grow at 

low temperatures (members of the dynein/dynactin complex) as well as membrane 

bound proteins that are regulated by the membrane composition of yeast (amino 

acid transporters).  A remaining challenge is obviously distinguishing between 

direct and indirect effects of temperature on the processes represented by the 

CS790 genes. 

 
Important future work will be to complete a detailed analysis of genes within the 

threonine and tryptophan biosynthetic pathways.  For example, experiments with 

tagged versions of specific amino acid transporters would assist in determining how 

low temperatures affect the localization and half-life of these transporters.  Based on 

our results, it would also be important to do this type of experiment in the presence 

of benzyl alcohol (BA).  Since BA is a general membrane fluidizer, it might change 

the intracellular trafficking or localization of some proteins, including the amino 

acid transporters.  Results from this experiment could define the molecular 

mechanisms responsible for the cold sensitivity of mutants lacking threonine or 

tryptophan transporters and how BA was able to rescue the cold-sensitive 
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phenotype of mutants in the tryptophan biosynthesis pathway.  Thus, 

understanding the mechanisms behind why the amino acid biosynthesis mutants 

are cold sensitive, and how the increase in membrane fluidity was able to alleviate 

this sensitivity, could begin elucidating what specific effects of low temperature on 

S. cerevisiae. 

 

Interesting work also remains to be done regarding the requirements for the 

dynein/dynactin complexes during growth at low temperatures.  We hypothesize 

that mutation in the dynein/dynactin complex causes these strains to have 

increased sensitivity to low temperatures due to the cold-induced defects of 

cytoskeletal structure.  In an effort to prevent the microtubule catastrophe that 

takes place at low temperatures, cells could be treated with TAXOLTM, a 

microtubule-stabilizing drug (JORDAN and WILSON 2004).  If collapse of the 

microtubule structure is contributing to the cold sensitivity, then proper 

concentrations of TAXOLTM may rescue the cold-sensitive phenotype of the 

dynein/dynactin mutants by compensating for the microtubule loss. 
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While I have spent the most time thinking about the follow-up work on the groups 

of genes that were statistically enriched in our screen, broader questions also 

remain to be addressed in the future: 

• In E. coli, a limited number of genes are necessary for cold-adaptation. What 

evolutionarily evolved characteristics of S. cerevisiae make the response to 

low temperatures so much more complicated?   

• Is the complexity of cold sensitivity unique to yeasts or is it evolutionarily 

conserved?  Do other fungi, or higher eukaryotes, have a similarly complex 

response to low temperatures? 

• What is the relationship between the genes that DO overlap between the 

CS790 genes and genes that are transcriptionally regulated?  Are these genes 

somehow more significant at low temperatures? 

• Which of the CS790 are also suppressed by 0.1% benzyl alcohol?  Do these 

mutants represent gene products that are dependent on membrane fluidity 

at low temperatures? 

• Are these 790 genes necessary for S. cerevisiae survival of exposure to other 

environmental stressors, like exposure to heat, drug compounds, high salt 

environments or alternate carbon sources? 
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Figure 2.1 

 

 

Figure 2.1: Three individual clones of strains from the homozygous diploid deletion 

collection were screened at 26˚C and 10˚C to identify mutants that have a cold-

sensitive phenotype. The flow chart shows the analysis of growth rate values to 

determine which strains were classified as cold sensitive.  790 genes are necessary 

for cell growth at 10˚C in liquid media.  370 of these strains were analyzed on rich 

media agar plates at 26°C and 10°C; only 121 of these strains were cold sensitive on 

plates. 
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Figure 2.2 
 

A. 

 

B. 

 
C. 

 

D. 

 
 
 
Figure 2.2:  Scatter plots of the average and the maximum growth rates for Clone Set 

2 at 26°C and 10˚C. Strains were eliminated from analysis if they grew poorly at 

26°C. Strains were further analyzed if they grew poorly at 10°C.  These strains were 

termed “potentially cold-sensitive”.  The gray boxes represent strains that were 

eliminated from further analysis. A: Scatter plot of 26°C maximum growth rates B: 

Scatter plot of the 10°C maximum growth rates. C: Scatter plot of 26°C average 

growth rates. D: Scatter plot of the 10°C average growth rates.  
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Table 2.1 

 

Table 2.1: Growth rate criteria for each Homozygous Diploid deletion clone set.  The 

growth rates of individual mutant strains in each clonal homozygous set were 

analyzed in relation to the maximum growth rate and average growth rate of each 

set at 26°C and 10°C.  Growth rates, with standard deviations, and the final cut-off 

values for identifying potential cold-sensitive strains are listed.  These criteria 

resulted in 941 strains being classified as appropriate for rescreening. 

  

Clone$ Temp.$

Maximum$
Growth$Rate$

(OD595hrMt)%

Maximum$
Growth$Rate$

CutDOff$(OD595hrMt)$

$Average$
Growth$Rate$

(OD595hrMt)$

$Average$
Growth$Rate$

CutDOff$(OD595hrMt)$

Clone%1%

26°C% 0.136%±%0.061% ≤%0.075% 0.072%±%0.028% ≤%0.044%

Eliminated%strains%
that%grew%poorly%at%%

26˚C%

10°C% 0.019%±%0.006% ≥%0.013% 0.006%±%0.002% ≥%0.004%
Eliminated%strains%
that%grew%well%at%%

10˚C%

%% %% %%

Clone%2%

26°C% 0.184%±%0.084% ≤%0.100% 0.108%±%0.034% ≤%0.074%

Eliminated%strains%
that%grew%poorly%at%%

26˚C%

10°C% 0.016%±%0.005% ≥%0.011% 0.009%±%0.002% ≥%0.007%
Eliminated%strains%
that%grew%well%at%%

10˚C%

%% %% %%

Clone3%

26°C% 0.150%±%0.039% ≤%0.111% 0.117%±%0.035% ≤%0.082%
Eliminated%strains%
that%grew%poorly%at%%

26˚C%

10°C% 0.016%±%0.004% ≥%0.012% 0.009%±%0.002% ≥%0.007%

Eliminated%strains%
that%grew%well%at%%

10˚C%
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Figure 2.3 

A. 

 

B.  

 
Figure 2.3: Maximum growth rates of the CS790 mutant strains.  The maximum 

growth rates of all CS790 mutant strains at 26°C and 10°C are represented on the 

scatter plots.  At 26°C, all strains have a maximum growth rate that is greater than 

0.103 OD595 hr-1.  At 10°C, all strains have a maximum growth rate that is less than 

0.016 OD595 hr-1.  (The 10°C maximum growth rate of ubc7∆ = 0.012 ± .004 OD595 hr-

1, making 0.016 OD595 hr-1 the cut-off value.) 
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Table 2.2 
 

Number of Genes GO Term Clusters & Key Words Notes 

104  
Transport: 

transport or permease 

Transport of: allantoate, alpha-glucoside, amino acid, ammonium, calcium, 
carbohydrate, citrate, cytidine, cytosine, drugs, fatty acid, glutathione, hexose, 
iron, lactate, long-chain fatty acids, peptides, phosphate, polyamine, proton, 
pyruvate, selenite, zinc; Secretory pathway transport 

89 
Transcription: 

transcription 

Histones, histone modification enzymes & chromatin structure regulation; 
Histone acetylase & deacytylase, ubiquitination; Complexes: RISC; Paf1; 
SWR1; SET3; Subunits or regulators of RNA polymerase I or II activity; 
Transcription factors:  Response to arginine, nitrogen, phosphate, oxidative 
stress, cell cycle progression, meiosis; synthesis of purines & histidine  

76 
Translation: 

translation or protein synthesis 

Ribosome structural component or required for processing of ribosome 
components; tRNA synthesis, processing, modification (wobble uridine 
modification) 

72 Cellular Reproduction Cell cycle, cell division, mitosis, or meiosis 

54 Translation Includes mitochondrial translation  (15 genes) 

48 
Lipid & Sterol Metabolism and Transport: 

lipid or sterol 

Phospholipid biosynthesis, metabolism, translocation, transport; 
Sterol/ergosterol biosynthetic process; sterol import; sterol transport; 3 – 
Sphingolipid biosynthesis 

47 
Phosphorylation & Dephosphorylation:  

phosphorylation, not “oxidative” 
Kinase; Protein phosphorylation; Dephosphorylation 

42 Stress Oxidative stress; Osmotic or Salt stress; Heat stress 

42 
Mitochondrial  biogenesis & function: 

any variation on “mitochondrion” 

Mitochondrial DNA repair and replication; electron transport; iron transport; 
respiratory chain complex biogenesis and assembly; translation; transport; 
degradation; inheritance; organization; mitochondria-nucleus signaling  

37 
DNA repair & response to DNA Damage: 

DNA repair or damage 
Double strand break repair; Checkpoint genes (DNA damage checkpoint) 

34 
Amino Acid 

Biosynthetic Process: amino acids  
Biosynthesis of C, F, G, H, I, K, L, M, P, Q, R, S, T, W; Involved in or regulated by 
general amino acid control pathway 

25 
Cytoskeleton: 

actin, dynein, microtubules, cytoskeleton 
Microtubule organization, movements, polymerization, depolymerization; 
actin patch, filament, movements, polymerization, organization 
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Table 2.2:  Major GO Biological Process Clusters Associated with the CS790 Genes.  Within the SGD Gene Association database 

file, GO-BP Term annotations were available for 715 of the CS790 genes.  GO terms that contained one or more key words were 

clustered into related categories, as shown above, and the number of CS790 genes with those annotations was determined.  

The largest category includes genes with GO-BP that contain the word “transport,” and includes genes encoding proteins that 

are needed for transmembrane transport of a wide variety of molecules (see notes) as well as vesicular transport.   GO-BP 

Term clusters that contained at least 20 genes are included in this table.  

  



 

 
 

47

Table 2.3 
 

Number of Genes GO Term Cluster & Key Words Notes 

249 Membrane 
Integral to membrane, endoplasmic reticulum membrane, plasma membrane, 
mitochondrial membrane, vacuolar membranes, Golgi membrane, nuclear membrane, 
endosomal membrane 

218 Nucleus: nucle* or chrom* 
Nucleus, nucleolus, nuclear envelope, inner nuclear membrane, outer nuclear 
membrane, chromosome, chromatin, nucleosome,  

132 Mitochondria: mitochondri* 
Mitochondrion, mitochondrial inner membrane, mitochondrial matrix, mitochondrial 
outer membrane; mitochondrial ribosomal subunits 

172 Complex 
Ribonucleotide complex, dynein complex, RPD3L-expanded complex, Swr1 complex, 
dynactin complex, GSE complex; 112 other complexes, most of which contain 1 CS790 
gene product 

 122 
Secretory Pathway Organelles: 

endoplasmic, Golgi, vacuole, endosome, 

vesicle  

Endoplasmic reticulum, ER membrane, Golgi apparatus, vacuole, Golgi membrane, 
Endosome, nuclear outermembrane-endoplasmic reticulum membrane network  

52 Ribosome: ribosom* 
Cytosolic large ribosomal subunit, cytosolic small ribosomal subunit, mitochondrial 
ribosome, preribosome 

44 Plasma membrane Plasma membrane, plasma membrane enriched fraction, extrinsic to plasma membrane 

25 
Cytoskeleton: 

actin, microtub*, dynein, cytoskel* 
Cytoskeleton, microtubule, actin cortical patch, astral microtubule, cytoplasmic 
microtubule 

53 
Other: 

annotations of genes not included in the 

previous GO-CC term clusters 

Bud; mating projection; Cell wall; Cytosol; peroxisome, mRNA processing body, 
polysome; tRNA  

 
Table 2.3:  Major GO Cellular Component Term Clusters Associated with CS790 Genes.  Within the SGD Gene Association 

database file, GO-CC annotations were available for 710 of the CS790 genes.  GO-CC terms that contained one or more key 

words were clustered into related categories and the number of CS790 genes with those annotations was determined. 
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Figure 2.4 

 
 
Figure 2.4:  Previous screens show a small amount of overlap with each other and our 

set of CS790 genes.  This is a Venn diagram representing genes that overlap between 

previously performed screens for genes required for S. cerevisiae low temperature 

growth. Our set of CS790 genes is represented in blue.  The green circle represents 

genes that were transcriptionally up regulated when yeasts were exposed to low 

temperatures (SCHADE et al. 2004; TAI et al. 2007).  The 864 genes in the orange 

circle represent transcripts that were regulated in response to environmental stress 

(GASCH and WERNER-WASHBURNE 2002). The 79 genes in the purple circle represent 

genes associated with deletion mutants that were sensitive to high pressure and low 

temperature conditions (ABE and MINEGISHI 2008).  
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Table 2.4 
 

 
 
Table 2.4:  g:Profiler term enrichment results of the CS790 genes required for growth 

at 10°C in liquid.  All but one of the terms is related to amino acid biosynthesis, 

“dynein complex” is the exception.   
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Figure 2.5 A&B 

A. 

 

 

B. 

 
 
Figure 2.5: Cold sensitive deletion mutants in threonine biosynthesis are rescued by 

the addition of excess threonine, and the cold sensitive mutants in tryptophan 

biosynthesis are rescued by the addition of 0.1% benzyl alcohol at 10˚C.  A. Threonine 

biosynthesis mutants are cold-sensitive in liquid media and on rich agar media at 10˚C 

and are rescued by 20X excess soluble threonine media.  B. Tryptophan biosynthesis 

mutants are cold-sensitive in liquid media and on rich agar media at 10˚C and are not 

rescued by excess soluble tryptophan media.  Unlike the threonine mutants, 

supplementing the plate media with 20X excess soluble tryptophan does not alleviate the 

cold-sensitive phenotype of the tryptophan mutants.  
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Figure 2.5 C&D 

C. 

 

 

D. 

 
 
Figure 2.5: Cold sensitive deletion mutants in threonine biosynthesis are rescued by 

the addition of excess threonine, and the cold sensitive mutants in tryptophan 

biosynthesis are rescued by the addition of 0.1% benzyl alcohol.  C. Cold-sensitivity of 

the threonine biosynthesis mutants at 10˚C is only slightly alleviated by the addition 

of 0.1% benzyl alcohol to the YPD plate media.  D. Cold-sensitivity of the tryptophan 

biosynthesis mutants at 10˚C is alleviated by the addition of 0.1% benzyl alcohol to 

the YPD plate media.  The top two rows are control strains: BY4743, the diploid 

wild-type strain and the ubc7∆ strain that serves as a cold sensitive control.  The 

leftmost spot is inoculated at an OD600 of 0.5 followed by four 10-fold serial dilutions 

and stamped onto YPD plates A. & B. with or without threonine or tryptophan, C. & 

D. with or without 0.1% BA. Images were taken after plates were incubated for 2 

days at 26˚C and after 12 days at 10˚C. 
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Supplemental Table 2.1: 790 genes are necessary for S. cerevisiae growth at 10˚C. 

Their Open Read Frame (ORF) and common gene names identify each strain.  Values 

presented in the table are the adjusted growth rates for 26˚C and 10˚C.  The 26˚C 

value is the mean of the maximum growth rates of three replicates of each strain at 

26˚C, with the standard deviation (SD) value added.  The 10˚C value is the mean of 

the maximum growth rates of three replicates of each strain at 10˚C, with the 

standard deviation (SD) value subtracted.  These adjusted growth rates were used 

to apply the specific cut-off values for this experiment.  The last column contains the 

conclusions from the analysis of these strains on agar plates at 26˚C and 10˚C.  

 

ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YGL119W ABC1 0.133 0.004 CS, on plates 

YJR108W ABM1 0.216 0.011 Not Tested on Plates 

YGR037C ACB1 0.128 0.006 Not CS on Plates 

YDR408C ADE8 0.198 0.013 Not CS on Plates 

YMR318C ADH6 0.205 0.012 Not Tested on Plates 

YDR214W AHA1 0.211 0.014 Not CS on Plates 

YNR074C AIF1 0.200 0.013 Not Tested on Plates 

YHR198C AIM18 0.217 0.009 Not Tested on Plates 

YIR003W AIM21 0.218 0.011 Not CS on Plates 

YKL037W AIM26 0.180 0.010 Not CS on Plates 

YKR074W AIM29 0.149 0.011 Not Tested on Plates 

YHR199C AIM46 0.206 0.010 Not Tested on Plates 

YNL148C ALF1 0.125 0.009 CS, on plates 

YGR225W AMA1 0.201 0.011 Not Tested on Plates 

YHR126C ANS1 0.201 0.006 CS, on plates 

YNL077W APJ1 0.185 0.008 CS, on plates 

YIL040W APQ12 0.197 0.014 Not Tested on Plates 

YHR013C ARD1 0.136 0.007 CS, on plates 

YML099C ARG81 0.207 0.010 Not Tested on Plates 

YDR173C ARG82 0.135 0.005 CS, on plates 

YGL148W ARO2 0.154 0.005 CS, on plates 

YPR060C ARO7 0.212 0.004 CS, on plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YHR129C ARP1 0.191 0.009 CS, on plates 

YLR085C ARP6 0.177 0.008 CS, on plates 

YGR068C ART5 0.218 0.009 Not Tested on Plates 

YER101C AST2 0.211 0.011 Not Tested on Plates 

YDR184C ATC1 0.176 0.011 Not CS on Plates 

YCR068W ATG15 0.175 0.011 CS, on plates 

YNR007C ATG3 0.200 0.014 Not CS on Plates 

YHR171W ATG7 0.198 0.009 Not Tested on Plates 

YPL078C ATP4 0.192 0.009 Not Tested on Plates 

YAL020C ATS1 0.183 0.009 Not Tested on Plates 

YBR068C BAP2 0.167 0.003 CS, on plates 

YKR099W BAS1 0.180 0.009 Not Tested on Plates 

YKR027W BCH2 0.187 0.013 Not Tested on Plates 

YJL095W BCK1 0.206 0.013 Not CS on Plates 

YER155C BEM2 0.211 0.009 Not Tested on Plates 

YPL161C BEM4 0.177 0.002 CS, on plates 

YCL029C BIK1 0.152 0.006 CS, on plates 

YNR058W BIO3 0.210 0.011 Not Tested on Plates 

YNR057C BIO4 0.207 0.011 Not Tested on Plates 

YNR056C BIO5 0.209 0.010 Not Tested on Plates 

YJR078W BNA2 0.202 0.011 Not Tested on Plates 

YDL074C BRE1 0.151 0.009 Not Tested on Plates 

YGL007W BRP1 0.167 0.007 CS, on plates 

YDR252W BTT1 0.207 0.012 Not Tested on Plates 

YDR241W BUD26 0.182 0.012 CS, on plates 

YDL099W BUG1 0.194 0.012 Not Tested on Plates 

YHR114W BZZ1 0.226 0.010 Not CS on Plates 

YGR134W CAF130 0.198 0.010 Not CS on Plates 

YOR276W CAF20 0.185 0.011 Not CS on Plates 

YKL208W CBT1 0.213 0.009 Not Tested on Plates 

YGL003C CDH1 0.170 0.012 CS, on plates 

YML036W CGI121 0.146 0.011 Not Tested on Plates 

YDR254W CHL4 0.193 0.014 Not CS on Plates 

YER026C CHO1 0.211 0.011 Not CS on Plates 

YBR023C CHS3 0.209 0.016 Not CS on Plates 

YHR142W CHS7 0.221 0.009 Not Tested on Plates 

YLR133W CKI1 0.202 0.010 Not CS on Plates 

YGR108W CLB1 0.219 0.009 Not CS on Plates 

YGR109C CLB6 0.225 0.010 Not Tested on Plates 

YOL016C CMK2 0.199 0.011 Not CS on Plates 

YAL058W CNE1 0.170 0.010 Not Tested on Plates 

YNL041C COG6 0.184 0.012 Not CS on Plates 

YOL096C COQ3 0.217 0.012 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YDR204W COQ4 0.202 0.011 Not CS on Plates 

YNR075W COS10 0.206 0.012 Not Tested on Plates 

YPL132W COX11 0.203 0.010 CS, on plates 

YLR038C COX12 0.106 0.007 Not Tested on Plates 

YML129C COX14 0.187 0.010 Not Tested on Plates 

YER141W COX15 0.194 0.008 Not Tested on Plates 

YGR062C COX18 0.111 0.006 Not Tested on Plates 

YHR116W COX23 0.129 0.007 Not CS on Plates 

YNL052W COX5A 0.199 0.011 Not Tested on Plates 

YHR051W COX6 0.221 0.010 Not Tested on Plates 

YOR303W CPA1 0.209 0.009 Not CS on Plates 

YJL172W CPS1 0.192 0.009 Not Tested on Plates 

YDR223W CRF1 0.196 0.014 Not CS on Plates 

YHR209W CRG1 0.217 0.009 Not Tested on Plates 

YLR429W CRN1 0.205 0.010 Not Tested on Plates 

YCR086W CSM1 0.106 0.007 CS, on plates 

YDR179C CSN9 0.202 0.013 Not CS on Plates 

YBR042C CST26 0.206 0.012 Not CS on Plates 

YDR256C CTA1 0.206 0.013 Not CS on Plates 

YHR191C CTF8 0.113 0.005 Not Tested on Plates 

YKL139W CTK1 0.204 0.009 Not CS on Plates 

YML112W CTK3 0.173 0.008 CS, on plates 

YHR109W CTM1 0.220 0.011 Not Tested on Plates 

YOL145C CTR9 0.191 0.011 Not Tested on Plates 

YLR286C CTS1 0.162 0.010 Not Tested on Plates 

YGR088W CTT1 0.216 0.010 Not Tested on Plates 

YMR264W CUE1 0.150 0.005 CS, on plates 

YNL111C CYB5 0.202 0.015 Not Tested on Plates 

YAL012W CYS3 0.124 0.016 Not CS on Plates 

YOR065W CYT1 0.142 0.009 Not Tested on Plates 

YJR152W DAL5 0.205 0.011 Not Tested on Plates 

YKR034W DAL80 0.204 0.013 Not Tested on Plates 

YJL149W DAS1 0.206 0.013 Not CS on Plates 

YGR092W DBF2 0.140 0.010 Not Tested on Plates 

YGL078C DBP3 0.141 0.009 Not CS on Plates 

YAL013W DEP1 0.149 0.007 Not Tested on Plates 

YMR316W DIA1 0.196 0.010 Not Tested on Plates 

YMR126C DLT1 0.190 0.002 CS, on plates 

YHR115C DMA1 0.215 0.009 Not CS on Plates 

YDR273W DON1 0.197 0.015 Not CS on Plates 

YBR278W DPB3 0.189 0.007 Not CS on Plates 

YKL191W DPH2 0.206 0.009 CS, on plates 

YDR284C DPP1 0.195 0.016 Not CS on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YHR143W DSE2 0.221 0.011 Not Tested on Plates 

YFR044C DUG1 0.196 0.012 Not Tested on Plates 

YBR281C DUG2 0.169 0.009 Not Tested on Plates 

YDL101C DUN1 0.131 0.007 CS, on plates 

YKR054C DYN1 0.197 0.007 CS, on plates 

YDR424C DYN2 0.206 0.008 CS, on plates 

YMR299C DYN3 0.174 0.009 CS, on plates 

YLR284C ECI1 0.213 0.013 Not Tested on Plates 

YAL059W ECM1 0.191 0.011 Not Tested on Plates 

YHR132C ECM14 0.222 0.008 Not CS on Plates 

YBL101C ECM21 0.190 0.010 Not Tested on Plates 

YLR436C ECM30 0.196 0.007 CS, on plates 

YKL160W ELF1 0.179 0.010 Not CS on Plates 

YKL048C ELM1 0.126 0.008 Not CS on Plates 

YGR200C ELP2 0.113 0.011 Not Tested on Plates 

YGL231C EMC4 0.194 0.010 Not CS on Plates 

YNL080C EOS1 0.109 0.006 Not Tested on Plates 

YDR414C ERD1 0.129 0.014 Not CS on Plates 

YNL280C ERG24 0.198 0.010 Not Tested on Plates 

YER044C ERG28 0.192 0.013 Not CS on Plates 

YGL012W ERG4 0.137 0.004 CS, on plates 

YHR110W ERP5 0.218 0.011 Not Tested on Plates 

YGL054C ERV14 0.135 0.004 CS, on plates 

YML067C ERV41 0.192 0.012 Not CS on Plates 

YDR363W ESC2 0.124 0.008 Not CS on Plates 

YFR019W FAB1 0.207 0.009 Not CS on Plates 

YLR238W FAR10 0.215 0.015 Not Tested on Plates 

YBR041W FAT1 0.195 0.011 Not Tested on Plates 

YKR016W FCJ1 0.214 0.012 Not Tested on Plates 

YER056C FCY2 0.178 0.012 Not CS on Plates 

YCR034W FEN1 0.135 0.012 Not CS on Plates 

YBR040W FIG1 0.203 0.016 Not CS on Plates 

YHR176W FMO1 0.216 0.010 Not Tested on Plates 

YBR269C FMP21 0.179 0.010 Not Tested on Plates 

YJL161W FMP33 0.200 0.012 Not CS on Plates 

YGL080W FMP37 0.198 0.012 Not Tested on Plates 

YGR052W FMP48 0.217 0.010 Not Tested on Plates 

YKR009C FOX2 0.218 0.010 Not Tested on Plates 

YLR449W FPR4 0.200 0.010 Not Tested on Plates 

YNR060W FRE4 0.206 0.012 Not Tested on Plates 

YAL028W FRT2 0.213 0.010 Not Tested on Plates 

YOR271C FSF1 0.130 0.010 Not Tested on Plates 

YER145C FTR1 0.215 0.009 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YDR283C GCN2 0.173 0.013 Not CS on Plates 

YGR252W GCN5 0.219 0.009 Not CS on Plates 

YMR189W GCV2 0.218 0.011 Not Tested on Plates 

YGL020C GET1 0.118 0.005 CS, on plates 

YDL100C GET3 0.144 0.008 CS, on plates 

YKR058W GLG1 0.208 0.010 Not Tested on Plates 

YDR272W GLO2 0.197 0.014 Not CS on Plates 

YKR030W GMH1 0.215 0.009 Not Tested on Plates 

YHR183W GND1 0.186 0.005 CS, on plates 

YHL031C GOS1 0.162 0.014 Not CS on Plates 

YER020W GPA2 0.192 0.013 Not CS on Plates 

YJL101C GSH1 0.197 0.008 Not CS on Plates 

YLR258W GSY2 0.197 0.008 Not Tested on Plates 

YDR221W GTB1 0.207 0.013 Not Tested on Plates 

YML121W GTR1 0.152 0.003 Not Tested on Plates 

YGR163W GTR2 0.149 0.005 Not CS on Plates 

YIL155C GUT2 0.207 0.011 Not CS on Plates 

YJL165C HAL5 0.193 0.010 Not Tested on Plates 

YKR084C HBS1 0.189 0.007 Not CS on Plates 

YMR293C HER2 0.184 0.007 CS, on plates 

YBR009C HHF1 0.175 0.013 Not Tested on Plates 

YOR038C HIR2 0.215 0.006 Not CS on Plates 

YJR140C HIR3 0.187 0.012 Not CS on Plates 

YFR025C HIS2 0.208 0.009 Not CS on Plates 

YJR055W HIT1 0.205 0.010 Not Tested on Plates 

YOL095C HMI1 0.215 0.011 Not Tested on Plates 

YBR034C HMT1 0.212 0.015 CS, on plates 

YJR075W HOC1 0.168 0.010 Not Tested on Plates 

YDR158W HOM2 0.190 0.003 CS, on plates 

YER052C HOM3 0.177 0.004 CS, on plates 

YJR139C HOM6 0.135 0.007 Not CS on Plates 

YGL194C HOS2 0.206 0.013 Not Tested on Plates 

YOL155C HPF1 0.211 0.011 Not Tested on Plates 

YLR207W HRD3 0.230 0.009 Not Tested on Plates 

YDR171W HSP42 0.211 0.014 Not CS on Plates 

YDR258C HSP78 0.205 0.013 Not CS on Plates 

YDR191W HST4 0.198 0.012 Not CS on Plates 

YGR223C HSV2 0.189 0.011 Not Tested on Plates 

YDR225W HTA1 0.171 0.007 CS, on plates 

YHR067W HTD2 0.134 0.006 Not Tested on Plates 

YOL012C HTZ1 0.121 0.007 Not Tested on Plates 

YIL170W HXT12 0.213 0.010 Not CS on Plates 

YNR072W HXT17 0.206 0.011 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YIL090W ICE2 0.201 0.010 Not CS on Plates 

YJL077C ICS3 0.198 0.014 Not Tested on Plates 

YJL146W IDS2 0.204 0.013 Not Tested on Plates 

YLR052W IES3 0.148 0.007 Not Tested on Plates 

YLR384C IKI3 0.133 0.008 Not Tested on Plates 

YJL057C IKS1 0.206 0.010 CS, on plates 

YJR118C ILM1 0.142 0.006 CS, on plates 

YER086W ILV1 0.147 0.004 CS, on plates 

YJL153C INO1 0.209 0.012 Not Tested on Plates 

YOL108C INO4 0.211 0.014 Not Tested on Plates 

YJL051W IRC8 0.213 0.012 Not Tested on Plates 

YIR005W IST3 0.111 0.011 Not Tested on Plates 

YGL133W ITC1 0.208 0.013 Not Tested on Plates 

YDR229W IVY1 0.199 0.014 Not Tested on Plates 

YKL217W JEN1 0.214 0.010 Not Tested on Plates 

YPR061C JID1 0.178 0.013 Not CS on Plates 

YLR331C JIP3 0.210 0.013 Not Tested on Plates 

YJL162C JJJ2 0.201 0.015 Not Tested on Plates 

YJR097W JJJ3 0.181 0.012 CS, on plates 

YMR294W JNM1 0.177 0.007 CS, on plates 

YGL241W KAP114 0.196 0.013 Not Tested on Plates 

YMR065W KAR5 0.151 0.009 Not Tested on Plates 

YDR017C KCS1 0.148 0.009 Not CS on Plates 

YHR158C KEL1 0.216 0.009 Not Tested on Plates 

YIL125W KGD1 0.171 0.011 Not CS on Plates 

YGR166W KRE11 0.190 0.009 Not CS on Plates 

YIL027C KRE27 0.159 0.010 Not CS on Plates 

YDR532C KRE28 0.120 0.004 Not Tested on Plates 

YGR040W KSS1 0.200 0.010 Not CS on Plates 

YKL110C KTI12 0.129 0.010 Not Tested on Plates 

YKR061W KTR2 0.194 0.009 Not Tested on Plates 

YJL062W LAS21 0.163 0.011 Not Tested on Plates 

YNL071W LAT1 0.214 0.010 Not Tested on Plates 

YJL134W LCB3 0.202 0.013 Not Tested on Plates 

YLR104W LCL2 0.218 0.011 Not CS on Plates 

YLL049W LDB18 0.171 0.008 CS, on plates 

YBL006C LDB7 0.182 0.009 Not Tested on Plates 

YNL323W LEM3 0.156 0.012 Not CS on Plates 

YJR070C LIA1 0.169 0.011 Not CS on Plates 

YHR156C LIN1 0.209 0.009 Not Tested on Plates 

YKL205W LOS1 0.197 0.009 Not CS on Plates 

YJL124C LSM1 0.126 0.008 CS, on plates 

YKL176C LST4 0.165 0.007 CS, on plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YGR057C LST7 0.173 0.007 Not Tested on Plates 

YDR234W LYS4 0.201 0.013 Not CS on Plates 

YNR050C LYS9 0.179 0.007 CS, on plates 

YBR298C MAL31 0.128 0.008 CS, on plates 

YER106W MAM1 0.215 0.010 Not Tested on Plates 

YIL070C MAM33 0.176 0.016 Not Tested on Plates 

YOR298C-A MBF1 0.199 0.010 Not Tested on Plates 

YKL221W MCH2 0.225 0.010 Not Tested on Plates 

YOL119C MCH4 0.215 0.010 Not Tested on Plates 

YNL307C MCK1 0.163 0.007 Not Tested on Plates 

YDR318W MCM21 0.145 0.012 Not Tested on Plates 

YOR221C MCT1 0.153 0.007 Not Tested on Plates 

YKL085W MDH1 0.214 0.011 Not CS on Plates 

YOL126C MDH2 0.206 0.010 Not Tested on Plates 

YHR194W MDM31 0.132 0.006 Not Tested on Plates 

YGR100W MDR1 0.217 0.012 Not Tested on Plates 

YOL111C MDY2 0.208 0.008 Not Tested on Plates 

YPR070W MED1 0.150 0.003 Not CS on Plates 

YKR007W MEH1 0.130 0.003 CS, on plates 

YNL142W MEP2 0.117 0.006 CS, on plates 

YDR253C MET32 0.188 0.010 Not CS on Plates 

YMR115W MGR3 0.201 0.013 Not Tested on Plates 

YJL042W MHP1 0.203 0.008 Not Tested on Plates 

YMR036C MIH1 0.208 0.015 Not Tested on Plates 

YNL076W MKS1 0.158 0.008 CS, on plates 

YLR035C MLH2 0.206 0.010 Not Tested on Plates 

YLR190W MMR1 0.182 0.007 Not CS on Plates 

YPR164W MMS1 0.131 0.007 Not Tested on Plates 

YMR177W MMT1 0.209 0.014 Not Tested on Plates 

YHR204W MNL1 0.216 0.010 Not Tested on Plates 

YJL183W MNN11 0.193 0.013 Not Tested on Plates 

YKL201C MNN4 0.202 0.012 Not Tested on Plates 

YNR059W MNT4 0.205 0.011 Not Tested on Plates 

YOR274W MOD5 0.205 0.012 Not Tested on Plates 

YOL088C MPD2 0.181 0.008 CS, on plates 

YNR024W MPP6 0.192 0.011 Not Tested on Plates 

YMR224C MRE11 0.188 0.009 Not Tested on Plates 

YGL136C MRM2 0.160 0.007 Not Tested on Plates 

YGR084C MRP13 0.205 0.012 Not CS on Plates 

YGR076C MRPL25 0.117 0.009 Not CS on Plates 

YJL096W MRPL49 0.210 0.014 Not Tested on Plates 

YGR220C MRPL9 0.203 0.012 Not Tested on Plates 

YBR251W MRPS5 0.191 0.006 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YMR158W MRPS8 0.208 0.010 Not Tested on Plates 

YBR146W MRPS9 0.207 0.009 Not Tested on Plates 

YKR052C MRS4 0.205 0.009 Not Tested on Plates 

YOL112W MSB4 0.214 0.008 Not CS on Plates 

YHR120W MSH1 0.141 0.012 Not CS on Plates 

YOL090W MSH2 0.188 0.011 Not Tested on Plates 

YCR092C MSH3 0.197 0.010 Not Tested on Plates 

YBR195C MSI1 0.166 0.010 Not CS on Plates 

YIR009W MSL1 0.213 0.009 Not CS on Plates 

YDR335W MSN5 0.185 0.014 Not CS on Plates 

YDR268W MSW1 0.192 0.012 Not Tested on Plates 

YKL098W MTC2 0.189 0.002 CS, on plates 

YHR151C MTC6 0.188 0.003 Not CS on Plates 

YHR168W MTG2 0.207 0.010 Not Tested on Plates 

YMR100W MUB1 0.170 0.008 Not Tested on Plates 

YGR055W MUP1 0.200 0.008 Not Tested on Plates 

YHL036W MUP3 0.224 0.011 Not Tested on Plates 

YGR007W MUQ1 0.219 0.007 Not CS on Plates 

YCL033C MXR2 0.207 0.013 Not Tested on Plates 

YKR048C NAP1 0.202 0.009 Not CS on Plates 

YDL040C NAT1 0.119 0.004 CS, on plates 

YDR162C NBP2 0.202 0.014 Not CS on Plates 

YJL116C NCA3 0.200 0.012 Not CS on Plates 

YNL119W NCS2 0.126 0.008 Not CS on Plates 

YGL211W NCS6 0.124 0.011 Not CS on Plates 

YLR254C NDL1 0.200 0.010 Not Tested on Plates 

YHR124W NDT80 0.217 0.009 Not Tested on Plates 

YHR004C NEM1 0.162 0.008 CS, on plates 

YOR156C NFI1 0.180 0.007 Not Tested on Plates 

YDR176W NGG1 0.121 0.010 Not Tested on Plates 

YPL174C NIP100 0.167 0.007 Not CS on Plates 

YIL164C NIT1 0.199 0.014 Not CS on Plates 

YHR077C NMD2 0.212 0.012 Not Tested on Plates 

YGR089W NNF2 0.171 0.011 Not Tested on Plates 

YCR026C NPP1 0.174 0.011 Not Tested on Plates 

YHL023C NPR3 0.216 0.009 Not CS on Plates 

YGR043C NQM1 0.222 0.010 Not Tested on Plates 

YHR133C NSG1 0.217 0.010 Not Tested on Plates 

YAR002W NUP60 0.164 0.010 Not Tested on Plates 

YGL151W NUT1 0.193 0.008 Not CS on Plates 

YHR195W NVJ1 0.222 0.009 Not Tested on Plates 

YKR064W OAF3 0.219 0.014 Not Tested on Plates 

YKL055C OAR1 0.161 0.008 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YNL099C OCA1 0.197 0.008 Not CS on Plates 

YNL056W OCA2 0.176 0.008 Not Tested on Plates 

YHL029C OCA5 0.214 0.008 Not CS on Plates 

YPL134C ODC1 0.206 0.009 Not Tested on Plates 

YBR025C OLA1 0.165 0.013 Not CS on Plates 

YKR087C OMA1 0.212 0.011 Not Tested on Plates 

YHL020C OPI1 0.179 0.009 Not CS on Plates 

YJR073C OPI3 0.195 0.008 Not CS on Plates 

YKR035C OPI8 0.210 0.014 Not Tested on Plates 

YPR075C OPY2 0.198 0.014 Not CS on Plates 

YLR350W ORM2 0.188 0.007 CS, on plates 

YKR003W OSH6 0.225 0.011 Not Tested on Plates 

YGR078C PAC10 0.151 0.011 CS, on plates 

YDR488C PAC11 0.196 0.009 CS, on plates 

YER007W PAC2 0.185 0.013 CS, on plates 

YDR538W PAD1 0.211 0.011 Not Tested on Plates 

YDR251W PAM1 0.207 0.009 Not CS on Plates 

YKR065C PAM17 0.204 0.012 Not Tested on Plates 

YOL115W PAP2 0.156 0.004 Not Tested on Plates 

YDL173W PAR32 0.185 0.008 CS, on plates 

YCR077C PAT1 0.122 0.007 CS, on plates 

YKR097W PCK1 0.208 0.009 Not Tested on Plates 

YGR202C PCT1 0.193 0.012 Not CS on Plates 

YGR087C PDC6 0.220 0.011 Not Tested on Plates 

YGL013C PDR1 0.204 0.014 Not Tested on Plates 

YNL264C PDR17 0.200 0.012 Not Tested on Plates 

YBR035C PDX3 0.126 0.009 CS, on plates 

YLR148W PEP3 0.186 0.007 Not Tested on Plates 

YCR044C PER1 0.131 0.007 Not Tested on Plates 

YNR045W PET494 0.196 0.012 Not CS on Plates 

YDR265W PEX10 0.194 0.012 Not CS on Plates 

YHR160C PEX18 0.217 0.010 Not Tested on Plates 

YHR150W PEX28 0.216 0.010 Not CS on Plates 

YGR004W PEX31 0.164 0.009 Not CS on Plates 

YDR244W PEX5 0.179 0.011 Not CS on Plates 

YGR077C PEX8 0.210 0.010 Not CS on Plates 

YNL316C PHA2 0.205 0.008 CS, on plates 

YDR281C PHM6 0.175 0.015 Not CS on Plates 

YNL097C PHO23 0.158 0.006 Not CS on Plates 

YBR092C PHO3 0.210 0.013 Not Tested on Plates 

YBR093C PHO5 0.205 0.013 Not Tested on Plates 

YCR037C PHO87 0.197 0.013 Not Tested on Plates 

YBR296C PHO89 0.175 0.009 CS, on plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YPR154W PIN3 0.198 0.014 Not CS on Plates 

YOL100W PKH2 0.192 0.014 Not Tested on Plates 

YPL268W PLC1 0.118 0.005 CS, on plates 

YGL006W PMC1 0.225 0.010 Not CS on Plates 

YML107C PML39 0.197 0.010 Not Tested on Plates 

YCR024C-A PMP1 0.173 0.010 Not Tested on Plates 

YAL023C PMT2 0.177 0.012 Not Tested on Plates 

YOR266W PNT1 0.199 0.009 Not CS on Plates 

YIL160C POT1 0.208 0.014 Not Tested on Plates 

YPL148C PPT2 0.128 0.009 Not Tested on Plates 

YGR135W PRE9 0.195 0.008 Not CS on Plates 

YGL053W PRM8 0.207 0.014 Not Tested on Plates 

YDR300C PRO1 0.144 0.006 CS, on plates 

YKR013W PRY2 0.221 0.015 Not CS on Plates 

YGR170W PSD2 0.204 0.013 Not Tested on Plates 

YCR079W PTC6 0.191 0.010 CS, on plates 

YHR189W PTH1 0.216 0.009 Not Tested on Plates 

YKL198C PTK1 0.222 0.011 Not Tested on Plates 

YJR059W PTK2 0.152 0.004 CS, on plates 

YKR093W PTR2 0.218 0.009 Not CS on Plates 

YDR496C PUF6 0.139 0.005 Not Tested on Plates 

YPL147W PXA1 0.183 0.005 CS, on plates 

YKR090W PXL1 0.209 0.009 Not Tested on Plates 

YHR001W-A QCR10 0.176 0.008 Not Tested on Plates 

YJL166W QCR8 0.169 0.016 Not Tested on Plates 

YIL120W QDR1 0.204 0.014 Not Tested on Plates 

YML095C RAD10 0.209 0.009 Not CS on Plates 

YCR066W RAD18 0.142 0.010 Not CS on Plates 

YLR032W RAD5 0.195 0.012 Not CS on Plates 

YDR202C RAV2 0.177 0.012 Not CS on Plates 

YCR036W RBK1 0.126 0.006 CS, on plates 

YOR265W RBL2 0.209 0.012 Not Tested on Plates 

YJL204C RCY1 0.156 0.004 CS, on plates 

YHR157W REC104 0.221 0.009 Not Tested on Plates 

YBR052C RFS1 0.193 0.013 Not Tested on Plates 

YKR055W RHO4 0.211 0.009 Not Tested on Plates 

YCR028C-A RIM1 0.128 0.008 Not Tested on Plates 

YOR275C RIM20 0.198 0.009 Not Tested on Plates 

YBR030W RKM3 0.202 0.014 Not CS on Plates 

YDR257C RKM4 0.194 0.012 Not CS on Plates 

YDR255C RMD5 0.198 0.013 Not CS on Plates 

YFR048W RMD8 0.192 0.012 Not Tested on Plates 

YGR044C RME1 0.220 0.010 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YER070W RNR1 0.207 0.011 Not Tested on Plates 

YGR070W ROM1 0.220 0.010 Not Tested on Plates 

YLR371W ROM2 0.213 0.010 Not Tested on Plates 

YJR063W RPA12 0.155 0.007 CS, on plates 

YDR156W RPA14 0.150 0.010 Not CS on Plates 

YGL070C RPB9 0.159 0.011 Not Tested on Plates 

YER169W RPH1 0.208 0.008 Not Tested on Plates 

YGR085C RPL11B 0.195 0.009 Not Tested on Plates 

YEL054C RPL12A 0.124 0.010 Not CS on Plates 

YJL177W RPL17B 0.134 0.008 Not Tested on Plates 

YFL034C-A RPL22B 0.207 0.011 Not Tested on Plates 

YGL031C RPL24A 0.112 0.008 Not Tested on Plates 

YGR034W RPL26B 0.204 0.008 Not Tested on Plates 

YDL136W RPL35B 0.154 0.011 Not Tested on Plates 

YPL249C-A RPL36B 0.190 0.011 Not Tested on Plates 

YJL189W RPL39 0.184 0.009 Not Tested on Plates 

YIL148W RPL40A 0.158 0.006 CS, on plates 

YBR031W RPL4A 0.179 0.014 Not CS on Plates 

YHL033C RPL8A 0.119 0.013 Not Tested on Plates 

YHR200W RPN10 0.174 0.010 Not Tested on Plates 

YMR143W RPS16A 0.165 0.008 Not Tested on Plates 

YOL121C RPS19A 0.185 0.010 Not CS on Plates 

YKR057W RPS21A 0.183 0.006 Not Tested on Plates 

YJL136C RPS21B 0.125 0.011 Not Tested on Plates 

YLR367W RPS22B 0.190 0.014 Not CS on Plates 

YGR118W RPS23A 0.126 0.010 Not Tested on Plates 

YGR027C RPS25A 0.168 0.008 CS, on plates 

YIL153W RRD1 0.135 0.011 CS, on plates 

YJL062W-A RRG10 0.203 0.011 Not Tested on Plates 

YHR031C RRM3 0.165 0.011 Not Tested on Plates 

YCR045C RRT12 0.175 0.010 Not CS on Plates 

YGR056W RSC1 0.138 0.006 CS, on plates 

YJR127C RSF2 0.197 0.012 Not Tested on Plates 

YDR175C RSM24 0.207 0.014 Not CS on Plates 

YGL244W RTF1 0.120 0.009 CS, on plates 

YDR233C RTN1 0.207 0.015 Not CS on Plates 

YDR289C RTT103 0.195 0.008 CS, on plates 

YDR389W SAC7 0.145 0.008 CS, on plates 

YFR040W SAP155 0.153 0.009 Not CS on Plates 

YJL098W SAP185 0.204 0.012 Not Tested on Plates 

YKR028W SAP190 0.183 0.007 Not CS on Plates 

YMR127C SAS2 0.198 0.011 Not Tested on Plates 

YKL117W SBA1 0.194 0.010 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YER019C-A SBH2 0.161 0.009 Not CS on Plates 

YHL034C SBP1 0.210 0.014 CS, on plates 

YGR049W SCM4 0.218 0.010 Not Tested on Plates 

YJL080C SCP160 0.115 0.007 Not CS on Plates 

YBL011W SCT1 0.138 0.007 Not Tested on Plates 

YGL028C SCW11 0.225 0.010 Not Tested on Plates 

YLL041C SDH2 0.207 0.010 Not CS on Plates 

YDR178W SDH4 0.202 0.009 Not CS on Plates 

YIL167W SDL1 0.215 0.012 Not CS on Plates 

YCR067C SED4 0.202 0.012 Not Tested on Plates 

YGL100W SEH1 0.125 0.004 Not CS on Plates 

YDR363W-A SEM1 0.160 0.010 Not Tested on Plates 

YGR208W SER2 0.178 0.004 CS, on plates 

YKR029C SET3 0.193 0.010 Not CS on Plates 

YPL165C SET6 0.199 0.012 Not Tested on Plates 

YOR140W SFL1 0.124 0.005 Not CS on Plates 

YBL102W SFT2 0.205 0.015 Not CS on Plates 

YOL110W SHR5 0.200 0.010 Not Tested on Plates 

YHL006C SHU1 0.200 0.007 Not CS on Plates 

YGR112W SHY1 0.150 0.009 Not Tested on Plates 

YNL032W SIW14 0.175 0.012 CS, on plates 

YDR409W SIZ1 0.179 0.015 Not CS on Plates 

YKR100C SKG1 0.209 0.011 Not Tested on Plates 

YOL113W SKM1 0.213 0.009 Not Tested on Plates 

YHR206W SKN7 0.202 0.010 CS, on plates 

YDL052C SLC1 0.160 0.006 Not Tested on Plates 

YBR077C SLM4 0.155 0.005 Not CS on Plates 

YHR030C SLT2 0.221 0.010 Not Tested on Plates 

YGR081C SLX9 0.116 0.010 Not Tested on Plates 

YGR229C SMI1 0.148 0.011 Not CS on Plates 

YDR525W-A SNA2 0.215 0.010 Not Tested on Plates 

YJL151C SNA3 0.201 0.014 Not Tested on Plates 

YDL194W SNF3 0.211 0.012 Not CS on Plates 

YBR289W SNF5 0.214 0.011 Not Tested on Plates 

YCR033W SNT1 0.187 0.011 Not CS on Plates 

YOR308C SNU66 0.151 0.005 CS, on plates 

YJR104C SOD1 0.178 0.010 CS, on plates 

YCR073W-A SOL2 0.200 0.014 Not CS on Plates 

YHR163W SOL3 0.215 0.010 Not Tested on Plates 

YGR248W SOL4 0.192 0.014 Not CS on Plates 

YMR066W SOV1 0.203 0.012 Not CS on Plates 

YEL031W SPF1 0.199 0.013 Not CS on Plates 

YER150W SPI1 0.209 0.009 Not Tested on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YNL012W SPO1 0.211 0.016 Not CS on Plates 

YHR152W SPO12 0.221 0.010 Not Tested on Plates 

YOL091W SPO21 0.202 0.011 Not Tested on Plates 

YAL009W SPO7 0.159 0.009 Not Tested on Plates 

YHR139C SPS100 0.219 0.009 Not Tested on Plates 

YML034W SRC1 0.179 0.009 CS, on plates 

YKR091W SRL3 0.211 0.008 Not Tested on Plates 

YBL106C SRO77 0.215 0.015 Not CS on Plates 

YKL086W SRX1 0.205 0.014 Not Tested on Plates 

YKL218C SRY1 0.219 0.011 Not CS on Plates 

YNL209W SSB2 0.194 0.011 Not Tested on Plates 

YNL025C SSN8 0.190 0.014 Not CS on Plates 

YHR184W SSP1 0.220 0.009 Not Tested on Plates 

YDR169C STB3 0.210 0.012 Not CS on Plates 

YHR178W STB5 0.172 0.011 CS, on plates 

YOR047C STD1 0.202 0.013 Not Tested on Plates 

YHL007C STE20 0.186 0.010 CS, on plates 

YOR027W STI1 0.207 0.006 CS, on plates 

YLR150W STM1 0.192 0.012 Not CS on Plates 

YAL011W SWC3 0.168 0.008 Not Tested on Plates 

YNR004W SWM2 0.146 0.014 Not Tested on Plates 

YDR334W SWR1 0.148 0.009 Not Tested on Plates 

YOR179C SYC1 0.179 0.007 Not Tested on Plates 

YDR079C-A TFB5 0.185 0.009 Not CS on Plates 

YDR058C TGL2 0.196 0.009 Not CS on Plates 

YMR313C TGL3 0.225 0.009 Not Tested on Plates 

YKR089C TGL4 0.206 0.010 Not Tested on Plates 

YPR121W THI22 0.214 0.015 Not Tested on Plates 

YNL139C THO2 0.107 0.007 CS, on plates 

YHR167W THP2 0.212 0.010 Not Tested on Plates 

YHR025W THR1 0.166 0.005 CS, on plates 

YCR053W THR4 0.127 0.003 CS, on plates 

YKR059W TIF1 0.201 0.010 Not Tested on Plates 

YGR033C TIM21 0.213 0.008 Not Tested on Plates 

YIL137C TMA108 0.211 0.011 Not CS on Plates 

YER113C TMN3 0.219 0.009 Not Tested on Plates 

YNL070W TOM7 0.196 0.009 Not CS on Plates 

YGR096W TPC1 0.216 0.010 Not Tested on Plates 

YOR273C TPO4 0.208 0.012 Not Tested on Plates 

YBR126C TPS1 0.181 0.007 Not Tested on Plates 

YDR074W TPS2 0.115 0.007 CS, on plates 

YOL093W TRM10 0.211 0.011 Not Tested on Plates 

YOL124C TRM11 0.210 0.011 Not Tested on Plates 



 

 
 65

ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YKR056W TRM2 0.213 0.008 Not Tested on Plates 

YDR007W TRP1 0.129 0.003 CS, on plates 

YER090W TRP2 0.185 0.006 CS, on plates 

YKL211C TRP3 0.215 0.006 CS, on plates 

YDR354W TRP4 0.197 0.010 CS, on plates 

YGL026C TRP5 0.141 0.004 CS, on plates 

YCR083W TRX3 0.202 0.012 Not Tested on Plates 

YDR453C TSA2 0.225 0.009 Not Tested on Plates 

YLR425W TUS1 0.204 0.009 Not Tested on Plates 

YKR088C TVP38 0.211 0.010 Not Tested on Plates 

YGR080W TWF1 0.219 0.011 Not CS on Plates 

YHR111W UBA4 0.142 0.010 Not CS on Plates 

YMR022W UBC7 0.177 0.008 Not Tested on Plates 

YEL012W UBC8 0.202 0.011 Not CS on Plates 

YKR098C UBP11 0.208 0.009 Not Tested on Plates 

YBL067C UBP13 0.209 0.009 CS, on plates 

YMR304W UBP15 0.172 0.007 CS, on plates 

YIL156W UBP7 0.200 0.010 Not Tested on Plates 

YER098W UBP9 0.210 0.009 Not Tested on Plates 

YLR024C UBR2 0.185 0.007 Not CS on Plates 

YML013W UBX2 0.131 0.008 CS, on plates 

YKL010C UFD4 0.207 0.013 Not Tested on Plates 

YBR006W UGA2 0.194 0.012 Not CS on Plates 

YKR044W UIP5 0.214 0.011 Not Tested on Plates 

YDR207C UME6 0.150 0.006 CS, on plates 

YML106W URA5 0.202 0.009 Not CS on Plates 

YJR103W URA8 0.202 0.011 Not Tested on Plates 

YDR520C URC2 0.200 0.009 Not Tested on Plates 

YNL229C URE2 0.124 0.006 Not CS on Plates 

YNR012W URK1 0.151 0.010 Not CS on Plates 

YKR042W UTH1 0.190 0.007 Not Tested on Plates 

YKR060W UTP30 0.205 0.011 Not Tested on Plates 

YKR105C VBA5 0.207 0.011 Not Tested on Plates 

YIL056W VHR1 0.210 0.008 Not Tested on Plates 

YDR247W VHS1 0.205 0.012 Not Tested on Plates 

YIL135C VHS2 0.227 0.009 CS, on plates 

YNL212W VID27 0.206 0.013 Not Tested on Plates 

YHR060W VMA22 0.188 0.010 Not Tested on Plates 

YOR270C VPH1 0.194 0.011 Not CS on Plates 

YKR020W VPS51 0.155 0.006 Not Tested on Plates 

YJL029C VPS53 0.202 0.011 Not Tested on Plates 

YDR200C VPS64 0.165 0.010 Not CS on Plates 

YDR485C VPS72 0.130 0.006 CS, on plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YHR134W WSS1 0.204 0.012 Not CS on Plates 

YDR369C XRS2 0.121 0.008 Not CS on Plates 

YNL107W YAF9 0.123 0.006 Not Tested on Plates 

YJL141C YAK1 0.203 0.014 Not Tested on Plates 

YHR161C YAP1801 0.218 0.009 Not Tested on Plates 

YDR259C YAP6 0.206 0.013 Not Tested on Plates 

YAR023C YAR023C 0.207 0.012 Not Tested on Plates 

YBL071C-B YBL071C-B 0.167 0.008 Not Tested on Plates 

YBL104C YBL104C 0.200 0.013 Not CS on Plates 

YBR012C YBR012C 0.210 0.016 Not CS on Plates 

YBR027C YBR027C 0.197 0.014 Not CS on Plates 

YBR028C YBR028C 0.184 0.013 Not CS on Plates 

YBR051W YBR051W 0.206 0.015 Not CS on Plates 

YBR053C YBR053C 0.205 0.016 Not CS on Plates 

YBR072C-A YBR072C-A 0.209 0.011 Not Tested on Plates 

YBR085C-A YBR085C-A 0.207 0.010 Not Tested on Plates 

YBR174C YBR174C 0.192 0.008 CS, on plates 

YBR232C YBR232C 0.208 0.010 Not Tested on Plates 

YBR285W YBR285W 0.136 0.008 CS, on plates 

YBR300C YBR300C 0.174 0.011 CS, on plates 

YHR135C YCK1 0.159 0.008 Not Tested on Plates 

YCL001W-A YCL001W-A 0.129 0.006 CS, on plates 

YCR049C YCR049C 0.178 0.008 CS, on plates 

YCR050C YCR050C 0.138 0.007 CS, on plates 

YCR085W YCR085W 0.175 0.011 CS, on plates 

YCR087C-A YCR087C-A 0.178 0.011 Not CS on Plates 

YCR087W YCR087W 0.177 0.011 Not CS on Plates 

YDL032W YDL032W  0.131 0.009 Not Tested on Plates 

YDL056W YDL056W  0.184 0.011 Not Tested on Plates 

YDL118W YDL118W 0.136 0.011 Not Tested on Plates 

YDL133W YDL133W 0.153 0.007 Not Tested on Plates 

YDL159W-A YDL159W-A 0.165 0.009 Not Tested on Plates 

YDL172C YDL172C 0.183 0.007 CS, on plates 

YDR008C YDR008C 0.193 0.009 CS, on plates 

YDR029W YDR029W 0.217 0.014 Not Tested on Plates 

YDR149C YDR149C 0.194 0.006 Not CS on Plates 

YDR157W YDR157W 0.194 0.011 CS, on plates 

YDR193W YDR193W 0.213 0.015 Not CS on Plates 

YDR203W YDR203W 0.190 0.010 Not CS on Plates 

YDR209C YDR209C 0.187 0.012 Not CS on Plates 

YDR210W YDR210W 0.174 0.009 Not CS on Plates 

YDR215C YDR215C 0.206 0.015 Not CS on Plates 

YDR222W YDR222W 0.198 0.014 Not CS on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YDR250C YDR250C 0.212 0.014 Not Tested on Plates 

YDR266C YDR266C 0.194 0.012 Not CS on Plates 

YDR274C YDR274C 0.202 0.015 Not CS on Plates 

YDR278C YDR278C 0.178 0.015 Not CS on Plates 

YDR286C YDR286C 0.198 0.015 Not CS on Plates 

YDR290W YDR290W 0.185 0.007 CS, on plates 

YDR306C YDR306C 0.174 0.013 Not CS on Plates 

YDR336W YDR336W 0.213 0.015 Not Tested on Plates 

YDR426C YDR426C 0.204 0.014 Not Tested on Plates 

YDR431W YDR431W 0.216 0.008 Not Tested on Plates 

YDR535C YDR535C 0.209 0.010 Not Tested on Plates 

YEL043W YEL043W 0.161 0.014 Not Tested on Plates 

YER010C YER010C 0.134 0.009 CS, on plates 

YER084W YER084W 0.160 0.009 CS, on plates 

YER097W YER097W 0.213 0.007 Not CS on Plates 

YER188W YER188W 0.209 0.011 Not Tested on Plates 

YFL019C YFL019C 0.198 0.009 Not Tested on Plates 

YOL128C YGK3 0.207 0.011 Not Tested on Plates 

YGL149W YGL149W 0.203 0.009 Not CS on Plates 

YGR031W YGR031W 0.214 0.009 Not Tested on Plates 

YGR035C YGR035C 0.225 0.010 Not Tested on Plates 

YGR039W YGR039W 0.221 0.009 Not Tested on Plates 

YGR045C YGR045C 0.217 0.010 Not Tested on Plates 

YGR051C YGR051C 0.216 0.010 Not Tested on Plates 

YGR054W YGR054W 0.209 0.010 Not Tested on Plates 

YGR066C YGR066C 0.219 0.009 Not Tested on Plates 

YGR067C YGR067C 0.225 0.009 Not Tested on Plates 

YGR069W YGR069W 0.219 0.010 Not Tested on Plates 

YGR071C YGR071C 0.209 0.009 Not Tested on Plates 

YGR079W YGR079W 0.219 0.010 Not Tested on Plates 

YGR107W YGR107W 0.215 0.009 Not Tested on Plates 

YGR111W YGR111W 0.224 0.010 Not CS on Plates 

YGR121W-A YGR121W-A 0.202 0.011 Not Tested on Plates 

YGR146C-A YGR146C-A 0.205 0.011 Not Tested on Plates 

YGR169C-A YGR169C-A 0.179 0.008 Not Tested on Plates 

YGR182C YGR182C 0.193 0.016 Not CS on Plates 

YGR210C YGR210C 0.210 0.009 Not Tested on Plates 

YGR272C YGR272C 0.178 0.008 Not CS on Plates 

YHL005C YHL005C 0.125 0.012 Not Tested on Plates 

YHL015W-A YHL015W-A 0.217 0.010 Not Tested on Plates 

YHL017W YHL017W 0.210 0.012 Not Tested on Plates 

YHR050W-A YHR050W-A 0.198 0.011 Not Tested on Plates 

YHR086W-A YHR086W-A 0.202 0.010 Not CS on Plates 
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ORF Gene Name 
26˚C Max Rate 

Avg+1SD 
10˚C Max Rate 

Avg-1SD 
Cold-sensitive on 

Plates 

YHR112C YHR112C 0.219 0.011 Not Tested on Plates 

YHR113W YHR113W 0.221 0.011 Not CS on Plates 

YHR130C YHR130C 0.188 0.007 CS, on plates 

YHR159W YHR159W 0.221 0.010 Not Tested on Plates 

YHR177W YHR177W 0.215 0.009 Not Tested on Plates 

YHR202W YHR202W 0.218 0.010 Not Tested on Plates 

YHR210C YHR210C 0.213 0.010 Not Tested on Plates 

YIL152W YIL152W 0.205 0.014 Not Tested on Plates 

YIL165C YIL165C 0.209 0.012 Not CS on Plates 

YIL166C YIL166C 0.217 0.012 Not CS on Plates 

YIL168W YIL168W 0.212 0.012 Not CS on Plates 

YMR151W YIM2 0.107 0.011 Not CS on Plates 

YIR007W YIR007W 0.222 0.010 Not CS on Plates 

YIR014W YIR014W 0.207 0.009 Not CS on Plates 

YIR016W YIR016W 0.209 0.010 Not CS on Plates 

YIR024C YIR024C 0.167 0.010 Not Tested on Plates 

YJL064W YJL064W 0.219 0.011 Not Tested on Plates 

YJL070C YJL070C 0.208 0.009 Not CS on Plates 

YJL118W YJL118W 0.205 0.013 Not Tested on Plates 

YJL119C YJL119C 0.189 0.013 Not CS on Plates 

YJL136W-A YJL136W-A 0.210 0.010 Not Tested on Plates 

YJL150W YJL150W 0.201 0.015 Not CS on Plates 

YJL152W YJL152W 0.207 0.011 Not CS on Plates 

YJL160C YJL160C 0.199 0.012 Not Tested on Plates 

YJL163C YJL163C 0.195 0.011 Not CS on Plates 

YJL169W YJL169W 0.171 0.010 Not Tested on Plates 

YJL171C YJL171C 0.202 0.012 Not CS on Plates 

YJL181W YJL181W 0.203 0.013 Not Tested on Plates 

YJL213W YJL213W 0.209 0.012 Not Tested on Plates 

YJR005C-A YJR005C-A 0.207 0.011 Not Tested on Plates 

YJR054W YJR054W 0.198 0.010 Not CS on Plates 

YJR087W YJR087W 0.169 0.011 Not CS on Plates 

YJR111C YJR111C 0.205 0.012 Not Tested on Plates 

YJR114W YJR114W 0.203 0.011 Not Tested on Plates 

YJR115W YJR115W 0.209 0.012 Not Tested on Plates 

YJR154W YJR154W 0.207 0.010 Not Tested on Plates 

YIL023C YKE4 0.188 0.016 Not Tested on Plates 

YKL018C-A YKL018C-A 0.205 0.010 Not Tested on Plates 

YKL053W YKL053W 0.146 0.009 Not Tested on Plates 

YKL106C-A YKL106C-A 0.204 0.011 Not Tested on Plates 

YKL222C YKL222C 0.226 0.011 Not Tested on Plates 

YKR005C YKR005C 0.224 0.010 Not Tested on Plates 

YKR011C YKR011C 0.220 0.012 Not Tested on Plates 
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YKR012C YKR012C 0.222 0.012 Not CS on Plates 

YKR015C YKR015C 0.220 0.013 Not Tested on Plates 

YKR017C YKR017C 0.219 0.014 Not Tested on Plates 

YKR018C YKR018C 0.218 0.012 Not Tested on Plates 

YKR023W YKR023W 0.198 0.014 Not CS on Plates 

YKR032W YKR032W 0.216 0.009 Not Tested on Plates 

YKR033C YKR033C 0.214 0.009 Not Tested on Plates 

YKR043C YKR043C 0.210 0.010 Not Tested on Plates 

YKR045C YKR045C 0.210 0.008 Not CS on Plates 

YKR106W YKR106W 0.207 0.009 Not CS on Plates 

YLR030W YLR030W 0.207 0.012 Not CS on Plates 

YLR031W YLR031W 0.210 0.012 Not CS on Plates 

YLR036C YLR036C 0.201 0.010 Not Tested on Plates 

YLR050C YLR050C 0.202 0.010 Not Tested on Plates 

YLR122C YLR122C 0.215 0.011 Not CS on Plates 

YLR124W YLR124W 0.193 0.013 Not Tested on Plates 

YLR149C YLR149C 0.194 0.008 Not CS on Plates 

YLR232W YLR232W 0.197 0.010 Not Tested on Plates 

YLR334C YLR334C 0.214 0.016 Not CS on Plates 

YLR346C YLR346C 0.206 0.014 Not CS on Plates 

YLR422W YLR422W 0.207 0.009 Not CS on Plates 

YLR434C YLR434C 0.178 0.011 Not CS on Plates 

YBR104W YMC2 0.208 0.009 Not Tested on Plates 

YPR024W YME1 0.145 0.006 CS, on plates 

YML007C-A YML007C-A 0.142 0.006 CS, on plates 

YML095C-A YML095C-A 0.115 0.007 CS, on plates 

YML108W YML108W 0.189 0.011 Not CS on Plates 

YMR001C-A YMR001C-A 0.188 0.011 Not Tested on Plates 

YMR084W YMR084W 0.205 0.011 Not Tested on Plates 

YMR085W YMR085W 0.200 0.010 Not Tested on Plates 

YMR086C-A YMR086C-A 0.215 0.011 Not Tested on Plates 

YMR086W YMR086W 0.210 0.010 Not Tested on Plates 

YMR087W YMR087W 0.209 0.010 Not Tested on Plates 

YJR110W YMR1 0.209 0.009 Not Tested on Plates 

YMR158C-B YMR158C-B 0.205 0.011 Not Tested on Plates 

YMR181C YMR181C 0.206 0.010 Not Tested on Plates 

YMR315W YMR315W 0.208 0.011 Not CS on Plates 

YMR316C-A YMR316C-A 0.206 0.010 Not CS on Plates 

YMR317W YMR317W 0.203 0.012 Not Tested on Plates 

YMR326C YMR326C 0.204 0.009 Not Tested on Plates 

YNL013C YNL013C 0.195 0.014 Not CS on Plates 

YNL022C YNL022C 0.172 0.012 Not Tested on Plates 

YNL034W YNL034W 0.208 0.016 Not CS on Plates 
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YNL035C YNL035C 0.194 0.014 Not CS on Plates 

YNL115C YNL115C 0.156 0.005 Not CS on Plates 

YNL120C YNL120C 0.127 0.007 Not CS on Plates 

YNR021W YNR021W 0.208 0.014 Not CS on Plates 

YNR025C YNR025C 0.200 0.015 Not CS on Plates 

YNR040W YNR040W 0.187 0.009 Not Tested on Plates 

YNR042W YNR042W 0.197 0.013 Not CS on Plates 

YNR061C YNR061C 0.202 0.010 Not Tested on Plates 

YNR068C YNR068C 0.199 0.012 Not Tested on Plates 

YNR071C YNR071C 0.207 0.011 Not Tested on Plates 

YNR073C YNR073C 0.205 0.012 Not Tested on Plates 

YOL013W-A YOL013W-A 0.196 0.010 Not Tested on Plates 

YOL087C YOL087C 0.135 0.007 Not Tested on Plates 

YOL092W YOL092W 0.215 0.012 Not Tested on Plates 

YOL098C YOL098C 0.211 0.012 Not CS on Plates 

YOL099C YOL099C 0.210 0.014 Not Tested on Plates 

YOL106W YOL106W 0.202 0.012 Not Tested on Plates 

YOL107W YOL107W 0.205 0.014 Not Tested on Plates 

YOL118C YOL118C 0.212 0.010 Not Tested on Plates 

YOR008C-A YOR008C-A 0.190 0.006 CS, on plates 

YOR139C YOR139C 0.145 0.006 Not CS on Plates 

YOR302W YOR302W 0.198 0.009 Not Tested on Plates 

YPL119C-A YPL119C-A 0.199 0.010 Not Tested on Plates 

YPL205C YPL205C 0.108 0.006 Not Tested on Plates 

YPL277C YPL277C 0.202 0.011 Not Tested on Plates 

YPR064W YPR064W 0.207 0.009 Not CS on Plates 

YPR089W YPR089W 0.206 0.011 Not Tested on Plates 

YPR098C YPR098C 0.210 0.010 Not Tested on Plates 

YPR153W YPR153W 0.206 0.002 CS, on plates 

YPR170C YPR170C 0.208 0.014 Not Tested on Plates 

YLR121C YPS3 0.214 0.011 Not CS on Plates 

YGL210W YPT32 0.198 0.013 Not Tested on Plates 

YKR014C YPT52 0.219 0.015 Not Tested on Plates 

YMR089C YTA12 0.136 0.009 Not Tested on Plates 

YOL109W ZEO1 0.206 0.010 Not Tested on Plates 

YDR285W ZIP1 0.199 0.016 Not CS on Plates 

YNR039C ZRG17 0.193 0.011 Not Tested on Plates 
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Chapter 3 

A genome-wide suppressor screen links Ubc7-dependent ERAD to phosphate 
transport in Saccharomyces cerevisiae 
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Previous work in our lab showed that three Saccharomyces cerevisiae null mutants, 

ubc7∆, cue1∆ and doa10∆, are cold sensitive at 10˚C.  UBC7, CUE1 and DOA10 encode 

proteins that function in the Ubc7-dependent ERAD pathway, which targets 

aberrant proteins in the ER lumen or membrane for ubiquitin-mediated 

proteasomal degradation.  By introducing point mutations in the Ubc7 active site 

C89 residue, we created a catalytically inactive Ubc7 protein, and confirmed that the 

ubc7∆ strain is cold sensitive due to the loss of Ubc7 enzymatic activity.   Therefore, 

the ability of Ubc7 to ubiquitinate appropriate target substrates is required for yeast 

growth at 10˚C. In an effort to identify relevant targets of this ERAD pathway, we 

used the Synthetic Genetic Array (SGA) protocol to create a complete set of haploid 

double mutants that carry both a deletion of UBC7 and a deletion of another gene.  

Genetic suppressors were identified by double mutant strains that no longer 

exhibited the cold-sensitive phenotype seen in ubc7∆ strains.  This analysis 

identified 13 deletions that suppress the cold-sensitivity of ubc7∆.  Ten of these 13 

mutations also suppress the cue1∆ and doa10∆ cold-sensitivity, indicating that the 

suppression is not limited to the UBC7 gene, but instead affects the entire Ubc7-

dependent ERAD pathway.  Therefore, the proteins represented by these 10 

deletion mutants are potential Ubc7-ERAD targets.  Interestingly, four of these 

suppressors, PHO84, PHO81, SPL2 and YML122C, are members of the high-affinity 

phosphate transport (PHO) pathway.  Additional analysis of S. cerevisiae triple 

mutant strains with deletions in UBC7, SPL2, and the high-affinity Pi transporters, 

PHO84 or PHO89, shows that UBC7 may be working in a parallel PHO pathway to 
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SPL2.  These results suggest that Ubc7 may directly or indirectly regulate the low-

affinity branch of the PHO transport pathway, via Pho87 and Pho90.  
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Chapter 3.1: Materials and Methods 

Yeast strains and culture media  

This study used the Open Biosystems Yeast MATα Haploid Diploid Deletion 

Collection (Cat. No. YSC1054, Thermo Scientific, Huntsville, AL). All liquid cultures 

were grown in flat-bottomed 96-well plates (Costar, Cat# 3596, Corning 

Incorporated, Corning, NY) in 150µL rich medium (YPD; 2% yeast peptone, 2% 

yeast extract and 2% dextrose) at 30°C unless otherwise stated.  All strains were 

grown on YPD plates + geneticin (2% peptone, 2% yeast extract, 2% glucose, 2% 

agar and 200μg/mL geneticin (G418)) at 30˚C, unless otherwise stated.   

 

Low PO4 plate media. Per liter: 5.7g Yeast Nitrogen Base (YNB) with ammonium 

sulfate, without NaCl and without PO4 (MP Biomedicals Solon, OH, Cat# 

114027812), 100mg NaCl, 0.8g Complete Supplement Mixture (CSM) (MP 

Biomedicals Solon, OH, Cat# 114500012), 20g dextrose, 20g agar, and 200µM or 

50µM of KH2PO4, adjust to a final pH of 7.0. 

 

5-FOA plate medium: Per liter: 5g ammonium sulfate, 1.7g YNB without ammonium 

sulfate (US Biologicals, Swampscott, Massachusetts, Cat# Y2035), 0.8g Complete 

Supplement Mixture (CSM) (MP Biomedicals Solon, OH, Cat# 114500012), 20g 

dextrose, 20g agar and 0.625g 5-FOA (Gold Biotechnology, St. Louis, MO, Cat# F-

230). 



 

 
 75

 

CSM-drop out plate medium: Per liter: 5g ammonium sulfate, 1.7g YNB without 

ammonium sulfate (US Biologicals, Swampscott, Massachusetts, Cat# Y2035), 20g 

dextrose, 20g agar and 0.8g amino acid drop-out mixture – (CSM-TRP) (MP 

Biomedicals Solon, OH, Cat# 114511012) or (CSM-LEU) (MP Biomedicals Solon, OH, 

Cat# 114510512) or (CSM-URA) (MP Biomedicals Solon, OH, Cat# 114511212). 

 

Synthetic Genetic Array 

Briefly, a MATa query strain (MATa ubc7∆::URA3 can1Δ::MFA1pr-HIS3 ura3Δ0 

leu2Δ0 his3Δ1), carrying a ubc7∆::URA3, construct was mated with each strain in the 

MATα yeast deletion collection (Figure 2) (WINZELER et al. 1999). Diploids were 

selected on media lacking uracil and supplemented with G418, sporulated, and 

haploid spores were isolated after several rounds of selection on appropriate media. 

The extended protocol and all SGA media recipes are described in detail in (TONG 

and BOONE 2006; TONG et al. 2001).  Additional cue1∆::URA3 and doa10∆::URA3 

query strains were used to construct xxx∆cue1∆ and xxx∆doa10∆ double mutants 

when necessary, using the same SGA protocol. 

 

Plate Pinning  

Strains in 96-well microtiter plates were stamped onto square agar plates in Nunc 

Omni trays (Thermo Scientific, Huntsville, AL, Cat # 264728).  Plate dilution assays: 

Individual colonies were inoculated into microplates containing 150µL YPD and 
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grown to saturation over night at 30°C. Cultures were resuspended by shaking for 5 

minutes on a microtiter plate shaker (Lab-line Instruments, San Diego, CA Model# 

4625) and then diluted to a starting OD595 of approximately 0.5.  This culture was 

diluted 10-fold in serial dilutions following the initial inoculation and stamped with 

a 96-well replica pinner (Sigma-Aldrich, St. Louis, MO Product# R2383) onto YPD 

plates with 2% agar and incubated at either 26˚C or 10˚C. Pinner was sterilized with 

ethanol and flaming between plates. For all plate assays, photos were taken after 2 

days of growth at 26˚C and after 12 days of growth at 10˚C. 

 

Identification of suppressors 

Each plate from the double mutant library was manually pinned into a 96-well 

microplate containing 150μL of liquid YPD and grown to saturation overnight at 

30˚C.  The following day, cultures were resuspended by shaking the plates for 5 

minutes on a microtiter plate shaker (Lab-line Instruments, San Diego, CA Model# 

4625) and then pinned into a fresh 96-well microplate containing 150μL of liquid 

YPD to dilute the cultures.  These dilutions were then pinned, in duplicate, onto YPD 

plates.  For all plate assays, photos were taken after 2 days of growth at 26˚C and 

after 12 days of growth at 10˚C. 

 

Strain Construction 

All primer sequences can be found in Table 3.1.  PCR products containing the URA3 

gene flanked with 40bp of homology to the UBC7 target sequence were made using 
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primers 318 and 319 with plasmid pRS416 as a template (SIKORSKI and HIETER 

1989).  The original SGA query strain (TONG et al. 2001) was transformed with the 

resulting ubc7∆::URA3 fragment following the standard lithium acetate protocol 

(GIETZ et al. 1995).  Positive transformants were selected on CSM-URA plates then 

confirmed by PCR using external UBC7 primers 263 and 264 as well as an external 

UBC7 primer (263) and an internal URA3 primer (496).  The same PCR protocol 

using primers 263 and 264 was used to confirm that the ubc7∆::URA3 fragment had 

been introduced into the xxx∆ haploid strain that showed a suppression phenotype 

at 10˚C and to confirm the wild-type UBC7 locus was disrupted.  The same protocol 

was used for construction of the cue1∆ and doa10∆ SGA query strains.  Primers 481 

and 482 were used to create the cue1∆::URA3 fragment, and transformants were 

confirmed by PCR using external UBC7 primers 338 and 339 as well as an external 

CUE1 primer (338) and an internal URA3 primer (496).  Primers 485 and 486 were 

used to create the dao101∆::URA3 fragment, and transformants were confirmed by 

PCR using external UBC7 primers 550 and 551 as well as an external DOA10 primer 

(550) and an internal URA3 primer (496).  Introduction of the spl2∆::LEU2 fragment 

was accomplished using the same approach that was used to created the SGA query 

strains.  PCR products containing the LEU2 gene flanked by 40bp of homology to the 

SPL2 target sequence were made using primers 576 and 577 with plasmid pRS315 

as a template (SIKORSKI and HIETER 1989).  Single mutant strains (xxx∆) from the 

haploid deletion collection and strains from the SGA xxx∆ubc7∆ double mutant 

library were transformed following the standard lithium acetate protocol (GIETZ et 
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al. 1995) to create xxx∆spl2∆ double and xxx∆ubc7∆spl2∆ mutants.  Positive 

transformants were selected on CSM-LEU plates then confirmed by PCR using 

external SPL2 primers 584 and 585 as well as an external SPL2 primer (585) and an 

internal LEU2 primer (497) following the PCR protocol mentioned above. 

 

Construction of the UBC7 Cysteine Mutants 

The TRP1 2HA-UBC7-containing plasmids and their 2HA-UBC7-C89 derivatives were 

constructed as described by Gardner, et al.  (GARDNER et al. 2001). TRP1 was 

knocked out of the ubc7∆::KAN BY4741 haploid strain by transforming the hisG-

URA3-HisG (HUH) cassette into the TRP1 locus using the NKY1009 plasmid, protocol 

described by Alani, et al. (ALANI et al. 1987).  Positive transformants were confirmed 

using PCR analysis with an external TRP1 primer: 5’-ATATCGTCCAACTGCATGGA-3’ 

and an internal URA3 primer: 5’-AGCGGCTTAACTGTGCCCTC-3’.  The resulting strain 

containing the HUH insert was plated on 5-Fluoroorotic Acid (5-FOA) medium to 

select for strains that had an intra-chromosomal recombination event between the 

HisG repeats of the HUH cassette, popping out the URA3 gene, leaving a 

nonfunctional TRP1 gene (ALANI et al. 1987). The resulting strain was then 

transformed with the integrating 2HA-tagged UBC7 constructs, 2HA-UBC7, 2HA-

ubc7-C89A or 2HA-ubc7-C89S following a standard lithium acetate transformation 

protocol (GIETZ et al. 1995), transformants were selected on minimal medium 

lacking tryptophan (CSM-TRP).  Positive transformants were sequenced using an 

internal UBC7 primer (5’-CCGCTCAGAAACGTCTCCTC-3’). 
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Chapter 3.2: Results 

The Ubc7 active cite cysteine is required for cell growth at 10˚C. 

Low temperatures can impair folding of proteins and increase their rigidity, possibly 

resulting in growth defects (D'AMICO et al. 2006; PRIVALOV 1990; RATKOWSKY et al. 

2005).  To determine whether or not Ubc7-dependent ubiquitination was necessary 

for cell growth at 10˚C, we introduced catalytically inactive and wild-type Ubc7 into 

ubc7∆ strains (GARDNER et al. 2001).  The catalytically inactive mutant Ubc7 carried a 

point mutation in the active-site cysteine (C89), which eliminates Ubc7 catalytic 

activity with little effect on secondary structure (HERSHKO et al. 1983; SUNG et al. 

1990).  As expected, the control strain carrying a ubc7∆ null mutation grows well on 

agar plates at 26˚C, but is cold-sensitive at 10˚C (Figure 3.2).  When the wild-type 

UBC7 gene is reintroduced into this ubc7∆ strain, wild-type growth is restored on 

YPD at 10˚C. In contrast, no complementation of the cold-sensitive phenotype occurs 

when either the ubc7-C89A or ubc7-C89S point mutations are introduced into the 

ubc7∆ control strain (Figure 3.2). Thus, Ubc7-dependent ubiquitination is essential 

for growth of S. cerevisiae at 10˚C. 

 

Potential Ubc7-ERAD targets may be identified by genetic suppression of ubc7∆ 

cold sensitivity. 

To identify the cold-relevant targets of Ubc7-mediated ubiquitination, we used the 

Synthetic Genetic Array protocol to generate a complete library of haploid strains 

carrying ubc7∆ and an additional deletion mutation (TONG and BOONE 2006; TONG et 
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al. 2001) (also see Materials and Methods, Figure 3.3).  All 4,827 haploid xxx∆ubc7∆ 

double mutants were stamped onto YPD plates and incubated at 26˚C for 2 days and 

10˚C for 12 days.  Strains that were unable to grow at 26˚C were potentially 

synthetic lethal interactions, and were not considered any further as they are likely 

to represent Ubc7-independent processes.  Instead, we focused on mutants that 

grew well at both 26˚C and 10˚C, i.e. were no longer cold-sensitive, indicating that 

loss of the second gene suppressed the ubc7∆ cold-sensitive phenotype.  Figure 3.4 

shows a section of a plate containing 25 strains from xxx∆ubc7∆ double mutant 

library; note the two double mutant strains that are growing well at both 26˚C and 

10˚C.   

 

Based on growth in a single spot from the pinning, the initial screen of the 

xxx∆ubc7∆ double mutant collection identified 91 strains that appeared to grow 

similarly at 10˚C and 26˚C.  Any strain that contained a wild-type copy of UBC7 

would result in a false positive.  Consequently, the UBC7 locus in each of these 91 

strains was analyzed by PCR to test for the presence of the ubc7∆::URA3 deletion 

mutation.  PCR analysis showed that 40 of the 91 potential suppressor strains 

carried a wild type copy of UBC7.  These 40 false positives were eliminated from 

further analysis.  The first screen was based on growth of a single “spot” of the 

double mutant strain that did not account for potential differences in initial cell 

concentration.  Thus, we expected that additional false positives would be present 

among the remaining potential suppressor strains. Consequently, growth of the 
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remaining 51 strains was analyzed more stringently, using a serial dilution series.  

This analysis showed that 13 of the 51 double mutant strains were true suppressors 

of the ubc7∆ cold-sensitive phenotype  (Figure 3.5).  

 

Ten of the thirteen ubc7∆ suppressors also suppress the cold sensitivity of 

cue1∆ and doa10∆. 

Strains with null mutations of any of three genes in the Ubc7- ERAD (UBC7, CUE1 

and DOA10) are cold-sensitive at 10˚C (LOERTSCHER et al. 2006).  To determine 

potential targets of Ubc7 that are specific to the ERAD pathway, we tested whether 

the 13 ubc7∆ suppressors also suppressed the cue1∆ and doa10∆ cold-sensitive 

phenotypes.  Strains that suppressed all three mutations identify genetic 

interactions with the Ubc7-ERAD pathway, not just UBC7.  All but three mutations 

(ref2∆, ubc13∆ and ypr099c∆) also suppressed the cue1∆ and doa10∆ cold sensitivity 

(Table 3.2).  We were most interested in this set of ten mutations, as they indicate 

genetic interactions that are relevant to low temperature growth and that play a 

specific role in the Ubc7- ERAD pathway (Figure 3.6).   

 

The ten Ubc7-ERAD suppressor genes encode proteins involved in a range of 

functions, including endocytosis, DNA repair and protein turnover.  (Table 3.2) 

Interestingly, four of the ten suppressors affect genes in the phosphate transport 

(PHO) pathway: PHO81, PHO84, SPL2 and YML122C.  The PHO pathway in yeast is 

responsible for transporting inorganic phosphate (Pi) across the plasma membrane 
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(reviewed in (WYKOFF and O'SHEA 2001)).  YML122C is classified as a dubious open 

reading frame (ORF) in the Saccharomyces Genome Database (SGD; 

www.yeastgenome.org) and is located 600bp upstream of PHO84.  The proximity of 

these two genes, and the fact that pho84∆ and yml122c∆ both suppress the ubc7∆ 

cold-sensitive phenotype, suggests that YML122C may lie within a regulatory region 

of PHO84.  For this reason, we included the yml122c∆ubc7∆ mutant in our 

subsequent experiments.  Given the genetic interaction between Ubc7-ERAD and 

phosphate transport, I tested eleven additional phoX∆ubc7∆ double mutants for 

suppression of the ubc7∆ cold sensitivity.  Loss of two (pho85∆ and crz1∆) 

suppressed ubc7∆, but did not suppress cue1∆ and doa10∆ and therefore were not 

included in further experiments (Data not shown).  

 

The sensitivity of some mutants in the phosphate pathway to low Pi was 

suppressed by loss of UBC7.   

Cells lacking the high-affinity phosphate transporter, Pho84, are unable to grow 

under phosphate limiting conditions (WYKOFF et al. 2007).  Since the pho84∆ 

mutation was able to alleviate the cold-sensitivity of Ubc7-ERAD mutants, it was 

also possible that a secondary ubc7∆ mutation could alleviate the low phosphate 

sensitivity of the pho84∆ single mutant.  We compared the 10˚C and 26˚C growth of 

the four suppressors pho84∆, yml122c∆, spl2∆, and pho81∆, and ubc7∆ double 

mutants on YPD and on low phosphate plates (Figure 3.7) (BUN-YA et al. 1991; 

MOUILLON and PERSSON 2005; PRATT et al. 2004).  At 26˚C, all strains grew well on 
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YPD medium.  At 10˚C, the ubc7∆ single mutant was cold sensitive on all media.  At 

all temperatures, all phosphate transport single mutants, except spl2∆, were 

sensitive to low phosphate.  Interestingly, the double mutants had wild-type growth 

on all media at both temperatures.  This result suggested that the mutations were 

mutually suppressing cold and low Pi sensitivity.  Specifically, the ubc7∆ mutation 

suppressed the low Pi sensitivity of the phosphate transport mutants and the 

phosphate transport mutations suppressed the cold-sensitivity of ubc7∆mutant.  

Our analysis also included pho89∆; Pho89 is the other high-affinity yeast phosphate 

transporter, which works in conjunction with Pho84 in Pi limiting conditions.  The 

pattern with pho89∆ubc7∆ was different.  The ubc7∆ mutation suppressed the low Pi 

sensitivity of pho89∆but pho89∆ did not suppress the cold sensitivity of ubc7∆.  

These results indicate that the loss of UBC7 alleviates the negative effect of low 

phosphate levels in these PHO pathway mutants. 

 

Ubc7 regulates low-affinity phosphate transport. 

The PHO pathway in S. cerevisiae regulates intracellular levels of phosphate through 

a complex feedback pathway.  When extracellular levels of Pi are high, the high-

affinity transporters (PHO84 and PHO89) are transcriptionally repressed while the 

low-affinity transporters are expressed and localized to the plasma membrane 

(WYKOFF and O'SHEA 2001; WYKOFF et al. 2007).  When extracellular levels of Pi are 

low, the reverse is true and the low-affinity transporters (Pho87 and Pho90) are 

down regulated post-translationally and the high-affinity system transporters are 
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expressed and localized to the plasma membrane (GHILLEBERT et al. 2011; WYKOFF 

and O'SHEA 2001; WYKOFF et al. 2007).  Although the details of regulation are not 

completely clear, direct interactions between Pho87/Pho90 and the cytoplasmic 

cyclin-dependent kinase-like protein, Spl2, are at least partially responsible for the 

post-translational down regulation of low-affinity phosphate transporters 

(HURLIMANN et al. 2009; WYKOFF et al. 2007).  Ubc7 may function in a parallel 

pathway to Spl2p, targeting Pho87p and Pho90p for ubiquitin-mediated 

degradation when extracellular phosphate levels are low. Alternatively, Spl2p and 

Ubc7p could function in the same pathway; if so the spl2∆ mutant would have 

similar phenotypes as the ubc7∆ mutant.   

 

To determine whether or not SPL2 and UBC7 function in the same or parallel 

pathways, we created combinations of double and triple mutants involving SPL2, 

UBC7, YML122C, PHO84, PHO81, and PHO89.  As previously shown, the spl2∆ 

mutation suppresses ubc7∆ cold-sensitivity.  If Ubc7 and Spl2 have similar functions 

and both are involved in regulation of low-affinity Pi transporters, loss of either 

high-affinity Pi transporter (PHO84 or PHO89) in a spl2∆ubc7∆ double mutant 

should result in a synthetic genetic interaction.  Consistent with this prediction, 

spl2∆ubc7∆pho84∆ and spl2∆ubc7∆pho89∆are sick at 26˚C and 10˚C on YPD 

media (Figure 3.8).  This synthetic genetic interaction suggests that UBC7 and SPL2 

function in parallel pathways, both of which independently down-regulate Pho87 

and 90.  



 

 
 85

Chapter 3.3: Conclusions & Future Directions 

The work presented here shows that Ubc7-dependent ERAD may be playing a role 

in phosphate transport that has not previously been uncovered.  Unfortunately, I am 

leaving this work wanting answers to more questions than I originally had when I 

started.  I was surprised that what we actually uncovered was a small set of genes 

that were genetically linked to the members of the Ubc7-ERAD pathway.  

Uncovering suppressor genes that encode members of the PHO pathway has opened 

the door to an array of experiments to be done and new directions to be taken.  

Additionally, the proposed models (Figure 3.9 and Figure 3.10) allow for many 

hypotheses to be made and tested regarding the relationships between the PHO 

pathway and UBC7-ERAD. 

 

Like the experiment with catalytically inactive ubc7 mutations, a similar experiment 

could be done using a strain carrying a catalytically inactive version of Doa10.  This 

would allow us to test the hypothesis that loss of the enzymatic activity of the Doa10 

is the E3 ubiquitin ligase is responsible for doa10∆ cold sensitivity.  Kreft et al. 

recently reported that a glutamate to glutamine mutation in the 633 residue of 

Doa10 increases the stability of some target proteins and may reduce the 

ubiquitination efficiency of Doa10 (KREFT and HOCHSTRASSER 2011).  Determining if 

the doa10-E366Q mutant was cold sensitive could identify the requirement of 

Doa10 E3 ligase activity for S. cerevisiae growth at low temperatures.  We predict 
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that the doa10-E366Q mutant would be cold sensitive, but it is also possible that 

additional E3 enzymes would be able to compensate for the loss of Doa10.  

 

Future experiments should also focus on identifying the specific role that UBC7 

plays in regulating the PHO pathway.  Our model suggests that some of the 

phenotypic effects seen in PHO mutants reflect changes in the composition of 

cellular membranes at low temperatures.  We know that exposure to low levels of 

benzyl alcohol (BA) can suppress low temperature-induced membrane rigidity.  

Thus, it would be straightforward to plate the ubc7∆spl2∆pho84∆ and 

ubc7∆spl2∆pho89∆ triple mutants, along with their corresponding single and double 

mutants, on BA plates to determine if increased membrane fluidity would suppress 

the phenotypes seen in these mutants at 26˚C and 10˚C.  If the any of the mutants 

were able to grow better with supplemental the BA than without, that result would 

indicate that membrane fluidity had a significant impact on Pi transport. 

 

We also hypothesize that Ubc7-dependent ubiquitin modification of any of the Pi 

transporters could be used as an internalization or trafficking signal (reviewed in 

(HICKE and DUNN 2003)).  Evidence from Lundh et al. showed that the Pho84 protein 

is targeted to the vacuole in a ubc7∆ mutant (LUNDH et al. 2009).  Although there 

were no follow-up experiments done by Lundh, et al. with the ubc7∆ strain and we 

have some reason to be skeptical of the original report, this result suggests that 

Ubc7-dependent ubiquitination may be required for targeting of the Pho84 
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transporter to the to the plasma membrane under Pi limiting conditions.  If so, it is 

easy to envision that Ubc7 could play a similar role in localizing the other high-

affinity transporter, Pho89, as well as the low-affinity transporters, Pho87 and 

Pho90, under suitable Pi conditions.  In this case, the most pressing experiment is to 

examine the localization patterns of the Pi transporters in the triple mutants and 

their corresponding single and double mutants. GFP-tagged strains of Pho87 and 

Pho90 have been used to study their localization in media with sufficient or limiting 

levels of Pi (GHILLEBERT et al. 2011; HURLIMANN et al. 2009).  By introducing these GFP 

constructs into wild-type, ubc7∆, spl2∆, ubc7∆spl2∆ and ubc7∆spl2∆pho84∆ 

background strains, it would be possible to compare the localization of the low-

affinity transporters at 26˚C or 10˚C, and in YPD or Pi limiting medium.  Additionally, 

following the localization of these proteins with florescence microscopy in cue1∆ 

and doa10∆ mutant backgrounds would provide evidence to support or reject the 

role of ERAD-dependent localization as the molecular basis for the genetic link 

between the ERAD pathway are necessary for proper Pi signaling through the PHO 

pathway.  Abnormal localization of the Pi transporters under any specific condition 

would suggest that low temperature, Ubc7-ERAD machinery, or other members of 

the PHO pathway are required for the proper localization of these transporters. 

 

We reported that the spl2∆ubc7∆pho84∆ and the spl2∆ubc7∆pho89∆ mutants are 

synthetically sick.  However, we would predict that the low-affinity transporters 

should be expressed in these strains and, therefore, the triple mutant cells should 
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grow like wild-type.  Thus, in this mutant background, the low-affinity transport 

system may be overexpressed or overactive and transporting toxic amounts of Pi 

into the cell.  The synthetic-sick phenotype of these triple mutants, along with the 

genetic interaction between SPL2 and UBC7, also leads us to hypothesize that Ubc7 

may be interacting with Spl2 to help regulate the low-affinity Pi transporters.  It 

would therefore be important to also examine effect of Ubc7 on the amount and 

localization of Spl2 under Pi limiting conditions and low temperatures.  For example, 

Spl2 may only down-regulate Pho87 and Pho90 in the presence of Ubc7.  

Alternatively, at low temperatures, Spl2 may be unable to properly signal the down 

regulation of Pho87 and Pho90.  Determining if Spl2 protein levels change in the 

presence or absence of Ubc7, or at low temperatures would begin to give insight 

into the interactions between Spl2 and Ubc7, and if those interactions are 

temperature dependent. 

 

Once the fluorescently tagged PHO protein strains are constructed, it would be 

straightforward to use these strains for Western blot analysis and co-

immunoprecipitation assays.  Western blots could be used to determine the relative 

amounts of protein at either 26˚C or 10˚C, with sufficient or limiting levels of Pi in 

the medium.  Initially, I think the first step would be to determine the approximate 

protein levels of the low-affinity (Pho87/Pho90) and the high-affinity 

(Pho84p/Pho89p) transporters in the presence or absence of UBC7.  If Ubc7 is 

responsible for ubiquitinating any of these transporters for degradation, Western 
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Blot analysis of the GFP-tagged transporters would show ubiquitin modification 

bands and/or decreased levels of total protein.  It would also be important to test 

for physical interactions between Ubc7 and the PHO proteins and to determine if the 

interaction is cold- or Spl2-dependent.  As a natural feature of this experiment, the 

presence of ubiquitin could be tested to determine if the Pi transporters are post-

translationally modified by ubiquitin.   

 

All four phosphate transporters contain at least one predicted ubiquitination site (LI 

et al. 2009); long-term goals could be focused on constructing point mutants to 

determine which of these lysine residues within the Pi transporters are required for 

their proper localization, trafficking, and function.  Additionally, identifying the type 

of ubiquitin linkage that is being used to modify these proteins could also help 

distinguish between possible roles that ubiquitin could be playing.  Ubiquitin chains 

containing Lys48-linked ubiquitin monomers typically signal proteins for 

degradation, while chains containing Lys63-linked ubiquitin monomers tend to 

regulate endocytosis of proteins and other non-degradation signals (reviewed in 

(FUSHMAN and WALKER 2010; IKEDA and DIKIC 2008)).  Using established ubiquitin 

mutants, it may be possible to identify which linkage type is necessary for the 

proper regulation of the PHO transporters, and therefore which type of signal is 

being sent under specific conditions. 
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The experimental design of our original screen limited our results to targets that are 

potentially limited to stressful conditions, i.e. low temperature.  There is evidence 

that downstream regulators of the PHO pathway also regulate Msn2 and Msn4, two 

transcription factors that regulate the stress response element genes, and may serve 

as a connection between phosphate regulation and temperature stress (FABRIZIO et 

al. 2004; MARTINEZ-PASTOR et al. 1996; REDDI and CULOTTA 2011).  It is also possible 

that low temperature causes protein-folding stress within the ER, generally inducing 

the ERAD pathway.  We were unable to do follow-up experiments on the 

suppressors that were not members of the PHO pathway.  Therefore, future work 

could also focus on assaying the genetic and biochemical relationships between the 

UBC7-dependent ERAD pathway and the other six genes that suppress the ubc7∆, 

cue1∆ and doa10∆ cold-sensitive phenotypes (MUB1, UTR1, MUP1, SHE1, VPS21, and 

SHE4).  Moreover, broader questions still remain to be answered regarding small 

molecule transport and low temperature growth, and what role ERAD plays in both 

situations:  

• Do the suppressor mutations that represent proteins that are not likely to 

come in contact with the ERAD pathway implicate a novel function for the 

ERAD machinery? 

• What role does UBC7 play in relationship to the CRZ1 and PHO85 genes?  

(Deletions of these two genes suppress the ubc7∆ phenotype, but not cue1∆ 

or doa10∆.) 
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• What role does membrane fluidity play in the transport of other small 

molecules and nutrients besides inorganic phosphate? 

• Would plating these PHO mutant strains on benzyl alcohol plates restore 

wild-type growth on low Pi media? 

• Is the requirement for proper transport of phosphate related to phospholipid 

biogenesis necessary for low temperature growth? 

 

Our results, along with our working model, lead to many testable hypotheses that 

could be the foundation of future research on the relationship of Ubc7-dependent 

ERAD and the PHO pathway of S. cerevisiae.    
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Figure  3.1 
 

A.

 

B. 
 
 

 

 

Figure 3.1: A. Ubiquitination schematic, adapted from (PASSMORE and BARFORD 

2004). Proteins that are targeted for degradation by the proteasome are tagged by 

chains of ubiquitin monomers.  The covalent attachment of ubiquitin to a substrate 

requires three enzymes: an E1 ubiquitin-activating enzyme, an E2 ubiquitin-

conjugating enzyme, and an E3 ubiquitin ligase. First, the energy of ATP is used to 

generate a thioester bond between ubiquitin (Ub) and an E1 enzyme. This Ub 

molecule is then transferred from the E1 to an E2 enzyme. Finally, an E3 ligase 

transfers the ubiquitin to the specific target substrate.  Subsequent ubiquitin 

molecules are added to the first Ub molecule, and eventually signal the protein to be 

trafficked to the proteasome for degradation.  B. Schematic of members of the Ubc7-

ERAD machinery, adapted from (HAMPTON 2002).   

 

.E1

.E1

Substrate

Substrate

+.ATPubiquitin

Substrate

E3

E2

AMP.+.PPi

Substrate

E3

E2

ERMembrane

Cytosol

Lumen

Doa10

Ubc7

C
u

e
1



 

 
 93

Figure 3.2 
 

 
 

Figure 3.2: The active site cysteine of Ubc7 must be functional for cells to grow at 

10˚C.  The active site cysteine of Ubc7 must be functional for cells to grow at 10ºC.  

The haploid ubc7∆ mutant strain was transformed with 2HA tagged UBC7 constructs 

that were wild type, or carried a C89 point mutation. The leftmost spot is inoculated 

at an OD600 of 0.5 followed by 1:5 serial dilutions and stamped onto YPD plates. 

Images were taken after 2 days of growth at 26˚C and after 12 days of growth at 

10˚C. 
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Figure 3.3 
 

 
 

Figure 3.3: Synthetic Genetic Array (SGA) schematic, adapted from (TONG and BOONE 

2006; TONG et al. 2001).  A haploid query strain carrying the mutation of interest, 

ubc7∆, was mated to the MATa library carrying each viable single gene deletion 

linked to the kanMX marker.  Resulting heterozygous diploid strains were selected 

on CSM-URA + G418.  These diploids were pinned to sporulation medium to induce 

the formation of haploid meiotic spores.  Spores were pinned to CSM-HIS, allowing 

for selective germination of MATa meiotic progeny because only these cells express 

the MFA1pr-HIS3 reporter.  The MATa meiotic progeny were pinned to medium that 

contains G418, which selects for meiotic progeny that carry the gene deletion 

mutation from the deletion library (xxx∆::kanR). Finally, the MATa meiotic progeny 

were pinned to CSM-URA + G418 medium, which selects for growth of the double 

mutants (xxx∆::kanR ubc7∆::URA3) (referred to as xxx∆ubc7∆).  
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Table 3.1 

Primers for gene knock out construction 

Primer Name Primer Number Primer Sequence 

Ubc7-pRS-F 318 5’-AGGAGATTATCCTAAAAGGAACTTCCCTAGTAATAGTGTAACTGTGCGGTATTTCACACCG-3’ 

Ubc7-pRS-R 319 5’-TTAAAAGGAAGACCAAATGATCATTAACCTGCTACCTGCTTAGATTGTACTGAGAGTGCAC-3’ 

Cue1-pRS-F 481 5’-CCATAAAGCATTACAATCTACGATCGCGCAAACTTTTTTCTTTTGGCCAGATTGTACTGAGAGTGCAC-3’ 

Cue1-pRS-R 482 5’-TAAGTAAACACAAAGATATACTTATGCGCATTATGGGCACACTTGCGTGTCTGTGCGGTATTTCACACCG-3’ 

Doa10-pRS-F 485 5’-GCCAAGCGTACCACTAATTGAATCAAAGAGACTAGAAGTGTGAAGTCAGATTGTACTGAGAGTGCAC-3’ 

Doa10-pRS-R 486 5’-CATATAACTTAATGTAGATATATATATGTAAATATGCTAGCATTCATTTTAAATGTAAGGAAGAAAACGCCTTCTGTGCGGTATTTCACACC-3’ 

Spl2-pRS-F 576 5’-GCAGTTATGGCAATTACAACTACAACGCCGTAAAGTTCACTGTGCCGGTATTTCACACCG-3’ 

Spl2-pRS-R 577 5’-ATGTAACAGTACAGAGGTAGAAGGTATGTATGTGTAACGAAGATTGTACTGAGAGTGCAC-3’ 

 

Primers for verifying gene knock out 

Primer Name Primer Number Primer Sequence 

Ubc7-F 263 5’-CACGAAGATGCAGCAGCTTATTGT-3’ 

Ubc7-R 264 5’-ATTCCTGAAAAGCCAGGAAGACAT-3’ 

Cue1-F 338 5’-CTAGTATTCCATTTAGTTTAATGC-3’ 

Cue1-R 339 5’-TGGCAGCAATACCGTGTTCCAATG-3’ 

Doa10-F 550 5’-ATAATCGAGCCCCTACAGGG-3’ 

Doa10-R 551 5’-GCACTCGCACGCATAGTTTT-3’ 

Spl2-F 584 5’- CCTCTTTTTTTTTTTCTCCTC-3’ 

Spl2-R 585 5’-CATTAGATCGTAAAGTCAATGC-3’ 

Leu2-IntR 497 5’-GGGATAACGGAGGCTTCATCGG-3’ 

Ura3-IntR 496 5’-AGCGGCTTAACTGTGCCCTC-3’ 

 
Table 3.1: Primers used for strain construction. 
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Figure 3.4 

 

Figure 3.4: Sample strains from the xxx∆ubc7∆ double mutant library 

A. incubated at 26˚C for two days and B. incubated at 10˚C for twelve days.  Strains 

that had similar growth phenotypes at 26˚C and 10˚C indicated suppression of the 

ubc7Δ cold sensitive phenotype. Out of the 4,827 double mutant strains tested, 91 

strains exhibited this phenotype. After further PCR analysis, only 51 of these strains 

carried the ubc7Δ mutation and were analyzed further. 

 

  

YPD$%$26˚C YPD$%$10˚C
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Figure 3.5 

 

Figure 3.5: Thirteen null mutations (REF2, PHO84, PHO81, UBC13, YML122C, 

YPR099C, MUB1, UTR1, MUP1, SHE1, SPL2, VPS21, and SHE4) suppressed the cold 

sensitive phenotype of the ubc7∆ single mutant at 10˚C.  The vps38∆ubc7∆ double 

mutant was originally classified as a potential suppressor, but it appears that this 

strain was a false positive result.   The top two rows are control strains: BY4742, the 

haploid wild-type strain, followed by the ubc7∆ strain.  The leftmost spot is 

inoculated at an OD600 of 0.5 followed by five 10-fold serial dilutions and stamped 

onto YPD plates and incubated at 26˚C or 10˚C. Images were taken after plates were 

incubated for 2 days at 26˚C and after 12 days at 10˚C. 
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Table 3.2 

Gene Functional Summary 
suppress 

ubc7∆ 
suppress 

cue1∆ 
suppress 
doa10∆ 

SHE1 Mitotic spindle protein yes yes yes 

SHE4 Endocytosis, polarization actin, and mRNA localization yes yes yes 

MUP1 High affinity Met permease, also involved in cysteine uptake yes yes yes 

UTR1 ATP-NADH kinase yes yes yes 

MUB1 Required for turnover of Rpn4p yes yes yes 

VPS21 GTPase - endocytic transport and sorting vacuolar hydrolases yes yes yes 

YML122C* Dubious - Upstream of PHO84 yes yes yes 

PHO81* CDK inhibitor, responds to phosphate levels yes yes yes 

PHO84* High-affinity Pi transporter and low-affinity Mn transporter yes yes yes 

SPL2* Inhibits low-affinity phosphate transport yes yes yes 

UBC13 Ubiquitin-conjugating enzyme involved in DNA repair yes no no 

REF2 RNA-binding protein yes no no 

YPR099C Dubious - Crick strand of MRPL15 yes no no 
 

 

Table 3.2:  Summary of the suppressors of the ubc7∆ cold sensitive phenotype and the results from the suppression analysis of the 

cue1∆ and doa10∆ cold sensitive phenotypes. *Genes that suppressed all three ERAD specific cold-sensitive phenotypes and 

represent members of the S. cerevisiae phosphate transport pathway. Functional summary information pulled from 

www.yeastgenome.org. 
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Figure 3.6 

 

 
 

Figure 3.6: Ten suppressor mutations suppress the cold sensitivity of all three Ubc7-

ERAD mutations.  A:  Null mutations in four members of the Phosphate Transport 

Pathway (PHO81, PHO84, YML122C, and SPL2) suppress the cold-sensitivity of the 

ubc7∆, cue1∆ and doa10∆ mutations.  B. Mutations in six additional genes (SHE1, 

SHE4, MUB1, BUP1, UTR1, and VPS21) suppress the cold-sensitivity of the ubc7∆, 

cue1∆ and doa10∆ mutations.  In both panels, the top four rows are control strains: 

BY4742, the haploid wild-type strain, followed by the ubc7∆, cue1∆ and doa10∆ 

strains that all serve as single mutant cold sensitive controls.  For each strain, the 

leftmost spot is inoculated at an OD600 of 0.5 followed by five 10-fold serial dilutions 

and stamped onto YPD plates and incubated at 26˚C or 10˚C. Images were taken 

after plates were incubated for 2 days at 26˚C and after 12 days at 10˚C. 
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Figure 3.7 A 

 
 

Figure 3.7 B 

 
 
Figure 3.7:  Strains carrying single null mutants in the ubc7∆ cold-sensitive 

suppressor mutations that are members of the PHO pathway are sensitive to low 

phosphate media at 26˚C and 10˚C.  The figure shows wild-type and ubc7∆ controls 

plated on YPD and low Pi media at A. 26˚C and B. 10˚C.  The leftmost spot is 

inoculated at an OD600 of 0.5 followed by five 10-fold serial dilutions and stamped 

onto YPD plates and incubated at 26˚C or 10˚C. Images were taken after plates were 

incubated for 2 days at 26˚C and after 12 days at 10˚C.  
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Figure 3.8 

 
 
Figure 3.8: UBC7 genetically interacts with both of the high-affinity Pi transporters, 

PHO84 and PHO89, as well as SPL2.   The pho84∆ and pho89∆ single mutants, along 

with their ubc7∆ and spl2∆ and corresponding double mutants all grow well on YPD 

at 26˚C.  However, the pho84∆ubc7∆spl2∆ and pho89∆ubc7∆spl2∆ triple mutants 

show synthetic lethality on YPD at either temperature.  The leftmost spot is 

inoculated at an OD600 of 0.5 followed by five 10-fold serial dilutions and stamped 

onto YPD plates and incubated at 26˚C or 10˚C. Images were taken after plates were 

incubated for 2 days at 26˚C and after 12 days at 10˚C. 

 

  

Wild-type

ubc7∆

spl2∆

ubc7∆spl2∆

pho84∆

pho84∆ubc7∆

pho84∆spl2∆

pho84∆ubc7∆spl2∆

pho89∆

pho89∆ubc7∆

pho89∆spl2∆

pho89∆ubc7∆spl2∆

YPD-26˚C YPD-10˚C



 

 
102 

Figure 3.9 

 
 

Figure 3.9:  Model of the genetic interactions between genes of the PHO pathway and 

UBC7.  SPL2 may only regulate the Pho87 protein (GHILLEBERT et al. 2011).  

Previously reported interactions adapted from (SMETS et al. 2010). 
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Figure 3.10: Potential scenarios of wild-type, ubc7∆, and suppressor mutants. 

Key: 

  

 

Wild Type - 30˚C  
 

• Membrane fluidity and composition are normal. 

• Low-affinity transporters are functioning. 

• Pho84 and Spl2 are repressed by sufficient Pi levels. 

• Cells are growing well. 
 

 

Wild Type - 10˚C 
 

• Membrane fluidity and composition are slightly abnormal, making Pho84 
inefficient, and therefore creating internal low Pi conditions. 

• Low-affinity transporters are not expressed because cell perceives low Pi 
levels. 

• Pho84 is able to transport sufficient amounts of Pi. 

• Cells are growing well. 

 

ubc7∆ - 10˚C  
 

• Membrane fluidity and composition are severely abnormal, rendering 
Pho84 in the membrane non-functional. 

• Low-affinity transporters are not expressed because cell perceives low Pi 
levels. 

• Cells are cold-sensitive due to insufficient Pi levels. 

 

Pho84 Spl2Ubc7
Pho

87/90
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Key: 

  

 

ubc7∆spl2∆ at 10˚C 
 

• The loss of spl2∆ alleviates the complete repression of Pho87 and Pho90. 

• Sufficient Pi is transported by the low-affinity transporters, Pho87 and 
Pho90. 

• Cold-sensitivity of ubc7∆ is suppressed by the spl2∆ mutation. 

 

ubc7∆pho84∆ at 10˚C 
 

• The loss of pho84∆ alleviates the complete repression of Pho87 and Pho90. 

• Sufficient Pi is transported by the low-affinity transporters, Pho87 and 
Pho90. 

• Cold-sensitivity of ubc7∆ is suppressed by the pho84∆ mutation. 
 

 

ubc7∆spl2∆pho84∆ at 10˚C  
 

• Low-affinity transporters are overexpressed. 

• Cells are sick as a result of excess internal Pi levels. 
 
 
 

Pho84 Spl2Ubc7
Pho

87/90
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Genes required for yeast cell growth at 10˚C have roles in a wide variety of 

cellular processes. 

The homozygous diploid deletion set, representing 4858 genes, contain annotations 

to 1935 GO-BP terms and 552 GO-CC terms.  The CS790 genes are included in 814 of 

the GO-BP terms and 291 of the GO-CC terms. Thus, the 790 genes within the CS790 

set are broadly distributed across approximately half of the possible gene ontology 

terms.   This apparent breadth of potential functions was unexpected. 

 

Given the effect of low temperature on membranes, together with previous results 

from other labs, we were not surprised that many of the CS790 genes encoded 

products involved in ‘transport,’ ‘transcription’, ‘translation’, ‘stress’, and ‘lipid and 

sterol metabolism and transport’.  For example, low temperature affects 

transcription and translation in bacteria and yeasts (JONES et al. 1987; MORITZ et al. 

1991; SCHADE et al. 2004; TAI et al. 2007).  Thus, the 165 genes that mapped to the 

transcription and translation GO-BP clusters may represent cellular machinery that 

is necessary to optimally synthesize gene products needed for the cellular response 

to low temperature. 

 

Our results show that 48 of the CS790 genes have roles in lipid and sterol 

metabolism and transport (Table 2.2).  It is well established that changes in 

membrane composition are necessary for growth following temperature shifts; thus, 

this category of genes was expected (LOS et al. 1997; MURATA and LOS 1997; WADA et 
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al. 1990).  Microarray data also support the relationship between membrane-

related pathways and low temperature growth (BELTRAN et al. 2006; HUNTER and 

ROSE 1972).  For example, Murata, et al. previously reported that six genes involved 

in phospholipid synthesis (INO1, PSD1, CDS1, CHO1, CHO2, and OPI3) are induced 

when S. cerevisiae is cultured at 4˚C, suggesting that membrane biogenesis is 

induced in cells at low temperatures (MURATA et al. 2006).  Although we did not 

identify all six of these genes, we did determine that null mutations in INO1, CHO1 

and OPI3 confer a cold-sensitive phenotype.  This result indicates that, in addition to 

being transcriptionally induced at low temperatures, these genes are also necessary 

for cell growth at 10˚C.  Another study identified 10 S. cerevisiae lipid metabolism 

genes (ERG28, ATF2, OAR1, LAS21, FAA1, OPI3, LRO1, VRG4, PDR16, and FAT1) that 

are transcriptionally regulated at 12˚C (TAI et al. 2007).  Of the nine included in the 

deletion collection, five of these genes (ERG28, OAR1, LAS21, OPI3, and FAT1) were 

included in the CS790 set.  The limited overlap between our results and those of 

Murata et al. and Tai, et al. supports the hypothesis that differences exist between 

the genes that are transcriptionally regulated by cold and genes that are required 

for growth in cold.   

 

Also as expected, we identified genes that mapped to stress-related GO-BP terms, 

specifically ‘oxidative stress’, ‘salt stress’, and ‘heat stress’ (42 genes, Table 2.2).  

Transcriptome analysis has identified genes that are regulated by environmental 

stressors such as heat shock, H2O2 stress, amino acid starvation, and a temperature 



 

 
108 

downshift from 37˚C to 25˚C.  Such studies show that S. cerevisiae has a common 

transcriptional response to environmental stresses, referred to by Gasch and co-

workers as the Environmental Stress Response (ESR) (GASCH et al. 2000).  We 

anticipated that, since low temperature would put yeasts under environmental 

stress, some of the ESR genes would also play a functional role in a cell’s ability to 

grow at low temperatures.  Of the 864 ESR genes, 107 were also included in the 

CS790 gene set.  Rather than being involved in specific responses to low 

temperature stress, these ESR/CS790 genes may encode proteins that are involved 

in general stress responses.  Exploring this possibility would be an interesting 

project for future work.  Similarly, the 37 genes mapping to the GO-BP term cluster, 

‘DNA repair & response to DNA damage,’ may also be components of a general stress 

response that enables cells to recover from DNA damage.  However, because only 

three of those 37 genes are ESR genes, we hypothesize that the CS790 genes in the 

DNA repair cluster have a more specific role.   

 

We also expected that many of the CS790 gene products would be components of 

macromolecular complexes, including the cytoskeleton.  The importance of 

cytoskeletal functions at low temperatures may also be reflected in other major 

biological processes.  For example, at least some of the 72 genes in the ‘cellular 

reproduction’ category may reflect mutations that affect cell division at 10˚C due to 

cytoskeletal malfunctions at low temperatures.     
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Although the CS790 genes were involved in many processes that we predicted, the 

breadth of functions in which they were annotated was surprising.  Rather than 

being extensions of these expected functions (i.e. membrane function, transport, 

etc.), this broad range may reflect the actual breadth of different processes that are 

important for cold-responsive growth.  For example, the 42 genes that map to 

‘mitochondrial biogenesis and function’ (Table 2.2) suggest that some aspects of 

cellular energy requirements differ at 10˚C versus 26˚C, making proper 

mitochondrial function critical at low temperatures.  It is important to note that the 

CS790 set does not include all of the possible mitochondrial genes.  Thus, rather 

than a general requirement for mitochondrial function, some specific defect 

resulting from loss of any one of these 42 genes results in cold-sensitivity.  Low 

temperature growth may change features of mitochondrial fusion and segregation, 

making propagation of the mitochondria to daughter cells difficult in these mutants 

(OKAMOTO and SHAW 2005).   

 

In summary, the GO term analysis indicates that the genes required for S. cerevisiae 

growth at low temperatures have roles in most pathways, processes, and 

compartments within the cell.  Clearly, this analysis provides many directions for 

future studies to define the specific roles that these molecular processes play in 

cellular growth at and adaptation to low temperatures.   
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The genes required for growth in liquid at low temperatures represent an 

almost unique set of genes. 

While we were surprised at the number of genes identified by our screen, we were 

even more surprised to see that the CS790 set represents genes that have not 

previously been reported as necessary for low temperature growth.  Of the 790 

cold-sensitive genes we identified, only 62 have been previously reported as 

involved in growth at low temperature (ABE and MINEGISHI 2008; SCHADE et al. 2004; 

TAI et al. 2007).  Thus, 728 of the genes we identified as necessary for S. cerevisiae 

growth at 10˚C have not been previously identified in other published screens or 

microarray analysis (ABE and MINEGISHI 2008; GASCH et al. 2000; SCHADE et al. 2004; 

TAI et al. 2007) (Figure 2.5).  This lack of correlation was unexpected (Figure 2.4). 

 

Abe et al. identified 79 S. cerevisiae null mutants that grow poorly under conditions 

of high pressure (25MPa) and/or low temperature (15˚C) (ABE and MINEGISHI 2008).   

Only 35 of these 79 mutants are represented in the CS790 strains.   This limited 

amount of overlap may result from differences in the temperature of the two 

screens and suggest that growth at 15˚C may require more limited molecular 

responses than growth at 10˚C.    

 

Similarly low levels of overlap were seen when our results were compared to the 

cold-induced transcriptional changes identified by Schade et al. and Tai et al. 

(SCHADE et al. 2004; TAI et al. 2007).  Of the 245 genes identified as “late cold 
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response” genes (LCR, 10˚C; Schade et al.) or regulated at 12˚C (Tai et al.), only 33 

were required for growth at 10˚C in our studies. This lack of overlap is particularly 

notable, since Tai et al. analyzed transcriptome data from liquid cultures grown in 

chemostats at 12˚C, conditions that appear similar to our mutant screen.  If genes 

that are transcriptionally regulated by cold temperatures were also important for 

growth in cold, we would have expected more substantive overlap.  This lack of 

overlap suggests that small changes in temperature may make a significant 

difference in the molecular responses needed for growth.  Consistent with this idea, 

temperature changes of just a few degrees can trigger the heat shock response in 

some organisms (RICHTER et al. 2010).  Thus, dramatically different cellular 

responses may exist to allow for cells to adapt to minimal alterations in the 

environment.   

 

A specific example of the differences between our results and transcript analysis is 

evident when we compare our results with those from Murata, et al.  This work 

identified transcripts that were induced when cells were cultured at 4˚C.  These 

conditions induce genes involved in glycolysis (TPI1, TDH1, TDH2, TDH3, GPM1, 

GPM2, ENO1, ENO2, PYC1, PDC5, and PDC6), glycogen metabolism (GAC1, GPH1, 

GDB1, and GLC3) and trehalose synthesis (TPS1 and TPS2) (MURATA et al. 2006).  

Trehalose and glycogen are the major carbohydrate-based energy reserves in S. 

cerevisiae, and the synthesis of these molecules is induced by many different stress 

conditions (FRANCOIS and PARROU 2001; IWAHASHI et al. 1998). Of the 17 glycolysis, 
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glycogen, and trehalose metabolism genes that we screened, only three were 

included in the CS790 gene set (pdc6∆, tps1∆ and tps2∆). It is possible that we did 

not identify these genes because of different physiological responses to 4˚C versus 

10˚C.  Alternatively, carbohydrate synthesis may represent a function that is 

regulated in an initial response to cold stress, but is not necessary for prolonged 

growth at low temperature.  For example, glycogen metabolism is also activated by 

stressors other than cold, perhaps representing a more general stress response that 

is not necessary for growth at low temperature.  In contrast, because both genes 

required for trehalose synthesis are in the CS790 set, trehalose biosynthesis may be 

important for growth at low temperatures. 

 

The lack of correlation between our results and transcriptional studies may simply 

provide an additional example of discrepancies between transcriptional data and 

functional requirements (BIRRELL et al. 2002).  Alternatively, the short-term changes 

in transcriptomes of S. cerevisiae exposed to environmental stresses may be 

important for preparing the cell to respond more successfully to stresses it may 

encounter in the future (BERRY and GASCH 2008).  Therefore, it is possible that the 

initial transcriptional response seen in low temperature cultures may be a 

preemptive, generic response to potential stressors that are unrelated to low 

temperature growth.  If so, these genes would only be identified from screens that 

exposed yeast mutant strains to low temperature stress followed by one or more 

subsequent stressors.  
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Dynein/dynactin is required for growth at low temperature. 

Along with genes associated with the ‘cytoskeleton’ GO-BP term cluster (Table 2.2), 

genes in the ‘dynein complex’ were significantly (p-value = 4.47 e-03) enriched in the 

CS790 genes (Table 2.4).  Dyneins are minus-end directed motors composed of two 

heavy chains and multiple intermediate and light chains (MOORE et al. 2009).  Using 

ATP hydrolysis, dyneins move along microtubules to transport cargo, position the 

microtubule organizing center (spindle pole body), and organize microtubule 

networks within the cell (MOORE et al. 2009).  The only known function of dynein in 

budding yeast is to position the mitotic spindle across the bud neck during cell 

division, assisting the segregation of a set of chromosomes into the daughter cell.  S. 

cerevisiae strains expressing mutant Dyn1, the dynein heavy chain, have defects in 

mitotic spindle positioning and delays in cell cycle progression (YEH et al. 1995).  

Spindle positioning defects and cell cycle delays, in addition to nuclear migration 

defects, are also seen in wild-type cells cultured at 14˚C (MUHUA et al. 1998).   

Interestingly, no kinesins (plus-end directed microtubule motors) were among the 

CS790 genes, indicating that the dynein complex is specifically required for S. 

cerevisiae growth at 10˚C. 

 

Deletion of any of the 7 dynein complex genes that we screened (ARP1, DYN1, DYN2, 

DYN3, JNM1, NIP100 and PAC11) caused a cold-sensitive phenotype.  In addition, 

strains that lacked any subunit of the dynein motor (DYN1, DYN2, DYN3 and PAC11) 
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were notably more cold-sensitive (0.009 OD595 hr-1) than the overall phenotype of 

the CS790 strain set (0.014 OD595 hr-1).  The CS790 genes also contained NDL1 and 

PAC1, which also have roles in dynein function.  Ndl1 and Pac1 play a role in 

targeting dynein to microtubule plus ends and may be necessary for sliding of the 

microtubules along the cell cortex (FUJIWARA et al. 1999; LEE et al. 2003; LI et al. 

2005).  Num1, another dynein-associated protein, localizes to the cell cortex and the 

bud tip and may help mediate the interactions between dynein, microtubules, and 

the cell cortex (FARKASOVSKY and KUNTZEL 1995; FARKASOVSKY and KUNTZEL 2001).  

Interestingly, deletion of NUM1 caused cells to be “sick” at 26˚C and, thus, could not 

be evaluated for cold-sensitivity. 

 

In addition to genes in the dynein complex, the CS790 set also contained several 

members of the dynactin complex, which is physically associated with dynein and is 

required for the majority of known functions of the dynein motor (SCHROER 2004).  

Deletions of any of the four dynactin genes that were screened (ARP1, JNM1, LDB18, 

and NIP100) caused a cold-sensitive phenotype.  Similar to phenotypes reported for 

dyn1∆ mutants (ABDURAKHMANOV et al. 1991), jnm1∆ mutant strains cultured at 11˚C 

fail to properly distribute chromosomes to the daughter cell after mitosis 

(NARKEVICH et al. 1991); nip100∆ strains also have spindle defects at 12˚C (KAHANA et 

al. 1998).  
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Together, the requirement of dynein and dynactin for growth at 10˚C suggests that 

low temperatures may compromise interactions between the cell cortex, 

microtubules, the spindle pole body, and nucleus. (ADAMES and COOPER 2000; 

CARMINATI and STEARNS 1997; SHAW et al. 1997; YEH et al. 1995)  As a result, spindle 

positioning and cell division may be compromised. It is also possible that some 

necessary interactions between the membrane and the microtubules mediated by 

anchoring proteins may be compromised at low temperatures, negatively affecting 

the cytoskeleton and proper microtubule/membrane interactions. 

 

The Kar9 complex is also necessary for correctly positioning the mitotic spindle and 

orienting cytoplasmic microtubules during mitosis (MILLER et al. 1999). Unlike the 

dynein/dynactin genes, deletion of KAR9 does not result in a cold-sensitive 

phenotype.  However, double mutations of KAR9 and any dynein or dynactin subunit 

gene are synthetically lethal, suggesting that these pathways at least partially 

overlap (MILLER and ROSE 1998).  Thus, it is possible that low temperatures 

destabilize the Kar9 pathway, making the dynein/dynactin complex essential for 

growth. This possible redundancy illustrates the challenge of defining the molecular 

processes affected by low temperatures, since the relevant cold-sensitive phenotype 

may be masked by redundant functions.    
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Threonine and tryptophan transport may be nonfunctional at low 

temperatures. 

Genes involved in tryptophan (p-value = 5.00e-02) and threonine biosynthesis (p-

value = 5.00e-02) were statistically enriched among the CS790 genes (Table 2.4).  

Identification of tryptophan synthesis was expected, since several studies have 

reported the cold sensitivity of trp1∆ auxotrophs (CHEN et al. 1994; GABER et al. 

1989; SINGH and MANNEY 1974).  Supplementation with excess threonine rescued the 

cold-sensitive phenotype of three out of the four threonine biosynthesis mutants.  

However, supplementation with tryptophan did not rescue any of the seven 

tryptophan biosynthesis mutants.  This result suggests that, at low temperatures, 

threonine transport is intact but inefficient.  Thus, it is possible that the threonine 

permease(s) are properly positioned at the plasma membrane, but are only partially 

functional due to disruption of the tertiary structure.  (No specific threonine 

permease is identified in SGD; instead threonine transport appears to occur via 

general amino acid permeases (REGENBERG et al. 1999).)  The inability to rescue the 

trp mutants by supplementation with tryptophan suggests that tryptophan 

permeases are not present in the plasma membrane at 10˚C.  Thus, the cold-

sensitivity of the trp mutants might result from improper trafficking of the 

tryptophan permease. Consistent with this hypothesis, Gaber, et al. have shown that 

the dramatic decreases in ergosterol levels in erg6∆ mutants leads to improper 

localization of the tryptophan transporter, Tat2 (EISENKOLB et al. 2002; GABER et al. 

1989; UMEBAYASHI and NAKANO 2003).  Similar to erg6∆ mutants, wild-type cells 
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cultured at 10˚C also have reduced ergosterol levels in their membranes 

(LOERTSCHER et al. 2006).  Thus, alterations in membrane composition due to low 

temperature growth may interfere with proper localization of tryptophan 

transporters in a similar way as the erg6∆ mutation.  

 

Because ergosterol is a critical determinant of membrane fluidity, altering 

membrane fluidity in cells growing at 10˚C might rescue the trafficking defect and 

restore normal growth to the trp mutants.  It is also possible that changes in 

membrane fluidity might improve the folding of permeases that are resident within 

the plasma membrane, thus rescuing the thr mutants.  All of the threonine and 

tryptophan amino acid biosynthesis mutants were plated on YPD supplemented 

with 0.1% benzyl alcohol (BA).  BA partially rescued the cold-sensitivity of only the 

trp mutants, suggesting that the tryptophan and threonine permeases are 

differently affected by low temperatures.  It is well established that the two 

permeases responsible for transporting threonine and tryptophan are different and 

differentially regulated (GRENSON et al. 1970; HEITMAN et al. 1993; JAUNIAUX and 

GRENSON 1990; MAGASANIK and KAISER 2002; SCHMIDT et al. 1994).  Tryptophan is 

transported primarily by the Tat2 permease, which is up regulated when cells need 

amino acids for protein synthesis (HEITMAN et al. 1993; SCHMIDT et al. 1994).  

However, threonine is transported by the general amino acid permease, Gap1 that is 

up regulated when cells are in nitrogen starvation conditions and need to catabolize 

amino acids as a nitrogen sources (GRENSON et al. 1970; JAUNIAUX and GRENSON 1990; 
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MAGASANIK and KAISER 2002).  Both Tat2 and Gap1 are twelve-pass membrane 

proteins that are processed through the ER on their way to the plasma membrane 

(JAUNIAUX and GRENSON 1990; SCHMIDT et al. 1994).  While it has been shown that 

Tat2 is only able to transport tryptophan and tyrosine (HEITMAN et al. 1993), the 

Gap1 permease is able to transport all of the L-amino acids in addition to some D-

amino acids, as well as some toxic amino acid analogues (GRENSON et al. 1970; 

JAUNIAUX and GRENSON 1990).  The different requirements for regulation of TAT2 and 

GAP1 may contribute to the differential responses we see in the thr and trp mutants 

at low temperatures.  It is possible that low temperatures effect the perception of 

either nitrogen availability or amino acid availability to the cell and therefore have 

differential effects on threonine and tryptophan uptake, respectively.  In turn, these 

differences may be the reason that the thr and trp mutants are affected differently 

by supplementation with excess amino acids or benzyl alcohol.  The reason that only 

the transport of threonine and tryptophan are necessary at 10˚C is not clear, and 

more work will need to be done to determine if there are other amino acids they 

may only be marginally affected by low temperature growth of if threonine and 

tryptophan are uniquely required at low temperatures. 

 

Three amino acid permeases are included in the CS790 genes, MUP1, MUP3 and 

BAP2.  Mup1 and Mup3 transport methionine and Bap2 transports branched amino 

acids.  In addition, seven CS790 genes (ECM30, GTR1, GTR2, LST4, LST7, MEH1 and 

SLM4) appear to be involved in sorting of the general amino acid permease, Gap1, to 
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the plasma membrane. The GO-BP Term, ‘Transport’, is associated with 104 of the 

CS790 genes; the proteins encoded by these genes are involved in transport of a 

wide range of molecules, including inorganic phosphate, zinc, and carbon sources.  

These results suggest that, in addition to tryptophan and threonine, low 

temperature may impact the transport of many substrates other than amino acids.  

Future experiments will be necessary to elucidate how cold temperatures affect 

transmembrane transport.   

 

Liquid assays were more sensitive for detecting cold-sensitivity. 

Of the 390 cold-sensitive strains tested, only 121 of them also showed a cold-

sensitive phenotype on plates, suggesting that assaying the cold-sensitivity of yeast 

mutants may be more stringent in liquid medium.  Alternatively, it is also possible 

that yeast simply grow better on solid medium than in liquid.  Regardless, our 

results suggest that conclusions about growth phenotypes of yeast are not 

interchangeable between liquid and solid agar media.  We also have discovered that 

the pH of agar media may play a role in individual strain sensitivity to low 

temperature (unpublished results).  When grown on agar media that is more acidic 

than standard YPD (~pH 7.0), the cold-sensitive phenotype of many deletion 

mutants is suppressed.  This result suggests that a contributing factor to a cell’s 

response to low temperatures may be the acidity of its surrounding environment.  

The limited diffusion on plates may allow this pH suppression phenotype to be more 

prominent than it is in liquid media.  We hypothesize that at least one of the relevant 
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differences between liquid and solid media may be the ability of yeast to condition 

the media and regulate the acidity in liquid versus on plates. 

 

The active site cysteine of Ubc7 is necessary for growth at 10˚C. 

An active site cysteine in ubiquitin conjugating enzymes (UBCs) is required for their 

enzymatic activity, i.e. to attach an activated ubiquitin monomer to the appropriate 

E2 (HERSHKO et al. 1983; SUNG et al. 1990).  The cold-sensitivity of ubc7∆ may result 

from loss of the Ubc7 E2 enzymatic function or from another function of Ubc7 that is 

independent of its E2 enzymatic function.  By testing catalytically inactive versions 

of the Ubc7 protein (ubc7-C89 mutant variants) we were able to determine that the 

E2 enzymatic activity is the essential function provided by Ubc7 at low 

temperatures (Figure 3.2).  This result confirms that the requirement for Ubc7 at 

10˚C depends on the ability of Ubc7 to properly conjugate ubiquitin monomers to 

one or more target proteins.  In the light of this result, identifying the target(s) of 

Ubc7-ubiquitination becomes critical for understanding the physiology of cold 

adaptation. 

 

Suppressors of ubc7∆ cold sensitivity represent a broad range of functions. 

The purpose of our xxx∆ubc7∆ double mutant screen was to identify mutations that 

remove proteins targeted by Ubc7-dependent ERAD pathway at 10˚C.  For example, 

if Ubc7 ubiquitinates specific target proteins for degradation at low temperatures, 

then deletion of these target proteins would relieve the cold-sensitivity of ubc7∆.   
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Using this strategy, we identified 13 ubc7∆ suppressors.  Three of these, ref2∆, 

ubc13∆ and ypr099c∆, suppressed the ubc7∆ cold-sensitive phenotype, but did not 

suppress cue1∆ or doa10∆.  This result indicates that the interactions between UBC7 

and REF2, UBC13, or YPR099C may represent functions that are independent of the 

ERAD pathway.  REF2 encodes a nucleic acid-binding protein required for the 

polyadenylation of pre-mRNAs to normal lengths (DHEUR et al. 2003; MANGUS et al. 

2004) and has been shown to have genetic interactions with ubiquitination 

machinery and the proteasome (DUNCAN et al. 2000; WILMES et al. 2008).  UBC13 

encodes an E2 ubiquitin-conjugating enzyme that is involved in a DNA repair 

pathway (BRUSKY et al. 2000) and has been shown to interact with UBC8 (COSTANZO 

et al. 2010).  Although there is no report of interactions between UBC13 and UBC7, it 

is possible that these two UBCs interact in some way during stressful conditions.  

For example, interactions between Ubc7 and Ubc13 at low temperature may enable 

cells to respond in an ERAD independent way to DNA damage.  Lastly, YPR099C is 

classified as a dubious open reading frame unlikely to encode a functional protein; 

however, the YPR099C sequence completely overlaps with the verified gene 

sequence for MRPL51 (FISK et al. 2006).  MRPL51 encodes a mitochondrial ribosomal 

protein with only a limited number of interactions reported in SGD (GAN et al. 2002; 

ZHAO et al. 2005).  Genome-wide screens for genes required for survival of different 

stressors, like chlorophenol stress and desiccation stress, report that MRPL51 plays 

a role in these stress responses (SHIMA et al. 2008; YADAV et al. 2011).  Thus, it is 
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possible that MRPL51 is also playing a role when cells are exposed to low 

temperature stress and may be regulated by UBC7 in some way. 

 

REF2, UBC13, and YPR099C/MRPL51 encode proteins that are neither secreted or 

membrane bound, and therefore are unlikely to travel through the ER or have direct 

interaction with Ubc7.  Thus, these genes may represent pathways that are 

indirectly affected by UBC7 rather than being direct targets of Ubc7-ubiquitination.  

Alternatively, since these three genes are unable to suppress the doa10∆ phenotype, 

they may be ubiquitinated by alternative E3 ubiquitin ligase other than Doa10.  

 

The suppressor screen identified 10 mutations that suppressed ubc7∆, cue1∆ and 

doa1∆ cold sensitivity and, thus, are potential cold-relevant targets of Ubc7-ERAD. 

Therefore, these suppressors identify novel genetic interactions between the Ubc7-

ERAD pathway and 9 additional genes (Table 3.2).  Among these 10 suppressors, 6 

genes (SHE1, SHE4, UTR1, MUP1, MUB1, and VPS21) encode proteins involved in 

physiological functions that include endocytosis, methionine transport, 

ubiquitination, and membrane trafficking.  Because the ERAD pathway typically 

targets proteins that are trafficked through the ER, it is important to consider, not 

only the function of the suppressors, but also their final localization and topology 

(BRODSKY and MCCRACKEN 1999).  For example, proteins that are translated in 

association with the ER (i.e. ER proteins, Golgi proteins, plasma membrane proteins, 

etc.) are most likely to be directly targeted by ERAD.   Interestingly, of these six 
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suppressors, only one encodes a membrane-bound protein: Mup1is a high-affinity 

methionine permease in the plasma membrane (ISNARD et al. 1996).  Consistent with 

the possibility that Mup1 is a target of Ubc7-ubiquitination, Mup1 can be 

ubiquitinated by the E3 ligase, Rsp5 (STRINGER and PIPER 2011) for which Ubc7 can 

act as a ubiquitin E2.  In addition, physical and genetic interactions between Rsp5 

and Ubc7 have been confirmed by co-immunoprecipitation and double mutant 

analysis (ARNASON et al. 2005).  These established Ubc7-Mup1 interactions 

strengthen the possibility that Ubc7 may ubiquitinate Mup1p as part of a response 

to low temperature growth.  

 

Along with Mup1, it is also possible that Vps21 and Mub1 are involved in processes 

that are potentially regulated by ubiquitination, although no interactions are 

reported between Ubc7 and Vps21p or Mub1p in SGD.  VPS21 encodes a GTPase that 

is required for endocytic transport (ROBINSON et al. 1988; ROTHMAN et al. 1989) that 

may require or be regulated by Ubc7-dependent ubiquitination.  MUB1 encodes a 

protein that functions in ubiquitination and turnover of Rpn4p, a proteasomal 

transcription factor (JU et al. 2008).   

 

The S. cerevisiae PHO pathway and Ubc7-ubiquitination are genetically linked.  

Four of the 10 suppressors, pho84∆, yml122c∆, spl2∆, and pho81∆, represent genes 

involved in the PHO transport pathway, which transports and regulates inorganic 

phosphate (Pi) levels in S. cerevisiae. The phosphate signaling network in which 
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these four genes function is well-studied and, based on these studies, it is extremely 

complicated, involving transcriptional and post-transcriptional regulation. 

 

The PHO84 gene encodes a high-affinity phosphate transporter that is 

transcriptionally up regulated under phosphate limiting conditions (PERSSON et al. 

2003; WYKOFF and O'SHEA 2001). Surprisingly, of the 10 Ubc7-ERAD suppressors, 

only the pho84∆ mutation represented a protein that was previously reported to 

interact with Ubc7 (HITCHCOCK et al. 2003).  The SPL2 gene encodes a protein with 

similarity to cyclin-dependent kinase inhibitors and is also transcriptionally up 

regulated under phosphate limiting conditions.  Spl2 is involved in post-

translational down regulation of Pho87 and Pho90, both of which are low affinity Pi 

transporters (HURLIMANN et al. 2009).  The third suppressor in this category is the 

pho81∆ mutation.  The PHO81 gene encodes a cyclin-dependent kinase (CDK) 

inhibitor that regulates Pho80-Pho85 CDK in response to intracellular phosphate 

levels (CREASY et al. 1993; HUANG et al. 2001).    Deletion of YML122C is classified as a 

dubious ORF in SGD (FISK et al. 2006).  Interestingly, the region encoded by 

YML122C is approximately 300bp upstream of PHO84, suggesting that YML122C 

may not encode a protein, but instead, may lie in a regulatory region of the PHO84 

gene. Additionally, previous reports show that the yml122c∆ strain shows sensitivity 

to rapamycin (XIE et al. 2005) and has a growth defect on phosphate limiting media 

(DUDLEY et al. 2005), suggesting that this mutation has phenotypic consequences, 
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and remained of interest in this work.  Our results therefore link the Ubc7-ERAD 

pathway and cellular phosphate sensing and transport.   

 

Results of the genetic interactions between Ubc7 and the Ubc7-ERAD suppressors 

can be summarized in the model shown in Figure 3.9. Previous studies suggest that 

Pho84 may be subject to Ubc7-dependent ubiquitination.  For example, proteomic 

analysis shows that Pho84 can be ubiquitinated (MAYOR and DESHAIES 2005; PENG et 

al. 2003), and high-throughput mass spectrometry analysis predicts that this 

ubiquitination requires Ubc7 (HITCHCOCK et al. 2003).  Along with these large-scale 

approaches, work done by Lundh, et al., show that GFP-tagged Pho84 does not 

localize properly in a ubc7∆ background (LUNDH et al. 2009).  Our results show that 

PHO84 genetically interacts with UBC7, as well as with CUE1 and DOA10.  Since 

PHO84 encodes only one of the two high-affinity Pi transporters, we wanted to 

determine if PHO89 also interacted with UBC7.  The pho89∆ mutation did not 

suppress the cold-sensitivity of ubc7∆.  However, because of technical features of 

the experiment, this result does not rule out an interaction.  Both transcription and 

activity of the Pho89 transporter is pH-dependent, with optimal transport function 

at a pH >8.0 (ZVYAGILSKAYA et al. 2008).  Our experimental conditions are at pH 6.8 

and, thus, PHO89 would not be functional at either temperature.  For this reason, 

our current model does not include Pho89, although we realize that Ubc7 may also 

regulate this transporter.  We also examined whether the ubc7∆ cold sensitivity was 

suppressed by loss of either Pho87 or Pho90, partially redundant, low-affinity Pi 
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transporters (HURLIMANN et al. 2009; WYKOFF et al. 2007) (loss of neither Pho87 nor 

Pho90 suppressed ubc7∆ cold sensitivity).   

 

When S. cerevisiae are exposed to low phosphate conditions, transcription of SPL2 is 

induced and then Spl2 post-translationally down regulates Pho87 and Pho90 to 

allow the high-affinity transporters, Pho84 and Pho89, to import sufficient 

phosphate for growth (FLICK and THORNER 1998; HURLIMANN et al. 2009; WYKOFF et al. 

2007).  We hypothesized that Ubc7 may down regulate some of the phosphate 

transporters through post-translational modifications; thus, it was possible that the 

spl2∆ single mutant was cold sensitive, like ubc7∆.  However, the spl2∆ mutation is 

neither cold sensitive nor sensitive to low phosphate conditions.  We were also 

interested in whether the triple mutants spl2∆ubc7∆pho84∆ and spl2∆ubc7∆pho89∆ 

were still able to grow at low temperatures, as predicted by the phenotype of the 

spl2∆ubc7∆ (Figure 3.8).  We were surprised to see that deletion of either of the 

high-affinity phosphate transporters in the spl2∆ubc7∆ background resulted in a 

synthetically sick phenotype at both 10˚C and 26˚C.  This result strengthened the 

observation that UBC7 was genetically interacting with the Pi transport system and 

suggested that these interactions are required for growth, even under optimal 

conditions. 

 

Since Spl2 is a cytoplasmic protein and Ubc7 is localized to the ER, Spl2 may 

regulate the Pi transporters at the plasma membrane and Ubc7 may regulate the Pi 
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transporters as they are exiting the endoplasmic reticulum, prior to their insertion 

into the plasma membrane.  As a control mechanism, this dual regulation would 

enable cells to down-regulate the low-affinity Pi transporters at two points in the 

cell.  Consistent with this hypothesis, Spl2 physically interacts with the SPX (SYG1, 

PHO81, XPR1) domain of Pho87 and Pho90 (GHILLEBERT et al. 2011; HURLIMANN et al. 

2009).  A recent report shows that the targeting of both Pho87 and Pho90 to the 

vacuole under nutrient stress or rapamycin treatment requires the SPX domain 

(GHILLEBERT et al. 2011). However, Spl2 was only required for the vacuole targeting 

of Pho87, indicating that another factor is responsible for the down regulation of 

Pho90 (GHILLEBERT et al. 2011).  Our results suggest that this additional factor could 

be Ubc7, which could ubiquitinate Pho90 to target the protein to the vacuole or for 

proteasomal degradation.  Additionally, a recent large-scale mass spectrometry 

approach showed that Pho87 could be modified by ubiquitin (STARITA et al. 2012), 

and, based on reports that Pho87 also undergoes ubiquitin-dependent endocytosis 

(ESTRELLA et al. 2008), it is possible that Ubc7 interacts with these low-affinity 

phosphate transporters by different mechanisms. 

 

In addition to the potential direct interactions between Ubc7 and members of the 

PHO pathway, it is also possible that indirect effects of UBC7 are required for 

functional Pi transport.  Our working model is partially based on the membrane 

abnormalities that occur in ubc7∆ mutants and the exacerbation of these 

abnormalities by low temperatures (LOERTSCHER et al. 2006).  These membrane 
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abnormalities could have deleterious effects on many membrane-bound proteins, 

including Pi transporters.  The following statements summarize our working model 

of the effects of low temperature and genetic mutations on the PHO pathway (Figure 

3.10). 

• Wild-type cells growing at low temperatures undergo changes in membrane 

fluidity or composition (BENEY and GERVAIS 2001; LOS and MURATA 2004) that 

can compromise the function of Pho84, resulting in low internal Pi levels.  As 

a result of these low Pi levels, the low affinity transporters are not expressed. 

However, Pho84 transports sufficient Pi to support growth.   

• In a ubc7∆ mutant growing at low temperatures, membrane composition is 

profoundly altered (LOERTSCHER et al. 2006).  As a result of this alteration, the 

Pho84 transporter becomes nonfunctional.  The low affinity Pi transporters 

are not expressed because internal Pi levels are still low.  Thus, the cells do 

not grow because they have insufficient phosphate. 

• The ubc7∆ cold sensitivity is suppressed by loss of PHO84 because loss of 

Pho84 results in partial derepression of the low affinity transporters, Pho87 

and Pho90.  The cells obtain sufficient Pi through the low-affinity 

transporters (Pho87 and Pho90) and are able to grow.  

• The ubc7∆ cold sensitivity is suppressed by loss of Spl2 because loss of this 

negative regulator results in partial derepression of the low affinity 
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phosphate transporters.  The cells obtain sufficient Pi through the low affinity 

transporters (Pho87 and Pho90) and are able to grow. 

• The triple mutant, ubc7∆spl2∆pho84∆, is sick because these cells no longer 

express any negative regulators of Pho87 and Pho90.  Therefore the low-

affinity transporters are overexpressesed, which results in excess internal Pi 

and poor growth under all conditions. 

It is also possible that the altered membranes that result from the combination of 

cold and a ubc7∆ mutation compromise the function of phosphate transporters such 

that they exert a negative effect on cell growth.  For example, under these 

conditions, Pho84 may become toxic because it has less specificity and begins to 

transport other molecules.  Toxicity could also result from abnormal protein 

structures, such as aggregation, improper interactions with other proteins, or effects 

on membrane permeability.  This model leads to many testable hypotheses that 

could be the foundation of future research on the relationship of Ubc7-dependent 

ERAD and the PHO pathway of S. cerevisiae.   
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