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In an effort to understand the basis for sulfite detoxification in 5. cerevisiae, 

the functions of two genes were analyzed. SSUl, which encodes a plasma membrane 

protein, was found to be required for efficient sulfite efflux. FZFl-4, a dominant 

allele of a transcriptional activator of SSUl, was also found to be involved in efficient 

sulfite efflux. Analysis of an SSUl promoter-ZacZ fusion showed that FZFl-4 

conferred sulfite resistance through hyperactivation of SSUl. Efflux assays in cells 

expressing multicopy SSUl or FZFl-4 suggested that Ssulp specifically mediates 

efflux of the free form of sulfite. Sulfite resistance, mediated by either FZFl-4 or 

multicopy SSUl, was found to be a useful marker for selecting transformants of 

industrial and laboratory strains of S. cerevisiae. FZFl-4 was found to be more 

efficient than multicopy SSUl, and in the case of the laboratory strains, was found to 

be about half as efficient a selectable marker as URA3. 

Sulfite transport was studied to clarify the mechanism of sulfite uptake in S. 

cerevisiae. The kinetics of uptake were saturable, indicating a carrier-mediated 

process. Uptake was significantly reduced in cells pretreated with carbonyl cyanide 

m-chlorophenylhydrazone (CCCP) or 2,4-dinitrophenol (DNP), both of which 

dissipate proton gradients. Extracellular alkalization was observed during sulfite 

uptake. These findings suggest that an anionic form of sulfite, HSO3", is taken up by 

carrier-mediated proton symport. 



As an alternative to costly disposal of spent cherry brine, a sulfite-containing 

waste stream generated during maraschino cherry processing, brine was tested as a 

substrate for ethanol production by 5. cerevisiae. Initially, the toxic level of sulfite in 

brine was reduced by raising brine pH to 8.5 with Ca(OH)2 to precipitate calcium 

sulfite. Because the alkalization was found to result in a 10-fold reduction of 

phosphorus, brine was subsequently titrated with phosphoric acid to pH 6.0 prior to 

inoculation with S. cerevisiae. All strains of S. cerevisiae tested were able to 

efficiently ferment all lots of Ca(OH)2-treated and phosphorus-enriched brine. 
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Applied and Basic Aspects of Sulfite Metabolism in Saccharomyces 
cerevisiae 

Chapter 1 

Literature Review 

1.1.    Introduction 

Sulfite has been widely used as a preservative in foods, beverages, and 

pharmaceuticals due to its antimicrobial and antioxidant activities (Taylor et al., 

1986). Sulfite is also a potentially toxic but normal yeast metabolite which occurs as 

an intermediate in the reductive sulfate assimilation pathway. Because sulfite is used 

as a preservative in wine making, sulfite tolerance is an important characteristic in 

wine strains of S. cerevisiae. Development of resistance to toxic compounds is a 

common phenomenon observed in a variety of organisms. In humans, mitochondria! 

sulfite oxidase is responsible for the oxidation of sulfite to inactive sulfate, which is 

excreted in urine. The yeast S. cerevisiae lacks sulfite oxidase, but can tolerate sulfite 

at concentrations that inhibit other microorganisms. Metabolic and genetic studies 

suggest that an important means of protection against sulfite is formation of a non- 

toxic adduct with acetaldehyde, 1-hydroxyethane sulfonate (Stratford et al., 1987; 

Pilkington and Rose, 1988; Casalone et al., 1992). However, differences found in 

sulfite tolerance among a number of sulfite-sensitive and resistant strains do not 

correlate with acetaldehyde production (Xu et al., 1994), suggesting that other 

protective mechanisms exist. Similarly, the mechanism of sulfite uptake in 5. 

cerevisiae requires clarification because previous studies have been contradictory, 

suggesting both an active carrier-mediated process (Macris and Markakis, 1974; 

Pilkington and Rose, 1988) and simple diffusion (Stratford and Rose, 1986). 

The present studies were undertaken to explore sulfite metabolism in S. 

cerevisiae. The specific objectives were the following. 



1. Determine the functions of genes conferring sulfite tolerance (Chapter 2: SSUJ 

mediates sulfite efflux in Saccharomyces cerevisiae). 

2. Exploit sulfite resistance as a dominant marker for transforming industrial and 

laboratory strains of S. cerevisiae (Chapter 3: Use of sulfite resistance in 

Saccharomyces cerevisiae as a dominant selectable marker). 

3. Clarify the mechanism of sulfite uptake in S. cerevisiae (Chapter 4: Sulfite 

transport in Saccharomyces cerevisiae). 

4. Develop an alternative to disposal of sulfite-rich spent cherry brine (Chapter 5: 

Ethanol production from spent cherry brine). 

In the literature review, the first subchapter describes sulfite in foods and its 

significance in human health. The next subchapter analyzes sulfite metabolism in S. 

cerevisiae, mechanisms of sulfite transport, toxicity, detoxification, and endogenous 

sulfite formation. The last subchapter describes yeast plasma membrane proteins. 

1.2.    Sulfite 

1.2.1. Chemical and physical properties of sulfite 

Sulfite is a weak acid in aqueous solution and exists in three forms: sulfurous 

acid (H2SO3), bisulfite ion (HSO3"), and sulfite ion (SO3"2) (Ough, 1993). 

S02 + H2O = H2SO3       Hydration of sulfur dioxide 

H2S03 = H++ HSO3"      (1) 

HSO3" = H+ + SO3"2        (2) 

The pKa values for the dissociation equilibria for Equations (1) and (2) are 1.77 and 

7.2, respectively (King et al., 1981). The dissociation curves are shown in Figure 1.1. 

The reaction between sulfite and a broad class of biomolecules has been 

widely studied. Sulfite reacts with carbonyl compounds to form hydroxysulfonates 

(Burroughs and Sparks, 1973a). The reaction rate between acetaldehyde and sulfite is 

very high, favoring the formation of an extremely stable reaction product, 1- 

hydroxyethane sulfonate (Taylor et al., 1985). This has been exploited in the use of 

yeast to produce significant quantities of glycerol in a near-neutral brine containing 3- 
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3.5% sulfite. Under this condition, sulfite reacts with acetaldehyde, blocking 

regeneration of oxidized nicotinamide adenine dinucleotide (NAD+) and formation of 

ethanol. NAD+ is then regenerated from the reduction of dihydroxyacetone phosphate, 

which subsequently forms glycerol (Gancedo et al., 1968). Sugar hydroxysulfonate 

can also be formed from the reaction of sulfite with reducing sugars, but the reaction 

rates are very low, requiring a considerable molar excess of reducing sugars (Taylor et 

al., 1985). 

Disulfide bonds can be cleaved by sulfite (sulfitolysis), forming a thiol (R-SH) 

and an S-sulfonate (R-SSO3*) (Ough, 1993). This reaction can cleave disulfide bridges 

in proteins. 

Sulfitolysis of thiamine occurs by nucleophilic sulfite attack on the quaternary 

nitrogen of the thiazole ring (Gunnison, 1981). Since sulfite destroys the nutritional 

value of thiamine, it is not permitted as an additive in foods considered prime thiamine 

sources, such as meat in the United States (Taylor et al., 1985). Sulfite also reacts 

with NADH and folate, but the adducts formed are unstable (Gunnison, 1981). 

1.2.2. Uses in foods and beverages 

Sulfite has been used extensively in the food industry as an antimicrobial 

agent, antibrowning agent, antioxidant, dough-conditioning agent, and bleaching 

agent. As food ingredients, sulfiting agents are sulfur dioxide (SO?) and five sulfite 

salts: potassium bisulfite (KHSO3), potassium metabisulfite (K2S2O5), sodium bisulfite 

(NaHSOs), sodium metabisulfite (^28205), and sodium sulfite (Na2S03). The six 

agents are permitted for use by the U.S. Food and Drug Administration (FDA) as 

GRAS (Generally Recognized as Safe) ingredients (Fan and Brook, 1987). 

Sulfite is most effective at low pH against gram-negative bacteria, followed in 

order of effectiveness by gram-positive bacteria, molds, and yeast (Ough, 1993). 

Nonetheless, mode of action is still not clear. Depletion of ATP has been found to be 

largely responsible for sulfite toxicity in yeast (Schimz and Holzer, 1979) and lactic 

acid bacteria (Hinze et al., 1981). Chang et al (1997) also suggested that formation of 

sulfur free radicals might be responsible for inhibition of lactic acid bacteria during 

ethanol fermentation. 



In the wine industry, sulfite is used to prevent the growth of spoilage yeast, 

lactic acid and acetic acid forming bacteria, which would otherwise result in off- 

flavors (Boulton and Singleton, 1995). Sulfite resistance has been selected in wine 

strains of S. cerevisiae through routine use of sulfite in winemaking (Ough, 1993). 

The bisulfite form is the least desirable form of sulfite because it reacts with carbonyl 

oxygen atoms of acetaldehyde to form non-toxic 1-hydroxysulfonate, which 

contributes neither to antimicrobial action nor to wine flavor (Boulton and Singleton, 

1995). 

Sulfite is used in the dehydrated fruit and vegetable industry since it is 

effective in controlling both enzymatic and non-enzymatic browning (Wedzicha et. al., 

1991). In dried food processing, non-enzymatic browning occurs due to formation of 

carbonyl intermediates and subsequent brown polymeric pigments through reaction of 

amino acids with reducing sugars. Sulfite inhibits the browning reaction by reacting 

with the carbonyl intermediates (Eskin, 1990). 

Sulfite also prevents enzymatic reactions responsible for the browning of 

apples, potatoes, mushrooms and many other foods (Wedzicha et. al., 1991). 

Enzymatic browning is one of the causes of color changes during the processing of 

fruits and vegetables as a result of the conversion of phenolic compounds to brown 

melanins (Eskin, 1990). Polyphenoloxidase catalyzes the oxidation of mono- and 

ortho-diphenol to quinone, which further oxidizes to form brown pigments. 

Sayavedra-Soto and Montgomery (1986) suggested that sulfite inhibits the browning 

reaction by modification of enzyme structure. 

Sulfite also acts as an antioxidant in foods, inhibiting ascorbic acid losses and 

preventing oxidative breakdown of essential oils (Roberts and McWeeny, 1972). 

Sulfite prevents the oxidation of ascorbic acid by inhibiting ascorbate oxidase 

(Wedzicha and McWeeny, 1974). The combined use of ascorbic acid and sulfite 

enhances the antioxidant effects of ascorbic acid in foods and pharmaceuticals 

(Wedzicha and McWeeny, 1974). Since sulfite breaks the disulfide bonds in gluten to 

form a thiosulfonate, it is also used in the baking industry to improve the texture of 

dough (Taylor eta]., 1985). 



1.2.3. Use in maraschino cherry processing 

Sulfiting agents have been used as bleaching agents in the processing of sweet 

cherries into maraschino cherries. Typically, sweet cherries are held in a brine 

containing sulfite (0.75-1.5%) and calcium salts (0.3-0.5%) for 6-12 months to obtain 

the necessary degree of bleaching (Beavers and Payne, 1969; Beavers et al., 1970). 

Sulfite inhibits growth of spoilage microorganisms and decolorizes the red pigments, 

bleaching the fruit to a pale yellow color. Calcium reacts with pectin in the cherries to 

firm the tissue, and salt reduces osmotic shock. After the bleaching process, most of 

the sulfite is removed by leaching with either hot or cold water. The finished 

maraschino cherries retain traces of sulfite residue as is usually acknowledged on the 

labels. 

Spent cherry brine is an acidic waste product of maraschino cherry processing 

and its disposal is expensive. Typically, spent brine (pH 3.0-3.5) contains 

approximately 4-11% fermentable sugars, 0.5-1.5% CaCli, sulfur dioxide, sorbitol, 

and lesser amounts of other soluble constituents (Park and Bakalinsky, 1997). The 

high levels of organic components in spent brine stimulate microbiological growth in 

the sewage system and deplete dissolved oxygen, leading to anaerobic conditions 

(Beavers et al., 1970). Under these conditions, sulfur-reducing bacteria such as 

Desulfovibrio can reduce sulfite into hydrogen sulfide, resulting in a serious odor 

problem (Tan and Cowan, 1991). Direct oxidation of sulfite can also form sulfuric 

acid (2H2SO3 + 02 = 2H2SO4), which lowers the pH of water and acidifies the aquatic 

environment (Beavers et al., 1970). 

Disposal of brine is costly due to its high biological and chemical oxygen 

demands. Some methods have been proposed to dispose brine: recycling of brine after 

filtration and treatment with activated carbon (Beavers et al., 1970; Soderquist, 1971), 

and chemical removal of sulfite by calcium sulfite precipitation and oxidation (Sapers 

et al., 1977). Recently, Park and Bakalinsky (1997) proposed an alternative by 

fermenting spent brine with yeast S. cerevisiae to produce fuel alcohol. Prior to 

ethanol fermentation, the growth-inhibitory levels of sulfur dioxide were reduced by 

raising brine pH to 8.0 with Ca(OH)2 to precipitate calcium sulfite as summarized 

below. 



HSO3" + OH" = SO3"2 + H2O 

Ca+2 +SO3"2 = CaSOa 

Their process produces a value-added product, ethanol, and reduces the biological and 

chemical oxygen demands of the effluent. 

1.2.4. Sulfite hypersensitivity 

The use of sulfiting agents in foods and beverages has become an issue of 

concern to both consumers and regulatory agencies since severe adverse reactions 

have been reported in steroid-dependent asthmatics. Sulfite-induced asthma was first 

reported by Prenner and Stevens (1976). Subsequent studies found that asthmatic 

patients were highly susceptible to bronchoconstriction following sulfite exposure 

(Kohen, 1977; Stevenson and Simon, 1981; Baker et al, 1981). Not all sulfite- 

sensitive individuals are asthmatic, but asthmatics represent most of the significant 

sensitivity reactions to ingested sulfites. Due to these health issues, the FDA 

prohibited the use of sulfiting agents on both fruits and vegetables in 1988. According 

to Simon (1989), most sulfite-sensitive individuals react to ingested metabisulfite in 

quantities ranging from 20 to 50 mg. Current FDA regulations require that the labels 

of any packaged foods must list sulfite as an ingredient if the residual level of total 

sulfite is greater than 10 ppm (Lecos, 1993). 

In addition to use as a food or drug additive, sulfite is produced naturally by 

yeast in varying quantities during fermentation. It is therefore found in most wines 

and beers. Endogenous sulfite can be also formed during the body's normal 

catabolism of cysteine and methionine (Gunnison and Jacobsen, 1987). The 

mechanism of sulfite toxicity is not clear, but it may involve formation of sulfur- and 

oxygen-centered free radicals, which can damage nucleic acids, proteins, and lipids. 

Reist et al. (1998) reported that formation of protein-modifying sulfite radicals 

induced lung injury. 

The major sulfite detoxification pathway in humans is by a 

molybdohemoprotein, sulfite oxidase, which is located in the intermembrane space of 

mitochondria of various organs and tissues, with high activity found in liver (Kisker et 

al., 1997). A possible mechanism responsible for the hypersensitivity may involve 



cytochrome c        Mo (VI) Fe (III) 
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(reduced) 
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Figure 1.2. Schematic representation of the reaction catalyzed by sulfite oxidase 
(Garrettetal., 1998). 



partial sulfite oxidase deficiency, as congenital lack of sulfite oxidase activity results 

in severe abnormalities (Peroni and Boner, 1995). 

Human sulfite oxidase is a dimer of identical subunits, each with a molecular 

weight of 52 kDa. The enzyme catalyzes the oxidation of sulfite to sulfate (Kisker et 

al, 1997). This is the terminal reaction in the oxidative degradation of the sulfur- 

containing amino acids, cysteine and methionine. Each subunit has a small N-terminal 

heme-binding domain and a large C-terminal molybdopterin-binding domain. The 

reaction catalyzed by sulfite oxidase is represented in Figure 1.2. The molybdenum 

(Mo) is reduced from the (VI) to the (IV) state, coupled to the oxidation of sulfite to 

sulfate. The reducing equivalents are then singly transferred to the heme center and 

ultimately passed to cytochrome c to re-establish the Mo (VI) state. 

Sulfite oxidase deficiency can be caused by mutations in sulfite oxidase or in 

genes involved in molybdopterin synthesis (Garrett et al., 1995; Garrett and 

Rajagopalan, 1996). A point mutation in sulfite oxidase was found to be responsible 

for the enzyme deficiency in a 5-year-old girl (Garrett et al., 1998). 

1.3.    Sulfite Metabolism in 5. cerevisiae 

1.3.1. Sulfite transport 

In S. cerevisiae, previous studies on sulfite uptake have been contradictory, 

suggesting that transport may be an active carrier-mediated process (Macris and 

Markakis, 1974; Pilkington and Rose, 1988) or may occur by simple diffusion 

(Stratford and Rose, 1986). 

Macris and Markakis (1974) suggested a permease-mediated process because 

they found uptake rates to be saturable and temperature-dependent. Stratford and 

Rose (1986) suggested that the undissociated form of sulfurous acid enters the cell by 

simple diffusion based on the following results: 1) lack of saturability, 2) near vertical 

Woolf-Hofstee plots at pH 3.0 and pH 4.0, and 3) inability of glucose or potential 

inhibitors to affect the initial uptake rates. However, temperature responses (Qio = 

2.5) of the transport rates did not support diffusion.    Rose and a co-worker's 
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subsequent study (Pilkington and Rose, 1988) was contradictory, suggesting that at 

low concentrations, sulfite might enter cells by facilitated transport in S. cerevisiae. 

1.3.2. Sulfite toxicity 

Depletion of ATP is largely responsible for toxicity in S. cerevisiae. A rapid 

decrease in ATP content was observed in yeast cells treated with 1-10 mM sulfite at 

pH values below 4, resulting in inhibition of colony formation (Schimz and Holzer, 

1979; Schimz, 1980). The inhibitory effects of sulfite depend on concentration, pH, 

the physiological state of the cells, and incubation time: 1) an increase in sulfite 

concentration or incubation time increases toxicity; 2) decreasing pH values increases 

toxicity; and 3) log-phase cells are more sensitive than stationary-phase cells (Schimz, 

1980). 

Inhibition of glycolysis at the step of glyceraldehyde-3-phosphate 

dehydrogenase was found to be responsible for an immediate depletion of ATP (Hinze 

and Holzer; 1985; Hinze and Holzer, 1986; Maier et al. 1986). The enzyme catalyzes 

the conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate. Thus, 

inactivation of the enzyme blocks glycolysis and causes ATP depletion. Hinze and 

Holzer (1985) found that sulfite addition increased intracellular glyceraldehyde-3- 

phosphate levels by a factor of 10 to 100-fold compared to an untreated control. 

Alcohol dehydrogenase was also found to be inhibited by sulfite (Holzer et al, 

1986; Maier et al., 1986). The enzyme catalyzes the reduction of acetaldehyde to 

ethanol by NADH. Inactivation of the enzyme blocks the regeneration of NAD+, and 

this in turn inhibits the oxidation of glyceraldehyde-3-phosphate to 1,3- 

bisphosphoglycerate, indirectly causing a depletion of ATP. 

Maier et al. (1986) showed that the intracellular proton concentration increased 

in cells treated with sulfite at pH 3.6. This was not correlated with sulfite-induced 

depletion of ATP, but may have the effect of dissipating the transmembrane proton- 

motive force, resulting in retardation of active transport. 



1.3.3. Mechanisms of sulfite detoxification 

S. cerevisiae lacks sulfite oxidase (Beck-Speier et al., 1985; Xu et al., 1994) 

and is therefore presumed to have evolved other mechanisms to prevent deleterious 

reactions. Metabolic and genetic studies suggest that the routes for sulfite 

detoxification in S. cerevisiae are 1) formation of a non-toxic adduct with 

acetaidehyde (Stratford et al., 1987; Pilkington and Rose, 1988; Casalone et al., 1992), 

2) sulfite consumption by sulfite reductase (Thomas et al, 1992a), and 3) sulfite efflux 

(Avram and Bakalinsky, 1997; Park and Bakalinsky, 1999). 

Sulfite reacts with acetaidehyde to form a non-toxic adduct, 1-hydroxyethane 

sulfonate (Stradford et al., 1987) and this has been regarded as one of the major routes 

of detoxification. Pilkington and Rose (1988) found that a rapid decrease in the 

concentration of free sulfite was correlated with an increase in acetaidehyde 

concentration. Casalone et al. (1992) reported that a sulfite-resistant mutant produced 

a higher level of acetaidehyde than wild-type. Xu et al. (1992) reported that a sulfite- 

sensitive mutant defective in SSU2, later shown to be allelic to GRRJ (Avram and 

Bakalinsky, 1997), produced a lower level of acetaidehyde than wild-type. However, 

a lower level of acetaidehyde was also formed in a sulfite-resistant mutant, suggesting 

that other protective mechanisms are involved in sulfite tolerance (Xu, et al., 1994). 

Sulfite consumption by sulfite reductase or sulfitolysis of glutathione disulfide 

to form an S-sulfonate have been proposed as other means of detoxification (Thomas 

et al, 1992a; Casalone et al., 1989). However, later studies (Xu et al., 1994; Park and 

Bakalinsky, 1999) showed that differences in sulfite tolerance among wild-type and 

sulfite-sensitive mutants were not consistent with differences in sulfite reductase 

activity or in glutathione levels. 

Recent genetic and physiological studies have identified genes conferring 

sulfite resistance and their roles in sulfite detoxification. SSUJ was identified in a 

screen for sulfite-sensitive mutants (Xu et al., 1994), and was found to encode a 

plasma membrane protein with nine predicted membrane-spanning domains (Avram 

and Bakalinsky, 1997). Overexpression of SSW was found to confer heightened 

resistance (Park et al., 1999; Goto-Yamamoto et al., 1998), whereas deletion resulted 

in increased sensitivity (Avram and Bakalinsky, 1996).    Subsequently, SSU1 was 
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found to confer resistance by mediating efflux of the free form of sulfite, consistent 

with the decreased intracellular sulfite accumulation observed in cells expressing 

multicopy SSUJ (Park and Bakalinsky, 1999). Park and Bakalinsky (1999) showed 

that the initial efflux rates from cells expressing multicopy SSU1 was 4- or 12-fold 

higher than the rates from wild-type or an SSU] null mutant, respectively. 

Multicopy suppression analysis revealed a regulatory pathway for sulfite 

detoxification (Avram and Bakalinsky, 1996). In this pathway, Fzflp (five zinc 

finger) plays a regulatory role upstream of Ssulp. FZFJ was originally identified in S. 

cerevisiae as a Cys2His2-type transcription factor based on sequence homology to the 

TFIIIA-like zinc finger motif (Breitwieser et al. 1993), and was subsequently found to 

be a positive regulator of SSU1 transcription (Avram et al., 1999). Avram et al. (1999) 

showed that the region of the SSU1 promoter between ^-99 and -318 was involved in 

activation by FZF1, and that the first zinc finger region of Fzflp was essential for 

binding. The heightened resistance was also observed in cells carrying particular 

dominant alleles of FZF1 (Park et al., 1999; Avram et al., 1999; Casalone et al., 1992, 

1994). Gene fusion analysis showed that the resistance conferred by a dominant allele 

of FZFl (FZF1-4) is linked to hyperactivation of SSUI, consistent with an enhanced 

ability to excrete sulfite (Park and Bakalinsky, 1999). 

Sulfite efflux mediated by SSUJ appears to be a major detoxification pathway 

as multicopy SSUI significantly increased the sulfite resistance of a number of sulfite- 

sensitive strains including sulfite reductase mutants, and a mutant defective in 

acetaldehyde production (Park and Bakalinsky, 1999). Park et al. (1999) showed that 

both FZF1-4 and multicopy SSUI are useful dominant markers for transforming 

industrial and laboratory strains of S. cerevisiae. 

1.3.4. Endogenous sulfite formation 

Sulfite is a potentially toxic, but normal metabolite formed as an intermediate 

during reductive sulfate assimilation, which is similar in fungi, bacteria, and plants 

(Figure 1.3). In S. cerevisiae, sulfate is taken up from the environment (as described 

in Chapter 1.4.5.1), and subsequently converted to sulfite through three enzymatic 

reactions. Sulfite is further reduced to sulfide, which in turns combines with O-acetyl 
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homoserine to form cysteine, methionine and S-adenosylhomocysteine (SAM); all are 

essential for the growth and metabolic activities of cells. SAM plays a role in methyl 

group transfer and in polyamine biosynthesis. 

1.3.4.1. Endogenous sulfite formation 

Upon entering the cell, sulfate is reduced to sulfite through three enzymatic 

steps. Initially, sulfate reduction requires the activation to phosphosulfate compounds. 

ATP sulfurylase catalyzes the reaction of sulfate and ATP to form adenosine 5'- 

phosphosulfate (APS), which is subsequently phosphorylated to give 3'- 

phosphoadenosine 5'- phosphosulfate (PAPS) catalyzed by APS kinase. MET3 

encodes ATP sulfurylase, a 100-kDa homodimer, and its transcription is significantly 

reduced when ATP synthesis is repressed (Cherest et al., 1985; 1987). MET14 

encodes APS kinase, a 50-kDa homodimer whose expression is repressed by 

methionine (Korch, et al., 1991). 

Sulfite is formed from the reduction of PAPS catalyzed by PAPS reductase 

through the action of thioredoxin, a small protein that contains two thiol groups. 

PAPS reductase, a 50-kDa homodimer, is encoded by MET16 whose expression is 

repressed by methionine or SAM (Thomas et al., 1990). In S. cerevisiae, thioredoxin 

is encoded by TRX1 and TRX2, and deletion of both genes results in methionine 

auxotrophy, indicating that the yeast glutaredoxin cannot replace thioredoxin in sulfate 

reduction (Muller, 1992). In contrast, E. coli can use either thioredoxin or 

glutaredoxin for sulfate reduction (Russel et al., 1990). Lack of PAPS reductase 

activity was shown in metl, met4, met8, and met25 mutants (Thomas et al., 1990). 

Endogenous sulfite was not observed in met3, metM, or metl6 mutants, that are 

impaired in enzyme steps upstream of sulfite formation. (Thomas et al., 1992a). 

1.3.4.2. Reduction of sulfite to sulfide 

Sulfite reduction to sulfide involves a six-electron transfer reaction catalyzed 

by NADPH-dependent sulfite reductase. The enzyme employs a siroheme coupled to 

an iron-sulfur cluster, which carries out the six-electron transfer (Hansen et al., 1997). 

Four genes are required for the synthesis of sulfite reductase; MET] (MET20), MET5, 
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MET8, and METIO (Thomas et al., 1992). Mutants defective in these genes 

accumulate significant intracellular sulfite (Thomas et al., 1992a). Hansen and 

Kielland-Brandt (1996) showed that partial or full elimination of METIO in a brewer 

yeast increased sulfite production during fermentation. 

Sulfite reductase in S. cerevisiae is a tetramer consisting of two subunits (a^) 

with molecular weights of 116 kDa (a) and 167 kDa (P) (Kobayashi and Yoshimoto, 

1982). The enzyme contains two flavin adenine dinucleotides (FADs), two flavin 

mononucleotides (FMNs), and two sirohemes per active molecule. In E. coli, sulfite 

reductase has an 0.404 structure with subunits of 66 kDa (a) and 64 kDa (p). It 

contains four FADs and four FMNs per active molecule (Ostrowski et al., 1989). 

The METIO gene encodes the a subunit of sulfite reductase (Hansen et al., 

1994). MetlOp has putative binding sites for NADPH and FAD, both of which are 

known to play a role in the electron transfer. Transcription of METIO was shown to 

be completely inhibited in the presence of methionine at concentrations equal to or 

higher than 2 mM (Hansen at al., 1994). FMN, a prosthetic group, is required for the 

integrity of the electron transport chain. Kobayashi and Yashimoto (1982) suggested 

that electrons flow from FAD (bound to the a subunit of one ap pair) to FMN 

(residing on the P subunit of the other ap pair). 

Functional sulfite reductase requires siroheme as this is the moiety which has 

been shown to react with sulfite (Seki et al., 1981; Young and Siegel, 1988). In S. 

cerevisiae, MET1 (MET20) and MET8 are involved in siroheme biosynthesis from 

uroporphyrinogen III (Hansen et al., 1997). MET] encodes uroporphyrinogen III 

methylase, and Met8p carries out the oxidation and chelation activities necessary for 

siroheme formation. MET5 gene encodes the P subunit of sulfite reductase, but its 

function is unknown (Hansen et al., 1997). 

1.3.4.3. Synthesis of methionine and cysteine 

O-acetylhomoserine sulfurylase encoded by MET25 catalyzes the formation of 

homocysteine from the condensation of sulfide and O-acetylhomoserine, which is 

derived from acetylation of homoserine by homoserine acetyltransferase (MET2) 
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(Sangsoda et al., 1985; Baroni et al., 1986). Homocysteine can also be formed via 

SAM methylation and the transsulfuration pathway in S. cerevisiae. 

Methionine is formed from the reaction of homocysteine and 5-methyl- 

tetrahydrofolate catalyzed by homocysteine methyltransferase (MET6). A met6 

mutant can grow on a medium containing SAM as a sole sulfur source, indicating that 

methionine can also be synthesized from SAM without involving methylation of 

homocysteine (Thomas and Surdin-Kerjan, 1997). Methionine adenosyltransferase 

encoded by SAM] and SAM2 catalyzes the formation of S-adenosylmethionine 

(AdoMet) by dephosphorylation of ATP. Subsequently, demethylation of AdoMet 

forms SAM, which can be converted to homocysteine. 

In S. cerevisiae, homocysteine and cysteine can be interconverted via 

transsulfuration pathways (Chrest and Surdin-Kerjan, 1992), allowing cells to utilize 

either methionine or cysteine as a sole sulfur source. In the synthesis of homocysteine 

from cysteine, cystathionine is formed from cysteine and homoserine ester catalyzed 

by cystathionine y-synthase, and subsequently cystathionine (3-lyase catalyzes the 

cleavage of cystathionine to form homocysteine. Cysteine synthesis from 

homocysteine involves two successive steps, P addition and y elimination catalyzed by 

cystathionine (3-synthase (encoded by STR4) and cystathionine y-lyase (encoded by 

STRl), respectively (Cherest et al., 1993). In enteric bacteria, only conversion of 

cysteine to homocysteine occurs due to lack of cystathionine P-synthase and y- 

cystathionase activities (Cohen and Saint Girons, 1987), and therefore, E. coli cannot 

use methionine as a sole sulfur source. In contrast, mammalian cells have only the 

homocysteine to cysteine pathway. 

1.3.4.4. Regulation of sulfur assimilation 

Transporters and enzymes involved in sulfate uptake and assimilation are 

repressed by methionine and/or SAM. Doyle and Slaughter (1998) showed that 

sulfate transport was completely blocked in the presence of 1 mM methionine, 

whereas methionine uptake was not affected by sulfate. Methionine also inhibits 

transcription of MET2, MET3, MET5, MET10, MET14, MET16, MET25, and SAM1 

(Thomas and Surdin-Kerjan,   1997).     However, intracellular SAM concentration 
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appears to be the main signal for repression since the biosynthesis of all enzymes 

required for sulfate assimilation are repressed by high concentrations of SAM. At 

least four different regulatory factors are known to be involved in the transcriptional 

regulation of sulfate assimilation: Met4p, Met30p, Met28p, and Cbflp. 

Met4p, which belongs to the basic region-leucine zipper protein (bZIP) family, 

encodes the major transcriptional activator of genes involved in methionine 

biosynthesis (Thomas et al, 1992b; Kuras and Thosmas, 1995a). Northern blot 

analysis revealed that transcriptional activation of MET2, MET3, MET5, METIO, 

MET14, MET16, and MET25 genes did not occur in a met4 mutant (Thomas and 

Surdin-Kerjan, 1997). Met4p contains three distinct domains implicated in regulation 

of the MET genes. The N-terminal domain consisting of approximately 50 amino 

acids acts as a transcriptional activator. A second domain, called the inhibitory region, 

mediates a significant reduction in gene activation by Met4p under high intracellular 

SAM concentrations (Kuras and Thomas, 1995a). A third region, the auxiliary 

domain, is also located in the N-terminus and appears to function as an antagonist of 

the inhibitory region upon sulfur limitation. 

Met30p, which is essential for cell viability, acts as a transcriptional inhibitor 

of the MET genes (Thomas et al., 1995). Met30p contains five copies of the WD40 

motif within its C-terminus. The WD40 proteins are present only in eukaryotes and 

are involved in numerous cell processes, including cell cycle regulation, 

transcriptional regulation, transmembrane signaling, and RNA splicing (Neer et al, 

1994). Met30p interacts with the inhibitory region of Met4p to repress the activation 

region when SAM concentrations are high (Thomas et al., 1995). 

Met28p, another bZIP protein, appears to function as a positive regulator of 

transcription of several MET genes when the intracellular concentration of SAM is 

low. The leucine zipper of Met28p interacts with the zipper of Met4p to form Met28- 

Met4 heterodimers, which strongly bind DNA (Kuras et al., 1996). Disruption of 

MET28 significantly reduces transcription of MET3, MET10, MET 14, and MET16, but 

not that ofMET25 (Kuras et al., 1996). 

Centromere binding factor I (Cbfl) contains a basic region-helix-loop-helix 

domain, which recognizes the consensus sequence CACGTG (Baker and Masison, 

1990).    The CACGTG sequence is present in the promoters of almost all genes 



involved in sulfate assimilation (Kuras and Thomas, 1995b). Deletion or mutation 

analysis revealed that Cbf 1 is required for the normal transcription of most of the MET 

genes (Thomas et al., 1989; O'Connell et al., 1995). Cbflp is not itself capable of 

gene activation because it lacks a transcriptional activation domain, but it promotes 

the DNA binding of Met4p and Met28p, which mediate activation of the MET genes 

(Kuras et al., 1996). 

1.4.    Transport in 5. cerevisiae 

The yeast cell wall is in the outermost layer of the cell envelope and plays a 

role in maintaining the structure and the rigidity of the cell. The cell wall is freely 

permeable to solutes smaller than about 600 kDa (Schekman and Novick, 1982). In 

contrast, the plasma membrane forms a relatively impermeable barrier to hydrophilic 

molecules. In fact, the plasma membrane of eukaryotes contains a wide variety of 

proteins that mediate the selective transport of solutes. The transport proteins are 

likely the major constituents of the plasma membrane. The yeast plasma membrane 

contains about 105 to 106 transport molecules, which is equivalent to 0.1-1% of total 

cell protein and 5-50% of plasma membrane protein (Serrano, 1991). Many transport 

proteins identified in Saccharomyces share high sequence similarity with proteins in 

other organisms. 

Membrane transport proteins are generally classified in three main categories: 

primary transport proteins, secondary transport proteins, and channels (van der Rest et 

al., 1995) (Figure 1.4). Primary transport proteins include ATPases or ABC 

transporters, which hydrolyze ATP during transport. In secondary transport, 

membrane proteins known as facilitators catalyze uniport, symport and antiport 

without directly using ATP. Channels allow the downhill flux of solutes across the 

plasma membrane. 

The driving force for uniport is the electrochemical gradient of the transported 

solute. The best-known examples of electroneutral uniport in 5. cerevisiae are glucose 

and galactose transporters. In symport, the transporters involve the coupled movement 

of two (or more) solutes in the same direction. Solute transport in yeast cells occurs 

most often in symport with protons. Antiport systems catalyze the exchange of various 



19 

Primary transport systems 

ABC transporter P-type ATPase 

Passive 
diffusion 

Symport 

Channel 

Antiport 

S 

Uniport 

Secondary transport systems 

Figure 1.4. Transport systems in S. cerevisiae (van der Rest et al., 1995). 
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mono- and divalent cations for protons. These systems are likely to play a major role 

in cell volume control, regulation of cytoplasmic pH, and ion homeostasis of the 

cytoplasm. 

1.4.1. Plasma membrane H+-ATPase 

The major plasma membrane H+-ATPase (Pmalp) of S. cerevisiae belongs to a 

large, physiologically important family of cation pumps known as the E1E2 P-type 

ATPase. The protein is estimated to consume about 10-15% of the ATP produced 

during growth (Gancedo and Serrano, 1988) and has a reaction stoichiometry of one 

proton excluded per molecule of ATP hydrolyzed (Serrano, 1991). PMA1 encodes 

Pmalp containing a 100-kDa catalytic subunit, which splits ATP by way of a P- 

aspartyl phosphate intermediate (Goffeau, 1982). The hydrolysis of ATP generates an 

electrochemical proton gradient (Ap), thereby supplying energy to a variety of proton- 

dependent transport systems. Hydropathy analysis shows that the protein has 8 to 12 

putative membrane-spanning segments with the N and C termini located in the 

cytoplasm. The catalytic portion contains consensus sequences for ATP binding and 

phosphorylation (van der Rest et al., 1991). 

Because Pmalp is essential for growth, mutagenesis of the PMA1 gene is 

problematic for use in structural and functional studies (e.g. ATP binding, hydrolysis, 

energy coupling, and transport) (Serrano et al., 1986). Recently, Slayman and co- 

workers (1991, 1997) isolated secretory vesicles enriched in the H+-ATPase from a 

temperature-sensitive sec mutant by placing the wild-type chromosomal PMA1 gene 

under control of the heat shock promoter. Further studies to explore the function of 

the ATPase in isolated vesicles are ongoing. 

A second ATPase gene, PMA2, is 90% homologous to PMAJ at the amino acid 

level (Schlesser et al., 1988). The Pma2p ATPase is a glucose-regulated ATPase and 

its expression is induced under starvation conditions, i.e., when ATP is low (Supply et 

al., 1993). 
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1.4.2. Multidrug transporters 

Multidrug resistance can be acquired in a wide variety of species ranging from 

bacteria to higher eukaryotes. In yeast, studies on multidrug resistance have relevance 

to humans because yeast shares the basic structural and functional organization of 

higher eukaryotes (Bassett et al, 1996). 

Two classes of multidrug transporters have been identified: one with an ATP- 

binding cassette (ABC) domain and the other belonging to the major facilitator super 

family (MFS) (Balzi and Goffeau, 1994). 

1.4.2.1. ABC transporters 

The ABC superfamily comprises a large number of membrane proteins, 

conserved from bacteria to man. The members of this family share a common 

structure consisting of four domains: 1) two hydrophobic domains consisting of six 

transmembrane spans each, and 2) two hydrophilic domains containing a conserved 

cassette of about 200 amino acids with an ATP-binding motif (Higgins, 1992). 

Many members of the ABC transporters in S. cerevisiae are involved in 

multiple or pleiotropic drug resistance. The first reported ABC transporter gene with 

an established role in multiple drug resistance was SNQ2 (Servos et al., 1993). 

Multicopy SNQ2 confers resistance to mutagens such as 4-nitroquinone N-oxide and 

triaziquone as well as to sulfomethuron methyl, an inhibitor of acetolactate synthetase. 

Pdr5p is the best characterized ABC transporter and functions as a drug extrusion 

pump (Balzi and Goffeau, 1995). Disruption of PDR5 is not lethal, but causes 

hypersensitivity to various drugs such as cyclohexamide, sulfomethuron methyl, and 

also to mitochondrial inhibitors such as chloramphenicol, antimycin and erythromycin. 

The transcriptional regulators, PDR1, PDR3, PDR7, and PDR9 have been shown to 

control expression of PDR5. 

In addition to multiple or pleiotropic drug resistance, an ABC transporter was 

found to function as an exporter of the anionic form of weak acids. Piper et al. (1998) 

found that adaptation of S. cerevisiae cells to growth under weak acid stress induced 

an ABC transporter, Pdrl2p. Deletion of PDR12 caused hypersensitivity to weak 

acids such as sorbic, benzoic, and propionic at low pH (Piper et al., 1998). 



22 

1 A.2.2. MFS drug-resistant proteins 

The MFS comprises over 50 transporters of bacterial and eukaryotic origin. 

Most of these proteins share a common topology consisting of two six-transmembrane 

helical segments separated by a dispensable central cytoplasmic loop which does not 

contain an ATP-binding cassette (Marger and Saier., 1993). 

To date, two proteins, Atrip and Sgelp have been functionally characterized 

and associated with multiple drug resistance. ATR1 (allelic to SNQ1) confers 

resistance to 4-nitroquinoline-A^-oxide and aminotriazole (Gompel-Klein and Brendel, 

1990). SGE1 confers resistance to crystal violet, ethidium bromide, and 

methylmethane sulfonate. Disruption of SGE leads to hypersensitivity to all three 

compounds (Ehrenhofer-Murray et al., 1998). Unlike typical MSF family members, 

Sgelp contains two seven-transmembrane helical segments. 

1.4.3. Sugar transporters 

Glucose is transported by facilitators in S. cerevisiae, not by H+ symport. 

Genetic and biochemical studies show that the HXT family of homologous genes 

(HXTJ-HXT17), encode hexose transporters in S. cerevisiae (Kruckeberg, 1996). 

Among them, HXT] through HXT7 are involved in high affinity glucose transport 

(Reifenberger et al., 1995). HXT1 is induced by high glucose concentrations, whereas 

HXT2, HXT4, HXT6, and HXT7 are induced at low glucose concentrations. HXT3 

expression is independent of glucose concentration. Snf3p and Rgt2p, glucose sensors 

of high or low concentration, respectively, generate signals for induction of the HXT 

genes (Ozcan et al., 1998). 

Maltose is transported in symport with one proton. Maltose transporters are 

encoded by at least five MAL loci (MALI through MAL4 and MAL6). Each locus 

contains at least three genes: 1) MALX1 encodes the maltose transport protein, 2) 

MALX2 encodes maltase, and 3) MALX3 encodes an activator of MALX1 and MALX2 

(X denotes one of five MAL loci) (Needleman, 1991). MAL gene expression is 

inducible in wild-type strains. Catabolic repression of the MAL genes is observed in 

the presence of glucose, but a complete description of the mechanism has not yet been 

given (Brondijk et al., 1999). 
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1.4.4. Amino acid transporters 

Amino acids are exclusively transported by proton symport. The amino acid 

transporters have 12 putative membrane-spanning segments with N and C termini 

located in the cytoplasm (Sophianopoulou and Diallinas, 1995). 5. cerevisiae has two 

distinct classes of amino acid transport systems, specific and non-specific carriers. 

Over 20 specific transporters mediate transport of amino acids and their 

synthesis is generally constitutive. The best characterized specific permeases include 

the histidine permease, Hiplp; the lysine permease, Lyplp; and the basic amino acid 

permease, Canlp (Sophianopoulou and Diallinas, 1995). In contrast, synthesis of 

proline permease, Put4p, is highly regulated and inhibited by readily used nitrogen 

sources such as ammonium or glutamine (ter Schure et al., 1998). 

The general amino acid permease encoded by GAP] can transport all naturally 

occurring amino acids (Wiame, et al., 1985). Gaplp is very active during growth on a 

medium containing proline as a sole sulfur source and during the initial stages of 

nitrogen starvation, but addition of ammonium causes 1) repression of GAPJ 

transcription, and independently, 2) inactivation and degradation of pre-existing 

Gaplp (Hein and Andre, 1997). 

1.4.5. Ion transporters 

1.4.5.1. Sulfate 

Sulfate is transported into the cell by proton symport (Roomans et al., 1979). 

Kinetic and genetic studies on sulfate uptake have revealed that S. cerevisiae has two 

high affinity sulfate transporters encoded by SUL] and SUL2 (Breton and Surdin- 

Kerjan, 1977; Smith et al, 1995; Cherest et al, 1997). The SUL1 and SUL2 genes 

encode similar transmembrane proteins containing 11 and 10 putative transmembrane 

domains, respectively. SUL3 encodes a factor involved in transcriptional regulation of 

SUL2 (Cherest et al., 1997). Sulfate uptake appears to be regulated by the presence of 

methionine in the medium. Doyle and Slaughter (1998) reported that 1 mM 

methionine completely blocked sulfate transport from a medium containing 1.3 mM 

sulfate. 
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I.4.5.2. Phosphate 

In 5. cerevisiae, phosphate uptake across the plasma membrane is mediated by 

cotransport proteins. Phosphate permeases catalyze coupled transport of inorganic 

phosphate (P) together with H+ or Na+ ions (Persson et al., 1998). Regulation of 

phosphate accumulation is maintained by the PHO system in S. cerevisiae. PH084 

and PH089 encode cotransporters responsible for the derepressible high affinity 

transport of phosphate. The 65-kDa Pho84p and the 63-kDa Pho89p have 12 putative 

membrane-spanning segments each, with N and C termini located in the cytoplasm 

(Bun-ya et al., 1991; Martinez, et al., 1998). Pho84p mediates H+/Pi symport, whereas 

Pho89p mediates NaVP; symport. Arsenate was shown to effectively inhibit uptake. 

H+-coupled phosphate uptake was inhibited directly by arsenate, but also indirectly by 

dissipation the proton motive force generated by the plasma membrane H+-ATPase 

(Fristedt, et al., 1996). 
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2.1.    Abstract 

Ssulp, a plasma membrane protein involved in sulfite metabolism in 

Saccharomyces cerevisiae, was found to be required for efficient sulfite efflux. An 

SSUl null mutant accumulated significantly more sulfite than wild-type, whereas cells 

expressing multicopy SSUl accumulated significantly less. Cells expressing FZFl-4, a 

dominant allele of a transcriptional activator of SSUl that confers sulfite resistance, 

also accumulated less sulfite. 8-galactosidase activity in the FZFl-4 strain carrying an 

SSUl::lacZ fusion was found to be 8.5-fold higher than in a strain carrying wild-type 

FZF1, confirming that the heightened resistance was correlated with hyperactivation 

of SSUl. Multicopy SSUl was also found to increase the sulfite resistance of a 

number of unrelated sulfite-sensitive strains by a factor of 3- to 8-fold. Rates of efflux 

of free sulfite from cells expressing multicopy SSUl or FZFl-4 were significantly 

greater than that from wild-type or from an SSUl null mutant. Rates of efflux of 

bound sulfite from wild-type, an SSUl null mutant, an FZFl-4 mutant, or cells 

expressing multicopy SSUl were not significantly different, suggesting that Ssulp 

specifically mediates efflux of the free form of sulfite. 
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2.2.    Introduction 

Sulfite is a widely used bifunctional preservative in foods, beverages, and 

pharmaceuticals as it has both antimicrobial and antioxidant activities (Taylor et al., 

1986). Sulfite causes ATP depletion in S. cerevisiae (Schimz and Holzer, 1979) 

through inactivation of glyceraldehyde-3-phosphate dehydrogenase and alcohol 

dehydrogenase (Hinze and Holzer, 1986; Prakash et al., 1986; Maier et al., 1986). 

Sulfite is also a potentially toxic but normal yeast metabolite, which occurs as an 

intermediate in the reductive sulfate assimilation pathway. 

Because sulfite is used as a preservative in winemaking, wine strains of S. 

cerevisiae have been selected that have enhanced tolerance. Metabolic and genetic 

studies suggest that an important means of protection against sulfite is formation of a 

non-toxic adduct with acetaldehyde, 1-hydroxyethane sulfonate (Stratford et al., 1987; 

Pilkington and Rose, 1988; Casalone et al., 1992). We speculate that other protection 

mechanisms exist because differences found in sulfite tolerance among a number of 

sulfite-sensitive and a resistant strain do not correlate with acetaldehyde production 

(Xu et al., 1994). 

SSU1 encodes a plasma membrane protein previously implicated in sulfite 

metabolism (Avram and Bakalinsky, 1997). Mutations in SSUI cause sensitivity (Xu 

et al., 1994), whereas overexpression confers heightened resistance (Park et al., 1999; 

Goto-Yamamoto et al., 1998), suggesting a role for SSUJ in sulfite detoxification. 

Sulfite resistance has also been ascribed to particular dominant alleles of the SSUI 

transcriptional activator FZF] and to overexpression of wild-type FZF] (Park et al., 

1999; Avram et al., 1999; Casalone et al., 1992, 1994). FZF1 (/ive zinc/inger) shares 

homology to human WT1, Wilms tumor gene, (P = e'2") (Fourny, 1997), which was 

recently shown to transcriptionally activate amphiregulin, an epidermal growth factor 

involved in kidney development (Lee et al., 1999). 

The present study was undertaken to understand how SSUI and FZF 1-4 

mediate sulfite resistance. We show that Ssulp is involved in sulfite efflux, and that 

FZF 1-4 confers sulfite resistance through hyperactivation of SSUI. 



2.3.    Materials and Methods 

2.3.1. Media, yeast strains, and reagents 

Table 2.1. Yeast strains 
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Strains Genotype Source 

3163-lb 

3090-9d 

3090-9d-T4-Ll 

3090-9d-T6-Ll 

3090-9d-T10-Ll 

3090-9d-MC 

3089-Id 

CC359-OL2 

CC501-2 

CC363-20B 

aFZFl-4 ura3-52 leu2-3, 112 

aura3-52 leu2-3, 112 

assulA ura3-52 leu2-3, 112 

agrrlA ura3-52 leu2-3, 112 

afzflA99-182 ura3-52 leu2-3, 

112 

3090-9d transformed with 

pHP 18 (multicopy SSU1) 

a ssu3-7 ura3-52 leu2-3, 112 

a ura3 leu2 his3 

aura3 leu2 metlO 

a ura3 leu2 his3 met 18 

This study 

Avram and Bakalinsky (1996) 

Avram and Bakalinsky (1996) 

Avram and Bakalinsky (1996) 

Avram and Bakalinsky (1996) 

This study 

Avram and Bakalinsky (1996) 

Y. Surdin-Kerjan 

Y. Surdin-Kerjan 

Y. Surdin-Kerjan 

YEPD is 2% Difco Bacto peptone (Difco Laboratories, Detroit, MI), 1% Difco 

Bacto yeast extract, and 2% dextrose. SM is glucose-based synthetic complete 

medium (SD plus required amino acids and bases at the prescribed conditions), and 

drop-out media are SM lacking the indicated amino acid or base (Kaiser et al., 1994). 

YEPD + TA and SM-met + TA are YEPD and SM-met containing 75 mM L-tartaric 

acid buffered at pH 3.5, respectively.   YEPD + TA or SM-met + TA plates were 
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prepared as described (Park et al. 1999).   Yeast strains are listed in Table 2.1.   All 

chemicals were reagent grade. 

2.3.2. Sulfite accumulation 

Cells were grown to an ODm -1.0 in 200 ml of YEPD + TA, washed twice 

with 75 mM L-tartaric acid, pH 3.5, containing 2% glucose, suspended in the same 

buffer to give a final cell concentration of about 20 mg dry weight per ml, and allowed 

to equilibrate for 10 min at 25 0C. To 20 ml of cell suspension, sodium sulfite was 

added to a final concentration of 0 to 4 mM, and the mixture was incubated at 25 0C 

with stirring. At appropriate time intervals, one-ml aliquots were taken and rapidly 

vacuum filtered through a 0.45-|am membrane (Gelman Science, MI) and washed with 

five volumes of 75 mM cold tartaric acid (pH 3.5). Cells were suspended in 0.25 M 

phosphate buffer containing 5 mM EDTA (pH 7.3) by placing the one-cm diameter 

filter—cell-side down—in buffer in a 1.7-ml microfuge tube. The cell pellet was 

recovered by centrifugation and resuspended in 50 (jl of the same buffer. (The cell- 

free filter remained on the buffer surface after centrifugation.) A volume of acid- 

washed glass beads equal to that of the cell suspension was added and the mixture was 

vortexed six times at high speed in 30 sec intervals on ice. The liquid fraction was 

centrifuged at 12,000 x g for 20 min at 4 0C to remove cell debris. Free and total 

sulfite were determined in the supernatant by the pararosaniline method (Grant, 1947) 

as described (AOAC, 1990). "Free" sulfite refers to any form of sulfurous acid 

including sulfur dioxide. "Total" sulfite refers to the sum of the free and bound forms 

where the latter are sulfite adducts, covalent products formed between sulfite and other 

compounds with which sulfite is reactive, i.e., carbonyl compounds (Taylor et al., 

1986). Endogenous sulfite was not detected in control cells incubated without sodium 

sulfite. The limit of detection was found to be 0.07 nmol sulfite/mg dry weight cells. 

Sulfite was always assayed in freshly-prepared samples, although no loss of sulfite 

was observed in samples stored at -80 0C for a week. 
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2.3.3. Sulfite efflux 

Cells were loaded with sulfite by incubation in external sulfite concentrations 

of up to 4 mM sodium sulfite in 20 ml as described above, at 25 0C for 5 min with 

stirring. The cell suspension was rapidly vacuum filtered through a 0.45-pm 

membrane, and washed with 20 ml of 75 mM cold tartaric acid (pH 3.5). Sulfite 

efflux was initiated by resuspending the cell pellet in 20 ml of 75 mM tartaric acid (pH 

3.5) with stirring. At appropriate time intervals, one-ml aliquots were taken and 

rapidly filtered through a 0.45-|im membrane. Initial efflux rates were based on three 

measurements of extracellular free and total sulfite in the supernatant at 10, 20, and 30 

seconds, where rates were found to be linear. To determine the percentage reduction 

of intracellular sulfite by efflux, one-ml aliquots were taken, rapidly vacuum filtered 

through a 0.45-|im membrane, and washed with five volumes of 75 mM cold tartaric 

acid (pH 3.5). The cell pellet was recovered by centrifugation and resuspended in 50 

|il of 0.25 M phosphate buffer containing 5 mM EDTA (pH 7.3). Cell extracts were 

prepared by glass-bead disruption, and intracellular free and total sulfite were 

determined in the supernatant. 

2.3.4. Subcloning, PCR, and yeast transformation 

Standard procedures for manipulation of plasmid DNA and bacterial 

transformation were used (Sambrook et al., 1989). Escherichia coli strain DH5a 

(Hanahan, 1983) was used in subcloning experiments. Subcloning involved 

YEplaclSl (Gietz and Sugino, 1988), and pDA2 carrying SSU1 and the proximal 658 

bp of the GLR1 ORF (unpublished data, D. Avram, 1995). PCR was performed using 

Pfu (Invitrogen) in an Easycycler (Ericomp, Inc). Yeast transformation was performed 

as described (Gietz et al., 1992). 

2.3.5. Construction of multicopy SSU1 

The SSU1 ORF and proximal 540 bp of promoter were generated as described 

(Park et al., 1999).    Only the proximal 540 bp of the one-kb promoter was used 
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because this region was previously shown to be sufficient for activation of SSUJ by 

multicopy FZF1, and for in vitro binding by Fzflp (Avram et al., 1999). 

2.3.6. B-galactosidase assay 

The SSU1 promoter (-1016 to -1) was fused to lacZ in pDA6 (Avram et al., 

1999), and integrated at URA3 in strain 3090-9d (FZF1), in 3090-9d-T10-Ll (fcflA), 

and in 3163-lb (FZF1-4). Transformants were selected on SM-ura and screened for 

the ability to form blue colonies on X-gal (5-bromo-4-chloro-3-indolyl-6-D- 

galactoside) indicator medium. Overnight cultures were inoculated in minimal 

medium (Adams et al., 1997) and grown to an OD60() of 2.0. B-galactosidase activity 

was assayed in permeabilized cells as described by Kippert, 1995. 

2.3.7. Sulfite reductase assay 

NADPH-dependent sulfite reductase activity was determined as described 

(Jiranek et al., 1996) with the following modification. Cell extracts were prepared 

from log-phase cells grown in 100 ml of SM-met, followed by glass-bead extraction. 

For each assay, 0.9 ml of reaction mixture (Jiranek, et al., 1996) was dispensed into 

test tubes, and 100 pi of cell extract was then added. The tubes were capped, gently 

inverted several times, and incubated at 30 0C for one hr. Derivatization of H2S was 

performed by adding 100 |al of reaction mixture to 110 (jl of a freshly prepared 

HEPES-monobromobimane mixture as described (Avram and Bakalinsky, 1996). The 

resulting fluorescent adduct of monobromobimane (Calbiochem, Lajolla, CA) was 

detected following separation by HPLC (Fahey and Newton, 1987, as modified by 

Vetter et al., 1989). Enzyme activity is expressed as (amoles H2S produced per min per 

mg protein and data are the means of three independent cultures ± S.D. 

2.3.8. Statistical analysis 

Analysis of variance (ANOVA) was conducted on test results to determine the 

significance of treatments, using SPSS version 9 (SPSS Inc., Chicago, IL).   Fisher's 
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least significant difference (LSD) at p<0.05 was used to determine the significant 

difference between mean values. 

2.4.    Results 

2.4.1. Ssulp decreases intracellular sulfite accumulation 

In order to determine whether SSUJ and FZF1-4 are involved in sulfite 

transport, sulfite accumulation was determined in wild-type (3090-9d carrying empty 

YEplaclSl), an ssulA mutant (3090-9d-T4-Ll), an FZF1-4 mutant (3163-lb), and in 

3090-9d carrying multicopy SSU1 (3090-9d-MC) at a representative sulfite 

concentration, 1 mM (Figure 2.1). In all strains, accumulation was rapid, reaching a 

plateau after approximately 2 min. In the absence of glucose, approximately 50% less 

sulfite was taken up (data not shown). The ssulA mutant accumulated significantly 

more sulfite than wild-type, whereas cells expressing multicopy SSU1 accumulated 

significantly less. Cells expressing FZF1-4 also accumulated significantly less sulfite 

than wild-type, consistent with previous observations of a different resistant allele of 

FZFl (Casalone et al., 1992, 1994). Free and total sulfite accumulation in the FZF1-4 

and multicopy SSU1 strains were not significantly different. Table 2.2 shows that 

strains that accumulated the least amount of sulfite, 3163-lb and 3090-9d-MC, were 

also the most sulfite resistant. 

Strains were incubated with varying amounts of sodium sulfite to determine 

dose-uptake relationships. Accumulation in all strains reached a plateau within 3 min 

after incubating cells with up to 4 mM sodium sulfite. Cell viability was not reduced 

by these concentrations over the course of the assay (data not shown). Consistent with 

the previous accumulation data, an FZFl-4 mutant or cells expressing multicopy SSU1 

accumulated significantly less free and total sulfite than wild-type at all 

concentrations, whereas an ssulA mutant accumulated significantly more (Figure 2.2). 

Accumulation of bound sulfite (the difference between the total and free forms) did 

not increase in wild-type or in the ssulA mutant incubated at 2, 3, or 4 mM sulfite, 

while that of free sulfite increased continuously as a function of increasing external 
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Figure 2.1. Sulfite accumulation in 3090-9d carrying empty YEplaclSl (wild-type), 
3090-9d-T4-Ll (ssulA), 3163-lb (FZF1-4), and in 3090-9d carrying multicopy SSUJ 
(3090-9d-MC). Sulfite uptake was determined in log-phase cells suspended in tartrate 
buffer (pH 3.5) containing 2% glucose in the presence of 1 mM Na2S03 for 10 min. 
Data points are means of duplicates. Standard deviations were less than 5% of the 
means. "Free" refers to free or unbound sulfite, whereas "total" refers to the sum of 
the free and bound forms. 
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Figure 2.2. Sulfite accumulation in 3090-9d (wild-type), 3090-9d-T4-Ll (ssulA), 
3163-lb (FZFl-4), and 3090-9d-MC (multicopy SSUl). Intracellular sulfite was 
determined in log-phase cells suspended in tartrate buffer (pH 3.5) containing 2% 
glucose in the presence of 0 to 4 mM Na2S03 for 5 min. Data points are means of 
duplicates. Standard deviations were less than 10% of the means. 
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concentration. Higher levels of intracellular free sulfite in the ssulA mutant were 

consistent with its sulfite-sensitive phenotype. 

Table 2.2. Sulfite tolerance of yeast strains 

Strain Relevant 
genotype 

Sulfite concentration (mM) 

0;0.5     1 2        3; 4; 5 6 

3090-9d wild-type + 

3090-9d-T4-Ll ssul A + 

3090-9d-MC multicopy SSU1 + 

3163-lb FZFI-4 + 

+ 

+ 

+/- 

+ 

+ 

+ 

+ 

+, normal growth; -, no growth; +/-, poor growth as scored after 24 hrs. 
Sulfite sensitivity was determined on YEPD + TA containing of 0 - 8 mM Na2S03 by 
replicating cells grown on YEPD.  The sulfite tolerance of 3090-9d was the same as 
for 3090-9d carrying the empty vector, YEplaclSl. 

2.4.2. Fzfl-4p hyperactivates SSU1 expression 

In order to test the possibility that Fzfl-4p hyperactivates SSU1 expression, B- 

galactosidase was measured in wild-type, in znfzflA mutant, and in an FZFJ-4 mutant 

carrying an integrated SSU1 promoter-/acZ fusion construct. Activity in the FZFI-4 

mutant was found to be 8.5- and 20-fold higher than in wild-type and in the fzfJA 

strain, respectively, indicating that FZFI-4 confers sulfite resistance due to 

hyperactivation of SSU1 (Figure 2.3). The magnitude of activation by FZFI-4 was 

very similar what was observed previously by a construct carrying multiple copies of 

wild-type FZF1 (Avram et al., 1999). 
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Figure 2.3. The SSUl promoter is activated by FZFl-4. The SSUl promoter was 
fused in front of lacZ and integrated at URA3 in each strain as described in materials 
and methods. B-galactosidase activities are given in Miller units and are the means of 
three assays of each of three independent transformants. Error bars are standard 
deviations. 
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2.4.3. Sulfite reductase activity 

Sulfite reductase activity was measured in log-phase cells grown in 

methionine- and cysteine-free medium (SM-met), where enzyme activity is required 

for growth. Activity in wild-type, 1.36 ± 0.38, was not significantly different from that 

in the ssulA mutant, 1.47 ± 0.36 (p < 0.05), ruling out the possibility that differential 

sulfite reductase activity might explain the differences in sulfite accumulation. In fact, 

consumption of sulfite by the enzyme was not observed during the accumulation 

assay, as more than 95% of the initial sulfite added was recovered as the sum of 

intracellular and extracellular sulfite at the end of experiment (data not shown). 

2.4.4. SSU1 is involved in sulfite efflux 

Strains 3090-9d (wild-type), 3090-9d-T4-Ll (ssuJA), 3163-lb (FZFI-4), and 

3090-9d-MC (multicopy SSUl) were incubated with 0.8, 0.4, 3.0, and 4.0 mM sodium 

sulfite, respectively, for 5 min to yield a final total intracellular sulfite concentration of 

10.5 ± 1.0 nmol/mg dry wt cells per strain (dose/uptake relationships as shown in 

Figure 2.2). Sulfite efflux was then determined in the sulfite-loaded cells suspended in 

buffer by measuring the percentage reduction of intracellular free sulfite over time 

(Figure 2.4). Efflux of free sulfite from cells expressing multicopy SSUl or the 

dominant allele, FZFJ-4, was significantly faster and greater than from wild-type or 

from an ssuJA mutant as < 20% free sulfite remained after 4 min in both 3163-lb and 

3090-9d-MC, whereas 40% and 75% remained after 10 min in 3090-9d and 3090-9d- 

T4-L1, respectively. A similar pattern of reduction in intracellular sulfite was also 

observed in all strains incubated with the same amount of extracellular sulfite, 1 mM, 

which yielded different initial intracellular levels (data not shown). Efflux of bound 

sulfite from wild-type, an ssulA mutant, an FZFI-4 mutant, or cells expressing 

multicopy SSUl was not significantly different, suggesting that SSUl is specifically 

involved in efflux of free sulfite (Figure 2.5). 

Initial efflux rates of free sulfite were determined as a function of intracellular 

free sulfite from the sulfite-loaded cells (Figure 2.6). Initial rates from an FZFI-4 

mutant or cells expressing multicopy SSUl were 3- and 4-fold higher, respectively, 
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Figure 2.4. Efflux of free sulfite from 3090-9d (wild-type), 3090-9d-T4-Ll (ssulA), 
3163-lb {FZFl-4), and 3090-9d-MC (multicopy SSU1). Cells were loaded for 5 min 
with varying amounts of sulfite to yield a final total intracellular concentration of 10.5 
± 1.0 nmol/mg dry wt cells and an intracellular free sulfite concentration of 4.6 ± 0.3 
nmol/mg dry wt cells. Sulfite efflux was determined in sulfite-loaded cells suspended 
in tartarate buffer (pH 3.5) for 10 min by measuring the percentage reduction of 
intracellular free sulfite. Data points are means of duplicates. Standard deviations 
were less than 10% of the means. 
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Figure 2.5. Efflux of bound sulfite from 3090-9d (wild-type), 3090-9d-T4-Ll (ssulA), 
3163-lb (FZF1-4), and 3090-9d-MC (multicopy SSUJ). Sulfite efflux was 
determined as described for Figure 4. Cells were loaded for 5 min with varying 
amounts of sulfite to yield a final intracellular bound sulfite concentration of 6.1 ± 0.5 
nmol/mg dry wt cells. Data points are means of duplicates. Standard deviations were 
less than 10% of the means. 
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Figure 2.6. Efflux rates of free sulfite from 3090-9d (wild-type), 3090-9d-T4-Ll 
(ssulA), 3163-lb {FZFl-4), and 3090-9d-MC (multicopy SSUl). Cells were loaded 
with 0 to 4 mM sodium sulfite for 5 min and initial efflux rates of free sulfite were 
measured as described in materials and methods. Data points are means of duplicates. 
Standard deviations were less than 10% of the means. 
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than from wild-type, whereas the rate from an ssu]A mutant was 3-fold lower than 

from wild-type, confirming that Ssulp mediates efflux of free sulfite. Because slow 

and saturable efflux of free sulfite was observed in the ssulA mutant (at initial 

intracellular free sulfite concentrations >10 nmol/mg dry wt cells, Figure 2.6), other 

low affinity transporter(s) appear to be functional. 

2.4.5. Multicopy SSUl  suppresses  sensitivity  of unrelated  sulfite 
mutants 

To determine whether SSUl plays a role in sulfite detoxification, a number of 

sulfite-sensitive strains were transformed with multicopy SSUl (Table 2.3). 

Table 2.3. Suppression of sulfite sensitivity by multicopy SSUl 

Strain Relevant Sulfite concentration (mM) 
Genotype 0;0.5 1 1.5 2; 3 4 

3090-9d wild-type + (+) + (+) + (+) + (-) + (-) 

3090-9d-T4-Ll ssulA + (+) + (-) + (-) + (-) + /-(-) 

3090-9d-T6-Ll grrlA + (+) + (-) + (-) +(-) +/-(-) 

3090-9d-T10-Ll MIA + (+) + (+) + (-) + (-) + (-) 

3010-d ssu3 + (+) + (-) + (-) + (-) - (-) 

CC359-OL2 wild-type + (+) + (+) + (+) + (-) + (-) 

CC501-2 met10 + (+) + (+) + (-) + (-) + (-) 

CC363-20B metIS + (+) + (+) + (+/-) + (-) + 

+, normal growth; -, no growth; +/-, poor growth as scored after 24 hrs. 
Values in parentheses indicate the tolerance of strains carrying vector alone 
(YEplaclSl) and are preceded by values for the same strains transformed with 
multicopy SSUl. Transformants were selected on SM-leu. Sulfite sensitivity was 
determined on SM-met + TA supplemented with 0.1 mM methionine in the presence 
of up to 8 mM Na2S03 by replicating cells grown on SM-leu. No strains grew on 
plates containing > 5 mM sulfite. 
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Multicopy SSU] increased the sulfite resistance of wild-type and all sulfite- 

sensitive strains by a factor of 3- to 8-fold. The grrl mutant is defective in 

acetaldehyde production (Xu et al., 1994), and the ssu3 mutant is partially defective in 

sulfite reductase, but not to the extent that methionine auxotrophy is evident 

(unpublished data, H. Park, 1998). The metlO mutant is defective and metlS mutant is 

partially defective in sulfite reductase (Thomas et al., 1992). Suppression of the sulfite 

sensitivity of these strains by multicopy SSU1 is consistent with Ssulp playing a 

significant role in sulfite detoxification. 

2.5.    Discussion 

2.5.1. Sulfite efflux mediated by Ssulp is a major detoxification 
pathway 

Metabolic and genetic studies in yeast suggest distinct mechanisms for 

protection against exogenous sulfite: 1) formation of a non-toxic adduct with 

acetaldehyde (Stratford et al., 1987; Pilkington and Rose, 1988; Casalone et al., 1992); 

2) sulfite consumption by sulfite reductase (Thomas et al, 1992); and 3) sulfite efflux 

(present study). Because multicopy SSU1 significantly increased the resistance of a 

number of sulfite-sensitive strains including sulfite reductase mutants, and a mutant 

defective in acetaldehyde production, sulfite efflux appears to be a major 

detoxification pathway. This is also supported by the findings that lower sulfite 

tolerance in SSU1 mutants was not correlated with acetaldehyde production (Xu et al., 

1994), or sulfite reductase activity (present study). Because transcription of genes 

involved in sulfate assimilation, including sulfite reductase, is negatively regulated by 

methionine and/or S-adenosylmethionine (Thomas and Surdin-Kerjan, 1997), it seems 

unlikely that sulfite reductase could function independently to detoxify excess sulfite. 

2.5.2. Physiologic role of Ssulp 

Ssulp lacks the nucleotide binding sequence typical of ABC transporters, but 

resembles the general structure of facilitator/transporter proteins (Balzi and Goffeau, 
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1994), suggesting that it is a member of the major facilitator superfamily involved in 

efflux of toxic compounds. While sulfite is a normal metabolite, it is not a natural 

sulfur source for yeast, nor is it likely that yeast would encounter significant 

concentrations of sulfite in nature. Thus, the question arises as to whether sulfite is the 

physiologic substrate for Ssulp. Strain 3090-9d transformed with multicopy SSUl 

was found to have a 6-fold increase in selenite resistance relative to the untransformed 

parent (unpublished data, H. Park, 1999), consistent with a role in selenite efflux as 

well. 

Jelinsky and Samson (1999) recently reported on the global response of the 5. 

cerevisiae genome upon exposure to the alkylating agent methyl methanesulfonate 

(MMS). Of 6,218 ORFs, 5% were induced more than 4-fold, while 0.5% showed 

more than a 10-fold increase. Interestingly, induction of SSU1 and FZF1 increased 

about 18- and 5-fold, respectively, suggesting that SSU1 might be involved in 

detoxification of the alkylating agent. It is likely that SSU1 is induced viaFZF/, rather 

than directly by MMS or an MMS metabolite, such as methyl sulfonate, as SSUl and 

FZF1 were both induced significantly (>2-fold) by other non-sulfur containing DNA- 

damaging agents: l-methyl-3-nitro-l-nitrosoguanidine (MNNG), l,3-bis[2- 

chloroethyl]-l-nitrosourea (BCNU), and 4-nitroquinoline N-oxide, but not by gamma 

rays or tert-butyl hydroperoxide (Jelinsky and Samson, unpublished data, 1999). 

While no targets of FZF1 other than SSUl have yet been identified in yeast, its human 

homolog, WTl, (Fourny, 1997) transcriptionally activates amphiregulin, a renal 

growth factor (Lee et al., 1999). 

It will be of interest to determine what additional roles FZF] and SSUl play in 

yeast metabolism. Both null mutants are viable and neither exhibits striking 

phenotypes other than sulfite sensitivity, although a particular dominant FZF1 allele 

conferring sulfite resistance (FZF1-2) was previously shown to cause a 3.5-fold longer 

lag phase than wild-type following growth in minimal, but not rich medium (Xu et al., 

1994). Ssulp has no yeast homologs while Fzflp shares similarity to a subset of other 

yeast C2H2-type zinc finger transcription factors. 
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3.1.    Abstract 

Two S. cerevisiae genes were found to exhibit dominant phenotypes useful for 

selecting transformants of industrial and laboratory strains of S. cerevisiae. FZF1-4, 

which confers sulfite resistance, was originally isolated and identified as RSU1-4, but 

the two genes were shown here to be allelic. Cysteine 57 in wild-type Fzflp was 

found to be replaced by tyrosine in Fzfl-4p. Multicopy SSU1', which also confers 

sulfite resistance, was found to be somewhat less efficient. In both cases, a period of 

outgrowth in non-selective medium following transformation was found to be 

necessary. The number of transformants obtained was found to be strain-dependent, 

and also to depend on the sulfite concentration used during selection. Undesirable 

background growth of non-transformants was not observed at cell densities as high as 

2.5 x 107/plate. In two ura3 laboratory strains where selection for URA3 was applied 

independently of that for sulfite, the transformation efficiency for sulfite resistance 

was about 50% that for uracil prototrophy. 
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3.2.    Introduction 

Genetic improvement and molecular genetic studies of industrial strains of 

Saccharomyces cerevisiae are often hampered by lack of selectable markers. Because 

most wine, brewing, baking, and distilling strains are prototrophic, transformations 

cannot be performed using conventional nutritional markers commonly employed with 

laboratory strains. As industrial strains are rarely haploid, prospective markers must 

be dominant. For food and beverage applications, it is generally desirable if the 

markers are derived from S. cerevisiae as well. Van Den Berg and Steensma (1997) 

recently tabulated a useful comparative list of dominant markers in S. cerevisiae, and 

contributed two new ones (resistance to fluoroacetate and formaldehyde). 

The advantages of sulfite resistance as a selectable marker in S. cerevisiae are 

1) resistance is dominant and mediated by two different S. cerevisiae genes-FZF/-4 

and multicopy SSU1; 2) sulfite is inexpensive, widely available, and generally not 

toxic; and 3) false positive transformants at high cell densities are not observed. 

FZFJ (five zinc finger) was originally identified in S. cerevisiae as a Cys2His2- 

type transcription factor based on sequence homology to the TFIIIA-like zinc finger 

motif (Breitwieser et al. 1993). A mutant allele of FZFJ was subsequently identified 

by Casalone et al. (1994) on the basis of conferring sulfite resistance. Other mutations 

conferring dominant resistance to sulfite were isolated and designated RSW (Xu et al. 

1994), and have since been recognized as alleles of FZFl (present study). On the 

basis of physical evidence and gene fusion analysis, Avram et al. (1999) identified 

Fzflp as a positive activator of SSUl transcription, thus, finding a target for the 

activity originally proposed by Breitwieser et al. (1993). Analysis of an SSUl-lacZ 

fusion construct in wild-type and in an FZF1-4 mutant revealed that the latter is sulfite 

resistant due to hyperactivation of SSUl (H. Park, unpublished data, 1999). 

SSUl was identified in a screen for sulfite-sensitive mutants (Xu et al. 1994) 

and was subsequently found to encode a membrane protein with 9 or 10 membrane- 

spanning domains (Avram and Bakalinsky, 1997). A natural allele of SSUl conferring 

dominant sulfite resistance and containing four tandemly-repeated 76-bp promoter 
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elements has been described by Goto-Yamamoto et al. (1998). Sulfite uptake and 

efflux in an ssulA mutant and in cells transformed with multicopy SSUl are consistent 

with a role for Ssulp in sulfite excretion (H. Park, unpublished data, 1998). 

Here we demonstrate that both FZF1-4 and multicopy SSUl are useful 

dominant markers for transforming industrial and laboratory strains of S. cerevisiae. 

3.3.    Materials and Methods 

3.3.1. Media and reagents 

YEPD is 2% Difco Bacto peptone (Difco Laboratories, Detroit, MI), 1% Difco 

Bacto yeast extract, and 2% dextrose. YEPD + TA is YEPD containing 75 mM L- 

tartaric acid buffered at pH 3.5. YEPD + TA plates were prepared by autoclaving the 

agar in a small volume of water separately from the YEPD and L-tartaric acid, and by 

mixing the two solutions after their removal from the autoclave. YEPD + TA plates 

containing sulfite were prepared by spreading an appropriate amount of freshly- 

prepared Na^O, stock solution (0.25 M to 0.5 M) onto pre-poured agar plates 

containing a measured 25 ml of medium, and by allowing the sulfite to dry and diffuse 

overnight at room temperature. Sulfite at these stock concentrations is toxic to 

microorganisms and requires no sterilization treatment. Addition of sulfite to the agar 

medium after autoclaving, but just before pouring, was not found to be effective, due 

perhaps to the fact that sulfite is volatile at acid pH or is readily oxidized at elevated 

temperature. Because the toxicity of sulfite to microorganisms is pH-dependent (the 

lower the pH, the greater the toxicity), addition of sulfite to unbuffered medium was 

precluded. SM is glucose-based synthetic complete medium (SD plus required amino 

acids and bases). All chemicals were reagent grade. 



Table 3.1. Yeast strains 

Strains Genotype Source 

2407-la 

3163-lb 

3090-9ci 

3090-9d-T10 

3159 

3215 

Uvaferm Kroner (brewing) 

Saflager S-23 (brewing) 

Red Star Quick Rise (baking) 

Fleishmann's Active Dry (baking) 

Enoferm Burgundy (wine) 

522X (wine) 

MAT* gall mal mel CUP1 

MATa FZF1-4 (RSU1-4) ura3-52 leu2-3,112 

MAT a ura3-52 leu2-3,112 

MATaffllA99-182.:URA3 leu2-3,112 ura3-52 

MATa/MATa ura3-52/ura3-52 leu2-3,112/ 

leu2-3,112 FZF1-4 (RSUl-4)/fzflA99-182::URA3 

MATa/MATa ura3-52/ura3-52 

Ieu2-3,112/leu2-3,112 ade2/+ 

unknown 

unknown 

unknown 

unknown 

unknown 

MATa/MATa HO/HO 

Bakalinsky and Snow (1990) 

This study 

Avram and Bakalinsky (1996) 

Avram and Bakalinsky (1996) 

This study 

This study 

Lallemand Inc., Montreal, Canada 

DCL Yeast Ltd., UK 

Red Star Yeast & 

Products.WI 

Fleishmann's Yeast, MO 

Lallemand Inc., Montreal, Canada 

Snow (1979) 

ON 
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3.3.2. Strains and genetic analysis 

Yeast strains are listed in Table 3.1. Industrial strains whose genotypes are 

unknown are presumed to be diploid, and possibly polyploid. Genetic crosses, 

complementation analysis, and related procedures were performed by standard 

methods (Adams et al. 1997). Random spores were generated by ether treatment 

(Dawes and Hardie, 1974) essentially as described by Bakalinsky and Snow (1990). 

Sulfite sensitivity was determined by replica-plating to YEPD + TA containing 

different amounts of NajSO,. 

3.3.3. Subcloning, PCR, and DNA sequencing 

Standard procedures for manipulation of plasmid DNA and bacterial 

transformation were used (Sambrook et al. 1989). Escherichia coli strains 

DH5a (Hanahan, 1983) and TOP10 (Invitrogen) were used in subcloning experiments. 

Subcloning involved YCplac33, carrying URA3 and YEplaclSl, carrying LEU2, 

(Gietz and Sugino, 1988), pCR-Blunt (Invitrogen), and pDA2, carrying SSU1 and the 

proximal 658 bp of the GLRJ ORF (unpublished data, D. Avram, 1995). PCR was 

performed using Pfu (Invitrogen) in an Easycycler (Ericomp, Inc). DNA was 

sequenced using the dideoxy dye terminator method on an ABI Model 377 sequencer 

(Applied Biosystems, Inc., Foster City, CA) at the Central Services Laboratory of the 

Oregon State University Center for Gene Research and Biotechnology. 

3.3.4. Plasmid construction 

The complete ORF and promoter regions of wild-type FZFI and FZF1-4 were 

amplified from yeast genomic DNA from strains 2407-la and 3163-lb, respectively, 

using primers FZFI-UP: 5'-CGGTGCTGGTATCATGGCTTTGATC-3' and FZF1- 

DO: 5'-ACTCTTGCCTTTTCTTTGTTTC-3'. The 1.2-kb fragments carrying FZFI 

and FZFI-4 were cloned in pCR-Blunt to produce pHP2 and pHPIO, respectively. 

pHP2 and pHPIO were digested with Pstl and BamHl to release the alleles, which 

were subcloned into Pstl- and Zta/nHI-digested YCplac33 to yield pHP4 (containing 
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SphI (239) 
' PstI (245) 

BsaAI (476) 

■Xbal(518) 

EcoRV (4410) 
Ncol (4391) 

Apal (4222) 
StuI (4162)' 

BamHI (1499) 

Xmal(1504) 

Smal(1504) 

•Sad (1514) 

KasI (1681) 

■Narl(1681) 

Ehel (1681) 

Nsil (3773) 
Clal (3'690) 

Figure 3.1. Partial restriction map of pHPl 1. The intact FZFl-4 gene was cloned by 
PCR and introduced as a 1.2 kb PstUBamHl fragment into YCplac33. ORFs are 
shown as thick solid lines with an arrow indicating the difrection of transcription. The 
CEN4/ARS region is shown as a thick solid line. Unique restriction sites are labelled. 
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PstI (245) 
Sail (251) 
'Accl(251) 

amHI(263) 

Sad (743) 

AatO (5742 

Clal (5104) 

Afln (4940) 

Ndel (1460) 
Apal (1586) 
' fil(1587) 

vrll (1973) 

!ul (2172) 

icoRI (2222) 

asl (2383) 
Ehel (2383) 
Narl (2383) 

Clal (4025) 

Figure 3.2. Partial restriction map of pHP18. A 2.0-kb PCR product containing the 
SSU1 ORF and 540 bp of proximal promoter sequence was ligated into YEplaclSl as 
a BamHVEcoRl fragment. ORFs are shown as thick solid lines with an arrow 
indicating the direction of transcription. The 2 micron region is shown as a thick solid 
line.   Unique restriction sites are labelled. Note Clal cuts twice. 
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FZFl) and pHPll (containing FZFl-4) (Figure 3.1), respectively. The SSUl ORF 

and proximal 540 bp of promoter sequence were generated from pDA2 by PCR using 

primers SSUl-UP: 5 -CGGGATCCCGTC AAGATGAC ACTTCTAC-3' and SSU1- 

DO: 5'-CGGAATTCCGCTTGCCAATTATGTACGT-3', where the underlined 

sequences are introduced 5amHI and fscoRI sites, respectively. Only the proximal 

540 bp of the 1 kb promoter were used because this region was previously shown to be 

sufficient for activation of SSUl by multicopy FZFl, and for in vitro binding by Fzf Ip 

(Avram et al. 1999). The 2.0-k.b PCR product was digested with BamHI and EcoRl, 

and ligated into jBamHI/iscoRI-digested YEplaclSl to yield pHP18 (multicopy SSUl, 

Figure 3.2). 

3.3.5. Yeast transformation 

Yeast transformations were performed as described by Gietz et al. (1992). 

Laboratory strains were transformed with 2 (ag of pHPll, pHP18, YCplac33, or 

YEplaclSl (the latter two served as negative controls). Industrial strains were 

transformed with 2 jag of pHPl 1 or pHP18, or no DNA (negative control). 

3.3.6. Selection of transformants 

Prior to selection, cells were grown for 0, 6, or 16 h in 2 ml of YEPD at 30 0C and 

250 rpm starting with an initial inoculum of 107 cells/ml. Transformants were selected 

at each time point by plating ~5 x 106 cells on duplicate plates of YEPD + TA, 

containing 3.5 or 4.0 mM Na^Oj. For lab strains transformed with pHPl 1 or 

YCplac33, cells were plated in duplicate on SM-ura at each time point. Viable cells 

were determined at each time point by plating in duplicate on YEPD. All plates were 

incubated at 30 0C and colonies were counted after 2-4 days. In preliminary 

experiments with strains 3090-9d, 3215, Uvaferm Kroner, Saflager S-23, Red Star 

Quick Rise, Fleishmann's Active Dry, Enoferm Burgundy, and 522X, no background 

growth of non-transformants was observed when as many as 2.5 x 107 cells were 

plated on as little as 3.0 mM sulfite. No false positive transformants were ever 

recovered from the negative control transformations on plates containing 3.5 mM 
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sulfite. Plasmid DNA was isolated from yeast and introduced into E. coli DH5a as 

described (Hoffman and Winston, 1987). Plasmid DNA was extracted from E. coli, 

and identified by size, following restriction digestion and agarose gel electrophoresis 

performed by standard procedures (Sambrook et al. 1989). While unlikely to be a 

practical impediment, FZFl-4 will not confer sulfite resistance in an SSUJA 

background because FZF1 normally acts as a positive activator of SSU1 expression 

(Avram and Bakalinsky, 1997; Avram et al. 1999). 

3.4.    Results and Discussion 

3.4.1. RSU1-4 is a mutant allele ofFZFl 

Because it appeared likely that RSUl (Xu et al. 1994) was allelic to FZF1, 

strain 3163-lb (MATa RSUl-4 ura3-52 leu2-3,112) was crossed to 3090-9d-T10 

(MATa fzflA99-182::URA3 leu2-3,112 ura3-52) to yield the diploid 3159. Strain 

3159 was sporulated, and segregation for all markers was analyzed among 192 random 

spores. Segregation for sulfite sensitivity, MAT, and URA3 was found to be 1+: 1- (x2 

< 3.84). As expected, URA3 was found to be tightly linked to fzflA: 99 Ura+ 

segregants were sulfite-sensitive and 2 were resistant; 88 Ura' segregants were sulfite- 

resistant and 3 were sensitive. Most critically, half the progeny (90) exhibited the 

sulfite sensitivity of the ftflA parent, unable to grow on test plates with 1.5 mM 

sulfite, and half (102) grew on plates containing 3.5 mM, on which the RSUl-4 parent, 

but neither wild-type nor the frflA parent was able to grow. It was concluded that 

RSUl-4 is allelic to FZF1. Allelism was further supported by the complementation 

and sequence data described below. Accordingly, RSUl-4 was renamed FZFl-4. 

Because 3159 exhibited the same sulfite resistance phenotype as the FZFl-4 parent, 

FZFl-4 is clearly dominant to the null allele. 



67 

3.4.2. FZFl-4  complements   the   sulfite   sensitivity   of fzflA   and 
decreases that of FZF1 

To confirm that cloned FZFl-4 could complement the sulfite sensitivity of 

ffilA, strains 3090-9d {FZF1) and 3090-9d-T10 (f4'lA99-182) were transformed with 

YCplac33 (empty vector), pHP4 (wild-type FZF1), and pHPl 1 {FZFl-4). Ura+ 

transformants were selected and tested for sulfite resistance (Table 3.2). Strains 3090- 

9d and 3090-9d-T10 transformed with either YCplac33 or pHP4 failed to grow on 

plates with more than 2.5 mM sulfite, while FZFl-4 transformants of both strains 

grew on 4 mM, demonstrating that FZFl-4 is dominant to both null and wild-type 

alleles. 

Table 3.2. Complementation of the sulfite sensitivity of anfzflA mutant by FZFl-4 

Strain Relevant 
genotype 

Plasmid Sulfite concentration (mM) 

0; 1           1.5 2        2.5; 3; 4 

3090-9d FZF1 YCplac33 +"              + +/- 

pHP4 +               + + 

pHPll +               + +               + 

3090-9d-T10 MIA YCplac33 +               +/- - 

pHP4 +               + - 

pHPll +               + +               + 

a +, normal growth; -, no growth; +/-, poor growth. 
3090-9d and 3090-9d-T10 were transformed with YCplac33 (empty vector), pHP4 
carrying FZF1, or pHPl 1 carrying FZFl-4. Transformants were selected on SM-ura. 
Sulfite sensitivity was determined by replica-plating transformed cells grown on 
YEPD to YEPD + TA containing 0 to 4 mM sulfite. Sulfite sensitivity was scored 
after 24 h. 
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3.4.3. Sequencing ofFZFl and FZFI-4 

The 1.2-kb fragments containing the ORF and promoter regions of FZF1 and 

FZFJ-4 were sequenced from plasmids pHP2 and pHPlO. The nucleotide sequence of 

FZF] was found to be identical to that reported in the Saccharomyces Genomic 

Database (Tettelin et al. 1997), whereas a G at nucleotide 170 in the FZFl ORF was 

found to be replaced by an A in the FZFl-4 ORF resulting in replacement of cysteine 

57 in the second zinc finger in Fzflp by tyrosine in FZFl-4p. In the resistant allele 

identified by Casalone et al. (1994), histidine 180 was replaced by glutamate in the 

fourth zinc finger. 

3.4.4. Use of FZFI-4 and multicopy SSU1 as selectable markers 

Table 3.3 compares the sulfite tolerance of the parental stains to that of the 

transformants. Under the described conditions, replica-plated laboratory strains 

typically grew on no more than 1.5 to 2.5 mM sulfite. Both low copy number FZF I-4 

and multicopy SSU1 were found to confer the same degree of sulfite resistance to 

transformants, a 2.5- to 3-fold increase over that of the parental strains. (Wine strains 

not used in the present study, (2896, [Park and Bakalinsky, 1996], Lalvin Bourgoblanc 

CY3079 and Bourgorouge RC212 [Lallelmand, Inc., Montreal]), exhibited tolerance to 

3.5 mM sulfite, but not to the 5 or 6 mM sulfite conferred by FZFI-4 or multicopy 

SSU1. 

To confirm that the sulfite-resistant clones of the industrial strains were indeed 

transformants, plasmid DNA was recovered from two different colonies from each 

strain and introduced into E. coli. Plasmids were successfully recovered from the 

appropriate transformants and identified as either pHPll and pHP18 by restriction 

digest and agarose gel electrophoresis. The transformation protocol was apparently 

toxic to Saflager S-23 and 522X, as no transformants of Saflager S-23 and only a few 

of 522X were recovered. Because the decrease in cell viability was observed prior to 

sulfite addition, it was presumed to be caused by the transformation treatment. 
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Table 3.3. Sulfite tolerance of strains before and after transformation with FZFl-4 or 
multicopy SSU1. 

Strain Initial sulfite tolerance"   Sulfite tolerance after transformation" 
(mM sulfite) with the indicated plasmid (mM sulfite) 

pHPll 
(YCplac33/FZF7-4) 

pHP18 
(YEplacl81/SSl/Z) 

3090-9d 2.0 5.0 6.0 

3215 2.5 6.0 6.0 

Uvaferm Kroner 2.0 5.0 6.0 

Saflager S-23 1.5 c c 

Red Star Quick Rise 1.5 4.0 0 

Fleishmann's Active Dry 2.0 6.0 6.0 

Enoferm Burgundy 2.0 5.0 6.0 

522X 1.5 c -'' 

a The maximum level of sulfite that permitted growth of the parental strains was 
determined by replica-plating cells to YEPD + TA containing 0 to 8 mM sulfite, and 
by scoring growth after 24 h. 
"Growth was determined for transformants initially selected on plates containing 3.5 
mM sulfite following 16 h of non-selective growth. 
c No transformants were observed, although in previous experiments, one or two 
transformants of 522X were obtained from a total of 5 x 106 viable cells transformed 
with2|igofpHPll orpH18. 

Transformation efficiencies as a function of growth in non-selective medium 

are shown in Table 3.4. Following 16 h of growth, as few as 30 (Red Star Quick Rise) 

and as many as 250 (Uvaferm Kroner) transformants/10* viable cells/|jg DNA were 

obtained with FZFl-4 when transformants were plated on 3.5 mM sulfite. Fewer were 

obtained when plated on 4.0 mM. Lower efficiences were observed in the case of 

multicopy SSU1 with 16 h of growth, ranging from 0 (Red Star Quick Rise) to 95 
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(3090-9d) transformants/106 viable cells/jag DNA when transformants were plated on 

3.5 mM sulfite. As with FZF1-4, fewer multicopy SSU1 transformants were obtained 

when plated on 4.0 mM sulfite. After 6 h of growth in non-selective medium, 

efficiences were lower than after 16 h with multicopy SSU1. With multicopy SSU1, 

efficiences were consistently lower than for FZF1-4 when transformants were plated 

on 3.5 mM sulfite, except after 6 h of growth for Red Star Quick Rise, Fleishmann's 

Active Dry, and 522X, where no transformants were recovered for either plasmid. On 

4.0 mM sulfite after 6 h of growth, no transformants were recovered with multicopy 

SSU1. While great variability was observed among strains, the highest efficiencies 

were obtained following 16 h of non-selective growth when transformants were plated 

on 3.5 mM sulfite with either plasmid. However, after 16 h of growth, FZF1-4 

consistently yielded more transformants than multicopy SSU1 at both 3.5 and 4.0 mM 

sulfite. Because all sulfite-resistant transformants plated on 3.5 mM sulfite exhibited 

subsequent resistance to as much as 6.0 mM (Table 3.3), and 3.0 mM was found 

sufficient to prevent background growth of non-transformants, there appears to be no 

advantage to using greater than 3.5 mM initially to select transformants. Clearly, this 

requires that the basal sulfite tolerance of the parental strains be less than 3.5 mM. 

Transformation efficiency is a complex function of at least three independent 

factors: 1) strain sensitivity to the transformation treatment; 2) ability to take up and 

retain functional input DNA; and 3) expression of genes affecting the selectable 

marker. Strain viability was determined following transformation (0 h of non- 

selective growth), but prior to exposure to sulfite, to estimate the contribution of the 

transformation procedure itself to the variability in transformation efficiencies. As 

expected, the transformation treatment was toxic, as no more than 25% of any strain 

survived. Survival was found to vary over a 5-fold range, from 25% for 3090-9d, 

3215, Uvaferm Kroner, and Enoferm Burgundy; 12% for Saflager S-23 and 

Fleishmann's Active Dry; to 5% for 522X. After 6 h of non-selective growth, cell 

viabilities generally increased or remained about the same. After 16 h, the viabilites 

were highest, presumably due to outgrowth of cells that survived the transformation 

treatment. 
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Table 3.4. Transformation efficiency as a function of non-selective growth. 

Strain Transforming 
plasmid 

6-hr growth 16-hr growth 

3.5 
mM sulfite 

4.0            3.5 4.0 

3090-9d pHPll 151.S" 0.9 246.8 233.6 

pHP18 2.0 0 94.4 82.2 

3215 pHPll 320.0 17.1 230.1 137.7 

pHP18 4.1 0 50.9 46.5 

Uvaferm Kroner pHPll 10.0 1.9 248.5 151.7 

pHP18 0 0 7.6 7.4 

Red Star Quick Rise pHPll 0 0 33.0 0 

pHP18 0 0 0 0 

Fleishmann's pHPll 0 0 97.4 44.8 

Active Dry pHP18 0 0 1.2 0.6 

Enoferm Burgundy pHPll 90.1 38.6 94.6 85.4 

pHP18 14.0 0 22.8 4.6 

522X pHPll 0 0 0.5 0 

pHP18 0 0 0.1 0.1 

11 Data are means of transformants/106 viable cells/jag plasmid DNA from duplicate 
plates. 
No viable cells were recovered on YEPD + TA containing 3.5 mM or 4.0 mM sulfite 
in the absence of non-selective growth in YEPD (0 h).    No pHPll   or pHP18 
transformants of Saflager S-23 were recovered at any  time point or any sulfite 
concentration. 
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3.4.5. Comparison of FZF1-4 to URA3 as a selectable marker 

Because pHPll carries both FZF1-4 and URA3, a comparison of 

transformation efficiencies as a function of selection was undertaken for the uracil- 

requiring haploid (3090-9d) and diploid (3215) laboratory strains. This experiment 

allowed an estimate of differences due to expression of genes affecting FZF1-4 and 

URA3 in the absence of differences due to strain sensitivity to the transformation 

treatment, or ability to take up and retain functional input DNA. Strains were 

transformed with pHPll or YCplac33 (empty vector) and selected after growth in 

YEPD on 1) SM- ura, 2) YEPD + TA + 3.5 mM sulfite, and 3) YEPD + TA + 4.0 mM 

sulfite. The ratio of sulfite-resistant transformants/10r' viable cells/|ig DNA to Ura+ 

transformants/106 viable cells/jig DNA was found to increase with growth (Table 3.5). 

Table 3.5. Transformation efficiency as a function of selection for sulfite resistance or 
uracil prototrophy 

Strain        mM sulfite (Sulfite-resistant transformants/Ura+ transformants) x 100 

Hours of non-selective growth prior to selection 
Oh 6 h 16 h 

3090-9d 3.5 0a 34.5 60.8 

4.0 0 0.2 57.6 

3215 3.5 0 14.0 69.3 

4.0 0 0.8 41.5 

a Data are means of ratios of sulfite-resistant transformants/106 viable cells/ |ag DNA to 
Ura+ transformants/106 viable cells/ |ig DNA x 100 from duplicate plates. At 0 h, 546 
and 512 Ura+ transformants/106 viable cells/(jg DNA were obtained for 3090-9d and 
3215, respectively. 
Strains were transformed with 2 jag of pHPll carrying FZF1-4 as described in the 
Materials and Methods. 
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In the absence of non-selective growth, no sulfite-resistant transformants were 

recovered, although the number of Ura+ transformants/106 viable cells/jag DNA at 0 h 

was 546 and 512 for 3090-9d and 3215, respectively. The number of Ura+ 

transformants of 3090-9d decreased by 19 and 26% after 6 and 16 h, respectively, and 

by 55 and 35% for 3215, after 6 and 16 h, respectively, as though the non- 

transformants grew faster during non-selective growth. After 6 h, the ratio of sulfite- 

resistant to Ura+ transformants (expressed as a percentage) ranged from 14 to 35% at 

3.5 mM sulfite and from 0.2 to 0.8% at 4.0 mM. After 16 h, the ratio ranged from 60 

to 70% at 3.5 mM sulfite and from 42 to 58% at 4.0 mM. All colonies selected on 

YEPD + TA containing 3.5 or 4.0 mM sulfite grew on SM-ura, and all colonies 

selected for Ura+ grew on plates with at least 5.0 mM sulfite, as expected for co- 

expression of the two markers. Thus, use of sulfite achieved about half the efficiency 

of URA3 as a selective marker in these two strains, following 16 h of non-selective 

growth, suggesting that differences due only to expression of genes affecting FZFJ-4 

and URA3 account for a 2-fold variance in overall transformation efficiency. 

3.5.    Conclusions 

Sulfite resistance mediated by either FZF1-4 or multicopy SSVl was found to 

be a useful marker for selecting transformants of industrial and laboratory strains of S. 

cerevisiae. FZF1-4 was found to be more efficient than multicopy SSU1, and in the 

case of the laboratory strains, was found to be about half as efficient a selectable 

marker as URA3. As expected for a cytotoxic agent, a period of outgrowth in non- 

selective medium following transformation was found to be essential. Undesirable 

background growth of non-transformants was not observed at high cell densities. It is 

likely that the markers will be useful for transforming wine strains that already possess 

a degree of sulfite resistance because no wine strains tested possessed the high 

resistance conferred by either FZF1-4 or multicopy SSU1. 
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4.1.    Abstract 

Studies on sulfite uptake in Saccharomyces cerevisiae have been contradictory, 

suggesting both an active carrier-mediated process and simple diffusion. In an effort 

to clarify the mechanism, the kinetics of sulfite uptake were re-examined in a wild- 

type laboratory strain of S. cerevisiae. Accumulation of intracellular sulfite was 

initially rapid and linear up to 50 sec. Uptake was saturable at final concentrations 

equal to or greater than 3 mM sulfite. Uptake was significantly reduced in cells 

pretreated with 500 JJM carbonyl cyanide m-chlorophenylhydrazone (CCCP) or 2,4- 

dinitrophenol (DNP), both of which dissipate proton gradients. Uptake was also 

significantly inhibited in the presence of 1 mM arsenate, an inhibitor of ATP 

synthesis. Extracellular alkalization was observed in cells incubated with 1-2 mM 

sulfite in a weak tartrate buffer at pH 3.5 and 4.5. These findings suggest that bisulfite 

ion (HSO3"), an anionic form of sulfite, is taken up by carrier-mediated proton 

symport. A metl6 sull sul2 mutant, impaired in sulfite formation and sulfate uptake, 

was found able to grow on a medium with sulfite as the sole sulfur source, indicating 

that the sulfate transporters Sullp and Sul2p are not required for sulfite uptake. 
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4.2. Introduction 

Sulfite is widely used as a food preservative in foods, beverages and 

pharmaceuticals (Taylor et al., 1986). In aqueous solution, sulfite exists in three 

forms, dependent on pH: sulfurous acid (H2SO3), bisulfite ion (HSO3"), and sulfite ion 

(SO3" ). The dissociation equilibria for sulfurous acid are given below (King et al., 

1981). 

SO2 + H2O = H2SO3 Hydration of sulfur dioxide 

H2SO3 = HSO3" + H+ pKa, = 1.77 

HSO3" = SO3"2 + H+ pKa2 = 7.2 

The mechanisms that account for sulfite uptake in yeast are still unclear. In 

Candida utilis, a common transport system for sulfite, sulfate, and thiosulfate has been 

suggested by the observation that mutants defective in sulfate uptake were found to 

grow poorly on sulfite or thiosulfate as sole sulfur sources (Garcia et al., 1983). 

Significant inhibition of sulfate uptake by sulfite or thiosulfate has also been reported 

(Alonso et al., 1984; Benitez et al., 1983). In S. cerevisiae, previous studies on sulfite 

uptake suggest that undissociated sulfurous acid enters cells by an active carrier- 

mediated process (Macris and Markakis, 1974; Pilkington and Rose, 1988) or by 

simple diffusion (Stratford and Rose, 1986). 

The present study was undertaken to re-examine the mechanism of sulfite 

transport in S. cerevisiae. Our data are consistent with sulfite entering cells by carrier- 

mediated proton symport. 

4.3. Materials and Methods 

4.3.1. Yeast strains, media, and reagents 

YEPD is 2% Difco Bacto peptone (Difco Laboratories, Detroit, MI), 1% Difco 

Bacto yeast extract, and 2% dextrose. SM is glucose-based synthetic complete 

medium (SD plus required amino acids and bases at the prescribed conditions), and 

drop-out media are SM lacking the indicated amino acid or base (Kaiser et al., 1994). 
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YEPD + TA is YEPD containing 75 mM L-tartaric acid buffered at pH 3.5. Sulfur- 

free B medium was prepared as described ( Cherest and Surdin-Kerjan, 1992). Yeast 

strains are listed in Table 4.1. All chemicals were reagent grade. 

Table 4.1 Yeast strains 

Strains Genotype Source 

2407-1 a a gal2 mal mel CUP] Bakalinsky and Snow (1990) 

CP154-7D     aade2 his3 trpl ura3 leu2 sull::LEU2    Y. Surdin-Kerjan 
sul2::URA3 

C132 a ura3 leu2 his3 trpl metl6::URA3 Y. Surdin-Kerjan 

3167 a/a ADE2/ ade2 his3/ his3 trpl/TRPl       This study 
ura3/ura3 Ieu2/leu2 MET16/metl6:: 
URA3SULl/sull::LEU2 SUL2/sul2 
::URA3 

3167-12 a his3 trpl ura3 leu2 metl6::URA3 This study 
sull::LEU2 sul2::URA3 

3167-15 ahis3 trpl ura3 leu2 metl6::URA3 This study 
sull::LEU2 

3167-41 a his3 trpl ura3 leu2 metl6::URA3 This study 
sul2::URA3 

3167-60 a his3 trpl ura3 leu2 metl6::URA3 This study 

4.3.2. Measurement of sulfite accumulation and initial uptake rates 

Cells were grown to an ODeoo -1.0 in 200 ml of YEPD + TA, washed twice 

with 75 mM L-tartaric acid, pH 3.5, containing 2% glucose, suspended in the same 

buffer to give a final cell concentration of about 20 mg dry weight ml"1, and allowed to 
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equilibrate for 10 min at 25 0C. To test the effect of inhibitors, final concentrations of 

500 |JM CCCP (carbonyl cyanide m-chlorophenylhydrazone) or DNP (2,4- 

dinitrophenol), or 1 mM arsenate were added to 20 ml of cell suspension and reacted 

for 5 min at 25 0C with stirring. Cell viability was not reduced at these concentrations. 

Sulfite uptake was then initiated by adding final concentrations of 0.5-6 mM Na2S03 

to 20 ml of cell suspension in 75 mM tartrate buffer (pH 3.5) containing 2% glucose at 

25 0C with stirring. In certain experiments, cells grown in YEPD + TA (pH 3.5) were 

washed with glucose-free tartrate buffer (pH 3.5), and uptake was then determined in 

cells suspended in the same glucose-free buffer. At appropriate time intervals, 1-ml 

aliquots were taken and rapidly vacuum filtered through a 0.45-|u.m membrane 

(Gelman Science, MI) and washed with five volumes of 75 mM cold tartaric acid (pH 

3.5). The cell pellet was recovered by centrifugation and resuspended in 50 pi of 0.25 

M phosphate buffer containing 5 mM EDTA (pH 7.3). A volume of acid-washed 

glass beads equal to that of the cell suspension was added and the mixture was then 

vortexed six times at high speed in 30 sec bursts on ice. The liquid fraction was 

centrifuged at 12,000 x g for 20 min at 4 0C to remove cell debris. Total sulfite was 

determined in the supernatant by the pararosaniline method (Grant, 1947) as described 

(AOAC, 1990). Endogenous sulfite was not detected in control cells incubated 

without sodium sulfite. The limit of detection of the assay was found to be 0.07 nmol 

sulfite/mg dry weight cells. Although no loss of sulfite was observed in samples 

stored in -80 0C for a week, sulfite was always assayed in freshly-prepared samples in 

all experiments. 

4.3.3. Proton uptake coupled to transport of sulfite 

Proton flux was measured by following the change in pH of the external 

medium during incubation of cells with sulfite. Cells were grown to an ODeoo ~ 1.0 in 

400 ml of YEPD + TA, washed twice with 1 mM tartrate buffer at pH 3.5 or 4.5, 

suspended in the same buffer to give a final cell concentration of about 30 mg dry 

weight ml"1, and the pH of the cell suspension was adjusted to pH 3.5 or 4.5. Sulfite 

stock solution (pH 3.5 or 4.5) was prepared as 50 mM of potassium metabisulfite in 
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1 mM tartrate buffer. Proton flux was initiated by adding final concentrations of 0-2 

mM sulfite to 20 ml of cell suspension at 25 0C, and was recorded with a Beckman 

044 pH meter (Irvine, CA). 

4.3.4. Genetic analysis 

Genetic crosses, complementation analysis, and related procedures were 

performed by standard methods (Adams et al., 1997). Random spores were generated 

by ether treatment (Dawes and Hardie, 1974) essentially as described by Bakalinsky 

and Snow (1990). Because the sull metl6 and sull sul2 metl6 mutants were 

indistinguishable on the basis of auxotrophic requirements, an additional phenotype 

was used. The sull sul2 metl6 mutant was identified by its ability to grow in a liquid 

sulfur-free B medium containing 0.1 mM chromate, in which the sull met 16 mutant 

was unable to grow. 

4.4.    Results and Dissusion 

4.4.1. Saturable kinetics of sulfite uptake 

In order to determine whether sulfite transport is a carrier-mediated process, 

sulfite uptake rates of strain 2407-la were determined as a function of sulfite 

concentration. Sulfite accumulation was initially rapid and linear up to 50 sec. 

Uptake rates of sulfite were saturable at final concentrations > 3 mM (Figure 4.1), 

suggesting that transport is mediated by a saturable carrier. Cell viability was not 

reduced by the concentrations of sulfite used during the assay. Sulfite consumption by 

sulfite reductase was not observed during the accumulation assay, as more than 95% 

of the initial sulfite added was recovered as the sum of intracellular and extracellular 

sulfite at the end of experiment (data not shown). 

4.4.2. Effects of CCCP, DNP, and arsenate 

Bisulfite ion (HSO3") is likely to enter the cell because, at pH 3.5, 98% of 

sulfite exists in this anionic form.   To determine if sulfite uptake is facilitated by 
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Figure 4.1. Kinetics of sulfite uptake. Intracellular sulfite was measured as a function 
of sulfite concentration (0.5-6 mM) in strain 2407-la suspended in 75 mM tartrate 
buffer (pH 3.5) containing 2% glucose. The initial uptake rates were based on 
measurements of total intracellular sulfite at 5, 10, and 20 seconds, where rates were 
found to be linear. Data points are means of duplicates. Standard deviations were less 
than 10% of the means. 
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proton symport, accumulation and initial uptake rates were determined in cells pre- 

incubated with CCCP, DNP, or arsenate. Addition of CCCP or DNP caused a large 

decrease in sulfite accumulation (Figure 4.2). Accumulation was also significantly 

inhibited by 1 mM arsenate. The uncouplers, CCCP or DNP, have been shown to 

make the lipid bilayer permeable to protons, thereby collapsing the transmembrane 

electrochemical proton gradient and inhibiting proton-dependent processes (Dupont et 

al., 1984). Arsenate is a phosphate analog, which depletes cells of ATP, thereby 

indirectly interfering with maintenance of the proton gradient (Borst-Pauwels, 1981). 

Table 4.2 shows that initial uptake rates were significantly inhibited by CCCP, DNP, 

and arsenate. Glucose was found to stimulate sulfite transport as initial uptake was 

about 2-fold higher in the presence of 2% glucose than in its absence, consistent with 

uptake being an energy-dependent process (Table 4.2). 

Table 4.2. Initial rates of sulfite uptake in the presence of DNP, CCCP, and arsenate 

Inhibitor        Concentration 
(mM) 

Glucose supplementation 

2% glucose None 

iNune 

DNP 0.5 

CCCP 0.5 

Arsenate 1.0 

12.5 a± 0.9 

5.0 + 0.40(60)' 

6.4 ± 0.5 (48) 

8.5 ± 0.3 (32) 

6.3 ±0.3 

2.7 ±0.1 (58) 

3.6 ± 0.2 (44) 

4.8 ±0.2 (25) 

Initial uptake rates are based on three measurements of total sulfite at 5, 10, and 20 
seconds as described in materials and methods. 
a Rates are expressed as nmol/mg dry weight cells/min.  Data are means of duplicates 
±S.D. 
b The percentage of reduction of initial uptake rates by inhibitors is indicated in 
parentheses. 
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Figure 4.2. CCCP, DNP, and arsenate inhibit sulfite uptake of S. cerevisiae 2407-la. 
Following pre-incubation of strain 2407-la in 500 |JM CCCP or DNP, or 1 mM 
arsenate in 75 mM tartrate buffer (pH 3.5) containing 2% glucose, accumulation of 
intracellular total sulfite was determined after adding sulfite to a final external 
concentration of 1 mM. Data points are means of duplicates. Standard deviations 
were less than 10% of the means. 
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4.4.3. Extracellular alkalization accompanies sulfite uptake 

If sulfite uptake is facilitated by proton symport, the process should result in 

alkalization of the medium. Therefore, medium pH was monitored during incubation 

of cells with 0-2 mM sulfite. Addition of sulfite to the cell suspension resulted in 

significant extracellular alkalization (initial pH 3.5, Figure 4.3A). At initial pH 4.5, 

where the concentration of undissociated sulfurous acid was 0.2% of the total sulfite 

added, extracellular alkalization was also observed in cells incubated with 1 and 2 mM 

sulfite (Figure 4.3B). Alkalization is consistent with two possibilities: 1) uptake of 

HSO3" with a proton, and 2) uptake of undissociated sulfurous acid and subsequent re- 

establishment of the acid-base equilibrium via protonation of bisulfite (H+ + HSO3" —> 

H2SO3). If alkalization occurs by uptake of the undissociated form, alkalization at pH 

3.5 will be 10-fold greater than that at 4.5 at equilibrium (2 min reaction with 1 mM 

sulfite) because the concentration of this species at pH 3.5 is 10-fold higher than that 

at 4.5. However, the alkalization observed at pH 3.5 was found to be only 2.6-fold 

greater than that at 4.5. Thus, it appears unlikely that undissociated sulfurous acid is 

taken up. On the other hand, the 2.6-fold increase in alkalization is consistent with the 

bisulfite ion being taken up by proton symport. While the concentration of this 

species does not change significantly at pH 3.5 vs 4.5 (98.2% vs. 99.8%, respectively), 

the 10-fold increase in the transmembrane proton gradient would increase the overall 

electrochemical gradient driving uptake. 

Figure 4.4 relates measured sulfite uptake to calculated proton uptake in cells 

incubated with 1 mM sulfite in 1 mM tartrate buffer at pH 3.5 and 4.5. Intracellular 

sulfite was assayed directly in cell extracts. The intracellular proton concentration was 

calculated based on monitoring medium pH, and assuming that the rise was due to 

proton uptake. Proton uptake paralleled that of sulfite, as accumulation of both was 

initially rapid, reaching a plateau after approximately 2 min. The ratio of 

[sulfite]jn/[proton]in, over time was 0.9-0.93 at both pH values, suggesting an 

electroneutral process with a proton: sulfite stoichiometry of 1. 
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Figure 4.3. Alkalization of incubation medium during sulfite uptake of S. cerevisiae 
2407-la. pH was measured during incubation of cells with 0-2 mM sulfite in 1 mM 
tartarate buffer at pH 3.5 (A) or 4.5 (B) for 5 min as described in materials and 
methods. Data points are means of duplicates. Standard deviations were less than 
5% of the means. 
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Figure 4.4. Proton and sulfite accumulation in S. cerevisiae 2407-la. Intracellular 
total sulfite was measured and accumulation of protons was calculated in cells 
incubated with 1 mM sulfite as described in materials and methods and in the text. 
Data points are means of duplicates. Standard deviations were less than 5% of the 
means. 
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4.4.4. The sulfate permeases Ssulp and Ssu2p are not required for 
sulfite uptake 

We tested whether SUL1 and SUL2, encoding high affinity sulfate/proton 

cotransporters (Cherest et al., 1997), are required for sulfite transport. A met 16 

mutant, defective in 3'-phosphoadenosine 5'phosphosulfate reductase (PAPS), can use 

sulfite, but not sulfate as a sole sulfur source. If SUL1 or SULl are required for sulfite 

transport, a sail sul2 metl6 mutant will not grow, and a sulJ metl6 mutant and a sull 

metl6 mutant may not grow, or may grow poorly, on a minimal medium containing 

sulfite as the sole sulfur source. Qualitatively, all mutants including a metl6 control 

grew equally well on sulfur-free B medium plates supplemented with 0.2 or 0.5 mM 

sulfite, indicating that sulfite uptake does not require the sulfate transporters Ssulp 

and Ssu2p. 

4.4.5. Comparision to previous studies 

Table 4.3 summarizes the present and previous studies on sulfite uptake in S 

cerevisiae. Macris and Markakis (1974) suggested that a permease mediates sulfite 

uptake because saturable kinetics and temperature dependence of uptake were 

observed. However, cell viability and actual concentrations of sulfite are uncertain, 

because uptake was determined in cells incubated with relatively high, and therefore 

potentially toxic concentrations of sulfite (1-100 mM) and viability was not reported. 

Further, the sulfite was obtained from chemical reduction of radiolabelled sulfuric 

acid. There was no indication that the sulfite was assayed, or that steps were taken to 

prevent the facile oxidation of sulfite to sulfate during storage, and thus, it is possible 

that a mixture of both labelled sulfite and labelled sulfate were used. The fact that a 

carrier-mediated process was observed at presumed sulfite concentrations that are 

generally toxic to yeast (Schimz, 1980), suggests that sulfate, and not sulfite uptake 

may have been assayed. 

Stratford and Rose (1986) suggested that undissociated sulfurous acid (H2SO3) 

enters cells by simple diffusion based on the following results: 1) lack of saturability, 

2) a near-vertical Woolf-Hofstee plot at pH 4.0, and 3) inability of glucose or potential 



Table 4.3. Comparison of current to previous studies on sulfite uptake in 5. cerevisiae 

Current study Macris & Markakis 
(1974) 

Stratford & Rose 
(1986) 

Pilkington & Rose 
(1988) 

S. cerevisiae strain 

Conditions of initial 
uptake 

Sulfite assay 

2407-la 
(laboratory haploid) 

pH 3.5 tartrate buffer 
with 0.5 - 6 mM sulfite 

Pararosaniline method 

ATCC14824 
(diploid wine strain) 

pH 3.8 citrate-phosphate 
buffer with 1-100 mM 
sulfite 
Radioactivity of 
35S-sulfite 

TC8 
(details not given) 

pH 4.0 citrate buffer with 
5 |iM - 5 mM sulfite 

Radioactivity of 
35 S-sulfite 

TC8andNCYC431 
(details not given) 

Same as Stratford & Rose 
(1986) 

Radioactivity of 
35S-sulfite 

Saturable kinetics? 

Inhibition of initial 
uptake by CCCP or 
DNP? 

Yes (saturated at more 
than 3 mM sulfite) 
Carrier-mediated process 

Yes (0.5 mM CCCP or 
DNP) 

Yes (saturated at more than 
40 mM sulfite) 
Carrier-mediated process 

not tested 

No (vertical Woolf- 
Hofstee plot) 
Simple diffusion 

No (0.5 mM CCCP or 
DNP) 

Yes (deviation of Woolf- 
Hofstee plot) 
Carrier-mediated process 

not tested 

Stimulation of initial 
uptake by glucose? 

Effect of temperature on 
initial uptake 

Extracellular alkalization 
during sulfite uptake? 

Yes (2% glucose) 

not tested 

Yes 

not tested 

Temperature-dependent 
Q,o = 2.5 (25-50oC) 

not tested 

No (100 mM glucose) not tested 

Temperature-dependent       not tested 
Q,0 = 2.5(19-39oC) 

not tested not tested 

O 



91 

inhibitors to affect the initial uptake rates. However, their finding of a temperature 

dependence for uptake (Qio=2.5) does not support diffusion. A subsequent study 

(Pilkington and Rose, 1988) was contradictory, suggesting that bisulfite enters the cell 

by facilitated transport. This latter study involving two S. cerevisiae strains, including 

the one used by Stratford and Rose (1986), showed considerable deviation from the 

vertical Woolf-Hofstee plot observed previously (Stratford and Rose, 1986). A 

vertical Woolf-Hofstee plot indicates simple diffusion, whereas a non-vertical plot 

suggests a carrier-mediated process (Hofstee, 1959). Our data are consistent with the 

bisulfite ion (HSCV) entering cells by proton symport because 1) 98% of sulfite is in 

the bisulfite form at the pH used in the transport assay; 2) uptake was saturable; 3) 

CCCP and DNP inhibited uptake significantly; and 4) alkalization of the medium was 

observed during uptake. Our findings 1) are supported by those of Macris and 

Markakis (1974), although their data are not entirely convincing; 2) are contradicted 

by some but not all of the results of Stratford and Rose (1986), and 3) are supported by 

subsequent work in the Rose laboratory (Pilkington and Rose, 1988) concluding that 

sulfite uptake is carrier-mediated. Proton symporters have recently been reported for 

the transport of anionic forms of weak acids; acetic and propionic acids in S. 

cerevisiae (Casal et al., 1996) and acetic acid in Zygosaccharomyces (Sousa et al., 

1996). Transport of the weak acids also showed saturable kinetics and was strongly 

inhibited by CCCP. Because sulfite is not a common sulfur source for yeast, the 

putative sulfite transporter(s) may recognize other nutrients as well. Further studies 

will be required to identify it, and determine its preferred substrates. 
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5.1.    Abstract 

Spent cherry brine is an acidic byproduct of maraschino cherry processing and 

typically consists of variable amounts of glucose and fructose of up to 11% 

fermentable solids, 0.5-1.5% CaCh, up to 0.4% sulfur dioxide, sorbitol, and lesser 

amounts of other cherry constituents. Disposal of brine represents a significant cost to 

processors because of its high biological oxygen demand. As an alternative, brine was 

tested as a substrate for ethanol production. Initially, the toxic level of sulfur dioxide 

was reduced by raising brine pH to 8.0 to precipitate calcium sulfite. Because 

alkalinization was subsequently found to result in a 10-fold reduction in phosphorous, 

brines were titrated with phosphoric acid to pH 6.0 prior to inoculation with 

Saccharomyces cerevisiae. All strains of Saccharomyces cerevisiae tested were able 

to ferment all lots of Ca(OH)2-treated and phosphorous-enriched brines efficiently. 

One lot of brine containing 10% (w/v) fermentable sugar yielded 4.7% (w/v) ethanol 

in four days. 
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5.2.    Introduction 

Spent cherry brine is an acidic by-product of maraschino cherry processing 

whose composition is dependent on that of the fruit, and on the formulation used by 

processors. In general, on a weight per volume basis, spent brine contains 

approximately 4-11% glucose and fructose, 0.5-1.5% CaC^, sulfur dioxide, sorbitol, 

and lesser amounts of other soluble constituents leached from the fruit [5-6, 17, 19]. 

Although variable, sorbitol usually accounts for about 20% of the total sugar content 

[14, 22]. Brine disposal is costly due to its high biological and chemical oxygen 

demand and high acidity [20]. Within municipalities, brine is neutralized chemically 

prior to discharge in water treatment facilities. Outside of municipalities, brine is 

typically held in vigorously aerated ponds supplemented with fertilizer, prior to 

discharge into waterways or onto neighboring fields. Aeration is required to minimize 

emissions of noxious hydrogen sulfide which would readily form from biological 

reduction of brine sulfur under anaerobic conditions. Future discharges onto fields 

may be restricted by regulatory agencies who view such practices as contrary to the 

long-term health of agricultural lands. 

Various procedures have been proposed as alternatives to disposal: treatment 

with activated charcoal to permit limited reuse of brine [6, 20], chemical removal of 

the sulfite by precipitation and oxidation, anaerobic oxidation of the neutralized brine 

[19], and removal of the sugars by reverse osmosis (C. Payne, personal 

communication, 1995). Here we describe a simple process to ferment brine with the 

yeast Saccharomyces cerevisiae to produce fuel alcohol. The process produces a 

value-added product, reduces the biological and chemical oxygen demand of the 

effluent, and generates a new stream, a calcium sulfite precipitate that has potential 

value as a liming agent for acidic soils. 
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5.3.    Materials and Methods 

5.3.1. Yeast strains 

Saccharomyces cerevisiae 2896 is a heterothallic derivative of strain AB2 

derived from an isolate of the wine strain S. cerevisiae Pasteur Champagne [4], which 

was originally obtained from Universal Foods Corporation (Milwaukee, WI). An 

independent isolate of the Pasteur Champagne strain was also used (Universal Foods 

Corporation). S. cerevisiae Allyeast was obtained from Alltech, Inc. (Nicholasville, 

KY). Single colony isolates of all strains were used and maintained on YEPD agar 

slants at 40C. 

5.3.2. Media and chemicals 

YEPD is 2% Difco Bacto peptone (Difco Laboratories, Detroit, MI), 1 % Difco 

Bacto yeast extract, and 2% dextrose. YEPD + cyh is YEPD supplemented with 6 mg 

L"1 cycloheximide (Sigma Chemical Co, St. Louis, MI). Nutrient agar (NA) is 0.3% 

Difco Bacto beef extract and 0.5% Difco Bacto peptone. Media were solidified by 

addition of 2% Bacteriological agar (American Biorganics, Inc., Niagara Falls, NY) 

and were sterilized by autoclaving. All chemicals were reagent grade. 

5.3.3. Spent cherry brine 

Spent brines were obtained from Oregon Cherry Growers, (Salem, OR). The 

major chemical constituents of brines No. 1 and No. 2 are shown in Table 5.1. 

5.3.4. Pre-fermentation brine treatments 

Excess sulfite was removed from spent brine prior to fermentation by raising 

the pH to 8.0 with solid calcium hydroxide, and holding the brine approximately 2 

hours at room temperature to allow precipitation of calcium sulfite. The supernatant 

was transferred to another vessel and its pH adjusted to 6.0 with concentrated 

phosphoric acid to a final addition of 7.4 mM.  Alternatively, the pH was adjusted to 
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6.0 by addition of 5N hydrochloric acid, or 5N hydrochloric acid following addition of 

diammonium phosphate (DAP) or urea to final concentrations of 7.4 mM. 

5.3.5. Fermentations 

Four sorts of brine were fermented following the aforementioned pre- 

treatments: the brine No. 1 containing 4.2% glucose and fructose, brine No. 1 enriched 

with 5.8 % D-(+)-glucose to a final fermentable sugar concentration of 10%, brine No. 

2 containing 13.4% fermentable sugar, and brine No. 3 containing 8% fermentable 

sugar. Yeast strains were grown overnight in YEPD at 30oC and 300 rpm, pelleted by 

centrifugation (850 x g), washed twice, and resuspended in distilled water. Duplicate 

pre-treated brine samples (2L) were dispensed into 4-L sterile glass carboys fitted with 

fermentation locks, and were inoculated to a final concentration of 2 x 106 yeast cells 

ml"1. The brines were not sterilized prior to inoculation. Fermentations were 

conducted at room temperature without shaking, and were sampled daily as described 

below for the assay of sugars, glycerol, and ethanol. Dilutions of daily samples were 

plated in duplicate on YEPD plates and were incubated at 30oC for 3-5 days to 

monitor yeast growth during the course of fermentation. 

5.3.6. Microbial contamination 

To determine the initial level of microbial contamination in the brine, 60 ml of 

the spent brine, or the Ca(OH)2-treated and reacidified brine (pH 6.0) were centrifuged 

at 3,700 x g for 10 min at 40C. The pellets were washed twice, resuspended in sterile 

distilled water, and aliquots were plated in duplicate on YEPD (for detecting yeast), 

YEPD + cyh (for detecting bacteria), and NA (for detecting bacteria), representing a 

total of 48 ml of undiluted brine. At the end of fermentation, 3-ml samples were 

pelleted by centrifugation at 12,000 x g for 60 seconds at room temperature. The 

pellets were washed twice, resuspended in sterile distilled water, and aliqouts were 

plated in duplicate on YEPD, YEPD + cyh, and NA, representing a total of 2.4 ml of 

undiluted fermented brine. 
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5.3.7. Sugars, glycerol, and ethanol 

Samples of brine or fermenting brine were centrifuged at 12,000 x g for 10 

seconds at room temperature to remove yeast cells, and the supernatants were held at 

-80oC until assay. Glucose, fructose, sorbitol, glycerol, and ethanol were determined 

enzymatically using assay kits from Boehringer-Mannheim (Indianapolis, IN). 

5.3.8. Free sulfur dioxide 

Free sulfur dioxide was measured by a modified Ripper method [2] by redox 

titration using a platinum redox electrode according to the manufacturer's instructions 

(Orion Research, Inc., Boston, MA). To an appropriately diluted sample, 0.4 ml of 1:3 

F^SO^H^O and 20 ml of distilled water were added. The solution was then titrated 

with 0.002 N iodine solution and the redox potential recorded after each incremental 

addition of 0.05 ml. The end point was considered the initial rise in slope (ml iodine 

solution added vs. mV). 

5.3.9. Wet and dry weights and composition of the Ca(OH)2-induced 
precipitate 

The wet volume (v/v) and wet weight (w/v) of the calcium sulfite sludge, 

precipitated by raising brine pH to 8.0 with Ca(OH)2, were measured following 

sedimentation by gravity and removal of the supernatant. To determine dry weight, 

the sludge was dried overnight at 70oC in a vacuum oven and maintained in a 

desiccator until weighing. The dried precipitate was dissolved in 5% nitric acid and 

diluted appropriately for elemental analysis by inductively coupled plasma emission 

spectrometry using a Jarrell-Ash ICPA-9000 instrument (Thermo Jerrell-Ash 

Corporation, Franklin, MA) in the Central Analytical Laboratory of the Department of 

Crop and Soil Science at Oregon State University. Because the volatility of sulfur 

dioxide in the nitric acid interfered with the sulfur determination, sulfur was measured 

in a separate nitric acid sample following treatment with 5N NaOH to raise the pH to 

5.0, and vigorous overnight aeration to oxidize sulfur dioxide to non-volatile sulfate. 

Any reduction in volume by evaporation was corrected by addition of distilled water. 
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Chloride was determined by dissolving the dried precipitate in sulfurous acid and 

diluting appropriately using a Dionex 2000i ion exchange chromatography system 

(Dionex Corporation, Sunnyvale, CA) with an AS4A-SC anion exchange column and 

electrical conductivity detector in the Central Analytical Laboratory of the Department 

of Crop and Soil Science at Oregon State University. 

5.3.10. Other analytical assays 

Organic and inorganic matter were determined using standard methods for 

wastewater analysis [1]. Assimilable nitrogen was determined using a bioassay with 5. 

cerevisiae 2896 [13]. CaCOs equivalents in the Ca(OH)2-induced brine precipitate 

were determined in the Central Analytical Laboratory of the Department of Crop and 

Soil Science at Oregon State University [9]. 

5.4.    Results 

5.4.1. Brine composition 

An analysis of spent cherry brines No. 1 and No. 2 is presented in Table 5.1. 

Glucose, fructose, and sorbitol together accounted for 4.7% soluble solids in brine No. 

1 and 16.7% soluble solids in brine No. 2. Total sugar levels in cherry brines are 

variable, but are dependent on the variety and date of harvest. Non-sugar organic 

matter amounting to 3% and 0.5% soluble solids in brines No. 1 and No. 2, 

respectively, likely included unmeasured constituents leached from the cherries such 

as acids, polysaccharides, pigments, amino acids, and proteins. Potassium and 

phosphorous levels were 13% and 30% higher, respectively, in brine No. 2 than in 

brine No. 1. The major inorganic components of brine are not derived from the fruit, 

but are added by processors: calcium chloride, sulfur dioxide, and sometimes sodium 

chloride. 
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Table 5.1. Composition of spent cherry brine 

Major Components Brine No. 1 (pH 3.4)             Brine No. 2 (pH 3.3) 
g L1 ± SEMa g Ll ± SEMa 

Glucose 24.5 ±1.3 71.4 ±0.1 

Fructose 17.8 ±1.6 63.0 ±1.1 

Chloride 12.6 ±1.0 11.8 ±0.5 

Sorbitol 4.6 ±0.2 32.4 ±1.0 

Calcium 4.4 ±0.1 4.4 ± 0.2 

Sulfur dioxide 4.1 ±0.1 4.1 ±0.1 

Sodium 3.4 ±0 3.3 ±0.1 

Organic matter 78.6 ±10.5 172.5 ±6.4 

Inorganic matter 23.2 ± 0.3 26.8 ± 2.1 

Trace elements mg L"1 ± SEM mg L * ± SEM 

Potassium 124 ±5.7 140 ±4.2 

Phosphorous 122 ±2.8 160 ±4.2 

Magnesium 8.5 ± 0.4 10.6 ± 0.6 

Iron 0.4 ±0.1 0.3 ± 0 

Manganese 0.2 ±0 0.3 ±0.1 

Barium 0.2 ±0 0.1 ±0 

Zinc 0.2 ±0.1 0.2 ±0.1 

a Data are means of duplicates ± SEM (standard error of the mean). 
Copper was not detected (< 0.1 mg/L). 
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Table 5.2. Mineral composition of precipitate formed after adjustment of brine pH to 
8.0 with Ca(OH)2a 

Element Precipitate from brine No. 1 
mg g"1 precipitate 
(dry weight) ± SEMb 

Precipitate from brine No. 2 
mg g"1 precipitate 
(dry weight) ± SEM 

Calcium 279 ±7.1 270.5 ± 10.6 

Sulfur 161 ±4.2 149.5 ±3.5 

Potassium 17 ± 1.4 21.6 ± 1.2 

Phosphorous 10.5 ±0.3 14.5 ± 1.5 

Magnesium 0.3 ±0.1 0.2 ±0 

Iron 0.2 ±0 0.3 ±0 

a Per liter of treated brines No. 1 and No. 2, 12 g of precipitate formed on a dry weight 
basis.   On a wet weight basis,   115 g of precipitate formed per liter of treated  brine 
No. 1.   The wet weight of precipitate formed in brine No. 2 was not measured.   The 
compositions of brines No. 1 and No. 2 are given in Table 5.1. 
b Data are means of duplicate assays ± SEM (standard error of the mean). 
Sodium, chloride, manganese, copper, barium, and zinc were not detected (< 0.1 mg/g 
precipitate). 

5.4.2. Pre-fermentation treatments 

The brines were found to be toxic to yeast, presumably due to the combination 

of a high sulfur dioxide content and low pH. Indeed, no viable yeast cells were 

recovered following inoculation of a sample of untreated brine No. 1 with 106 cells 

ml" of any of the strains. The brine itself was subsequently analyzed for the presence 

of viable microorganisms. No yeasts and fewer than 10 bacterial cells were found in 

48 ml of brine. In order to make the brine a suitable medium for yeast fermentation, 

the sulfur dioxide concentration was reduced by making the brine alkaline and causing 

precipitation of CaSOs [19]. The sulfur dioxide level of brine No. 1 was reduced 90% 

by raising the pH to 8.0 with Ca(OH)2 (Figure 5.1).  Increasing the pH to 12 did not 
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result in a further decrease in sulfur dioxide. NaOH was found to be a less effective 

precipitating agent than Ca(OH)2, per unit increase in pH. Titration of brine No. 2 

yielded a nearly identical pH vs. free sulfur dioxide profile. On a volume basis, about 

100 ml of wet sludge formed per liter. An analysis of the mineral composition of the 

precipitates revealed great similarity: 27-28% calcium, 15-16% sulfur, 2% potassium, 

1% phosphorous, and trace amounts of magnesium and iron (Table 5.2). An analysis 

of oxygen, hydrogen, carbon, and nitrogen was not undertaken. The precipitate from 

brine No. 1 was found to contain 4.6% organic matter and both were pink in color, 

presumably due to co-precipitation of cherry anthocyanin pigments. On a dry weight 

basis, the precipitate from brine No. 1 was found to consist of 49.4% CaCO} 

equivalents. 

5.4.3. Fermentations 

At pH 8.0, sulfur dioxide-depleted brine No. 1 was still not a suitable substrate 

for fermentation because S. cerevisiae cannot grow under alkaline conditions. In a 

preliminary experiment, brine No. 2 containing 13.4 % fermentable sugar (glucose and 

fructose) was treated with Ca(OH)2,, supplemented with 0.01, 0.03, 0.05% or no 

diammonium phosphate (DAP), adjusted to pH 6.0 with HO, and inoculated with S. 

cerevisiae 2896 (data not shown). All DAP-supplemented brines fermented at the 

same rate, whereas the unsupplemented control fermented more slowly and produced 

only about 70% as much alcohol. In the brine supplemented with 0.01% DAP, the 

initial pH adjustment to 6.0 was found to result in faster ethanol production and faster 

utilization of the fermentable sugar than adjustment to 5.5, 6.5, or 7.0. Stimulation of 

fermentation by DAP suggested that either nitrogen, phosphorous or both were 

deficient in the Ca(OH)2-treated brine and that a 0.01% addition of DAP was sufficient 

remedy. Repetition of the experiment using brine No. 3 containing 8% fermentable 

sugar supplemented with 0.01, 0.03 or 0.05% sodium phosphate produced results 

similar to those observed following DAP-supplementation suggesting a phosphorous 

deficiency. Brine phosphorous and nitrogen were subsequently determined in brines 

No. 1 and No. 2.   The Ca(OH)2 treatment was found to have reduced the phosphorous 
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Figure 5.1. Reduction of brine sulfite by pH adjustment. Aliquots of solid calcium 
hydroxide or sodium hydroxide were added to 100 ml of stirred brine No.l until the 
pH stabilized. One 2 ml sample per addition was withdrawn and held for 2 hours at 
room temperature prior to centrifugation at 12,000 x g for 30 seconds to remove 
precipitate. Free sulfite was measured in the supernatant liquid. Data points are 
means of duplicate assays. Standard errors were less than 10% of the means. 
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content at least 10-fold. Untreated brines No. 1 and No. 2 contained 122 and 160 mg 

L"1, respectively, whereas following treatment, the content was reduced to below the 

limit of detection, 15 mg L"1. It is likely that relatively insoluble forms of calcium 

phosphate [21] co-precipitated with CaSOs. The assimilable nitrogen contents of 

Ca(OH)2-treated brines No. 1 and No. 2 were found to be 945 and 988 mg L"1, 

respectively, which is about two-fold more than that needed by a wine strain to utilize 

20% glucose in a synthetic grape juice containing excess amino acids [11]. 

Assimilable nitrogen was not measured in the untreated brine, because growth of the 

yeast needed to perform the bioassay was not possible. 

To confirm the phosphorous deficiency, brine No. 1 was pre-treated with 

Ca(OH)2 to reduce the sulfur dioxide content, supplemented with 7.4 mM DAP, urea, 

or phosphoric acid, and adjusted to pH 6.0 with 5N hydrochloric acid, if necessary. 

The unsupplemented brines (controls) were brought to pH 6.0 by addition of 5N 

hydrochloric acid. (Addition of 7.4 mM phosphoric acid was sufficient in itself to 

reduce the pH to 6.0.) Because these operations were not performed aseptically, the 

treated brines were examined for contaminating microorganisms prior to yeast 

inoculation. A small number of organisms were detected: 42 yeast and bacteria ml"1 

on YEPD, 48 bacteria ml"1 on YEPD + cyh, and 68 bacteria ml"1 on NA. The brines 

were then inoculated with S. cerevisiae 2896 (Figure 5.2). Cell viability and rates of 

sugar utilization, and ethanol and glycerol production were essentially the same in 

brines supplemented with phosphoric acid or DAP. These fermentations yielded 

ethanol and glycerol levels consistent with the initial fermentable sugar concentration 

[10] and were complete in three days. Ethanol yields were 80% of the theoretical yield 

(assuming two moles of ethanol per mole of fermentable sugar with no correction for 

cell growth or maintenance). In contrast, in the control brine and that supplemented 

with urea, about 30% of the fermentable sugar remained unconsumed after seven days. 

Levels of ethanol, glycerol, and viable yeast cells were the same and correspondingly 

lower as well. Ethanol yields were 52-55% of the theoretical yield. As expected, the 

sorbitol content in all brines did not change following fermentation because S. 

cerevisiae is unable to ferment this sugar. 
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Figure 5.2. Fermentation of calcium-hydroxide treated brine No. 1 containing 4.2% 
(w/v) fermentable sugar (glucose and fructose) by Saccharomyces cerevisiae 2896 
following addition of phosphoric acid (PA), diammonium phosphate (DAP), or urea to 
final concentrations of 7.4 mM, and subsequent adjustment to pH 6.0 with 
hydrochloric acid, where necessary. The addition of 7.4 mM phosphoric acid was 
sufficient in itself to reduce brine pH to 6.0. The control is a calcium hydroxide- 
treated brine adjusted to pH 6.0 with hydrochloric acid without addition of phosphate 
or nitrogen. Data points are means of four determinations from duplicate 
fermentations. Final glycerol yields in the control, PA-, DAP-, and urea-supplemented 
fermentations were 0.12, 0.21, 0.21, and 0.12% (w/v), respectively. Standard errors 
were less than 20% of the means of all determinations. 
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Figure 5.3. Fermentation of calcium-hydroxide treated brine No. 1 supplemented with 
glucose to a total fermentable sugar level of 10% (w/v) by Saccharomyces cerevisiae 
Allyeast or Pasteur Champagne following addition of phosphoric acid (P) to a final 
concentration of 7.4 mM to reduce brine pH to 6.0. (H) indicates control brines whose 
pH was adjusted to 6.0 with hydrochloric acid without addition of phosphorous. Final 
glycerol yields of the P- and H-supplemented Allyeast and P-and H- supplemented 
Pasteur Champagne fermentations were 0.34, 0.21, 0.30, and 0.23% (w/v), 
respectively. Data points are means of four determinations from duplicate 
fermentations. Standard errors were less than 20% of the means except for the H- 
supplemented Allyeast fermentation, where the errors was less than 40%. 
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To determine if contaminating bacteria grew during fermentation, samples of 

2.4 ml of the undiluted and fermented brines taken on day 7 were concentrated and 

plated on YEPD, YEPD + cyh, and NA. As expected, a lawn of yeast was observed on 

the YEPD plates from all samples. However, no microbial colonies were observed on 

the YEPD + cyh or NA plates, indicating a maximum potential level of contamination 

of less than one cell per ml. The pH of the fermented brines ranged from 4.3 to 4.9 

likely due to production of a small amount acetic acid by the yeast [10]. 

To test commercial strains of S. cerevisiae in brine No. 1 containing a higher 

level of fermentable sugar, glucose was added to a total sugar level of 10%. The 

glucose-enriched brine was treated with Ca(OH)2, separated from the CaSO} 

precipitate, and either supplemented or not with 7.4 mM phosphoric acid. The 

unsupplemented brines were brought to pH 6.0 by addition of 5N hydrochloric acid 

and inoculated with S. cerevisiae 2896, Pasteur Champagne, or Allyeast (Figure 5.3; 

2896 data not shown). The initial rates of sugar utilization were approximately the 

same among all strains in both the phosphorous-supplemented and unsupplemented 

brines. However, after the second day, sugar consumption by strains in the 

phosphorous-supplemented brines was faster than in the unsupplemented brines. After 

seven days in the latter brines, about 35% of the fermentable sugar remained in the 

fermentations involving 2896 and Allyeast, and about 4% in the brine fermented by 

Pasteur Champagne. In contrast, no fermentable sugar remained in the phosphorous- 

supplemented brines after five days. In the phosphorous-supplemented brines, ethanol 

production was the same among the three strains, reaching a maximum of about 4.7% 

(v/v) after four days, representing 72 to 73% of the theoretical yield. In the 

unsupplemented brines, 2896 and Allyeast produced less ethanol after seven days, 

while Pasteur Champagne produced about the same as it did in the phosphorous- 

supplemented brine, suggesting that this strain used the limiting phosphorous more 

efficiently than the others, or was better able to mobilize internal phosphorous 

reserves, such as vacuolar polyphosphate [7]. Glycerol, a natural fermentation 

byproduct, accumulated to a greater extent in the phosphoric acid-supplemented brines 

(Figure 5.3).   The levels produced in all fermentations (Figures 5.2 and 5.3), 0.12- 
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0.34% (w/v) were comparable to those observed in wine fermentations, 0.1-0.9% 

(w/v) [15]. Brine was sampled at the end of the fermentations (day 7) for bacteria and 

yeast as described above for the fermentations that compared DAP, urea, and 

phosphoric acid supplementation. The same results were obtained: no colonies were 

observed on the NA or YEPD + cyh plates, and a yeast lawn was found on the YEPD 

plates, indicating a maximum potential level of non-Saccharomyces contamination of 

less than one cell per ml. As before, the pH of the fermented brines decreased, ranging 

from 4.1 to 4.7. 

Free sulfur dioxide was measured at the end of the fermentations shown in 

Figures 5.2 and 5.3. Initially, brine No. 1 contained 296 mg L"1, having been reduced 

from 4,096 mg L"1 by treatment with Ca(OH)2. In the fermentations where all the 

fermentable sugar was consumed, free sulfur dioxide was reduced about 50%, to 120 

to 170 mg L"1. When all the fermentable sugar was not used, the residual free sulfur 

dixoxide was reduced about 86%, to 36 to 52 mg L"1. Initially colorless, the brines 

turned pink during the course of fermentation, likely due to hydrolysis of anthocyanin 

sulfonates, as this is the expected color of the free pigments at acid pH. 

5.5.    Discussion 

Disposal of spent cherry brine, an acidic byproduct of maraschino cherry 

processing, is a significant problem for processors because of its high biological and 

chemical oxygen demand. As an alternative to disposal, brine was tested as a substrate 

for ethanol production by the yeast Saccharomyces cerevisiae. Initially, it was found 

necessary to reduce the growth-inhibitory level of sulfur dioxide by raising brine pH to 

8.0 with Ca(OH)2 to precipitate calcium sulfite. Because brine phosphorous was 

found to co-precipitate under these conditions, the Ca(OH)2-treated brines were 

subsequently supplemented with phosphoric acid which had the beneficial side-effect 

of reducing brine pH to 6.0, a more suitable starting pH for yeast fermentation. All 

strains of Saccharomyces cerevisiae tested were able to ferment all lots of Ca(OH)2- 

treated   and  phosphorous-enriched   brines   efficiently.      Interestingly,   the   Pasteur 
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Champagne strain was found to ferment the Ca(OH)2-treated brine without 

phosphorous addition, albeit more slowly. The process produced ethanol, a value- 

added product, reduced the biological and chemical oxygen demand of the effluent, 

and generated a new stream, a calcium sulfite precipitate, which because of its 

alkalinity, has potential use as a liming agent for acidic soils. 

Sulfur dioxide is added to brine as a preservative and for the purpose of 

bleaching natural color through reaction with cherry anthocyanins to form colorless 

sulfonates.   The toxicity of sulfur dioxide to microorganisms is a function of pH. The 

dissociation equilibria for sulfurous acid are given below [12]: 

SO2 + H2O = H2S03 Hydration of sulfur dioxide 

H2SO3 = HSO3" + H+ pKa, = 1.77 

HSO3" = SO3"2 + H+ pKaz = 7.2 

At low pH, as in cherry brine, a significant proportion is in the form of undissociated 

sulfurous acid, the toxic species. Its toxicity is due to it being the form of sulfur 

dioxide that readily crosses microbial cell membranes [3]. In contrast, at neutral pH, 

yeast is much more tolerant of sulfur dioxide because the proportion present as 

sulfurous acid is so small. In fact, a yeast fermentation designed for the 

overproduction of glycerol was developed by Neuberg early in this century that 

requires growth in a neutral brine containing 3 to 3.5% free sulfur dioxide [18]. Under 

these conditions, acetaldehyde reacts preferentially with sulfur dioxide to form 1- 

hydroxyethane sulfonate [16], which cannot be reduced to ethanol. Instead, 

regeneration of NAD+ is coupled to the reduction of dihydroxyacetone phosphate, 

which produces glycerophosphate, and ultimately glycerol, through the action of a 

phosphatase [8]. An independent cause of glycerol formation is the diversion of 

pyruvate for biosynthetic reactions and away from ethanol production. When this 

occurs, a stoichiometric amount of acetaldehyde is unavailable for regeneration of 

NAD+, causing dihydroxyacetone phosphate to be reduced instead, as described for the 

Neuberg fermentation [10]. 

The high sulfur dioxide level in untreated acidic brine acts as an antimicrobial 

agent and has the beneficial property of preventing premature fermentation without 
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need for an additional sterilization treatment. Following Ca(OH)2 addition, and 

adjustment of brine pH to 6.0 with phosphoric acid, it is likely that a variety of 

microorganisms would grow if a large inoculum of S. cerevisiae were not added. 

Because S. cerevisiae usually produces a small amount of acetic acid during 

fermentation, the pH dropped to about 4.5, which made the residual sulfur dioxide a 

more effective preservative. While S. cerevisiae is relatively tolerant of this amount of 

sulfur dioxide, contaminating bacteria and other yeasts may not be, which would 

explain their absence at the end of the alcoholic fermentation in spite of the fact that 

the Ca(OH)2-treated brine was not sterilized prior to yeast inoculation. 

While use of Ca(OH)2 to precipitate excess sulfur dioxide was found to be 

efficient, it led to formation of a new waste stream, solid CaS03. On a mass basis, the 

material has about half the liming value of CaCOs, which is normally used to lime 

acidic agricultural soils. In practice, this potential will likely only be realized if the 

material can be used within close proximity to the site where it is produced and if the 

water content can be reduced to a practical level economically. 
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Chapter 6 

Conclusions 

In an effort to understand sulfite metabolism in S. cerevisiae, mechanisms of 

sulfite detoxification and transport were studied. 

Ssulp, a plasma membrane protein involved in sulfite metabolism (Avram and 

Bakalinsky, 1997), was found to be required for efficient sulfite efflux. 

Overexpression of SSUl conferred sulfite resistance by reducing intracellular sulfite 

accumulation. In contrast, deletion in SSUJ caused hypersensitivity, consistent with a 

significant increase in intracellular sulfite accumulation. Efflux rates of free sulfite 

from cells expressing multicopy SSUl were significantly faster and greater than from 

wild-type, but that of bound sulfite from all strains tested was not significantly 

different. These data suggest that Ssulp specifically mediates efflux of the free form 

of sulfite. Because slow and saturable efflux of free sulfite was observed in an SSUl 

null mutant, other low affinity transporter(s) appear to be functional. Sulfite efflux 

mediated by Ssulp appears to be a major detoxification pathway because 

overexpression of SSUl increased the sulfite resistance of a number of unrelated 

sulfite-sensitive strains. 

Ssulp lacks the nucleotide binding sequence typical of ABC transporters, but 

resembles the general structure of the facilitator/transporter superfamily involved in 

efflux of toxic compounds (Balzi and Goffeau, 1994). It will be of interest to explore 

the mechanism of efflux mediated by Ssulp, and to determine which domains are 

essential for sulfite binding or/and excretion. 

FZF1 encodes a positive activator of SSUl transcription (Avram et al., 1999). 

RSU1-4, previously identified in a screen for sulfite-resistant mutants (Xu et al., 

1994), was found to be a dominant allele of FZF1, and was subsequently renamed 

FZFI-4. Cysteine 57 in the second zinc finger of Fzf Ip was found to be replaced by 

tyrosine in FZFl-4p. FZF 1-4 was also found to be involved in efficient sulfite efflux. 

The efflux rate of sulfite from an FZFI-4 mutant was significantly greater and faster 
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than from wild-type, consistent with less intracellular sulfite accumulation. Analysis 

of an SSUl promoter-/acZ fusion showed that the heightened resistance conferred by 

FZF 1-4 was correlated with hyperactivation of SSUl. The transcriptional activation 

mediated by Fzf l-4p is consistent with more efficient binding of the SSUl promoter or 

enhanced recruitment of other transcription factors via protein-protein interactions. 

The identification of mutant sites in other sulfite-resistant dominant allele of FZF1 

(Xu et al., 1994), would help to explain the structural requirements for 

hyperactivation. 

Sulfite resistance mediated by either FZF1-4 or multicopy SSUl was found to 

be a useful marker for selecting transformants of industrial and laboratory strains of S. 

cerevisiae. FZF 1-4 was found to be a more efficient marker than multicopy SSUl. In 

both cases, a period of outgrowth in non-selective medium following transformation 

was found to be necessary. The number of transformants obtained was found to be 

strain dependent, and also to depend on the sulfite concentration used during selection. 

FZF 1-4 and multicopy SSUl were found to confer the same degree of sulfite 

resistance, a 2.5- to 3- fold increase over that of the parental strains. Undesirable 

background growth of non-transformants was not observed at high cell densities. 

A study of sulfite transport was undertaken to clarify the mechanism of sulfite 

uptake in S. cerevisiae. Uptake was saturable at final concentrations equal to or 

greater than 3 mM sulfite. Uptake was significantly decreased in cells pretreated with 

CCCP or DNP, both of which dissipate proton gradients. Uptake was also 

significantly inhibited by arsenate, which depletes cells of ATP, thereby indirectly 

interfering with maintenance of the proton gradient. Addition of sulfite to the cell 

suspension generated significant alkalization. These findings suggest that bisulfite ion 

(HSO3"), an anionic form of sulfite, is taken up by carrier-mediated proton symport. A 

metl6 sull sul2 mutant, impaired in sulfite formation, was found able to grow on a 

medium with sulfite as the sole sulfur source, indicating that the sulfate transporters 

Sullp and Sul2p are not required for sulfite uptake. Further studies will be required to 

identify the transporter, as well as to elucidate the question of whether the anionic 

form rather than the undissociated form is the preferred substrate for uptake. 
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Spent cherry brine, an acidic byproduct of maraschino cherry processing, 

typically consists of variable amounts of glucose and fructose of up to 11 % 

fermentable solids, 0.5-1.5% CaCb, up to 0.4% sulfur dioxide, sorbitol, and lesser 

amounts of other cherry constituents. As an alternative to disposal, brine was tested as 

a substrate for ethanol production by S. cerevisiae. Initially, the growth-inhibitory 

levels of sulfur dioxide were reduced by making the brine alkaline with Ca(OH)2, 

precipitating calcium sulfite. Because brine phosphorus was reduced a 10-fold during 

alkalization, the Ca(OH)2-treated brines were subsequently titrated with phosphoric 

acid to pH 6.0, a suitable starting pH for yeast fermentation. The residual sulfite in the 

treated brine did not affect cell viability. All strains of S. cerevisiae tested were able 

to ferment all lots of Ca(OH)2-treated and phosphorus-enriched brines efficiently. The 

process produced ethanol, reduced the biological and oxygen demand of the brine, and 

generated a new stream, a calcium sulfite precipitate, which has potential as a liming 

agent for acid soils. 
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The SSU genes are not involved in detoxification of endogenous 
sulfite 

Sulfite is a potentially toxic but normal metabolite which occurs as an 

intermediate in the reductive sulfate assimilation pathway. The SSU genes were 

identified in a screen for yeast mutants sensitive to exogenous sulfite (Xu et al., 1994). 

Their role in detoxification of endogenous sulfite was not examined. If the SSU genes 

are involved in detoxification of endogenous sulfite, it is likely that ssu mutants will 

grow more slowly due to exposure to the intracellular sulfite formed during growth in 

a minimal medium where methionine biosynthesis will be required. To determine 

whether the SSU genes are involved in detoxification of endogenous sulfite, growth 

rates, intracellular sulfite levels, and sulfite reductase activities were measured in wild- 

type and ssu mutants grown in methionine-free (SM-met) and methionine- 

supplemented (SM) media. The SM medium, in this experiment contained 1 mM 

methionine, a level reported to repress methionine biosynthesis (Thomas et al., 1990). 

Yeast strains are listed in Table Al. 

Table Al. Yeast strains 

Strains Genotype Source 

2407-la 

3090-9d-T4-Ll 

3090-9d-T6-Ll 

3089-Id 

a gall mal mel CUP] 

a ssu] A ura3-52 leu2-3, 112 

agrrlA ura3-52 leu2-3, 112 

a ssu3-7 ura3-52 leu2-3, 112 

Bakalinsky and Snow (1990) 

Avram and Bakalinsky (1996) 

Avram and Bakalinsky (1996) 

Avram and Bakalinsky (1996) 
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Wild-type, an ssul mutant, and a grrl (ssul) mutant grew at the same rates in 

SM-met and in SM, whereas an ssu3 mutant grew more slowly in the methionine-free 

medium, suggesting the possibility that the ssu3 mutant may be defective in 

detoxification of endogenous sulfite (Table A2). 

Table A2. Doubling times of sulfite-sensitive strains during growth in the presence 
and absence of methionine. 

Strain Relevant 
genotype 

Doubling time1 ' (min) 

SM- met SM 

2407-la Wild-type 130±2 126 ±1 

3090-9d-T4-Ll ssul A 138 ± 1 140 ±2 

3090-9d-T6-Ll grrl A 192 ±4 191 ±6 

3089-Id ssu3 176b±3 151 ±4 

Cells taken from YEPD slants were grown to log phase in YEPD and washed twice in 
sterile distilled water. The washed cultures were inoculated into 50 ml of SM-met or 
SM to give initial Aeoo readings of 0.02, and were grown at 30oC and 250 rpm. 
a Means of duplicate cultures ± S.D. 
b Significantly different from the same strain grown in SM (p < 0.05). 

Table A3 shows endogenous sulfite levels. All strains except the grrl mutant 

produced more sulfite in SM-met than in SM, consistent with the lack of methionine 

causing derepression of the sulfate assimilation pathway. An ssu3 mutant 

accumulated the most sulfite of all strains in SM-met, suggesting a defect in 

endogenous sulfite metabolism. 
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Table A3. Intracellular sulfite 

Strain Relevant       Intracellular sulfite" (nmol SO/mg dry weight cells) 
genotype 

SM - met SM 

Free Total Free Total 

2407-la Wild-type   0.50* ± 0.07 0.51* ±0.01 0.29 ± 0.05 0.32 ± 0.06 

3090-9d-T4-Ll  ssulA 0.48* ± 0.06 0.50* ± 0.06 0.25 ± 0.03 0.31 ± 0.02 

3090-9d-T6-Ll  grrlA 0.23 b± 0.06 0.25 b± 0.03 0.20 ± 0.04 0.24 ± 0.03 

3089-Id ssu3 0.8lb'*± 0.07 0.84b'*± 0.04 0.34 ± 0.07 0.40 ± 0.03 

Cells were grown under the condition described in Table 2. Free and total sulfite were 
measured in log phase cells by the pararosaniline method. 
a Means of duplicate cultures ± S.D. 
b Significantly different from wild-type (p < 0.05). 
* Significantly different from the same strain grown in SM (p < 0.05). 

Sulfite reductase activity was measured in cells grown in SM-met (Table A4). 

Sulfite reductase activity of the ssu3 mutant was significantly less than that of wild- 

type, whereas that of an ssul mutant and a grrl mutant were the same as that of wild- 

type. The lower sulfite reductase activity in the ssu3 mutant may account for the 

higher level of sulfite observed in this strain (Table A3) and for its slower growth rate 

in SM-met (Table A2). However, the ssu3 mutant is not a methionine auxotroph. Its 

total sulfite content (0.84 nmol/mg dry weight cells) is significantly lower than that of 

sulfite reductase mutants defective in MET] (MET20), MET5, MET8, and MET10 (25- 

83 nmol/mg dry weight) grown in a minimal medium supplemented according to 

auxotropic requirements (Thomas et al., 1992). The total sulfite level in the ssu3 

mutant was 30- to 100-fold less than in the sulfite reductase mutants. While the latter 

mutants have been observed to grow somewhat more slowly than wild-type in SM 
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(unpublished observations, H. Park, 1998), it seems reasonable that the slow growth of 

the ssu3 mutant in a methionine-free medium is caused not so much by its elevated 

intracellular sulfite level, but rather by its low sulfite reductase activity. 

Table A4. Sulfite reductase activity in strains of Saccharomyces 

Strain Genotype Sulfite reductase activity" 
(nmol H2S/mg protein/hour) 

2407-la wild-type 1.36 ±0.38 

3090-9d-T4-Ll ssuJA 1.47 ±0.36 

3090-9d-T6-Ll grrIA 1.38 ±0.73 

3089-Id ssu3 0.23b ± 0.08 

Enzyme activity was determined in log-phase cells grown in SM-met by measuring 
enzymatically produced hydrogen sulfide by the monobromobimane-HPLC method. 
a Means of three independent cultures ± S.D. 
b Significantly different from wild-type (p < 0.05). 

Because ssu3 is defective in sulfite reductase activity, complementation 

analysis was performed to determine if it is allelic to the sulfite reductase mutants. 

Crosses were performed between ssu3 and metJ (met20), metS, met8, or metlO 

mutants. The resulting diploids all grew on SM-met, indicating that SSU3 is not 

allelic to any of them. 

In conclusion, the SSU genes do not appear to play a role in detoxifying 

endogenous sulfite because mutation or deletion of the genes does not result in 

significant elevation of intracellular sulfite. 
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