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A B S T R A C T 

Saccharomyces cerevisiae contains a family of twenty hexose transporter (HXT) and 

ZiYT-related genes. Hexose transporters facilitate the uptake of six-carbon sugars across the 

plasma membrane. O f the seventeen identified HXTs, only nine have assigned functions - some 

of which are still poorly defined. Despite extensive efforts to characterize the hexose 

transporters, the expression of HXT6 and HXT8-17 remains an enigma. In nature, S. cerevisiae 

finds itself under extreme nutritional conditions including sugars (both glucose and fructose) in 

excess of 40 % (w/v), depletion of nutrients and extremes of both temperature and pH. These 

conditions may affect the transcriptional activation of HXT genes for which no function has been 

assigned thus far. Using 7iYTpromoter-/acZ fusions, we have identified novel conditions under 

which the HXT17 gene is expressed. HXT17 promoter activity is up-regulated in media 

containing raffinose and galactose at p H 7.7 versus p H 4.7. We demonstrated that HXT5, 

HXT 13 and to a lesser extent HXT 15 were all induced in the presence of non-fermentable carbon 

sources. HXT1 encodes a low affinity transporter, and previous work by other groups revealed 

that the HXT1 promoter activity peaked at 4 % sugar, and that expression o f this gene remained 

constant up to 8 % sugar (w/v). We have confirmed these results, but also extended the range of 

sugar concentrations tested up to 40 % (w/v). Initially, it appeared that HXT1 m R N A was up-

regulated 10-fold at 40 % vs 2 % glucose. However, in short-term osmotic shock experiments, 

HXT1 promoter activity was actually down-regulated by 40 % glucose. To reconcile these 

results we tested the half-life of HXT1 m R N A under osmotic pressure, and found the transcript 

to be stabilized in 40 % glucose. This stabilization is not dependent on HOG1. Furthermore, the 

stabilization of HXT1 m R N A does not appear to be gene specific because 30 minutes after 

transcriptional arrest there is five-fold more m R N A in osmotically stressed versus non-stressed 

yeast cells. The implication of this observation is that a large portion of S. cerevisiae m R N A 

molecules may have a decreased rate of turnover during exposure to osmotic stress. 
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C H A P T E R I 

1.0 I N T R O D U C T I O N 

Glucose is the preferred carbon and energy source in the baker's and wine yeast strains of 

Saccharomyces cerevisiae. The primary role of S. cerevisiae during wine fermentations is to 

convert the available hexoses (glucose and fructose) in grape must into ethanol, carbon dioxide 

and flavour compounds. Transport across the cell membrane proceeds via facilitated diffusion, 

and represents the first rate-limiting step in glucose metabolism, and thus alcoholic fermentation. 

How eukaryotic cells sense glucose, signal its presence, and ensure optimal utilization of this 

sugar remains a key fundamental question. Defects in glucose signalling and uptake in S. 

cerevisiae can lead to severe and chronic problems with stuck or sluggish fermentations (10). In 

general, a wine fermentation is said to be complete when less than 0.4 % (w/v) of the sugars 

(glucose and/or fructose) remain. Whi le a typical fermentation may be completed in 7-10 days, 

a sluggish fermentation may take months. The problem is further compounded by the fact that 

while a vigorous fermentation has a protective layer of carbon dioxide above the fermenting 

juice, a sluggish or stuck fermentation does not produce CO2 at high enough rate to have this 

protection and thus is susceptible to oxidation or contamination by spoilage microorganisms. 

Sluggish or stuck fermentations occupy valuable cellar space (during the harvest a fermentation 

tank may be used several times in succession as different crops come in) and a spoiled wine 

(potentially > 10,000 L) represents significant lost revenue for wineries. 

The causes of stuck and sluggish fermentation are varied and are difficult to predict 

because of a lack of information regarding wine fermentations at the molecular level. Recently, 

several publications have become available, detailing various aspects of wine fermentations 

using D N A microarrays (33, 83, 136, 152). Because uptake of glucose and fructose represents 

the first critical step of fermentation, we set out to characterize the transcriptional regulation of 
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yeast hexose transporters in conditions that S. cerevisiae may encounter during wine 

fermentations. 

1.1 The HXT gene family 

Glucose import into the yeast cell is facilitated by a group of membrane-spanning 

proteins, termed hexose transporters (HXT) . Transport across the cell membrane represents the 

first rate-limiting step in glucose metabolism. There are at least 20 members of the yeast hexose 

transporter family {HXT1 to HXT17, SNF3, RGT2 and GAL2), as identified by genetic studies 

and/or sequence homology (for reviews, see 11, 13, 63, 110). A l l of the H X T gene products, 

with the exception of Hx t l2p are able to support growth on glucose when expressed individually 

in a strain deleted for all twenty transporter genes (178), indicating all of the H X T genes encode 

functional glucose transporters. None of the transporters is essential for growth on glucose 

however, indicating their functional redundancy. HXT1, HXT2, HXT3 and HXT4 are the best 

characterized members of the H X T family. The presence of multiple hexose transporters with 

differing affinities for glucose is reasonable given that S. cerevisiae is able to grow in an 

extensive range of sugar concentrations (0.1 % to > 40 % w/v). 

1.1.1 HXT1 - HXT1 encodes a low affinity transporter that is maximally expressed in the 

presence of high levels of extracellular glucose (> 1 % w/v or 56 mM) (111). HXT1 was 

originally isolated as a multi-copy suppressor of a high-affinity glucose transport defect in snf3A 

cells (71), and later as a suppressor of a potassium transport defect in trklAtrk2A cells (62). 

Early studies revealed that HXT1 expression was maximal during lag and early-exponential 

phases of growth (71). B y fusing the lacZ gene to the HXT1 promoter it was observed that 

HXT1 is expressed in the presence of high (> 1 % w/v) glucose concentrations, reaching a 

maximum at 4 % w/v (111). HXT1 is not induced by glucose in grrlA cells, however normal 
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expression is restored in grrlA rgtlA mutants (see section 1.2 for a discussion of GRR1 and 

RGT1). Interestingly, in rgtlA mutants, basal HXT1 expression on galactose is higher than in 

wild-type cells, but is not fully induced on high glucose, indicating that in addition to GRR1-

mediated derepression, a second activating signal is required for maximal HXT1 expression on 

high glucose (111). 

HXT1 expression is increased during exposure to osmotic stress, as caused by salt (1.0 M 

NaCI), sorbitol (1.5 M ) (46), or high sugar (40 % w/v) (33). Induction of HXT1 by osmotic 

stress is dependent on the H O G (high osmolarity glycerol) pathway (128) (see section 1.6). It 

has been proposed that HOG1 -dependent HXT1 expression provides additional glucose for the 

synthesis of glycerol, a compatible solute that accumulates during conditions of osmotic stress 

(46). 

1.1.2 HXT2 and HXT4 - HXT2 and HXT4 are high affinity transporters. Expression of HXT2 

and HXT4 is increased approximately five to twenty-fold in cells growing in the presence of low 

glucose (-0.1 % (w/v) or 5.6 mM) versus cells grown either in the absence of glucose, or in the 

presence of high glucose (111). L ike HXT1, HXT2 and HXT4 were cloned as multicopy 

suppressors of the high-affinity glucose uptake defect in snf3A mutants (64). HXT2 and HXT4 

are maximally expressed at low concentrations (-0.1 % (w/v) or 5.6 m M ) o f glucose (111). The 

expression of HXT2 and HXT4 is repressed in the absence o f glucose by Rgt lp . However, these 

genes have an additional level of regulation by M i g l p and Snf lp that limits their expression to 

low concentrations of glucose (discussed in section 1.4). HXT4 may have relaxed substrate 

specificity, as it is the only HXT gene that is able to complement a growth defect on galactose in 

a strain lacking the functional galactose transporter Gal2p (120). HXT4, along with HXT 11 is 

able to restore glucose transport activity to a glucose permease mutant (raglA) of 

Kluyveromyces lactis (102, 120). Furthermore, although HXT4 is expressed only on low 
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glucose, it is unable to restore growth on 5 m M glucose, but only on higher concentrations (126). 

Indeed HXT4 has a K m for glucose of 6.2 - 9.0 m M , whereas the corresponding K m values 

reported for HXT2 are 1.5 m M - 2.9 m M (82, 125). 

1.1.3 HXT3 - HXT3 is a low affinity glucose transporter that was originally identified along 

with HXT1 as a suppressor of a potassium transport defect in trklAtrk2A cells (62). HXT3 is also 

a multicopy suppressor o f the snf3A growth defect on raffinose (62, 160). Raffinose is a 

trisaccharide composed of galactose-glucose-fructose. Raffinose serves as a low source of 

fermentable carbon as the glucose-fructose bond can be gradually hydrolyzed by invertase. 

HXT3 promoter activity is constitutive in the presence of glucose but is independent of sugar 

concentration (111). In the absence of glucose HXT3 is repressed by Rg t l p (111). There is also 

evidence that HXT3 expression reaches maximal levels upon entry into stationary phase (62). 

1.1.4 HXT5 - Overexpression o(HXT5 is sufficient to restore growth on glucose to an hxtl-17A 

gal2A strain (178). HXT5 encodes a functional hexose transporter with moderate affinity for 

glucose ( K m =10 m M ) that is maximally expressed under conditions that cause slow growth (31, 

172). For example, in batch cultures an increase in temperature or osmolarity, as well as growth 

in the presence of ethanol or glycerol or a depletion of glucose all induce the expression of HXT5 

(172). Microarray data have also identified HXT5 as inducible by increased temperature (37) or 

osmolarity (33, 37, 117, 128, 182). The induction of HXT5 when glucose is depleted is a 

function of growth rate and is independent of glucose derepression because in exponentially 

growing hxk2A cells in the presence of glucose HXT2 and HXT4 are derepressed, while HXT5 

expression is not detected (116). HXT5 promoter analysis revealed two stress-responsive 

elements (STRE), two Hap2/3/5p binding sites and one P D S (post-diauxic shift) element (14, 
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172). Interestingly, Verwaal et al. also reported that the HXT5 promoter appears to be 

homologous to that o f GSY2, which encodes an enzyme involved in glycogen synthesis, and 

noted that HXT5 and GSY2 exhibit a similar expression pattern (172). 

1.1.5 HXT6 and HXT7 - HXT6 and HXT7 exist in tandem on chromosome IV, separated by 

approximately 3.5 kb, and are 1.5 kb downstream of HXT3. Hxt6p and Hxt7p are highly related, 

differing by only two amino acids over the entire 570 amino acid sequence (126). Neither of the 

differing amino acids appears conserved within the hexose transporter family (13). O f the 

characterized transporters from this family (HXT 1-7), HXT6 and HXT7 have the highest affinity 

for glucose, with a K m value of approximately 1.0 m M (82, 125). In wild-type strains, the 

expression of HXT7 is repressed in the presence of high concentrations of glucose, but increases 

as glucose reaches depletion (184). Interestingly, despite their high sequence similarity, HXT6 

and HXT7 appear to be regulated independently. The expression of HXT7 is much higher than 

that of HXT6 in wild-type strains under similar growth conditions (30, 125). Furthermore, 

HXT6, in addition to being regulated by the general glucose repression pathway (see section 1.4) 

responds to a novel signal transduction pathway involving Snf3p (73). More specifically, the 

maintenance of HXT6 glucose repression is dependent on SNF3 expression even when glucose is 

abundant. 

1.1.6 HXT8-16 - To date, very little is known about the regulation of HXT8-16. As mentioned, 

HXT11 is capable of restoring glucose uptake in a raglA strain of K. lactis (102). HXT 11 and 

HXT9 were also identified as targets for the transcriptional activator Pdr3p (for pleiotropic drug 

resistance) (102). Deletion of HXT11 and/or HXT9 confers resistance to cycloheximide (protein 

synthesis inhibitor), sulfomethuron methyl (aceto-lactate synthase inhibitor) or 4-nitroquinoline-



TV-oxide (mutagen). This is interesting given that when expressed individually Hxt9p and 

Hx t l l p are functional glucose carriers (178), and yet their expression is entirely independent of 

extracellular glucose. Rather, their expression is linked to a transcription activator that also 

regulates proteins that confer drug resistance. 

1.1.7 HXT17 - HXT17was identified by a microarray experiment as a target of a constitutively 

active form of the M a c l p transcription factor (40). M a c l p regulates the expression of high 

affinity copper uptake genes under copper-deficient conditions (58). However, when cells were 

treated with a copper-specific chelator to mimic copper limitation, HXT17 was not induced, 

indicating the effect may have been due to a property of the specific MAC1 mutant allele. 

1.1.8 SNF3, RGT2 and GAL2 - SNF3 and RGT2 gene products do not transport glucose per se, 

but rather serve as sensors of extracellular glucose concentrations (discussed in section 1.5.1) 

(109). Gal2p serves as a galactose transporter (100). 

1.2 Regulatory Components of / / A T Gene Expression: R g t l p , G r r l p , M t h l p and S td l p 

1.2.1 RGT1 - RGT1 encodes a DNA-bind ing protein that serves as both an activator and a 

repressor of HXT gene expression. In the absence of glucose, Rg t lp represses HXT1 - HXT4; 

addition of glucose to the media causes inhibition of Rg t lp activity, and subsequent derepression 

of various HXT genes (111). Repression of transcription by Rg t l p requires the general 

transcriptional repressors Ssn6p and Tup lp (112). Glucose-mediated inhibition of Rg t lp activity 

requires Gr r l p (see next section). Interestingly, Rg t lp is required for both repression and 

activation of HXT1 gene expression. In rgtlA cells, HXT1 is expressed in the absence of 

6 



glucose, but does not reach maximum expression levels in the presence of high amounts of 

glucose (2 % w/v) (111). Recently it was shown that Rg t lp becomes hyperphosphorylated in 

response to high concentrations of glucose (4 % w/v) (93). Hyperphosphorylation is required for 

converting the protein to an activator because phosphorylation was abolished in snfiA, rgt2A and 

grrlA mutants, and induction of HXT1 expression is also lacking in these strains. 

1.2.2 GRR1 - GRR1 (Glucose Repression Resistant) encodes an F-box protein associated with 

the ubiquitin proteolysis machinery (72). GRR1 expression is required for HXT gene expression, 

and this is due to the requirement of Gr r lp for Rg t lp inactivation. The glucose-repression defect 

of grrl A strains is therefore indirect, as cells are unable to transport any amount of glucose (111, 

169). It has been proposed that Gr r l p regulates Rg t lp activity by targeting the protein for 

degradation (110). However a recent report suggests an intermediate, M t h l p links these two 

proteins (34). MTH1, and the closely related STD1 are two genes that are important for the 

proper regulation o f i i Y T g e n e expression (139, 143); mthlAstdlA cells express HXT1-4 even in 

the absence of glucose (139). Both M t h l p and Stdlp are able to interact with the membrane 

bound glucose sensors Rgt2p and Snf3p (67, 139), and both proteins localize to the membrane 

and the nucleus, making them good candidates as transducers of the glucose signal that activates 

or derepresses transcription (139). Indeed, it was recently established that the phosphorylation 

and dissociation of Rg t l p from HXT promoters is mediated by Grrlp-dependent degradation of 

M th lp (34). 

1.3 Regulation of hexose transporters during wine fermentations 

Deletion of the genes HXT1-HXT7 abolishes hexose transport in S. cerevisiae and 

prevents growth on glucose (125, 126). It is therefore not surprising that HXT gene expression is 

required for wine fermentations. Because of the broad range of extracellular sugar 
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concentrations during wine fermentations (decreasing from >20 % w/v to less than 0.5 % w/v), 

the coordinated expression of different hexose transporters is a dynamic process. Evidence for 

the role of specific hexose transporters during wine fermentations was provided when Luyten et 

al. expressed HXT1-HXT7 individually in a haploid industrial strain of S. cerevisiae (78). The 

high-affinity transporters Hxt2p, Hxt6p and Hxt7p were all required for normal fermentation 

kinetics, although Hxt2p was required for growth initiation, whereas Hxt6p and Hxt7p were 

required at the end of the fermentation. The low affinity transporters H x t l p and Hxt3p were able 

to complete the fermentation when expressed individually. Hxt3p had fermentation kinetics very 

similar to that of the wild-type strain, whereas the Hxt lp-only strain was less efficient once the 

cells reached stationary phase. The conclusion of the authors was that at least four or five 

hexose carriers are involved in successful alcoholic fermentations. 

1.4 Glucose repression 

S. cerevisiae utilizes a wide variety of carbon sources for energy and biosynthesis (7). 

Glucose and fructose are able to enter glycolysis directly, while other mono-, di- and 

trisaccharrides require cleavage or modification by enzymes prior to glycolysis. As a result, 

glucose (or fructose) is the preferred carbon source and serves as an important regulator of 

metabolism in S. cerevisiae. When glucose is present in the surrounding environment, genes 

encoding enzymes that are required for metabolism of alternative carbon sources are repressed. 

In addition, genes involved in gluconeogenesis and in respiration are also repressed in the 

presence of glucose. This phenomenon is known as "carbon catabolite repression", or glucose 

repression ( G R ) a b . Whi le in some cases glucose can affect enzyme levels through changes in the 

translation or protein turnover rate, or by inactivating the protein, the major mode of metabolic 

a Because no known catabolites of glucose have been shown to be involved in this phenomenon, we will use the 
term "glucose repression". 
b It is generally accepted that both glucose and fructose are able to illicit the "glucose repression" response. 
Therefore, in this context only glucose will be discussed. 
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regulation for glucose is at the m R N A level. More specifically, a change in the rate of 

transcription in response to glucose is the primary output of signal transduction pathways 

involved in G R (for a review see 35). 

The identification of proteins involved in glucose repression has largely been 

accomplished through isolation of mutants that have either constitutively repressed G R genes, or 

express these genes even when glucose is present in the media. The core elements of glucose 

repression are the Snf l kinase complex and M i g l p . 

1.4.1 SNF1 - SNF1 encodes the a subunit of a heterotrimeric serine/threonine protein kinase 

complex (termed the Sn f l kinase in yeast). The Sn f l protein kinase is highly conserved among 

eukaryotic organisms (AMP-activated protein kinase ( A M P K ) in mammals). In yeast, the Snf l 

kinase is required for derepression of many genes when glucose is l imiting, including genes 

involved in gluconeogenesis, glycogen storage and alternative carbon utilization (reviewed by 

(43)). Addit ionally the Snf l kinase complex is required during meiosis (50), haploid invasive 

growth (26), diploid pseudohyphal growth (65), and the aging of yeast cells (5). Snf lp is 

associated with several other proteins in yeast, including the y subunit of the complex Snf4p, and 

one of three possible P subunits S ip lp , Sip2p or Gal83p (for reviews see 20, 35). Snf lp has an 

amino-terminal catalytic domain and a carboxy-terminal auto-inhibitory regulatory domain. At 

"h igh" concentrations of glucose (2 % w/v) the Snf lp regulatory domain inhibits catalytic 

activity of the kinase, whereas at low concentrations of glucose (< 0.5 % w/v) Snf4p limits this 
r 

interaction and enables kinase activity (54). The three P subunits associate with Snf lp to form 

distinct kinase complexes, and may be involved in specifying a particular Snf kinase function 

(183). For example, cells expressing SIP I as the sole p subunit are unable to grow aerobically in 

the presence of glycerol and ethanol as carbon sources (138). Sip2p and Gal83p appear to be 
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involved in regulating Sn f l kinase activity during invasive growth of haploid strains of S. 

cerevisiae (174). Final ly, Sip2p may be involved in regulating the aging process of yeast cells 

by limiting the chromatin modifying activity of the Snf l kinase in young yeast cells (generation 

Oor 1) (74). 

The Snf l kinase complex is itself regulated by phosphorylation, and biochemical 

experiments have revealed at least three upstream kinases (49, 97, 156). When glucose is 

limiting, Snf lp is phosphorylated on Thr 210, thereby activating the kinase. When glucose is 

returned to the media, Sn f lp is deactivated by the stimulation of dephosphorylation by protein 

phosphatase 1 (PP1). The catalytic subunit of PP1, Glc7p, together with the regulatory subunit 

Reg lp reverts Sn f lp back to the autoinhibited state in the presence of glucose (137). 

1.4.2 MIG1 - MIG1 was originally identified in a screen for genes that mediate repression of the 

GAL1 promoter in S. cerevisiae (99). MIG1 is identical to SSN1 (168) and CAT4 (142). M i g l p 

is a DNA-b ind ing protein with a C2H2 zinc-finger domain capable o f binding the consensus 

(G/C) (C /T)GG(G/A)G sequence in the promoters of glucose repressible genes (77). 

Furthermore, an AT- r ich region is required 5' to the G C box, presumably to allow flexibility in 

the D N A (77). M i g l p binds to the promoters of several glucose-repressible genes, including 

SUC2 and GAL1 (98, 99). Deletion mapping of the MIG1 gene revealed that a small carboxy-

terminal domain comprising the last 24 amino acids is sufficient to support MIG1 -dependent 

repression when fused to a D N A binding domain (107). Furthermore, two internal elements in 

the protein are responsible for the inactivation of M i g l p in the absence of glucose. 

Miglp-dependent repression seems to be related to the sub-cellular localization of the 

protein. When cells are grown in the absence of glucose, or with only trace amounts of glucose 

(< 0.6 mM) M i g l p is primarily located in the cytoplasm. Upon exposure to higher levels of 

glucose M i g l p translocates to the nucleus within 180 seconds (28). Several lines of evidence 
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suggest that the nuclear-cytoplasmic localization of M i g l p is regulated by Snflp-dependent 

phosphorylation. First, M i g l p is differentially phosphorylated in response to glucose, and 

changes in the phosphorylation status of the protein are concurrent with its cellular relocalization 

(28, 165). Second Snf lp phoshorylates M i g l p in vitro (166), and in snfl A mutants, M i g l p is 

constitutively nuclear and dephosphorylated (28). 

The consensus model of Miglp-dependent glucose repression states that M i g l p represses 

transcription by recruiting the general transcriptional repressor Ssn6p-Tuplp (59, 165). Upon 

phosphorylation, presumably by Snf lp , M i g l p is transferred to the cytoplasm, thereby allowing 

dissociation of Ssn6p-Tuplp from the target promoter. Recent evidence necessitates a slight 

modification of this model, although the key proteins involved have remained unchanged. 

MSN5 encodes a nuclear transport receptor that is responsible for the nuclear export of M i g l p 

upon phosphorylation, however in msn5A strains M i g l p is phosphorylated normally, but remains 

in the nucleus (29). A lso, at the GAL1 promoter, which is the classic glucose-repressible 

promoter, Ssn6p-Tuplp is constitutively tethered to the D N A under both activating and 

repressing conditions (114). Finally, a very recent report demonstrated by co-

immunoprecipitation experiments that Snflp-dependent phosphorylation of M i g l p disrupts the 

interaction with Ssn6p-Tuplp and allows transcription (at least oiGALl), despite the repressor 

complex being retained at the promoter (113). Therefore, although phosphorylation mediates the 

interaction between M i g l p and Ssn6p-Tuplp, it is not responsible for tethering the repressor 

complex to target promoters. The authors pointed out that the physiological relevance of 

localizing M i g l p to the cytoplasm remains unresolved. 

1.4.3 Hxk2p is involved in mediating glucose repression - In addition to Snf lp and M i g l p , 

glucose repression involves the glucose-phosphorylating enzyme hexokinase 2 (Hxk2p). This 

kinase is encoded by the HXK2 gene and acts in the glycolytic pathway to phosphorylate glucose 
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(or fructose) at carbon-6 (for a review see (89)). Although hxk2A strains are defective for 

glucose repression, this defect is not related to the glucose phosphorylating activity of the 

enzyme, because overexpressing GLK1 in an hxklAhxk2A background does not restore glucose 

repression (134). Hxk2p may play a direct role in repressing transcription because the protein at 

least partially localizes to the nucleus (124), and this nuclear localization is required for glucose 

repression of SUC2, GLK1 and HXK1 (44, 131). Very recently it was reported that Hxk2p 

interacts with M i g l p as part of a D N A binding complex at glucose repressible promoters (1). 

1.5 Glucose sensing and signalling 

Glucose is the preferred carbon and energy source for S. cerevisiae (and most eukaryotic 

organisms). Although much is known about the metabolism of glucose, how cells are able to 

sense and respond to glucose is still only partially understood. Because defects in glucose 

sensing and uptake can lead to serious metabolic disorders such as diabetes, an understanding of 

the glucose sensing and signalling pathway has profound importance. 

1.5.1 The Rgt2p and Snf3p glucose sensors - Two members of the HXT gene family appear to 

serve as glucose sensors in S. cerevisiae. SNF3 and RGT2 are the most divergent members of 

the glucose transporter family, with only 25 % similarity (11, 13, 63). Work from several 

laboratories indicates that Snf3p and Rgt2p serve a regulatory rather than metabolic role. First, 

analysis of the transport kinetics in a snf3A mutant suggested that the defect in high-affinity 

glucose uptake is due to the loss of more than a single transporter (24). Second, overexpression 

of SNF3 or RGT2 in a strain deleted for seven HXT genes (hxtlA-hxt7A) (126) does not restore 

growth capability on glucose (73, 108). Finally, dominant mutations in SNF3 and RGT2 were 

identified that caused glucose-independent expression of several HXT genes (109). A 

distinguishing feature of these two proteins is an unusually long C-terminal tail (> 200 amino 
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acids) that is predicted to reside in the cytoplasm, whereas the C-terminal tails of other glucose 

transporters are only approximately 50 amino acids (84). A s mentioned previously, M t h l p and 

Stdlp interact with these C-terminal tails, as wel l as with Rg t lp , and both M t h l p and Stdlp are 

required for Rgtlp-mediated repression of transcription in the absence of glucose (69). Stdlp 

can localize to the nucleus or the cytoplasmic membrane making it a good candidate for 

transducing a glucose signal, and genetic evidence indicates Std lp and M t h l p antagonize the 

/^XT-induction signal from Rgt2p and Snf3p (139). However, the exact nature of the signal that 

is transmitted via these proteins is unclear. 

A n additional component of the Snf3p-Rgt2p signalling pathway may be Y c k l p (90). 

YCK1 (and its paralogue YCK2) encodes a membrane-associated casein kinase that interacts with 

Rgt2p and phosphorylates M t h l p and Stdlp in vitro (90). Furthermore, overexpression of YCK1 

leads to constitutive HXT1 expression, and conversely HXT1 expression is abolished in 

ycklAyck2A mutants. Therefore, based on existing evidence the current model of Rgt2p (and 

likely Snf3p) mediated glucose signalling is as follows: Glucose is sensed by binding to an 

extracellular domain of Rgt2p and generates an intracellular signal leading to Ycklp-mediated 

phosphorylation of M t h l p . Phosphorylated M t h l p is subsequently targeted for degradation by 

Gr r lp , which limits the interaction with Rg t lp and therefore derepresses HXT gene expression. 

1.5.2 The R a s - c A M P pathway - Cycl ic A M P (cAMP) is a major second messenger in 

eukaryotes. In S. cerevisiae, c A M P signalling is central to the control of metabolism, stress 

resistance and proliferation. Synthesis of c A M P from A T P is catalyzed by the enzyme adenylate 

cyclase (encoded in yeast by CYR1). Cy r l p is in turn regulated by two signals, from Ras 

proteins (Raslp, Ras2p) or the G-protein coupled receptor (Gpr lp) (for a review see 133). 

Ras lp and Ras2p appear to be involved in regulating basal adenylate cyclase activity, whereas 

Gpr lp mediates the glucose-induced activation of c A M P synthesis (23). The key effector of the 
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Ras-cAMP pathway is the cAMP-dependent protein kinase ( cAPK) (162, 163). c A P K exerts 

many pleotropic effects on yeast cells, some of which can be attributed to cAPK-mediated 

regulation of the general stress response transcription factors Msn2p and Msn4p (39, 85, 140). 

Glucose sensing by the R a s - c A M P pathway involves Gp r l p and Gpa2p, the yeast 

homolog of a mammalian G-protein (96). Glucose induction o f c A M P synthesis in yeast 

requires both the G-protein coupled receptor system and a separate glucose phosphorylation 

process (by G l k l p , H x k l p or Hxk2p) that renders adenylate cyclase responsive to Gprlp-Gpa2p 

activation (132). This c A M P signal is apparently required primarily for the transition from 

respirative growth on a non-fermentable carbon source to growth on glucose (23). 

1.6 Osmotic stress and the H O G pathway 

For unicellular organisms, the ability to withstand a sudden osmotic challenge is critical 

for survival. The natural environment of S. cerevisiae includes both hyper- and hypo-osmotic 

conditions, as quantified by water activity (or the chemical potential of free water in solution). 

High sugar or high salt environments reduce water activity and thus i l l icit an osmotic stress 

response from yeast (33, 46). When exposed to osmotic stress yeast cells decrease in size and 

rapidly begin to synthesize glycerol as a compatible solute (17, 91) (for a review of early work 

see 12). The transcriptional response to osmotic stress in S. cerevisiae is mediated by the H O G 

(high osmolarity glycerol) signal transduction pathway and the key effector o f this pathway is 

Hog lp . HOG1 was identified, along with PBS2 in a screen for osmosensitive mutants; hoglA 

andpbs2A strains are unable to grow on high-osmolarity medium (16). Together HOG1 and 

PBS2 form part of an osmotic stress-responsive mitogen-activated protein kinase ( M A P K ) signal 

transduction cascade (Hoglp is phosphorylated in vivo by Pbs2p during osmotic stress). M A P 

kinase cascades are common signalling modules in eukaryotes and each pathway mediates the 

response to one or more extracellular stimuli, including sensing nutrient availability, hormones 

14 



or cytokines (reviewed by 130). Because yeast cells are readily amenable to genetic experiments 

they have been instrumental in understanding the architecture and signalling mechanisms of 

M A P kinase cascades. Indeed, the best characterized M A P K cascade is the yeast pheromone 

response pathway (66). A defining feature of M A P kinase cascades is the presence of three 

levels of protein kinases that activate each other in a step-wise manner. These kinases are 

classed as one of: A M A P kinase ( M A P K - i.e. HOG1), a M A P kinase kinase ( M A P K K ) and a 

M A P K K kinase (or M A P K K K ) . In the H O G pathway there are three M A P K K K s (Ssk2p, 

Ssk22p and Stel lp) , one M A P K K (Pbs2p) and a M A P K (Hoglp). 

1.6.1 Sholp, Slnlp and Msb2p are the sensors of osmotic stress - Increases in external 

osmotic pressure appear to be sensed by two proteins in S. cerevisiae, Sho lp and S ln lp (79, 80). 

Signalling by Sho lp and S ln lp during osmotic stress converges on Pbs2p, but the two pathways 

are not entirely redundant. Sho lp is a membrane-spanning protein that contains an intracellular 

Src homology 3 (SH3) domain that binds Pbs2p (79). During osmotic stress, Sho lp uses 

Cdc42p, Ste20p and Ste50p to activate the M A P K K K Stel l p which in turn activates Pbs2p by 

phosphorylation (for reviews see 48, 106). Activation by Stel l p leads to Pbs2p-mediated 

phosphorylation of H o g l p and causes Hog lp to migrate from the cytoplasm into the nucleus to 

activate transcription (16, 80). S ln lp is also a membrane spanning protein but is distinct from 

Sholp in that it possesses an intracellular histidine kinase domain (119). The S ln lp branch of 

osmo-sensing involves a three-component phosphorelay system from S ln lp to Y p d l p and then 

Ssk lp (119). S ln lp is actually a negative regulator of osmotic stress signalling because it is 

activated under hypo-osmotic conditions leading to phosphorylation (and deactivation) of Ssk lp . 

Upon exposure to high osmolarity, S ln lp is inhibited, leading to dephosphorylation of Ssk lp and 

thereby facilitates activation of the M A P K K K Ssk2p (or the redundant Ssk22p) by Ssk lp (80, 

118). It is worth mentioning that a third osmo-sensor, Msb2p has recently been identified (104). 
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MSB2 encodes a protein that was originally discovered as a multicopy suppressor of CDC24 (8). 

Because components of the Sho lp branch of the H O G pathway are shared by other M A P kinase 

pathways, hoglA (or pbs2A) cells exposed to osmotic stress stimulate transcription of genes 

bearing the pheromone-response promoter element (103). This cross-talk is abolished in 

stellAhoglA cells, but only partially blocked in sholAhoglA cells suggesting that there is an 

additional osmotic stress responsive activator of the H O G pathway upstream of Stel lp . Only in 

sholAmsb2AhoglA cells is the cross talk ablated indicating that MSB2 encodes a weak but 

physiologically relevant osmosensing protein that operates in parallel to the Sho lp branch (104). 

1.6.2 Transcr ip t ional response to osmotic stress - The induction of the H O G pathway by 

osmotic stress is rapid and transient. Indeed nuclear accumulation of H o g l p is evident within 

one minute of exposure to osmotic stress, and the induction of osmotic stress-responsive genes 

occurs within 10 minutes (127, 129). There are several transcriptional regulators involved in the 

osmotic stress response including Sko lp (122), Msn2p/Msn4p (128, 141), Ho t l p (129), M s n l p 

(129), Sgdlp (3), Gcn4p (3) Smplp (27) and Skn7p (3) (reviewed by 48). These transcriptional 

regulators mediate transcription of distinct subsets of the osmo-responsive genes in a Hog lp -

dependent manner albeit the specific mechanism can vary. For example Ho t l p activates 

transcription by interacting with H o g l p which in turn recruits R N A polymerase II to target 

promoters (4). Smp lp is phosphorylated by the Hog lp kinase and this phosphorylation is 

essential for Smplp-mediated gene expression (27). A third mechanism involves Sko lp , which 

is a repressor that inhibits transcription of several osmo-inducible genes by recruiting the Cyc8p-

Tup lp general repressor complex but this repression is reversible by phosphorylation of Sko lp 

by Hog lp (121). Further, H o g l p phosphorylation of Sko lp converts the repressor into an 

activator that recruits the S A G A histone acetylase and SWI /SNF nucleosome remodelling 

complexes (123). 

16 



As mentioned above, one of the first responses of yeast to osmotic stress is the synthesis of 

glycerol as a compatible solute to counter-balance the osmolyte gradient across the plasma 

membrane. Glycerol synthesis is mediated in yeast by the glycerol-3-phosphate dehydrogenase 

(GPD1) gene, and GPD1 is highly induced in response to osmotic stress (46). Although GPD1 

is considered the paradigm of the transcriptional response to osmotic stress, D N A microarray 

data have revealed up to 2177 genes that have altered expression during osmotic stress (at least 

two-fold) depending on the osmolyte and concentration thereof (33, 105, 117, 128). A 

significant portion of these genes belong to a group of transcripts that have altered expression in 

response to a wide variety of stressors. Depending on the study, there are 499 "environmental 

stress response" (21) or 900 "common environmental response" (37) genes in the S. cerevisiae 

genome. 

1.7 m R N A turnover and stabil ization 

Nearly all aspects of cell biology and physiology are dependent on proper regulation of 

gene expression. The titration of m R N A molecules inside a cell requires coordination of both 

synthesis and turnover rates of various transcripts at all times. Unt i l recently however, gene 

expression studies had focused mainly on transcription initiation as the only control point for 

changing the expression level for a given gene. However, m R N A turnover appears to play an 

important role in the proper regulation of gene expression (135). Rates of turnover for individual 

m R N A s can vary by more than two orders of magnitude (18, 135, 149, 151). Whi le the decay 

rate for many genes is constant, there are numerous m R N A s for which the stability is altered in 

response to environmental factors (for reviews see 41, 179). 

In yeast and higher eukaryotes, m R N A degradation is initiated by a shortening of the 

poly-adenylated (poly-A) tail at the 3' end of the transcript (95, 148). Shortening of the poly-A 

tail leads to removal of the 5' 7-methylguanosine cap structure by decapping enzyme(s) (167) 
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which then exposes the transcript to cleavage by the 5 ' -3 ' exonuclease X r n l p (51) (reviewed in 

53). Alternatively, fol lowing deadenylation m R N A degradation can proceed from 3' to 5' by the 

cytoplasmic exosome complex (52). Since the cap structure and po ly -A tail both play a role in 

the stabilization of m R N A molecules it is not surprising that their formation is highly 

coordinated to the transcription process. Indeed the 5' cap is added to nascent m R N A molecules 

that are only 20-30 nucleotides long (25, 57). Poly-adenylation is carried out by the poly-A 

polymerase (Paplp) (75, 76, 115) in yeast, but the C-terminal domain (CTD) of R N A 

polymerase II is also an essential component of the poly-adenylation machinery (47, 87). 

Regulation of m R N A decay rates is important for maintaining or quickly altering 

transcript levels inside a cell. For example, transcripts with the shortest half-life wi l l attain a 

new steady state the most rapidly after changes in transcriptional activity. The features of an 

m R N A molecule that influence stability, the 5' cap and 3' po ly -A tail also work together to 

stimulate translation (158). Several eukaryotic (translation) initiation factors (elF) interact with 

the 5' end of capped m R N A . eIF4F is a protein complex consisting of the cap-binding protein 

eIF4E, a scaffolding protein eIF4G and an ATP-dependent R N A helicase eIF4A that is 

responsible for unwinding R N A secondary structure (reviewed in 86). B y binding to the 5' cap, 

eIF4E serves to recruit eIF4G and eIF4A into the vicinity of the m R N A molecule. In addition to 

binding other members of the eIF4F complex, eIF4G also binds the po ly-A binding protein 

Pablp (157). The binding of eIF4G to Pablp along with eIF4E leads to a circularized m R N A 

molecule (176). Although the functional significance of a circularized m R N A molecule has not 

been fully characterized, several possibilities exist (150). First, l inking the 5' cap structure with 

the poly-A tail prior to translation would ensure only full-length transcripts are translated. 

Second, since both cap removal and deadenylation precede m R N A degradation it is possible that 

a circularized transcript is more stable (perhaps for repeated translation). This idea is supported 

by the work of Schwartz and Parker (144) but there is some evidence that deadenylation can be 
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uncoupled from decapping, without affecting m R N A stability (92). Final ly, circularizing of the 

m R N A molecule could serve to enhance re-initiation of translation, as the ribosome would not 

need to dissociate and reassociate with the transcript. Unfortunately very little is known about 

how the ribosome proceeds after translation termination. 

1.7.1 Mechan ism of m R N A degradation - DCP1 encodes the major decapping enzyme in S. 

cerevisiae. Mutations in DCP1 were first identified in a genetic screen for mutants with altered 

m R N A decapping in vivo (52). Biochemical analysis of D c p l p revealed that the cleavage 

products of the enzyme are 7-methylGDP and a 5'-monophospate m R N A molecule (68, 153). 

Removal of the 5' cap facilitates rapid degradation by X r n l p which preferentially degrades 

targets with a 5'-monophospate end (154). DCP2 is also involved in the decapping process, and 

encodes a putative nucleoside diphosphatase that interacts with D c p l p and is required for 

Dcplp-mediated decapping (32). Because the cap structure is both the site of decapping and the 

assembly site for the eIF4F translation initiation complex, the relationship between m R N A 

turnover and translation has been scrutinized recently. In fact, some evidence indicates that 

m R N A decapping and translation machinery may compete for access to the 5' cap (reviewed by 

Schwartz and Parker (150)). For example, when components of the eIF4F complex (eIF4E, 

eIF4G, eIF4A) have mutations that l imit translation initiation, then the rate o f decapping of 

PGK1 and MFA2 transcripts is concomitantly increased (144). Translation can also be impaired 

by the introduction of a secondary structure in the 5' U T R (untranslated region) of a transcript, 

and this also leads to an enhanced rate of decapping (94). Furthermore, both eIF4G and Pablp 

bind to Dcp lp , either independently, orwhen these proteins are in the eIF4F complex, but this 

interaction is negatively affected by eIF4E (173). 
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1.7.2 Signal transduction and m R N A turnover - There have been significant advances in the 

understanding the mechanisms of signal transduction pathways that stimulate gene expression in 

yeast or other organisms. Less clear however, are the signal transduction pathways leading to 

altered m R N A turnover rates. Many unstable mammalian genes, such as those encoding 

cytokines, lymphokines and transcription factors possess adenylate- and uridylate-rich (AU-rich) 

elements (ARE) (19) in the 3' untranslated region (UTR) of their transcript that are involved in 

regulating the rate of m R N A turnover (22, 147). These A R E s usually contain several repeats of 

the pentameric sequence A U U U A (19, 147) which, when present in a functional A R E have a 

destabilizing effect on the m R N A molecule (2, 22, 155). A R E s can be bound by sequence 

specific proteins which act as both potent stimulators of decapping (36) and deadenylation (181). 

There are several ARE-b ind ing proteins that have been characterized thus far, including 

tristetraprolin (TTP), K homology-type splicing regulatory protein (KSRP) , A U F 1 and HuR (for 

a review see 9). 

Whi le yeast have served as an excellent model for studying mechanisms of m R N A 

decay, much of the work regarding signalling pathways that alter m R N A stability has been done 

in mammalian systems. For example, in mouse macrophages TTP promotes tumor-necrosis 

factor-alpha (TNFa) m R N A instability through a direct interaction with its A R E (reviewed by 

9). This interaction can be overcome by phosphorylation of T T P by the mitogen-activated 

protein kinase p38 (the mammalian homolog of yeast HOG1) as the hyperphosphorylated form 

of TTP binds A R E sequences with lower affinity than the hypophosphorylated form (9). Taken 

together this evidence suggests that p38-mediated accumulation of T N F a m R N A is due to 

increased R N A stability instead of increased transcription, as was originally suggested. The p38 

M A P kinase pathway has also been shown to promote interleukin-6 (IL-6) and IL-8 m R N A 

stabilization in FfeLa (human cervix) cells in response to cytokine (interleukin-1) exposure in an 

ARE-dependent manner (180). 
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ARE-mediated m R N A decay in yeast has recently been established. HYP2/TIF51A is an 

ARE-containing transcript in S. cerevisiae that is destabilized in the absence of glucose, or when 

the H O G pathway is inhibited (171). Because yeast is readily amenable to genetic manipulation, 

the discovery of regulable m R N A stability in S. cerevisiae should greatly accelerate the 

delineation of these signalling pathways. 

1.8 Scope and nature of this work 

The purpose of this project was to examine the transcriptional regulation of yeast hexose 

transporter genes, with a particular emphasis on the response of HXT genes to conditions that 

may be encountered during wine fermentations. Our primary focus was on HXT transcription in 

the presence of 0.2 % to 40 % (w/v) glucose or fructose, as wel l as the effect of anaerobiosis, 

changing p H , osmotic pressure and glucose starvation on HXT mRNA levels. Many of our 

results were derived from assaying beta-galactosidase activity in HXT promoter-lacZ 

transformed yeast cells that were grown in media containing increasing sugar concentrations, 

altered p H or non-fermentable carbon. When it became clear that m R N A turnover was 

influencing HXT1 transcript accumulation during osmotic stress, we used either a yeast strain 

bearing a thermally unstable R N A polymerase II mutant, or thiolutin, a potent R N A polymerase 

inhibitor to investigate the decay of HXT1 m R N A . In the absence of ongoing transcription, only 

changes in m R N A turnover rate can affect cellular m R N A levels in different conditions. A t 

various time points after transcription arrest we assayed m R N A levels by quantitative P C R . 

This project was motivated by two factors. First nearly half o f the HXT gene family 

members have a poorly characterized or uncharacterized function. Our work may assist in 

identifying roles for these transporters. Second, glucose uptake represents the first rate-limiting 

step of wine fermentations, and defects in hexose transport are potentially involved in the 

occurrence of stuck or sluggish fermentations. A s a result a better understanding of HXT gene 
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regulation could assist in diagnosing strains, or possibly fermentation conditions that could lead 

to stuck or sluggish fermentations. 
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C H A P T E R II 

2.0 M A T E R I A L S A N D M E T H O D S 

2.1 Strains, plasmids and media 

The yeast strains used in this study are listed in Table 1. Yeast cells were grown on 

standard media: Y P D (1 % (w/v) yeast extract (Difco), 2 % (w/v) Bacto peptone (Difco), 2 % 

(w/v) dextrose) or Y N B (0.67 % (w/v) yeast nitrogen base without amino acids or ammonium 

sulphate (Difco) supplemented with the appropriate amino acids, 0.5 % (w/v) ammonium 

sulphate and containing raffmose/galactose (1.5:0.5 % w/v), or glucose or fructose (0.2 % up to 

40 % (w/v) as indicated). For approximating cell numbers a standard curve was generated. 

Cells at various densities were counted using a haemocytometer and the cell density was plotted 

against the absorbance of the culture at 600 nm. For both T C Y 1 and BY4742 there are 

approximately 3 x 10 7 cel ls/mL for every 1.0 Aeoonm- HXT promoters (0.6 - 1.8 kb D N A 

fragments generated by restriction enzyme digests) were fused to lacZ in the vector YEp357R 

(110, 111). The plasmids are shown in Table 2 (kindly provided by M. Johnston). 

2.2 Yeast transformations and p-galactosidase assays 

HXT-lacZ plasmids (Table 2) were transformed into S. cerevisiae T C Y 1 cells using the 

high efficiency lithium acetate method (38). Successful transformants were identified by growth 

on agarose plates lacking uracil. Individual colonies were streaked onto Y N B plates lacking 

uracil in 8 cm 2 patches and incubated for two days at 30 °C. Cells were scraped from the patches 

and re-suspended in sterile dH20 for inoculation into 50 m L of Y N B media containing glucose 

or fructose at various concentrations (see above). The initial inoculum was Aeoonm 0.05, and the 

cells were grown with shaking at 30 °C until reaching an A6oo nm of 0.6-0.8. The P-galactosidase 

assays were performed as described previously (6), except that 2 m L or 10 m L of cell culture 
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was analyzed instead of 25 m L (as indicated). Each sample was analyzed in duplicate within the 

experiment, and the entire experiment was performed at least twice. (3-galactosidase activity 

values are reported in Mi l le r units (88), which are calculated as follows: 

Mi l le r units = (A42onm x 1000)/(A 6 0onm x t x volume) 

In our experiments: t (reaction time in minutes) =20 

volume (of cell lysate in mL) = 0.05 

2.3 R N A isolation 

Total R N A was isolated using the hot phenol method (6). For Real-time P C R analysis, 

an additional step was required during the isolation to remove contamination by genomic D N A . 

This was performed using Qiagen RNeasy kits (catalogue # 74104), with the RNase free DNase 

kit (catalogue # 79254) using the manufacturer's recommended protocols (available at 

http://www.qiagen.com'). 

2.4 Real-t ime P C R 

c D N A synthesis from 2.0 pg of total R N A was performed using the Omniscript R T K i t 

(Qiagen) according to the manufacturer's suggested protocol. The reverse transcription reaction 

was primed using random hexamer oligonucleotides at a final concentration of 2.5 p M . The 

final c D N A product was dissolved in DEPC-treated H 2 0 to a final volume of 500 pL. 

Real-time P C R was performed using the S Y B R Green P C R Master M i x (Applied Biosystems) 

according to the manufacturer's standard protocol, except the final reaction volume was reduced 

to 20 pL. Gene-specific oligonucleotide primers were used at a final concentration of 0.5 p M 

(primer sequences are listed in Table 3). The P C R s were performed in an A B I Prism® 7000 

Sequence Detector (Applied Biosystems) with the following reaction conditions: 50 °C for two 

min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 seconds and 60 °C for one min. 
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A l l samples were assayed in triplicate for each gene, and differences in c D N A synthesis 

efficiency were corrected for by normalizing all expression values to constitutively expressed 

18S r R N A . 

2.5 Determination of water activity (aw) 

Water activity measurements were carried out in triplicate, using an Aqualab Series 3 

water activity meter (Decagon Devices, Pullman, W A , U S A ) . The variability between assays 

was less than 2.0 %. The values reported represent the mean of the three assays. 

2.6 Osmotic shock assay 

T C Y 1 cells transformed with HXTl-lacZ were grown in 300 m L Y N B (galactose 2 % 

w/v) to mid-log phase and then centrifuged at 9000 R C F for 10 minutes at room temperature. 

The supernatant was discarded, and the cells were resuspended in 6 m L sterile dH^O. Flasks 

containing 50 m L of Y N B media plus the indicated carbon or salt were inoculated with 1 mL 

(approximately 1.6 x 10 7 cells) of the transformants, and then incubated at 30 °C. After four 

hours 10 m L of each culture was harvested in duplicate and analyzed for P-galactosidase 

expression. The experiment was performed twice using independent cultures. 

2.7 RNA stability assay 

A I L volume of Y P D was inoculated with Y260 cells at an initial cell density of ^ 6 0 0 n m 

= 0.2 and grown at 25 °C until an A^o n m 1.0 was reached (~11 hours). The cells were harvested 

at 9000 R C F for 5 min at room temperature. The supernatant was discarded, and the cell pellet 

was resuspended in 10 m L sterile dF^O, prewarmed to 37 °C (the non-permissive temperature). 

Five 50 m L volumes of Y P D , containing either 2 % glucose (w/v) or 40 % glucose (w/v) as the 

carbon source, were warmed to 37 °C and then inoculated with approximately 2 x 10 9 cells. A l l 
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flasks were immediately placed in a water bath at 37°C with shaking. A lso , one volume of the 

inoculum (approximately 2 x 10 9 cells) was centrifuged, washed once with ice-cold D E P C -

treated dH^O and then quickly frozen by placing the tube in ethanol at -80 °C. This marked the 

zero-minute time point. For each time point (15, 30 and 60 minutes) the entire 50 mL culture 

was harvested by centrifugation, washed and then snap-frozen in the same manner. The cell 

pellets were stored at -80 °C until the R N A extractions were performed. 

Alternatively, thiolutin (20 pg/mL, kindly provided by Pfizer, Groton, CT) was used to 

induce transcription arrest in the S. cerevisiae strain BY4742 (171). The protocol was similar to 

that for Y260 cells, except that at the start of the experiment the cells were inoculated in 400 m L 

of media (including thiolutin and either 2 % or 40 % (w/v) glucose), and at the indicated times 

(0, 10, 20, 30 and 45 minutes) 40 m L was harvested by centrifugation and frozen at -80 °C. 

For quantifying m R N A as a percentage of total R N A , polyadenylated molecules were 

purified from 1 mg of total R N A using the Qiagen Oligotex m R N A M i d i kit (catalogue # 

70042). Total R N A and m R N A were quantified by measuring the absorbance at 260 nm. 

2.8 Statistical analyses 

A two-way analysis of variance ( A N O V A ) was used to evaluate the effect of carbon 

source and sugar concentration on HXT promoter activities, and for comparing m R N A levels 

after transcriptional arrest in low- and high-sugar media. Differences in promoter activity were 

analyzed using a Fisher's least significant difference (LSD) test (p = 0.05). Statistics were 

calculated using Minitab software (release 14, Minitab Inc., U S A ) . 
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Table 1. Yeast strains used in this study. 

Strain Genotype Reference/Source 

TCY1 MAT a ura3A lys2A (170) 

BY4742 MATahis3Al ura3A lys2A leu2A (15) 

BY4742 hoglA MATa his3Al ura3A lys2A leu2A 

hogl::kanMX 

Invitrogen Life Technologies, 

Carlsbad, CA, USA 

Y260 MATa ura3A52 rpblAl (101) 
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Table 2. Plasmids used in this study. A l l plasmids are derived from YEp357R. 

Plasmid Description Reference 

pBM2636 HXTl-lacZ (110, 111) 

pBM2717 HXT2-lacZ (110, 111) 

pBM2819 HXT3-lacZ (110, 111) 

pBM2800 HXT4-lacZ (110, 111) 

pBM3555 HXT5-lacZ (110, 111) 

pBM3537 HXTlO-lacZ (110, 111) 

pBM3539 HXTll-lacZ (110, 111) 

pBM3538 HXT12-lacZ (110, 111) 

pBM3466 HXT13-lacZ (110,111) 

pBM3573 HXT14-lacZ (110, 111) 

pBM3472 HXT15-lacZ (110, 111) 

pBM3574 HXT16-lacZ (110, 111) 

pBM3476 HXT17-lacZ (110, 111) 
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Table 3. Primers used in this study. 

Gene 

Name 
Forward Primer Reverse Primer 

GPD1 5 '-CC AG A AGTTTTCGCTCCAATAGTA-3' 5'-AGCAACC A A ATTGTCGGGTAG A-3' 

HTB1 5' -G A A ACC AGCCGCT A A AAAG ACTTC-3' 5' -GGTA AG ATC A ATCTAAC AGCGGT-3' 

HXT1 5 '-CCCGATCTAATATCTCCTCAGAAATCC-3' 5 '-CCACCGAAAGCAACCATAACAC-3' 

IPP1 5 '-ACAGCAAGGGTATTGATTTGACCA-3' 5 '-AAGCTGGTGGGATGGCATCA-3' 

18S 
rRNA 

5 '-GGTGAAATTCTTGGATTTATTGAAGAC-3' 5 '-TTGATTTCTCGTAAGGTGCCGAGT-3' 
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C H A P T E R III 

3.0 R E S U L T S 

3.1 Effect of glucose or fructose on /EYT promoter activity at concentrations ranging 

between 0.2 % - 40 % (w/v) 

To advance our understanding of the regulation of yeast hexose transporter gene 

expression, we tested whether increased sugar concentrations (up to 40 % w/v), or specific 

carbon sources (fructose vs glucose) affected HXT expression. As an initial screen, we prepared 

X-gal plates containing either glucose or fructose from 0.2 % to 40 % (w/v) glucose or fructose 

as the carbon source. We incubated T C Y 1 cells transformed with HXT1-5- and HXT10-17-lacZ 

on these plates for several days but observed no significant difference between glucose and 

fructose grown cells. In addition, the only HXT promoters that exhibited activity under these 

conditions were HXT1-5 and HXT13 (data not shown). To examine the promoter activity of 

these genes more closely, we assayed liquid-grown cultures of T C Y 1 transformed with HXT 1-5, 

HXT13-lacZ for P-galactosidase (p-gal) activity. HXT4 activity was found to be highest at 0.2 % 

(w/v) glucose and fructose (Figure 1), while HXT3 was expressed across all sugar concentrations 

(Figure 2), in agreement with previous observations (111). Surprisingly both HXT3 and HXT4 

had a spike of promoter activity in cells grown in 40 % glucose or fructose (w/v). HXT5 

promoter activity remained relatively unchanged in both glucose and fructose-grown cultures 

until the sugar concentration exceeded 20 % (w/v). However, increasing the sugar concentration 

from 20 % to 40 % induced the HXT5 promoter approximately 5-fold (Figure 3). HXT2 

promoter activity was increased in cells exposed to sugar concentrations at or below 2 % (w/v). 

Interestingly, induction of HXT2 was 2-fold higher with 2 % fructose compared to 2 % glucose 

(Figure 4). HXTl-lacZ expression increased nearly linearly with increasing sugar concentrations 

up to 30 % (w/v) (Figure 5). There was no statistical difference in HXT1 promoter activity in 

30 



cells grown in 30 % versus 40 % glucose or fructose (w/v). HXT13-lacZ was moderately 

induced in response to low glucose and fructose (< 2 % w/v) (Figure 6). Similar to HXT2, there 

appeared to be a differential induction of HXT13 between glucose and fructose at very low sugar 

concentrations (0.2 % w/v). 

Hexose transporters in S. cerevisiae are somewhat redundant, considering that under 

most conditions there are at least two different HXT genes expressed at all times. Therefore, as a 

reflection of the relative contribution of each HXT gene to the overall complement of 

transporters at a given sugar concentration, we expressed the promoter activity of each individual 

HXT gene as a percentage of the total promoter activity (in Mi l le r units) of all of the HXT-lacZ 

contructs at each sugar level. Because the induction of the HXT genes at each sugar 

concentration is approximately equal between glucose and fructose-grown cultures, only results 

for glucose are shown. A s seen in figure 7, at 2 % glucose (w/v), the major hexose transporters 

are HXT1-3, and to a lesser extent HXT5. In contrast, at 40 % glucose (w/v), HXT1 promoter 

activity comprises approximately 84 % of the total activity for all of the transporters. At 2 % 

(w/v) sugar levels, HXT2-lacZ had higher activity in response to fructose as the carbon source 

versus glucose (Figure 4). As a percentage of total promoter activity in 2 % (w/v) sugars, HXT2 

represents 18 % and 10 % of the total in fructose and glucose respectively. 

3.1.1 Effect of pH on HXT17 promoter activity. During growth on X-ga l plates containing 

raffinose and galactose as the carbon source (1.5:0.5 % w/v) there appeared to be an increase in 

HXT17 promoter activity when compared to cells grown on 2 % glucose (w/v) (Figure 8A). 

Initial attempts to quantify this induction using P-gal assays in liquid-grown cultures were 

unsuccessful. However, one key difference between plate and liquid p-gal assays is that the X -

gal plates are buffered to have a neutral pH , whereas liquid Y N B media has a pH of 4.5 - 4.7. 

After adjusting the p H of the Y N B media with K O H , we observed that HXT17 promoter activity 
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in cultures grown in pH 7.7 versus 4.7 (using raffmose and galactose as the carbon source) is 

approximately 12-fold higher (Figure 8B). 

3.1.2 HXT17 is expressed upon relief from anaerobiosis. In order to determine if oxygen 

availability affects the expression of HXT genes, we performed a preliminary screen by 

incubating HXT 10-17-lacZ transformed TCY1 cells on X-gal plates either aerobically or 

anaerobically with glucose (2 % w/v) as the carbon source. After at least 80 hours of 

anaerobiosis, there was no significant difference in the promoter activity of any of the 

transporters (data not shown). However, after a further 24 hours of aerobic incubation, we 

noticed the HXT17-transformants that were originally incubated anaerobically showed a marked 

increase in P-gal activity (as indicated by the blue appearance of the colonies shown in figure 9). 

We have confirmed this observation using S. cerevisiae strain BY4742 (data not shown). These 

results define novel conditions in which HXT17 is expressed. 

3.1.3 HXT5, HXT13 and HXT15 are expressed during growth on ethanol, or glycerol and 

ethanol together. After prolonged incubation of X-gal plates containing low amounts of 

glucose or fructose we observed slight induction of HXT5-, HXT 13- and HXT15-lacZ (data not 

shown). We hypothesized that these genes may be induced in response to glucose starvation, 

and thus tested the expression level of these genes in cells grown on the non-fermentable carbon 

source ethanol alone (2 % v/v), or in combination with glycerol (2 % v/v each). As seen in 

figure 10, HXT5, HXT13 and to a lesser extent HXT15 are all expressed on both carbon sources. 

We also tested glycerol alone, but our yeast strain BY4742 was unable to grow under this 

condition (not shown). Because HXT 15 was expressed much lower than the other two 

transporters, the physiological significance of this observation is uncertain. 
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3.2 High amounts of glucose or fructose reduces water activity in Y N B media. 

Water activity represents the chemical potential of water in solution. Pure water has a 

water activity of 1.000, and the addition of solute(s) decreases this value. For yeast and other 

microorganisms, high osmolality or low water activity of the surrounding media causes water to 

flow out of a cell and into the environment, thereby i l l icit ing a cellular stress response. As a 

reflection of the capability of high sugar concentrations to inflict osmotic stress upon yeast cells, 

we measured the water activity of various Y N B media containing glucose or fructose 

concentrations up to 40 % (w/v). Glucose at 2 %, 20 % and 40 % concentrations had water 

activities of 0.981, 0.974 and 0.939 respectively. Fructose at 2 %, 20 % and 40 % concentrations 

had water activities of 0.983, 0.977, and 0.942 respectively. 

3.3 High glucose (40 % w/v) and 1.4 M NaCI increase HXT1 promoter activity to the same 

extent 

Our observation that 40 % glucose appeared to increase the HXT1 promoter activity was 

not surprising, given that others had reported HXT1 to be up-regulated by osmotic shock using 

NaCI (0.7 - 1.0 M ) or sorbitol (0.95 - 1.5 M ) as the osmolyte (46, 128). The water activity of 

media containing 1.4 M NaCI is approximately 0.952 (33). This is similar to the water activity 

of 40 % glucose (w/v) which we found to be approximately 0.939. To compare the effects of 

NaCI and 40 % glucose (w/v) on HXT1 promoter activity we designed an experiment to test the 

effect of a short-term osmotic shock on HXTl-lacZ induction. Short-term stress exposure 

reflects the immediate response, rather than long term adaptation to a stressor and therefore is 

distinct from experiments like those shown in figures 1-6. As seen in figure 11A, 1.4 M NaCI (8 

% w/v) in the presence of glucose activated the HXT1 promoter to the same extent as 40 % 

glucose. Using 2 % galactose (w/v) as the carbon source however, 1.4 M NaCI failed to activate 

the HXT1 promoter, similar to 2 % galactose alone (Figure 1 IB). Unexpectedly, the level of 
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promoter activation was ~14-fold higher in 2 % glucose (w/v) versus 40 % glucose (Figure 

11 A) . This indicated that osmotic shock actually down-regulates the HXT1 promoter. 

3.4 The effect of high glucose concentrations on HXT1 mRNA stability 

As mentioned, previous studies have shown by Northern blot and/or D N A microarray 

that HXT1 m R N A levels are increased in response to NaCI or sorbitol (46, 128). However our 

results indicate that the HXT1 promoter activity is actually down-regulated by osmotic shock. 

To reconcile these observations, we hypothesized that for HXT1 m R N A to accumulate under 

osmotic stress despite the promoter being down-regulated, the turnover o f the molecule must 

also be decreased. To address this possibility, the yeast strain Y260, bearing the temperature 

sensitive rpbl-1 allele was shifted to the non-permissive temperature in rich media containing 

either 2 % glucose or 40 % glucose (w/v) as the carbon source. Total R N A was harvested at 

various time points following cessation of transcription, and the level of HXT1 m R N A was 

assayed by Real-time P C R C . As expected, in 2 % glucose (w/v) the level of HXT1 m R N A 

declined immediately upon shifting to the non-permissive temperature, and had diminished 

approximately five-fold after one hour at 37 °C (Figure 12A). However, in the presence of 40 % 

(w/v) glucose we observed an initial increase in HXT1 levels in the first 30 minutes, followed by 

a decline that reached a steady state level of approximately 50 % of that at the time of the 

temperature shift. The initial increase in the m R N A level was difficult to explain. Although we 

pre-warmed the yeast cells to 37 °C prior to introducing the osmotic stress it is possible that 

transcription was able to proceed briefly before inactivation of the rpbl-1 allele. The HXT1 

m R N A level was reduced to below the starting level after 30 minutes, indicating that 

transcriptional arrest did ultimately occur. As confirmation of the functionality of the rpbl-1 

0 NB - Although Real-time PCR actually assays cDNA levels, we assume a 1:1 conversion from mRNA and 
therefore refer back to the mRNA levels throughout this thesis. 
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allele, the cells that were shifted to 37 °C failed to double, and did not appear to arrest at any 

particular stage of the cell cycle (not shown), both of which are characteristic of the Y260 strain 

(101). Furthermore, i f transcription were occurring at the non-permissive temperature we would 

expect to see an increase in GPD1 m R N A levels. GPD1 is up-regulated within 10 minutes of 

exposure to osmotic stress (127, 129) and GPD1 expression increases greater 30-fold in response 

to salt-induced osmotic stress (128). However, in our experiments we did not observe a 

significant increase in GPD1 m R N A above initial levels after 15 minutes. However, the level of 

GPD1 m R N A was significantly different in cells exposed to 40 % glucose versus 2 % glucose 

after as little as 15 minutes (p = 0.001, Figure 12B) indicating that this transcript may also be 

stabilized by osmotic stress. Furthermore HTB1, which is a histone encoding transcript with a 

half-life of 5-14 minutes (45) also appeared to be stabilized during exposure to osmotic stress 

(Figure 12C, p = 0.048). Final ly, IPP1 which encodes the inorganic pyrophosphatase enzyme 

and is not transcriptionally regulated by osmotic stress (127) decayed at a similar rate in both 2 

% and 40 % (w/v) glucose-treated cells (Figure 12D, p = 0.292). 

• As an independent method to confirm our results obtained with the temperature sensitive 

mutant, we tested the stability of HXT] m R N A after yeast cells were exposed to 2 % or 40 % 

(w/v) glucose in the presence of thiolutin, a potent inhibitor of R N A polymerase I, II and III in 

vitro and in vivo (55, 161). The specific cellular target of thiolutin is unknown, but it is l ikely 

distinct from R p b l p , given that it interferes with R N A polymerase I and III. As shown in figure 

13A, the relative stability ofHXTl m R N A was dependent on the extracellular sugar 

concentration (p = 0.0002) and despite large variability, the levels of HXT1 m R N A were 

statistically different as early as 20 minutes after transcriptional arrest. 

We also tested i f the stabilization ofHXTl during osmotic stress required the H O G 

pathway. As seen in figure 13A and B,. decay profiles for HXT1 m R N A was similar between 

wild-type cells and the hoglA strain. 
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3.5 Osmotic stress enhances retention of polyadenylated molecules after termination of 

transcription in yeast cells 

Due to the observation that seemingly unrelated mRNA molecules {HXTI and HTB1) are 

both stabilized by osmotic stress, we performed a preliminary experiment to address whether 

other transcripts may be stabilized by osmotic stress. As a reflection of mRNA levels, we 

purified poly-adenylated molecules from total R N A derived from Y260 cells after 30 minutes at 

the non-permissive temperature in either low (2 % w/v) or high (40 % w/v) glucose. As seen in 

figure 14, there is a 10-fold reduction in cellular mRNA (as a percentage of total RNA) from 

cells grown at the permissive temperature to cells in 2 % (w/v) glucose for 30 minutes at the 

non-permissive temperature. Remarkably, the decrease in mRNA is only 2-fold for osmotically 

stressed cells at the non-permissive temperature. Therefore, relatively speaking, there is a five

fold greater retention of poly-adenylated transcripts in osmotically-challenged cells compared to 

cells left in 2 % (w/v) glucose (p = 0.034). As a confirmation of this result we performed the 

same experiment in S. cerevisiae strain BY4742 using thiolutin as the transcription inhibitor. In 

BY4742 cells, more polyadenylated molecules were retained in the osmotically stress cells than 

unstressed cells, but the relative differences were slightly less than seen in the Y260 strain (data 

not shown). 
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Figure 1. HXT4 promoter activity decreases in response to increasing extracellular sugar 
concentrations. Strain T C Y 1 was grown in Y N B media containing the indicated carbon source. 
A t mid-log phase, cells were harvested and assayed for P - g a l activity. Results shown represent 
the mean of at least two experiments. Error bars represent the range of values from two 
experiments or the standard deviation from three experiments. Means with the same letter are 
not significantly different (Fisher's L S D = 36.3, p = 0.05). 
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Figure 2. HXT3 is constitutively expressed during growth in the presence of glucose or fructose. 
Strain T C Y 1 was grown in Y N B media containing the indicated carbon source. A t mid-log 
phase, cells were harvested and assayed for P - ga l activity. Results shown represent the mean of 
at least two experiments. Error bars represent the range of values from two experiments or the 
standard deviation from three experiments. Means with the same letter are not significantly 
different (Fisher's L S D = 272.3, p = 0.05). 
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Figure 3. i£Y75 promoter activity is up-regulated in response to high concentrations of 
extracellular glucose or fructose. Strain T C Y 1 was grown in Y N B media containing the 
indicated carbon source. A t mid-log phase, cells were harvested and assayed for (3-gal activity. 
Results shown represent the mean of at least two experiments. Error bars represent the range of 
values from two experiments or the standard deviation from three experiments. Means with the 
same letter are not significantly different (Fisher's L S D = 52.1, p = 0.05). 
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Figure 4. HXT2 promoter activity is up-regulated at low concentrations of extracellular glucose 
or fructose. Strain T C Y 1 was grown in Y N B media containing the indicated carbon source. A t 
mid-log phase, cells were harvested and assayed for P-gal activity. Results shown represent the 
mean of at least two experiments. Error bars represent the range of values from two experiments 
or the standard deviation from three experiments. Means with the same letter are not 
significantly different (Fisher's L S D = 48.6, p = 0.05). 
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Figure 5. HXT1 promoter activity is increased in response to increasing extracellular sugar 
concentrations. Strain TCY1 was grown in Y N B media containing the indicated carbon source. 
A t mid-log phase, cells were harvested and assayed for P - ga l activity. Results shown represent 
the mean of at least two experiments. Error bars represent the range of values from two 
experiments or the standard deviation from three experiments. Means with the same letter are 
not significantly different (Fisher's L S D = 872.4, p = 0.05). 
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Figure 6. HXT 13 is expressed at low concentrations of extracellular glucose or fructose. Strain 
T C Y 1 was grown in Y N B media containing the indicated carbon source. A t mid-log phase, cells 
were harvested and assayed for P-gal activity. Results shown represent the mean of at least two 
experiments. Error bars represent the range of values from two experiments or the standard 
deviation from three experiments. Means with the same letter are not significantly different 
(Fisher's L S D = 40.5, p = 0.05). 
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low glucose high glucose 

Figure 7. The complement of expressed hexose transporters is distinct at low (2 % w/v) and high 
(40 % w/v) concentrations of extracellular glucose. The contribution of individual HXT genes to 
to the overall complement o f hexose transporters expressed at low and high concentrations of 
glucose are displayed. The promoter activity o f each transporter is expressed as a percentage of 
the aggregate promoter activity for all of the transporters expressed in the indicated glucose 
level. Promoter activity levels are based on results presented in figures 1 - 6 . 
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Figure 8. HXT I7 is expressed more highly at p H 7.7 versus 4.7 when grown in the presence o f 
raffinose and galactose. A ) HXT17 is expressed in cells grown with raffinose and galactose 
(1.5 :0.5 % w/v) but not glucose (2 % w/v) as the carbon source. T C Y 1 cells were transformed 
with an HXT17-lacZ construct and grown in duplicate on Y N B plates containing the indicated 
carbon source. HXT17 expression is identified by the appearance of blue colonies. B) HXT17 
is expressed in cells grown with raffinose and galactose (1.5:0.5 % w/v) as the carbon source at 
p H 7.7 versus 4.7. Strain T C Y 1 was grown in Y N B media containing raffinose and galactose in 
which the p H was adjusted to 4.7 or 7.7. A t mid-log phase, cells were harvested and assayed for 
(3-gal activity. Results shown are the mean of three experiments (error bars represent one 
standard deviation). 
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Figure 9. HXT17 is expressed in cells that are exposed to an aerobic environment after 80 hours 
of anaerobic growth. TCY1 cells were transformed with an HXT17-lacZ construct and grown in 
duplicate on Y N B plates containing 2 % glucose (w/v) as the carbon source. A) Cells were 
grown in an anaerobic chamber for 80 hours, and then transferred to an aerobic environment for 
a further 24 hours. B) Cells were grown aerobically for the full duration of the experiment. 
HXT17 expression is identified by the appearance of blue colonies. 
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Figure 10. HXT5, HXT13 and HXT15 are expressed in cells grown in Y N B media containing 
ethanol (2 % v/v), or ethanol and glycerol (2 % v/v each). BY4742 cells were grown in Y N B 
media containing the indicated carbon source (ethanol - E t O H , glycerol - Gly) . A t mid-log 
phase, cells were harvested and assayed for P - ga l activity. Results shown are the mean of two 
experiments (error bars represent the range of values from two experiments). 
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Figure 11. Osmotic shock-induced HXT] expression requires glucose but decreases HXT] 
promoter activity relative to non-stressed cells. A ) Osmotic shock down-regulates the HXT] 
promoter. T C Y 1 cells were transformed with an HXTl-lacZ construct and grown on Y N B plates 
containing 2 % galactose (w/v) as the carbon source. A t mid-log phase cells were harvested and 
inoculated into Y N B media containing either 2 % glucose (with or without 8 % NaCl ) or 40 % 
glucose (w/v). After four hours cells were harvested and analyzed for P-gal activity. B ) 
Glucose is required for HXT] promoter activation in response to osmotic shock. T C Y 1 cells 
were prepared l ike A , but inoculated into Y N B media containing glucose (2 % w/v) or galactose 
(2 % w/v) with or without the presence of 8 % N a C l (w/v). The results shown represent the 
mean of two experiments (error bars represent the range of values from two experiments). 
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Figure 12. Several distinct transcripts are stabilized by osmotic stress. Y260 cells were grown 
to mid-log phase and then shifted to the non-permissive temperature to inactivate the rpbl-1 
allele. A t the indicated times after the temperature shift, the cells were harvested and m R N A 
levels were quantified by Real-time P C R . A ) HXT1 B ) GPD1 C) HTB1 D) IPP1 (error bars 
represent range of values from two experiments). A t any single time point, data points marked 
with an asterisk are significantly different. 

48 



A 

5 i 

I 
-30 -I , 1 , , , 

0 10 20 30 40 50 

Time after thiolutin was added (min) 

-15 H 

0 10 20 30 40 50 

Time after thiolutin was added (min) 

Figure 13. HXT1 m R N A is stabilized by osmotic stress after transcriptional arrest induced by 
thiolutin. BY4742 (A) or hoglA (B) cells were grown to mid-log phase and then treated with 
thiolutin (20 mg/L) to block R N A transcription. A t the indicated times after thiolutin addition 
the cells were harvested and HXT1 m R N A levels were quantified by Real-time P C R . The mean 
values from two experiments are displayed (error bars represent range of values from two 
experiments). A t any single time point, data points marked with an asterisk are significantly 
different. 
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Figure 14. Global m R N A decay is reduced in osmotically stressed yeast cells. Poly-adenylated 
m R N A molecules were purified from total R N A derived from Y260 cells in mid-log phase at the 
permissive temperature, or after 30 minutes at the non-permissive temperature with or without 
glucose-induced osmotic stress. m R N A levels are expressed as a percentage of total cellular 
R N A . The results represent the mean of two experiments (error bars represent the range o f 
values from two experiments). 
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C H A P T E R I V 

4.0 D I S C U S S I O N 

S. cerevisiae has been used for centuries by humans for the production of alcoholic 

beverages. Once thought to occur as a spontaneous act of Nature, Louis Pasteur first introduced 

the world to the science of wine-making when he discovered in the late 1850's that ethanol 

production is carried out by l iving organisms. Remarkably, in the nearly 150 years since 

Pasteur's discovery little has changed in terms of how wine is fermented, although we now 

understand significantly more about the biology and biochemistry of this process. The juice 

from crushed grapes contains an ideal balance of sugars, acids and other nutrients to allow it to 

be fermented by either indigenous yeast or by a commercially available wine yeast strain, 

without any further human intervention. However, wine yeasts (mostly Saccharomyces species) 

are not the only organisms that can readily proliferate in grape must. Many other 

microorganisms, including other (non-Saccharomyces) yeast and bacteria can easily contaminate 

and spoil a wine. Today wine and spirit production is a multi-bi l l ion dollar industry that spans 

six continents. As a result, there is significant financial incentive to ensure that wine 

fermentations proceed smoothly to provide high quality wine. One issue that has chronically 

plagued the world wine industry is that of stuck and sluggish fermentations whereby wines take 

considerably longer to ferment to dryness, or never reach dryness at all. Wines that are intended 

to be dry (for example premium red wines) that finish with residual sugar are often deemed to be 

of low quality. These wines retrieve lower prices (or are not marketable altogether) and can 

significantly impact the revenue of affected wineries. A s a result it is important that the wine 

industry have a detailed understanding at the molecular level how yeast adapts to and thrives in 

the challenging environment of wine fermentations. During a typical fermentation, yeast cells 

are exposed to many stresses including high ethanol, osmotic stress (caused by sugar 

concentrations that can reach 40 % w/v), a depletion of nutrients, low p H and large temperature 
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changes. Understanding how S. cerevisiae responds to these conditions is critical for developing 

diagnostic tools to identify yeast strains that are prone to stuck or sluggish fermentations. 

The primary role of S. cerevisiae during wine fermentations is to convert the available 

hexoses (6-carbon sugars) in grape must into ethanol, carbon dioxide and flavour compounds. 

Because hexoses cannot freely diffuse across the yeast cell membrane, a group of proteins 

termed hexose transporters (encoded by HXT genes) are required to facilitate the process. 

Because sugar uptake is the first rate-limiting step during a wine fermentation, it is conceivable 

that defects in hexose transporter regulation could result in stuck or sluggish wine fermentations. 

However, of the twenty known HXT or HXT-likc genes in S. cerevisiae, only nine have an 

assigned function. We therefore set out to characterize the transcriptional regulation of HXT 

genes, with a particular emphasis on conditions that may be encountered during a wine 

fermentation. 

4.1 Effect of glucose or fructose on HXT promoter activity at concentrations of 0.2 % - 40 

% (w/v) 

For the HXT genes that have been characterized thus far the primary determinant of 

expression level is the extracellular glucose concentration. Each transporter protein has a unique 

affinity for glucose (and fructose), with higher affinity transporters being expressed at the lowest 

concentrations of glucose and vice versa. Despite the fact that S. cerevisiae can readily 

metabolize glucose at extracellular concentrations of less than 0.1 % to greater than 40 % (w/v), 

the transcriptional regulation of yeast HXT genes has only been tested up to 8 % glucose (w/v). 

We hypothesized that the HXT genes with previously unknown function may be transcribed only 

at high (> 10 % w/v) sugar concentrations. Furthermore, although glucose and fructose are 

present in equimolar amounts in grape must, previous studies have focused primarily on glucose-

mediated regulation of HXT genes. Therefore, using HXT promoter-lacZ fusion constructs, we 
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tested the promoter activity of HXT1-5 and HXT10-17 in glucose and fructose concentrations 

ranging from 0.2 % to 40 % (w/v). In agreement with previous observations (111), we showed 

that HXT2 and HXT4 are expressed when extracellular sugar concentrations are low (< 2 % w/v 

Figures 1,4). Furthermore, HXT3 is expressed constitutively, and HXT1 is induced in the 

presence of > 1 % w/v glucose or fructose. With the exception of HXT2, no differences in 

promoter activation were observed between glucose-grown and fructose-grown cells. 

It has been reported that hxt2A strains of S. cerevisiae are prone to sluggish fermentations 

(cited in 10). Because stuck fermentations typically arrest with 1.5 - 2.0 % (w/v) fructose and 

only 0.1 - 0.5 % glucose it was interesting that the transcriptional activation of HXT2 at these 

levels was approximately two-fold higher in fructose-grown cells than glucose-grown cells. 

However, two observations indicate that mis-regulation of HXT2 alone is unlikely to cause a 

stuck fermentation. First, as we have shown, Hxt2p represents only 10-20 % of the hexose 

transporter complement expressed around 2 % (w/v) sugars, based on promoter activity (Figure 

7). However, often only one functional transporter is required to support growth on glucose 

(178). Second, by deleting individual HXT genes in an industrial strain of S. cerevisiae it was 

shown that HXT2 is involved in growth initiation during wine fermentations when the 

extracellular sugar concentration was 20 % (w/v), but the fermentation kinetics proceed normally 

afterwards (78). This observation implies that Hxt2p is not required at the end of fermentations 

when glucose and fructose concentrations are becoming depleted, and therefore mis-regulation 

of HXT2 is likely not associated with the residual fructose remaining in stuck fermentations. 

Taken together, our results suggest that HXT I, HXT3 and HXT5 appear to be the major 

transporters at high sugar concentrations, making them most relevant during early stages of wine 

fermentations. Conversely HXT2, HXT4 and HXT13 are expressed at low concentrations of 

extracellular glucose or fructose, suggesting these transporters could be important at the end of 

wine fermentations when only trace amounts of sugars remain. These observations do not 
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entirely agree with the report of Luyten et al. which describes the role of individual transporters 

during the course of a wine fermentation, and further emphasizes the complexity of gene 

regulation for the HXT gene family. It could be that combinations of factors, including nitrogen 

availability, and/or ethanol concentration affects the in vivo performance of these transporter 

proteins. Alternatively, there may be protein-protein interactions among different transporters in 

vivo that are necessary for proper function and these interactions may affect the activity of these 

proteins when they are studied in isolation (30, 110). 

4.1.1 Effect of p H on HXT17 promoter activity 

S. cerevisiae is able to proliferate in a wide range of external pHs. Growth is optimal at 

p H 4-5, and the typical p H during wine fermentations ranges from 3-4. Growth in more alkaline 

conditions ill icits a stress response in S. cerevisiae, and the transcriptional response to alkaline 

pH is at least partially mediated by R i m l O l p (70). We observed an induction of HXT 17 

promoter activity in response to a shift from p H 4.7 to 7.7 in a low-glucose environment (Figure 

8B). The transcriptional response of S. cerevisiae to alkaline conditions has not been widely 

studied, although D N A microarray data have revealed that as many as 500 genes have altered 

expression in response to increasing extracellular pH (21, 70, 146). In the study of Serrano et 

al, HXT4 was induced within 5 minutes of shifting from p H 6.4 to p H 7.6 in rich media 

containing 2 % (w/v) glucose (146). Additionally the expression levels of HXT8, HXT9, HXT11 

and HXT12 were repressed at least three-fold by the same stress. The significance of pH-

dependent HXT expression is unclear, however it is possible that individual transporters have 

altered affinities for glucose depending on the local proton concentration. The predicted 

isoelectric point for the alkaline-induced genes HXT4 and HXT 17 is 6.37 and 6.95 respectively, 

indicating a net-negative charge at p H 7.6 or 7.7. Conversely, the isoelectric points for alkaline-

repressed HXT9, HXT 11 and HXT 12 are 8.17, 8.54, and 8.48 respectively indicating these 
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transporters would have a net-positive charge. However HXT8, which was reported as alkaline-

repressed has a p i of 5.32 (the lowest of all HXT genes) which, fails to support the pattern. Sti l l , 

considering that it is only the extracellular portions of these transporter proteins that are exposed 

to changing p H , then an examination of the net-charge of these domains may prove interesting. 

Based on recent reports, there appears to be a link between alkaline p H tolerance and iron 

and "copper uptake. More specifically, several mutants that displayed a severe sensitivity to 

alkali were shown to be defective in gene products that are required for efficient copper and iron 

uptake (145). Interestingly, the expression of high affinity copper uptake genes is regulated by 

M a c l p (58), and a constitutively active allele of this protein MACT'pl was shown to increase the 

expression of HXT17 more than two-fold (40). However, it should be pointed out that when the 

same group used a copper-chelator to mimic copper starvation (when MAC1 -dependent genes 

are transcriptionally active) HXT17 was only marginally induced (1.1 - 1.4 fold increased). 

Whether copper (or iron) uptake is involved in the transcriptional activation of HXT17 remains 

to be seen. A n interesting hypothesis would be that HXT17 serves as a symporter for particular 

minerals (presumably copper and iron) along with glucose. Given that HXT9 and HXT 11 were 

identified in a screen for multi-drug resistance (102), and HXT1 and HXT3 are suppressors of a 

potassium transport defect (62) it is conceivable that many of the HXT genes have additional 

(non-hexose) substrates. 

4.1.2 HXT17 is expressed upon relief from anaerobiosis 

Because we were unable to reproduce anaerobic conditions in liquid-grown cultures of S. 

cerevisiae we were not able to precisely quantify the induction of HXT 17 seen upon removing 

cells from an anaerobic environment. Because the glucose consumption rate is five-fold greater 

in anaerobically grown yeast cells than aerobically-grown yeast cells (30) it is possible that the 

local glucose concentration surrounding the anaerobically grown cells was sufficiently low to 
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allow derepression of HXT17 (in a p H and glucose dependent manner, discussed in section 

4.1.1). In support of this hypothesis, i f aerobically-grown cells are incubated for an additional 

48-96 hours, a slight induction of HXT17 can be seen on glucose-containing plates (data not 

shown). B y that time the local concentration of glucose should be sufficiently low to allow the 

pH dependent derepression of HXT17. 

4.1.3 HXT5, HXT13 and HXT15 are expressed during growth on ethanol, or glycerol and 

ethanol together 

The expression of HXT5 is linked to growth rate in S. cerevisiae and previous studies 

have shown that cells growing on glycerol or ethanol exhibit increased HXT5 expression relative 

to glucose-grown cells (31, 172). We observed an induction of HXT5 when yeast cells were 

grown on non-fermentable carbon sources, and also saw increased HXT 13 and HXT 15 

expression under the same conditions (Figure 10). HXT5 does not appear to be regulated by the 

glucose sensors Snf3p/Rgt2p (172) which is expected, given that many of the conditions that 

induce HXT5 (low nitrogen, osmotic stress, heat stress) act independently o f the extracellular 

glucose concentration. Our observations suggest that HXT13 may be regulated in a similar 

manner. Although HXT 15 appeared to be induced on non-fermentable carbon sources, the low 

level of expression suggests this transporter may not be physiologically relevant under these 

conditions. Hxt5p has a moderate affinity for glucose ( K m = 10 m M ) but no such data is 

available for Hx t l3p . In our experiments HXT 13 is also inducible by 0.2 % glucose (w/v) 

indicating it may be a high affinity transporter, similar to HXT2, HXT4 and HXT6/7. If this is the 

case, then Hxt5p and Hx t l3p could serve as low- and high-affinity transporters (respectively) for 

the cell under conditions of glucose starvation. Further analysis of the promoters of HXT5 and 

HXT13 as well as a detailed biochemical study of the physical properties of these transporter 

proteins should help to address this point. For example, a study of Hxt5p and Hx t l3p protein 
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turnover rates would be interesting because highly stable proteins would be ideally expressed 

under starvation conditions when transcriptional and translational activity is l ikely to be 

minimal. 

4.1.4 HXT1 m R N A is stabilized by glucose-induced osmotic stress 

We and others have observed that HXT1 is up-regulated in response to osmotic stress (33, 

46, 129). Our observation that HXT1 is increased more than 3-fold in cells grown in 40 % 

glucose versus 10 % (w/v) glucose (Figure 5) is counter-intuitive given that the growth rate of 

yeast is reduced by the osmotic stress of 40 % glucose (w/v). Because the glycolytic flux 

decreases concomitantly with the growth rate, there should already be sufficient glucose to meet 

cellular requirements at the level of 10 % (w/v). To better understand HXT1 promoter 

regulation, we compared the effect of osmotic shock caused by 40 % glucose or 2 % glucose 

with 8 % N a C l (w/v). Both of these media have similar water activity and therefore should 

inflict comparable osmotic stress upon yeast cells. The original intention was to delineate the 

extent of HXT1 induction that was attributable to glucose, and to osmotic stress. Using the same 

HXTl-lacZ construct, Ozcan and Johnston reported that HXT1 reached maximal expression in 

cells grown in 4 % glucose (w/v) and remained constant up to 8 % (111). We therefore 

suspected that the stress-dependent component of HXT 1 expression would require at least 10 % 

glucose (w/v). First we observed that salt-induced osmotic stress could only activate the HXT1 

promoter in the presence of glucose (Figure 1 IB). Rgt lp is a transcriptional repressor that 

restricts HXT1 expression to glucose-containing environments (112). Since H o g l p is required 

fox HXT 1 m R N A accumulation during osmotic stress (129), our observation suggests that the 

H O G pathway is unable to overcome repression by Rgt lp . Furthermore this result also indicates 

that either the H O G pathway does not act directly on the HXT1 promoter, or that osmotic stress 

signals to a second activator or repressor on the HXT1 promoter that acts in concert with Rg t lp 
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(analogous to the dual repression of HXT2 and HXT4 by Rgt lp and M i g l p that restricts 

expression to low-glucose conditions). A very recent report has confirmed this hypothesis, as 

the transcriptional repressor Sko lp was shown to bind and repress the HXT1 promoter in the 

absence of Hog lp kinase activity (164). As little as 4 % glucose (w/v) or 2 % glucose plus NaCI 

(0.4 M ) was able to induce Sko lp derepression. This explains why other groups observed 

maximalHXT1 promoter induction in cells grown in 4 % glucose (w/v) (111), but still can not 

account for the increased accumulation of HXT1 m R N A as the glucose concentration increases 

to 40 % (w/v) because the promoter is fully derepressed. 

Surprisingly, comparing the HXT1 promoter activity during short-term osmotic shock in 

2 % glucose (w/v) versus 40 % glucose revealed that HXT1 was actually down-regulated by 

osmotic stress (Figure 11 A) . This is distinct from the experiment shown in figure 5 because it 

reveals the immediate response of the promoter to the stress, whereas when growing cells in the 

presence of 40 % glucose (w/v) (Figure 5) the long-term adaptation is measured. In order for 

m R N A molecules to accumulate despite lower promoter activity, the rate of turnover must also 

be decreased. Indeed, when we tested the rate of decay of HXT1 m R N A we found that the 

transcript persisted at higher levels after transcription shut-off during osmotic stress by 40 % 

(w/v) glucose compared to 2 % (w/v) glucose (Figure 13A). 

Previous studies have demonstrated both derepression and activation mechanisms leading to 

HXT1 expression (111, 164). Here we show that there is a third component to the regulation -

m R N A stabilization by osmotic stress. Given that HXT1 was not induced by osmotic stress with 

galactose as the carbon source, our data and data provided by others suggests two factors 

contributing to the high level oiHXTl m R N A accumulation during osmotic stress: i) glucose-

dependent promoter activation (110) and ii) osmotic stress-dependent m R N A stabilization. 

Several lines of evidence suggest that the m R N A stabilization of HXT1 may occur as a result of 

a positive signal through the H O G pathway. First, HOG1 is required for osmotic stress-
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induction of HXT1 (129). Second, the mammalian homolog of HOG1, p38 M A P K is involved in 

the transcript-specific stabilization of several m R N A molecules (42, 61,81). Third, Hog lp is 

required for the transient inhibition of translation in response to osmotic stress (159), and 

translation-initiation is closely associated with m R N A turnover (150). We tested HXT1 m R N A 

stability after transcriptional arrest by thiolutin treatment in a hoglA strain, but found that the 

decay pattern was consistent with that seen in wild-type yeast cells. Therefore, although HOG1 

is required for HXT1 m R N A accumulation during osmotic stress, the H O G pathway is not 

required for m R N A stabilization. A t this time we cannot predict what signal leads to m R N A 

stabilization under osmotic stress, but i f there is a signal transduction pathway it does not require 

de-novo transcription of a stabilizing factor, as HXT1 m R N A was stabilized in the absence of on

going transcription. 

The paradigm for the transcriptional response to osmotic stress is increased GPD1 

expression (127). In our study we found GPD1 m R N A to be stablized by sugar-induced osmotic 

stress to a similar extent as HXT1 (Figure 12B). A n intriguing explanation for these observations 

is that the osmotic stress-mediated stabilization of HXT1 and GPD1 could occur to ensure an 

adequate supply of carbon for the production of glycerol, a compatible solute that is rapidly 

accumulated in osmotically stressed yeast cells (12, 48). 

Interestingly, HTB1 which encodes a histone m R N A was stabilized in response to osmotic 

stress (Figure 12C). Because HTB1 has not been previously shown to respond to osmotic stress, 

we inquired whether there were other genes also stabilized in a similar fashion. As a reflection 

of cellular m R N A levels we isolated poly-adenylated molecules from yeast cells that had been 

without active transcription for 30 minutes in the presence of either 2 % glucose (w/v) or 40 % 

glucose. As a percentage of total cellular R N A , we observed a 5-fold greater retention of pbly-

adenylated molecules in osmotically stressed yeast cells compared to non-stressed cells after 

transcription shut-off (Figure 14). The implication of this observation is that a large portion of S. 
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cerevisiae m R N A molecules may have a decreased rate of turnover during exposure to osmotic 

stress. A similar observation has been made in glucose-starved yeast cells (56), indicating that it 

may be part of a general stress response. The same group also noticed that m R N A molecules 

were stabilized upon entry into stationary phase - and entry into stationary phase may be 

induced by stress exposure (136, 177). If this is true, then other stresses to which yeast is 

exposed such as ethanol, should reduce m R N A turnover. Although this has not been 

demonstrated for S. cerevisiae, ethanol can stabilize T N F a m R N A in a p38-dependent manner in 

rat liver cells (60, 61). 

4.2 Conclusions 

The HXT genes of S. cerevisiae serve as an interesting model for gene expression. Except 

Hxt l2p , all of the HXT gene products are able to transport glucose, and yet each has a unique 

expression pattern. At first glance, the complexity seems excessive, given that a system directly 

linked to extracellular glucose would be sufficient to always provide carbon when available. 

HXT 1-4 exhibit the expected expression patterns in this regard. Perhaps the induction of HXT5 

and HXT 13 on non-fermentable carbon sources occurs because these hexose transporters have 

particular protein characteristics that make them more useful during glucose starvation. For 

example, i f these proteins were more stable than other transporters they would be ideal for 

starvation conditions when transcriptional and translational activity is l ikely to be minimal. It 

has already been established that Hxt5p has a moderate affinity for glucose, and based on the 

expression pattern we observed for Hxt l3p we suspect this is a high affinity transporter. 

Therefore, these two proteins would be present during growth on non-fermentable carbon to 

await the return o f glucose to the environment. 

Our observation that HXT17 is expressed at higher p H on trace amounts of glucose is 

interesting because it represents the first HXT gene that is not solely regulated by carbon 
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availability. It is possible that this protein has particular characteristics that benefit the 

interaction with glucose at higher pH . Alternatively HXT17 could be part of a copper-regulon 

that has yet to be fully defined. As mentioned there is a link between copper and iron uptake 

with alkaline conditions, and it is possible that HXT17 is serving as a symporter for glucose and 

one of these metals under these conditions. 

The m R N A stabilization we observed for HXT1 has broad implications. First, the fact that 

m R N A turnover is reduced during stress conditions complicates studies of transcriptional 

response to stress stimuli. If indeed there are many transcripts within the cell that are also 

stabilized by osmotic stress then the next challenge would be to identify the specific genes 

regulated in this manner. Second, i f HXT1 m R N A is stabilized specifically, (as opposed to a 

global, non-specific decrease in m R N A turnover) then the implication is that there is a subset of 

genes that is part of a core set of transcripts required for stress survival, or restoration of growth 

and proliferation once the stressor has passed. This set of genes could be analogous to, or part of 

the "common environmental response" or "environmental stress response" genes that are 

transcriptionally induced in response to a wide variety of stress conditions. Identification of 

these genes would be difficult because they may not be detected in conventional microarray 

experiments. More specifically, these m R N A molecules may not be required in higher copy 

numbers for stress survival, but rather only the steady state level needs to be maintained. If 

turnover is decreased then less energy needs to be expended transcribing these genes. 

Finally, our goal from the outset was to examine the transcriptional response of hexose 

transporters to conditions that may be encountered during wine fermentations. Certainly the 

ethanol induction of HXT5 and HXT 13 is relevant to wine fermentations, particularly towards the 

end as glucose is exhausted. Whether these transporters are involved in the finishing stages of a 

wine fermentation remains to be seen. Furthermore, the osmotic stress-mediated stabilization of 

HXT1 is relevant as the must into which yeast are inoculated at the start of fermentations 
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presents an osmotic shock to the yeast cells. If transcriptional activity and m R N A turnover are 

reduced during early stages of fermentation then the yeast cell may be limited in adaptability to 

additional stressors that may occur thereafter. 
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C H A P T E R V 

5.0 F U T U R E D I R E C T I O N S 

B y studying the transcriptional regulation of the HXT gene family we have identified two 

unique modes of gene regulation. HXT1 m R N A appears to be stabilized in a hyper-osmotic 

environment. A lso , HXT17 is induced in a carbon source and pH-dependent manner. In both 

cases the signal transduction pathway and/or regulatory components that lead to transcription 

have not been identified. We therefore proposed the following studies to increase our 

understanding of these modes of gene regulation. 

5.1 Identif ication of the ful l complement of m R N A molecules that are stabil ized by osmotic 

stress 

Based on our observations it appears that there are a large number of transcripts in S. 

cerevisiae that exhibit decreased turnover rates in response to osmotic stress. To identify these 

genes, D N A microarray technology could be employed together with the S. cerevisiae strain 

Y260. Y260 bears a temperature sensitive allele of an R N A polymerase subunit rpbl-1, and 

when shifted to the non-permissive temperature global m R N A transcription is quickly arrested. 

After growing Y260 cells in standard rich media (2 % glucose w/v) the cells could be shifted to 

the non-permissive temperature and inoculated into low (2 % w/v) or high (40 % w/v) glucose 

environments. A t one or more time points after transcriptional arrest, the cells can be harvested 

and global m R N A levels compared between cells exposed to the two different conditions using 

D N A microarrays. A similar technique has been used to study global m R N A decay rates in S. 

cerevisiae (175). For our study we would simply need to expand this method to compare and 

contrast m R N A decay rates in cells exposed to two different environments. 
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5.2 Identification of the regulatory components that mediate pH-dependent HXT17 

expression 

Our data suggests that there are two distinct regulatory components to the HXT17 promoter. 

The first is a glucose-dependent element that l ikely involves the repressor M i g l p , and the second 

is an as-yet uncharacterized pH-dependent element. To elucidate the genes that are required for 

the pH-dependent induction of HXT17 a mutagenesis screen could be carried out. Mutagenised 

yeast cells that have been transformed with an HXT17-lacZ construct could be grown on Y N B 

X-gal plates containing either raffinose or glucose as the carbon source. Colonies expressing the 

lacZ gene turn blue on X-ga l plates. Therefore, colonies that remain white on raffinose plates, or 

that turn blue on glucose plates are defective for proper HXT17 expression. Mutated genes could 

then be identified by re-introducing a c D N A library containing all known open reading frames 

from S. cerevisiae. Presumably this screen should also confirm the identity of the glucose-

dependent promoter regulators such as the classical glucose repression regulators Snf lp and 

M i g l p . However, the function of these proteins in regulating HXT17 expression could also be 

directly examined using the specific mutant strains. 
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