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I.  Theoretical Part 

1.  Introduction  
1.1  Lipids in yeast 

Lipid molecules such as fatty acids, sterols, phospholipids and sphingolipids are vital 

components of all eukaryotic organisms. Fatty acids provide the cell with a concentrated 

energy source and serve as building blocks for numerous membrane lipids. Sterols are essential 

components of eukaryotic cell membranes influencing several important biological aspects of 

membrane function. Both fatty acids and sterols alter and maintain the fluidity of membranes 

and thus can be toxic to cells when present in excess. Due to the inherent membrane perturbing 

properties of fatty acids and sterols, these compounds must be maintained at non-toxic levels 

within the cell (Garbarino et al. 2005). Phospholipids are also the main components of 

biological membranes and sphingolipids have been received appreciation as dynamic 

participants in various eukaryotic cell process. 

Membranes of eukaryotic cells have several important functions as indicated simply above. 

They act as the major permeability barrier between cells and the extra-cellular space. 

Membranes also carry proteins that selectively transport molecules or act as enzymes in 

metabolic and regulatory pathways. Finally, they harbor receptors which contribute to signal 

recognition processes. Most lipids in yeast are usually considered for their structural influence 

on membranes and the mixture of phospholipids, sterols, fatty acids and sphingolipid consists 

of eukaryotic membrane (van der Rest et al., 1995). These components are also contained in all 

sub-compartments of membranes. However, the relative relationship among them is different 

(Tuller et al., 1999). Thereby, if one of the membrane forming components in their mixture is 

altered, the equilibrium in the membranes shifts and regulation mechanisms are changed as a 

consequence (Baudry et al., 2001). Table 1 shows the typical composition of cytoplasma 

membrane in a yeast cell. Most enzymes involved in the lipid metabolism of yeast have been 

already characterized and a large quality of information about process and regulation of the 

lipid metabolic pathways has been known. Recently novel data with regard to interaction 

between ergosterol biosynthesis and other lipid pathways are emerging. This paper will present 
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the different metabolic pathways in lipid metabolism firstly and the interconnections between 

lipidic pathways. 

 

Table 1. Lipid composition of cytoplasma membrane in Saccharomyces cerevisiae. 

Phospholipids 
[mg/mg Protein] 

0.23 

Sterols 
[mg/mg Protein] 

0.4 

Sphingolipids 
[nmol/mg Protein] 

225.3 
PC PE PI PS others Ergo others IPC MIPC M(IP)2C

[% total phospholipids] [% total sterols] [% total sphingolipid] 
16.8 20.3 17.7 33.6 11.0 99.9 < 0.1 15.5 31.0 53.5 
PC = Phosphatidylcholin, PE = Phosphatidylethanolamine, PI = Phosphatidylinositol, PS = 
Phosphatidylserin, Erg = Ergosterol, IPC = Inositolphosphorylceramid, MIPC = 
MannosylInositolphosphorylceramid, M(IP)2C = Mannosyl-Diinositolphosphorylceramid 
(Zinser and Daum, 1994) 

 

1.1.1 Fatty acid biosynthesis 

Fatty acids are essential for membrane fluidity and storage processes as triacylglycerides or 

sterylesters in the cell. In addition, they can be bound to proteins and also mediate transport of 

proteins from membranes. Thereby they are of vital importance within the lipid metabolism. 

Unlike beta-oxidation that takes place in the mitochondria the biosynthesis of fatty acids occurs 

in the cytoplasm. Two different enzyme systems, the acetyl CoA carboxylase (Acc1p) and the 

fatty acid synthase (Fas1p and Fas2p) catalyze the synthesis of long chain fatty acids in the 

yeast cytosol. The precursor acetyl CoA is withdrawn from the citric acid cycle (TCA cycle) in 

the mitochondrion. After transportation of citrate to the cytoplasm the enzyme ATP citrate lyase 

converts citrate to oxaloacetat and acetyl CoA. Preceding the actual synthesis, the acetyl CoA 

precursor is carboxylated by the biotin containing enzyme Acetyl CoA carboxylase (Acc1p) to 

form malonyl CoA (Fig. 1). In mammalian cells the activity of this enzyme is regulated by a 

high AMP content and/or a small ATP content in the cell. Therefore acetyl CoA carboxylase 

(Acc1p) can control the synthesis of fatty acids dependent on the energy content of the cell 

(Hardie and Carling, 1997). Such a regulation mechanism serves as energy sensor. With a low 

concentration of free energy in the form of ATP, the synthesis of the fatty acids from energy 
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store substances is physiologically not reasonable. 

Moreover, the transcription of ACC1 is regulated by lipid precursors such as inositol, cholin or 

phosphatidic acid. If the quantities of these precursors in the medium are increased, the 

transcription of the gene is repressed up to 70%. An overexpression of ACC1 leads to an 

increase of activity of the acetyl CoA carboxylase by about a factor 2.8 (Hasslacher et al., 

1993). Fatty acid synthases (Fas1p and Fas2p), the other enzymes involved in the fatty acid 

synthesis, are a hetero-multimer enzyme complex, which catalyzes the progressive elongation 

of the acyl chain by the integration of malonyl CoA in cyclic reaction (Fig. 1). The FAS gene 

includes four enzymatic activities such as β -keto-ACP synthase, β -keto-ACP reductase, 3-OH 

acyl-ACP dehydratase and enoly-CoA reductase. For the reduction reaction of this chain 

extension NADPH is needed as reducing agent. The emerging fatty acid is extended by two 

carbon atoms with every cycle. The FAS1 and FAS2 genes are co-regulated by general 

transcript factors like Reb1p, Rap1p or Abf1p. The transcriptional activation is likewise 

mediated by the phospholipid precursor as inositol and cholin. ICREs (Inositol/Cholin 

responsive of element) could be proven in the promoter region of FAS1 and FAS2. In order to 

ensure the symmetrical stoichiometry of α- and β- subunits of fatty acids synthesis, the 

transcription of both genes FAS1 and FAS2 is also regulated by respective gene-production of 

the other subunit. An overexpression of FAS2 leads to a simultaneous transcriptional activation 

of FAS1 (Chirala, 1992). A further extension of chain-length is mediated by the elongase Elo1p. 

The transcription of ELO1 is regulated by the substrate of the elongase, the C14-fatty acids. An 

enrichment of these fatty acids leads to increase of transcription of ELO1 by about a factor of 

3~5 (Toke and Martin, 1996). The synthesis of monounsaturated fatty acids, namely 

palmitoleic (C16:1) and oleic (C18:1) acids involves an additional desaturation step. This is 

achieved by the action of a ∆9 desaturase, Ole1p (Martin et al., 2002). The transcription of 

OLE1 is induced by saturated fatty acids and is significantly repressed by monounsaturated- or 

polyunsaturated fatty acids. Furthermore, the exact function of this regulation mechanism is not 

well-known, however a transcription factor dependent on repression is discussed (McDonough 

et al., 1992; Choi et al., 1996). 
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Fig. 1. Biosynthesis of fatty acids in yeast (for genes see text; Veen et al., 2005). 

 

The synthesis of fatty acids up to C-26 length is mediated by the activity of the enzymes Elo2p 

and Elo3p (Daum et al., 1998). So long – chain fatty acids are needed for the biosynthesis of 

sphingolipids. The acyl-chains are bound with acyl-binding proteins (Acb1p) in a last step and 

are transported to the various locations of the cellular processes using acyl-group. Acb1p has 

been implicated in the trafficking of fatty acyl-CoA molecules within the cell as depletion of 

this gene leads to perturbations in sphingolipid synthesis and a reduction of very long-chain 

fatty acids (Gaigg et al., 2001; Faergeman et al., 2004)  

 

1.1.2 Ergosterol biosynthesis 

The predominant yeast sterol is ergosterol. Although this compound differs structurally from 

cholesterol, it is metabolized and utilized in processes that are physiologically similar. In 

particular ergosterol is a significant sterol which consists of the plasma membrane in yeast 

Saccharomyces cerevisiae (comparison: Table 1). It is responsible for a number of important 

physical characteristics of membranes such as membrane fluidity and regulation of membrane 

proteins (Rodriguez et al., 1985). The metabolic pathway of the ergosterol biosynthesis can be 

divided into the pre-squalene and post-squalene synthesis pathway with squalene biosynthesis 

as its starting point in which the conversion is catalyzed from squalene to ergosterol (Fig. 2, Fig. 

IV in Appendix). Under aerobic conditions, the acquisition of ergosterol is almost exclusively 

by biosynthesis. This process involves over 20 readily distinguishable reactions and is 

energetically expensive.  
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The enzymes involved such as the HMG-CoA 

(hydroxymethylglutaryl-CoA) reductase Hmg1p and 

Hmg2p are well characterized at the molecular level 

(Daum et al., 1998; Lee et al., 1999). The 

transcription of HMG1 is mainly regulated by 

ergosterol (Casey et al., 1992) and is induced by 

unsaturated fatty acids and glucose among other 

things (Boll et al., 1980; Berndt et al., 1973). The 

ubiquition-mediated degradation has been well-

known for further regulatory mechanism in ER 

(Hampton, 2002); however, the precise mechanisms 

of regulation are not well understood. The regulatory 

element on the protein level is the part of the N-

terminus in the membrane domain. Polakowski 

(1999) could show that the overexpression of the 

truncated version of this gene leads to deregulation of 

cytosolic HMG-CoA reductase and contains still the 

catalytic subunit of the protein. The product of HMG-

CoA-reductase reaction is mevalonate and it is finally 

converted by six further enzymatic steps into 

squalene. This pre-squalene pathway branches into 

different other metabolic pathways. Isopentenyl 

pyrophosphate (IPP) is the output substrate for the 

terpenoid biosynthesis. Farnesyl pyrophosphate (FPP), 

which is substance for the direct preliminary stage of 

squalene biosynthesis, is used as the output substrate 

for the heme-biosynthesis (Grunler et al., 1994) (Fig. 

2, Fig. IV in Appendix).  

Squalene is the first specific intermediate of 

 

 
Fig. 2. Metabolic pathway of 
ergosterol biosynthesis in yeast (for 
genes see text; Ritmann, 2004).  
HMG-CoA:Hydroxymethylglutaryl-
CoA, IPP:Isopentenyl-Pyrophosphat, 
FPP:Farnesyl-Pyrophosphate  
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ergosterol biosynthesis. The conversion of squalene to ergosterol needs a 14-enzymatic reaction. 

The genes which code for the appropriate enzymes are all well-known and cloned (Lees et al., 

1995; Lees et al., 1999). The conversion of squalene to ergosterol takes place at different places 

in the cell. While the predominant part of the enzymatic reactions is located to the ER, and 

some steps are catalyzed partially or completely at the lipid particles. The end-product of the 

metabolic pathway, ergosterol, is completely required for its function (maintenance of the 

membrane fluidity and regulation of membrane proteins) at the plasma membrane.  

The squalene epoxidase, Erg1p, converts squalene to squalene epoxide in an oxygen requiring 

step. Leber et al. (1998) showed that this enzyme is located both in the ER membrane and at 

lipid particle. However this enzyme activity could be only measured in vitro in ER-associated 

membrane portion. It is unknown whether the enzyme is only active at the ER-membrane in 

vivo or needs a cofactor at lipid particle in vitro. In the same work, it could be also shown that 

the overexpression of the gene leads to an increase in vitro enzyme activity to approximate five 

folds. Leber et al. (2001) likewise described a sterol regulation of the transcription of ERG1. 

An inhibition of the ergosterol biosynthesis by inhibitors such as terbinafin or ketoconazol 

leads to increase the expression of the gene up to seven folds dependent on concentration of 

inhibitor. Thereupon accomplished deletion analysis of the activator led to the identification of 

a new regulatory DNA sequence elements and the removal of this element led to the loss of the 

sterol-dependent ERG1regulation.  

The next step in the post-squalene-biosynthesis pathway involves the Erg7p, lasnosterol 

synthase. This is a very impressive enzyme in that it is responsible for several ring closures and 

cleavage reactions in converting what is essentially a linear substrate with branches into a 

structure with four closed rings (Corey et al., 1994). This enzyme is exclusively located in lipid 

particles (Milla et al., 2002). The substrate is squalenepoxide which is highly reactive and 

whose accumulation can lead to damage of membranes. Once the reaction of Erg7p is disrupted 

by deletion of ERG7 gene, squalenepoxide accumulates in lipid particles. This is a protection 

mechanism to prevent the attachment of a reactive metabolite like squalenepoxide to other 

organelles. Overexpression of ERG7 under control of ADH1 promoters leads to increase of 

enzyme activity to a factor of 8 in vitro (Corey et al., 1994). Thereby the first sterol molecule, 
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lanosterol, is formed. The subsequent enzyme reactions, catalyzed by sterol 14-α-

demethylase(Erg11p), sterol-C14-reductase (Erg24p), C4-sterol-methyloxidase (Erg25p), 4α-

carboxysterol-C3-dehydrogenase (Erg26p) and the 3-keto-reductase (Erg27p), lead to 

successive demethylation and reduction of the sterol body. All of these enzymes are located on 

the ER-membrane. Sterol-14-α-demethylase (Erg11p) is of particular importance and interest. 

ERG11 is a NADPH- and heme-dependent P450 cytochrom protein (Kalb et al., 1986 und 

1987; Bard et al., 1993). Overexpression of ERG11 showed significant increase in expression 

level (2% of the whole mRNA or 3% of the whole yeast proteins, respectively) under control of 

constitutive promoters, like the PHO5- or ADC1- promoter. However, this protein is only 

present with 50% overproduction as apoprotein, i.e. not associated with heme, about the half of 

the protein is also active as Holoenzyme (associated with heme) in vivo (Weber et al., 1990 and 

1992). Therefore increased activity of Erg11p showed a slight enrichment of the sterols 4,4-

dimethylzymosterol and zymosterol. Since these intermediates are only present in very low 

amounts in the wild type, the increase of activity did not give rise to a significant increase of 

the total sterol content of the cell (Weber et al., 1992). In the subsequent enzyme reaction of 

sterol-C14-reductase (Erg24p) the biosynthesis of 4,4-dimethylzymosterol from 4,4-

dimethylcholesta-8,14,24-trienol is catalyzed. Macireau et al. (1992) investigated the influence 

of overexpression of ERG24 in wild type yeast. In vivo the content of sterol did not be changed 

by overproduction of the enzyme however an increased resistance could be measured against 

the inhibitor fenpropidin, and a substrate-similar. This result suggests that an overexpression of 

sterol-C14-reductase leads to an increase of enzyme activity since an increased amount of 

inhibitor can be processed. The availability of substrate is limiting however, that is why the 

sterol content did not increase. After the sterol-C14-reductase (Erg24p) reaction the C4-

demethylation follows. C4-demethlyation proceeds through an oxidative process in which 4 α-

methyl sterol are first oxidized to an alcohol, converted to an aldehyde, and finally to a 4 α-

carboxylic acid. These reactions comprise the C-4α–methly oxidase component of C-4 

demethylation and it is believed that the same enzyme, Erg25p, catalyzed all three reactions 

(Bard et al., 1996). Gachotte et al. (1998) investigated the structure of this protein and found 

that no transmembrane domains are present even though the demethylation of the sterol body 
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takes place at the ER membrane. This result indicates that the C4-demethylation catalyzed by 

Erg25p, Erg26p, and Erg27p takes place in a multienzyme complex with only a part of the 

complex being membrane associated. Recently, Erg28p, another protein involved in the 

demethylation reaction, was identified (Mo et al., 2004). Gachotte et al. (2001) suggested that 

this enzyme is either part of the multi-enzyme complex formed by Erg25p, Erg26p, and Erg27p 

or is involved in its formation. In a work of Swain et al. (2002) the direct interaction of the 

three proteins (Erg25p, Erg26, and Erg27p) could be confirmed by two-hybrid experiments. 

However the involvement of Erg28p was not yet investigated. Finally zymosterol is formed by 

the catalysis of 3-keto-reductase (Erg27p) (Gachotte et al., 1999). The remaining five steps of 

the pathway are non-essential for viability under normal growth conditions. That is, the sterol 

intermediates synthesized are similar enough to ergosterol to allow growth. In the following 

methylation of zymosterol is converted to fecosterol whereby S-Adenosyl methionin serves as 

donor (Nes, 2000). The methyl group on C24 makes the specific sterol body for the ergosterol 

biosynthesis pathway of yeast. The sterol methyltransferase (Erg6p) is mainly located on the 

lipid particles (Leber et al., 1994). The following two enzymatic steps which are catalyzed by 

C-8 isomerase (Erg2p) (Ashman et al., 1991) and the C-5 desaturase (Erg3p) (Arthington et al., 

1991) modify the B-ring of the sterol body. Soustre et al. (2000) investigated that the 

transcription of ERG2 is enhanced by a factor of 8-16 in absence of ergosterol. The presence of 

ergosterol however leads to repression of the transcription of the gene. Similar facts could be 

obtained earlier of the transcription of ERG3 (Arthington-Shaggs et al., 1996; Smith et al., 

1996). Disrupting the pathway of ergosterol biosynthesis, which leads to a lack of the end 

product, ergosterol, causes enhancement of the ERG3 transcription level by a factor of 5-9. In 

the area of the promoter of ERG3 two upstream regulation sides (UAS1 and UAS2) were found 

(Arthington-Shaggs et al., 1996). Deleting these promoter domains induces a decrease of 

transcription of ERG3 by a factor of 3-4. More recently, Vik and Rine (2001) were able to 

identify two transcription factors, the so-called sterol regulation element binding proteins 

(SREBPs) in Sacchromyces cerevisiae. These transcription factors regulate the transcription of 

ERG2 and ERG3 in dependency on the content of free ergosterol in the cells by binding 

specifically to domains within the promoters. So far such SREBPs have been only known from 
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mammal cells (Shimano et al., 2001). Investigations likewise on several deletion strains, where 

the synthesis of ergosterol is interrupted, showed that particularly ergosterol has regulatory 

property on the transcription of ERG2 and ERG3 genes. On the other hand the content of other 

sterol precursors does not influence transcription.  

In the further process of the metabolic pathway the reaction of the C22-sterol-desaturase 

(Erg5p) follows, whereby another double bond in the sterol side chain on position C22 is 

eliminated. As already mentioned for Erg11p, also Erg5p is a cytochrom-P450 heme-dependent 

enzyme (Hata et al., 1983). The product of the enzyme reaction is ergosta-5,7,22,24-tetraenol 

which is finally converted to ergosterol by sterol C-24 reductase (Erg4p) in the last step of the 

ergosterol biosynthesis. The enzyme catalyzes the reduction of the double bond on the methyl 

residue on the C-24 atom. Zweytick et al. (2000) demonstrated that Erg4p is localized to the 

ER, indicates that the ergosterol biosynthesis is completed on the ER-membrane. Therefore 

ergosterol serves to maintain membrane fluidity and regulates the activity of membrane 

proteins; however the question remains how the synthesized ergosterol comes to the plasma 

membrane. Pichler et al. (2001) found out via membrane-fractionation experiments that there is 

an area of the ER membrane associated directly with the plasma membrane (“plasma-

membrane-associated membrane”[PAM]). The accumulation of Erg9p and Erg6p in PAM 

suggests that this membrane has a particular high capacity for the synthesis of lipids and sterols. 

Whether sterols are transported to the plasma membrane in this way or via vesicle-mediated 

transport, like it was shown for temperature-sensitive secretion mutants (Pichler et al., 2001) is 

currently still subject of discussion. 

 

1.1.3 Phospholipid biosynthesis 

Phospholipids are essential structural components of all biological membranes, and consist of a 

glycerol backbone esterified with two fatty acids and one phosphate. Variation in head group 

and acyl chain composition results in the occurrence of hundreds of different phospholipids 

species (Fig. 3a). In the membranes of yeast phosphatidylcholine (PC), 

phosphatidylethanlolamine (PE) and phosphatidylserin (PS) were found mainly. PC is the end 

product of phospholipids biosynthesis (Carman and Henry, 1989) and is reservoir for the 
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synthesis of many secondary messenger materials in the cell (Exton, 1994). As already 

described above, the fatty acid composition of S. cerevisiae is fairly simple; the most abundant 

fatty acids are C-16:0 (palmitic acid), C-16:1 (palmitoleic acid), C-18:0 (stearic acid) and C-

18:1 (oleic acid). Most recently C-26 fatty acids were recognized as typical minor components. 

However, other fatty acids may be present in minor quantities but still be of physiological 

importance. As an example, phospholids containing C-26 fatty acid appear to be essential for 

nuclear function (Schneiter and Kohlwein, 1997). 

The biosynthesis of phospholipid takes place in the ER-membrane and mitochondria of yeast 

(Daum and Vance, 1997). Phosphatidic acid (PA) is a key intermediate of yeast phsopholipid 

biosynthesis (Fig. 3b). The two pathways leading to the formation of PA in S. cereivisiae use 

either glycerol-3-phosphate (G-3-P) or dihydroxyacetone phsophaste (DHAP) as a substrate. In 

the first pathway, G-3-P is acylated by G-3-P acyltransferase (GAT1) at the sn1 position to form 

lysophosphatidic acid (LPA, 1-acyl-3-P). In a second acylation step, 1-acyl-3-P is converted to 

PA catalyzed by 1-acyl-3-P acyltransferase (AGAT) (Tillman and Nell 1986). These 

acyltransferase enzymes that catalyze the acylation of G-3-P or DHAP were found in the lipid 

particle, microsome and mitochondria (Christiansen, 1978). It was also however discussed 

whether there is only an acyltransferase (Tillman and Nell 1986). They assigned the activity of 

putative enzyme Gat1p. In a Gat1p-deletion mutant the activity of acyltransferase could not be 

measured (Athenstaedt and Daum, 1999). 

PA is used as a substrate for the formation of CDP-diacylglycerol (CDP-DAG) in a CTP 

dependent reaction catalyzed by CDP-DAG synthase Cds1p (Shen et al. 1996). CDP-DAG is 

essential for cell growth and represents a key intermediate in the biosynthesis of complex 

phospholipids, such as PI, PS, PE, and PC. Reduction of the level of CDS1 activity results in 

transcriptional level of genes involved in following conversion of CDP-DAG into 

phospholipids. The transcription of CDS1 is regulated by inositol (Gaynor et al. 1991) and 

inositol was enriched with a low level of Cds1p and transported partially even from the cell 

(Shen and Dowhan, 1996). The individual phospholipids such as PC, PE, PS and PI are finally 

synthesized from CDP-DAG. On the other hand this step is modulated by PI synthase (PIS1) 

for synthesis of PI or modulated by PS-synthease (PSS1/CHO1) for synthesis of PS (Fig. 2b). 
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Many genes which encode enzymes of the phospholipids biosynthesis are regulated as 

coordinated form with transcriptional level (Henry and Patton-Vogt, 1998). All genes contain 

ICREs in their activator regions and are dependent on the contents of inositol and cholin of cell 

(Carman and Henry, 1989). The transcription of co-regulated gene of phospholipids 

biosynthesis is experimented in the logarithmic growth phase under absence of inositol and 

choline in the medium. If these procures for lipid metabolism are available, the genes are 

regulated accordingly (Carman and Herny, 1999). 

 

Fig. 3. Phospholipids in yeast. A. Structure of phospholipids (Phosphotidylethanolamine), B. 
Simplified construction of phospholipid biosynthesis pathway (Daum et al., 1998). Metabolite; 
G-3-P: glycerol-3-phospholipid, PA: Phosphatidic acid, DG: diacylglycerol, CDP-DG: CDP-
diacylglycerol, PI: Phosphatidylinositiol, PS: Phosphatidylserin, PE:Phosphatidylethanolamine, 
PC: Phosphatidylcholin. Enzymes; ACS1: Acyl-CoA synthease, GAT1: glycerol-3-phosphate 
acyltransferase, PAP: phosphatidic acid phosphatase, CDS1: CDP-diacylgylcerol synthease, 
PIS1: phosphatidylinositiol synthease, PSS1/CHO1: phosphatidyl synthease 
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1.1.4 Sphingolipids biosynthesis  

Sphingolipids are another class of component that can be found on the membranes of yeast. 

Recent yeasts have witnessed the appreciation of sphingolipids as dynamic participants in the 

cell processes, including cell cycle control, apoptosis, cell senescence, aging, and responses to 

cell stress (Hannun et al. 2000; Dickson et al. 2002; Obeid et al. 2002). Sphingolipids are 

characterized by a sphingolipid long-chain base that is linked by an amide group to a fatty acid 

to form a ceramid (Fig. 4). The long chain base in S. cerevisiae is phytosphingosin (PHS). 

Phytosphingosin is also the primary long-chain base found in most plant ceramides, with only 

trace amounts found in animal sphingolipids. Ceramides in S. cerevisiae contain a long fatty 

acid of C-26 that is rarely found in other lipid components. Therefore the ceramides become 

very complex sphingolipids by modification on the C-1 hydroxylgroup. A special characteristic 

of yeast is the bonding of an inositol-phosphate to the C-1 molecule (Lester and Dickson, 1993; 

Lester et al., 1993). 

 

 
Fig. 4. Diagram of sphingolipid metabolism in yeast S. cerevisiae (for genes see text; Dickson 
et al. 2000). IPC: inositol phosphoryl ceramide, MIPC: Mannose-inositol-P-ceramide. 
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Sphingolipid are synthesized de novo from the amino acid serine and a saturated fatty acid-CoA 

(palmitoyl-CoA) thioester (Fig. 4). The reaction condenses the carbon of serine with the 

carbonyl fatty acid group and is carried out by serine palmitoyl transferase (SPT). In both yeast 

and mammals, SPT composed of two subunits, termed LCB1 and LCB2 (Murrill and Jones, 

1990). In the second step in sphingolipid synthesis, 3-ketodihydrosphingosine rapidly 

converted to dihydrosphingosine through the action of Tsc10p, 3-ketosphingosine reductase 

(Beeler et al. 1998). Dihydrosphingosine(DHS) is hydroxylated by the C4-hydroxylase Sur2p, 

producing phytosphingosin(PHS). Afterwards the long-chain fatty acid (C26) is inserted 

whereby finally the ceramide structure is developed. In yeast, phytoceramide is converted to 

inositol phosphorylcerimide (IPC) by an IPC-synthetase (AUR1) (Dickson et al. 1997b). IPC is 

finally mannosylated by Sur1p and Csg2p (Zhao et al. 1994). IPC accumulates in the absence 

of either gene and has an effect to calcium concentration in the medium. Thereby probably 

transport processes are disturbed in the plasma membrane (Beeler et al. 1997). Studies have 

demonstrated that IPC and its mannosylated derivatives MIPC and M(IP)2C are components of 

the plasma membrane phospholipids in S. cerevisiae. Even most of the genes participating in 

the sphingolipid synthesis have been already identified, only few of the coding enzymes have 

been characterized (Daum et al. 1998). Thus only few are well-known about this regulatory 

mechanism of metabolic pathway. Additionally so-called “lipid rafts” are membrane domains 

and are involved in the intracellular sorting and traffic of specific proteins, and in signal 

transduction at the cell surface. They are associated with sphingolipids. The term “lipid rafts” 

denotes the lateral association of sterols and sphinoglipids. In mammal cells these membrane-

micro-domains are thought to have a special importance for transport processes of proteins and 

cell signal function. For the first time these lipid rafts have been isolated by Bagnat and 

collaborators (2000). They proved that the functions of these structures in yeast are comparable 

with lipid rafts in mammal cells and that the association of ergosterol and sphingolipid also 

take place on the ER membrane and the Golgi apparatus. They also demonstrated that 

ergosterol and sphingolipids are required in same amounts for the integrity of the rafts and a 

lack of either ergosterol or sphingolipids interrupts the formation of rafts. The impact on the 

transport of vesicles in the cell however, is not yet known.  
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1.1.5 Storage lipid biosynthesis 

The main storage lipids in eukaroyotes are triacylglycerides (TAG) and steryl esters. Storage 

lipids are usually found within special organelles known as lipid particles or lipid bodies. Lipid 

particles of wild yeast contain 50% sterylesters and 50% triacylglycerides. In yeast, these lipid 

bodies accumulate during stationary phase, and they can constitute up to 70% of the total lipid 

content of the cell (Leber et al. 1994). The cell responds to increase the amount of sterylesters 

by increase of the number and size of the lipid particles, which results in an increase of yeast 

cell diameter (Polakowski et al. 1999, own observations).  

 

1.1.5.1 Triacylglyceride biosynthesis 

TAG is no membrane components but serve as means of storing fatty acids in lipid particles. 

The synthesis of this fatty acid as storage substance creates an opportunity to store energy in 

the cell and hence plays a special role in the energy balance of the cell. Only in recent years the 

investigation of the TAG biosynthesis has been intensified. TAG is synthesized from 

diacylglycerol which is also needed as a precursor for the synthesis of phospholipids and can 

be synthesized in at least two different ways. One is an acyl-CoA-dependent reaction that is 

catalyzed by acyl-CoA-diacylglycerol acyltransferas (DGAT) (Bell and Coleman, 1980; 

Stymne and Stobart, 1985). Two different DGATs are known to exist in eukaryotes and one 

such gene is the DAG1 gene in yeast (open reading frame YOR245c). Deletion of the DGA1 

gene leads to a decrease in the amount of triacylglycerides by 25% (Oelkers et al., 2002). 

In addition to the reaction catalyzed by the two types of DGATs, an acyl-CoA-independent 

pathway for TAG synthesis was also discovered in yeast (Dahlqvist et al. 2000). This pathway 

involves the enzyme phopspholipid diacylglycerol acyltransferase (PDAT), which can 

synthesize TAG from phospholipids and diacylglycerol (Dahlqvist et al. 2000). PDAT is 

distantly related to the mammalian enzyme lecithin cholesterol acyltransferase and is encoded 

by the LRO1 gene in yeast (Oelkers et al. 2002). In both publications (Dahlqvist et al. 2000: 

Oelkers et al. 2002) the enzyme was coded in the yeast ORF YNR008w. A deletion of this gene 

leads to a decrease of triacylglycerol content of 75%, indicating that the main part of 

triacylglycerol synthesis occurs via Lro1p catalysis. In a dga1-lro1-double-knock-out-strain the 
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triacylglycerol content was reduced to 3%. It was found that the remaining activity was due to 

the steryl acyltransferase Are2p (Oelkers et al. 2002). A total of three enzymes Lro1p, Dga1p, 

and Are2p are thus involved in the biosynthesis of triacylglycerides. The content of sterylesters 

in a dga1- or lro1-strain does not change merely but the ratio of sterylesters and 

triacylglycerides in the lipid particles. This also leads to a complete loss of lipid particles in a 

deletion strain of the genes DGA1, LRO1, and ARE2 in combination with a deletion of ARE1, a 

gene which is alongside ARE2 involved in the esterification of sterols. It shows that the main 

purpose of lipid particles is the storage of neutral lipids (Sandager et al. 2002). The main 

enzymes in triacylglycerol biosynthesis, Lro1p and Dga1p, are located in the ER and in the 

lipid particles. Also the enzymes necessary for diacylglycerol synthesis are located in the lipid 

particles, thus an autonomous synthesis of triacylglycerides is possible in those compartments 

(Sorger and Daum, 2002). Dahlqvist et al. (2000) investigated the influence of an 

overexpression of LRO1 on the content and ratio of lipids. They found that triacylglycerol was 

accumulated in lipid particles over the time while the diacylglycerol and phospholipid contents 

decreased. However the content of sterylesters remained unaltered likewise in the deletion 

strain of the genes DAG1 or LRO1. An investigation of the substrate specificity of Lro1p 

showed that mainly oleoyl groups (C16:1) are transferred from phosphatidylcholine to 

diacylglycerol. 

 

1.1.5.2 Steryl ester biosynthesis 

Steryl esters, the esterified form of sterols linked to a long chain fatty acid, are synthesized by 

the enzyme steryl-acyltransferase. The esterification is catalyzed by the two steryl-

acyltransferases Are2p and Are1p, where Are2p synthesizes with 70% the most part of the 

esters (JensenPergakes et al., 2001). Steryl ester is incorporated in plasma membranes and the 

biosynthesis takes place on the ER-membrane. In yeast as in other organism, cellular sterol 

homeostasis requires that excess sterol is incorporated into steryl esters that are then deposited 

into cytoplasmic lipid particles. Therefore, it constitutes another regulatory mechanism of sterol 

biosynthesis since the storage of sterol entails the regulation of free sterol which can be 

incorporated into membranes. Ergosterol is known as one of the main regulators in the 
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ergosterol biosynthesis. For the regulation of this end product a number of genes are known. 

Esterification deposes the free form of sterol that has regulatory activity. Investigations on 

ARE1 and ARE2 deletion strains have elucidated that these two isoenzymes have different 

substrate specificity. While the substrate of Are2p is most of all ergosterol, Are1p has an 

elevated affinity for sterol precursors, particularly lanosterol and zymosterol (Polakowski et al. 

1999; Jensen-Pergakes et al. 2001). The specificity for long-chain fatty acids is the same for 

both enzymes. Both Are2p and Are1p use mostly palmitoleoyl (C16:1) and oleoyl (C18:1) as 

acyl donor and then transfer the acyl moiety to the sterol acceptor (Zweytick et al. 2000). 

Deletion of steryl-acyltransferases leads to significant increase of the free fatty acid content in 

cells, whereas the amount of triacylglycerides is not influenced (Zweytick et al. 2000). 

Likewise an absence of steryl ester leads to lipid particles that exclusively contain 

triacylglycerides like in the case of deletion of ARE2 and ARE1. This supports the suggestion 

that the formation of lipid particles is not dependent on the presence of either steryl ester or 

triacylglycerids. 

 

1.2 Interactions between sterol biosynthesis and other lipidic pathways in yeast 

Although most genes of the yeast lipidic biosynthetic pathways have been identified and a 

number of gene products have been characterized, many questions remain open in 

understanding of the metabolic network governing lipid metabolism in yeast. As indicated 

before, besides sterols, membranes of the yeast Saccharomyces cerevisiae are composed of 

fatty acids, phospholipids, sphingolipid, constituents that are typical for eukaryotic cells (van 

der Rest et al. 1995). The relative ratio of these components is very stable under normal growth 

conditions, therefore these lipidic pathways are linked to highly regulatory mechanisms. Since 

this investigation centers on the ergosterol biosynthesis it will further focus on examples of 

how such cross-linked regulatory mechanisms effect to the ergosterol biosynthesis. 

 

1.2.1 Sterol and sphingolipid biosynthesis 

In the past years studies suggested a close connection between sphingolipid and sterol 

biosynthesis. Swain et al. (2002) investigated an erg26 mutant strain which lost ability to 
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synthesize ergosterol and instead accumulated zymosterol intermediates. In this mutant the 

ceramide synthesis and hydroxylation are strongly altered within the sphingolipid biosynthesis 

pathway. Storey et al. (1998) observed a similar repression in sphingolipid biosynthesis when 

inhibition of HMG CoA reductase by lovastatin additionally resulted in an inhibition of the 

ceramide biosynthesis. The absence of SREBPs (Sterol regulation element binding proteins) in 

mammalian cells leads to a disturbed cholesterol and sphingolipid biosynthesis. Also 

esterification of sterols is increased when sphingomyeline is missing in the membrane (Slotte 

and Biermann, 1988).  

Another interesting relationship between sterol and sphingolipid biosynthesis was investigated 

with an erg24 mutant strain. While the erg24 mutant is not normally able to grow any more, it 

is re-established if the ELO3 gene coding for the fatty acids elongase is additionally deleted. 

Furthermore sphingolipids cannot be synthesized due to a lack of C-26 fatty acids in the elo3 

strain. The result shows that the absence of sphingolipids has a compensating effect for the lack 

of ergosterol in the membrane. However this mechanism is unknown yet. On the other hand it 

could be assumed just that the absence of sphingolipids leads to an increase of trimethylated 

sterol precursors in ERG24 deletion strain since they are embedded in yeast membranes. With 

this step the integrity of the membrane could be re-established.  

In another study Eisenkolb et al. (2004) reported that an erg6 deletion mutant that is normally 

viable and produces zymosterol becomes synthetically lethal in the case of a suppression of the 

biosynthesis of very long chain fatty acids due to the deletion of the gene ELO3. In contrast to 

methylated sterol intermediates that arise in an erg24 mutant, zymosterol, the major sterol 

intermediate in an erg6 mutant, seems to be a membrane constituent that is dependent on the 

availability of sphingolipids.  

Vik et al. (2001) demonstrated that UPC2 and ECM22, sterol regulatory binding protein, regulate 

S. cerevisiae transcription sterol biosynthetic genes, ERG2 and ERG3. Valachovic et al. (2004) 

reported that the erg2upc2ecm22 triple mutant is also synthetically lethal. A clue to the effect on 

viability of the triple mutant strain was obtained when a suppressor of this strain was found to 

contain the elo3 mutation. Their result also demonstrated a synergistic relationship between 

sterols and sphingolipids. However, a deletion of ELO2 did not suppress this triple mutant. 
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Micoarry analysis by Bammert and Fosterl (2000) showed a coordinated regulation of 

sphingolipid and sterol biosynthesis. They analyzed the global effects of azole antifungicides and 

described that manipulation of the ergosterol biosynthesis also alters expression levels of genes, 

SUR2 and LCB1, involved in the sphingolipid biosynthesis. The genes were significantly down 

regulated.  

Furthermore, inositol has a significant role in correlation between lipid pathways and is also an 

important regulator in lipid metabolism. A regulation of transcription by inositol via ICRE 

(Inositol/Cholin responsive element) has already been proven in biosynthesis of fatty acids. An 

increase of inositol concentration led to a decrease of expression level of genes involved in 

fatty acids biosynthesis (Schueller et al. 1992). The degree of repression however differs from 

gene to gene which allows fine-tuning. In this sense inositol is a regulating modulator of lipid 

metabolism. McCammon and Parks (1982) demonstrated an example for inositol regulation. 

They were able to show that an increased inositol level in the yeast cell results in the inhibition 

of sterol biosynthesis. This entails the simultaneous repression of the sphingolipid biosynthesis. 

The demand of inositol for sphingolipid biosynthesis decreases as a consequence, resulting in 

further accumulation of inositol, i.e. the repression of ergosterol biosynthesis is amplified. 

However the cell will discharge excess inositol in this case (Shen and Dowhan, 1996). 

It is interesting to coordinately regulate between sphingolipid and sterol pathways in the context 

of “lipid rafts”, which are involved in important intracellular transport processes. An imbalance 

of the sphingolipid and sterol components of these membrane transporters leads to the loss of 

structural integrity and to a negative effect on the whole metabolism as false relocations of 

membrane compounds or proteins may occur due to defective transport. Therefore, the question 

to how regulatory or modulating mechanisms actually connect to the two metabolic pathways 

arises.  

 

1.2.2 Sterol and phospholipid biosynthesis 

Sterol and phospholipid biosynthesis are also closely connected. Baudry et al. (2001) 

investigated further on the erg26 mutant strain which lost ability to synthesize ergosterol and 

instead accumulated zymosterol intermediates. They could prove that an altered ergosterol 
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biosynthesis also has an impact on phospholipid biosynthesis besides the influence on fatty 

acids biosynthesis. The rate of synthesis of the precursor phosphatidylic acid (PA) is increased 

by a factor of 1.9 while the rate of synthesis of phosphoinositol (PI) is decreased by a factor of 

1.7 in the erg26 mutant strain. Inositol level in the erg26 mutant strain was increased. Further it 

can be assumed that the increased inositol level represents a regulatory element in the cell. 

Transcription of the CDP diacylglycerol synthase gene, CDS1 is repressed by inositol (Gaynor 

et al. 1991), which leads to a smaller number of inositol acceptors and to a decrease in 

phosphoinositol synthesis despite an increase of inositol level. With that mechanism not only 

the decrease of phosphoinositol synthesis but also the accumulation of phosphatidylic acid can 

be explained. It is the result of the decreased diacylglycerol synthase activity, since this enzyme 

uses phosphatidylic acid as substrate which thus is accumulated by decreased reaction. 

 

1.2.3 Sterol and fatty acid biosynthesis 

Microarray analysis experiments by Bammert and Fosterl (2000) showed that a change of 

ergosterol biosynthesis by azole or gene deletion has a direct impact on the transcription of 

genes involved in the synthesis of fatty acids. In particular, the transcription of the ELO1, 

OLE1, and FAS1 genes is decreased, resulting in a lower synthesis of fatty acids. For storage of 

sterols in the cell, additionally the steryl esters needed the increased quantity of fatty acids 

since the esterification of sterols by the steryl-acyltransferases Are2p and Are1p stands in 

competition with other fatty acid dependent metabolic pathways around fatty acids. This 

suggests that the yeast can adapt their biosynthesis of fatty acids to its needs, e.g. for storage of 

sterylesters. Therefore an unsettled question in this context is that lipid compound is supplied 

preferentially with fatty acids. This assumption is supported by investigations on the regulation 

of acyl CoA carboxylase (Acc1p) (Hardie and Carling, 1997). It was shown that transcription 

of the ACC1 and HMG1 genes, which code the first bottleneck enzyme of the early ergosterol 

biosynthesis, are co-regulated. If ergosterol biosynthesis is increased, the synthesis of fatty 

acids is also increased and if ergosterol biosynthesis is decreased, fatty acid synthesis is also 

decreased. Supposedly this mechanism depends on the high levels of free sterols damaging the 

membranes and thus an increased demand for fatty acids is arising for sterol esterification 
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reactions. On the other hand Sandager et al. (2002) showed that the absence of 

triacylglycerides does not lead to a change in fatty acid content. In this case the triacylglycerol 

precursor, diacylglycerol, does not have membrane damaging properties but serves mainly as 

acceptor for the storage of fatty acids. Likewise the metabolism of fatty acids and sterols 

represents a very intricate network of pathways that are regulated in a precise manner in order 

to maintain lipid homoeostasis within a cell. 
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2. Conclusion 
Recapitulatory it can be stated that the metabolic pathways of the lipid metabolism are interacted 

by a number of regulatory mechanisms. By this interaction the lipid composition of all cell 

membranes is maintained with strict limits and at an optimal concentration. As indicated in 

introduction, many single reactions for regulating ergosterol biosynthetic pathways have been 

already unraveled. The exemplarily provided regulatory mechanism as a single reaction for 

regulation of ergosterol represent only a small part of the entire regulatory networks which 

extends beyond the lipid metabolism. Therefore, future research efforts need to be directed 

towards understanding how lipid synthesis and turnover are interrelated with other metabolic 

pathways and cellular processes in Saccaromyces cerevisiae. Recent developed methods of lipid 

analysis and molecular biological methods can help to gain a better understanding of complex 

regulatory networks. Since yeast is probably the system that is best understood at the genetic and 

molecular biological levels, it will be helpful to study similarities to other species. Such 

investigations will contribute to our global knowledge of lipid metabolism and linked processes. 

Till now, the interactions between the sterol and other lipid metabolism have been established. 

However, the various regulations were just observed at transcriptional and proteomics level with 

the yeast wild type (Carman and Henry, 1999; Lees et al., 1999; Dickson and Lester, 2002). 

Therefore, this thesis will be investigated these several links between the biosynthetic pathway of 

sterol and other lipids pathway with systematically constructed yeast strains by genetically 

modification of major key enzymes. The knowledge of the regulatory networks analyzed by 

Linear Program and Pathway StudioTM will be help to identify the metabolic lipid mechanism 

and the fermentations with the wild type and constructed yeast strains will be help to collect the 

basic data concerning to environmental factors and the growth requirements for the production of 

high value sterol intermediates.  
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Ⅱ. Practical Part 

1. Three approaches to solve the problem and purpose 
1.1 Identification of interaction between lipid pathways by overexpression of target genes 

and microarray gene chip  

Till now the interactions between the ergosterol and other lipid metabolism have been 

established, however, it was just observed at transcriptional and proteomics level with the wild 

type yeast (Carman and Henry, 1999; Lees et al., 1999; Dickson and Lester, 2002). To investigate 

the interactions between the ergosterol and other lipid metabolism with yeast strains constructed 

by genetically modification of major key enzymes, key emzymes in fatty acids biosynthesis 

metabolism will be individually overexpressed to identify interactions in yeast Saccharomyces 

cerevisiae endogenously. In parallel, strains will be fed with externally supplied lipid 

intermediates to investigate their influence on the global metabolic network of lipid biosynthetic 

pathways.  

The team of C. Lang and coworkers already investigated that the content of squalene were 

increased in a yeast strain that overexpresses tHMG1 (Polakowski et al., 1998), the major 

regulatory step in the sterol biosynthetic pathway, and the simultaneously deletes ACB1 gene, a 

gene which is involved in the fatty acid transport. It could be shown that the deletion of ACB1 

leads to the accumulation of C16/C18-fatty acid. In addition, Schjerling et al. (1996) already 

analyzed produced sterols content according to up-regulation of these genes by lipid analytic 

methods and already identified simply interaction of lipid metabolism. Also, we verified the 

process of fatty acid biosynthesis by means of the deletion of tHMG1 (truncated HMG1) 

simultaneously with overexpression of fatty acid synthesis genes. This result could provide how 

the metabolism of long chain fatty acid changes in yeast cell. 

For the storage of steryl ester in lipid particles of yeast fatty acids need. In addition to this 

storage function fatty acids are structural components of the other membrane constituent of 

phospho- and sphingolipids. Therefore the availability of fatty acids competes with different 

metabolic activities. In this context an unsolved question is the targeting and distribution of fatty 

acids to different lipid pathways. The microarray data from Bammert and Fostel (2000) have 



II. Practical Part                                                    1. Problems and purpose 

 

23

shown that the fatty acid biosynthesis is down regulated in strains that harbour a defect in sterol 

biosynthesis. The microarray data from Bammert and Fostel (2000) could refer to the cells’ 

ability to adapt the fatty acid biosynthesis to the needs for metabolic processes, e.g. the storage 

of sterols as steryl ester. This suggestion was underlined by investigations on the regulation of 

the acyl-CoA-carboxylase (Acc1p) by Hardie and Carling (1997). They have shown that the 

transcription of ACC1 and HMG1 are strongly co-regulated. An increase of the sterol 

biosynthetic capacity results in an increased availability of fatty acids. This has been observed in 

studies to accumulate sterols in the yeast. Furthermore, the availability of fatty acids seems not to 

be a limiting factor for the esterification and accumulation of sterols in the cells (Veen et al., 

2003). Veen et al. (2003) in the Lang group has also observed that the biosynthesis of 

triacylglycerides (TAG) increases strongly if sterols accumulate in lipid particles (unpublished 

data). This might suggest that the amount of steryl ester and fatty acid ester depends on 

equilibrium in lipid particles as these both components are the major lipid particle constituents. 

Like that, several links between the biosynthetic pathway of ergosterol and other pathways 

involved in the biosynthesis of lipids have been detected in recent investigations. The knowledge 

of regulatory networks will be a major key for the systematic deregulation of the ergosterol 

biosynthetic pathway and the production of high value sterol metabolites with the yeast 

Saccharomyces cerevisiae. Therefore we investigated the interaction between the lipid pathways 

with the expression profiles of wild type and ACC1-overexpressing strains established by using 

COMBIMATRIX CustomArrayTM (CombiMatrix, USA). Furthermore, we investigated the 

interaction between sterol and other lipid pathways with Pathway studioTM (ARIADNE, USA) 

analysis based on the data observed by microarray. 

 

1.2 Batch-fermentation for production of sterols and fatty acids in yeast Saccharomyces 

cerevisiae.  

Sterols are essential structural and regulatory components of eukaryotic cell membranes 

(Volkman, 2003). Ergosterol, the end product of the biosynthetic pathway and main sterol in 

yeast, is responsible for structural membrane features such as fluidity and permeability similar to 

the way cholesterol functions in mammalian cells (Parks et al., 1995). Several sterol 
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intermediates are economically important metabolites (Veen and Lang, 2004). Among others, 

ergosterol is commonly known as provitamin D2. Lanosterol, the first sterol of the pathway, is 

used as a non-ionic, auxiliary emulsifier to jellify hydrocarbons and is added to cosmetic 

preparations, particularly lipsticks and cosmetic creams. In particular sterols also function as 

moisterizers in skin-conditioning cosmetics and serve as the initial material of choice for the 

synthesis of various tetracyclic triterpenoid derivatives (Sjostrom et al., 1993). Furthermore 

sterols act as structural components in liposomes which are used as carriers for drugs and 

diagnostic substances in pharmaceutical applications (Stach et al., 1997). Last but not least, 

sterols serve as a raw material for steroids and steroid hormones. Additional novel applications 

for sterols have been outlined in recent papers. Subbiah and Abplanalp (2003) demonstrated the 

in vitro anticancerogenic effect of ergosterol on breast cancer cells in yeast extracts. However the 

content of sterols is insufficient for an industrial application in wild type yeast in spite of their 

diversity of applications. Therefore the optimization of production of sterol with yeast can be 

achieved by variations of the fermentation conditions.  

Yeast cells consume carbohydrate as energy and carbon sources by aerobic or anaerobic 

metabolism. The supply of carbohydrate and oxygen determine which metabolic pathway yeast 

cells utilize. In fermentation process, carbohydrates such as glucose, sucrose are consumed first 

of all. Their concentration falls to a relatively low level and then cell growth slows. After a short 

period of adaptation, cells continue to grow by consuming ethanol and to produce some 

metabolites in the first phase of growth. The whole process appears as a two phase curve 

(diauxy). The synthesis of ergosterol is not determined by cell growth but by the oxygen 

consumption rate. The ergosterol content increased when the specific growth rate decreased. 

Batch fermentation is a method of closed fermentation, in which nothing is added any more. 

Considering the characters of ergosterol fermentation, the influence on biomass, ergosterol and 

fatty acids content from different conditions including oxygen supply, high glutamate 

concentration were investigated in this work.  

 

1.2.1 Influence of dissolved oxygen availability for production of lipid compounds in yeast 

Oxygen has a pronounced effect on the growth, general metabolism, and lipid composition of 
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yeast. As a facultative anaerobe microorganism Saccharomyces cerevisiae is able to grow under 

anaerobic conditions. However, two important restrictions have to be considered. Firstly, the 

biomass yield of anaerobically grown yeast is significantly reduced compared to that grown 

under aerobic conditions. Due to the ineffective consumption of medium and a lower final 

biomass this is an undesirable effect for the economical production of a substance produced 

mainly in the stationary phase. Secondly, even Saccharomyces cerevisiae is regarded as a 

facultative anaerobe, it is not able to grow in the complete absence of oxygen without 

supplementation of ergosterol and oleic acid to the medium because oxygen is required for 

certain growth-maintaining hydroxylations, such as those involved in the biosynthesis of sterols 

and unsaturated fatty acids, two essential cellular constituent. This dispels the notion that yeast 

can grow truly anaerobic in the absence of these preformed compounds and oxygen should thus 

be regarded as an important yeast growth factor (Walker, et al., 1998). A pronounced effect of the 

availability of oxygen on the lipid composition of yeast can be observed by Rattray et al. (1975). 

They reported that respiratory-deficient, Crabtree-positive yeast, such as S. cerevisiae, has a 

lower total level of lipid, a highly variable glyceride fraction, decreased phospholipid and sterol 

components, and increased hydrocarbon content.  

Of particular interest for this project were studies that confirm the effect of oxygen addition on 

the sterol and unsaturated fatty acid content. According to Jollow et al. (1968) and Klein (1955) 

large quantities of squalene are accumulated during anaerobic growth, and, upon exposure to 

oxygen, squalene reserves are rapidly converted to sterols.  

This is consistent with the data of Fornairon-Bonnefond et al. (2003) that also showed that the 

absence of oxygen led mainly to the accumulation of a large amount of squalene with only a few 

sterols being detected. The addition of 7mg/l oxygen at the end of the cell growth phase favored 

the transformation of squalene into ergosterol. Similar effects could be found for the content of 

unsaturated fatty acids Rattray et al. (1975). 

The description of the biochemical pathways of unsaturated fatty acids and sterols already imply 

why oxygen is essential for the biosynthesis. In the following a more detailed description of the 

need of oxygen in the indicated biosynthetic pathways will be in the focus. In the biosynthesis of 

unsaturated fatty acids for instance the Δ9-desaturase mediated reaction requires one O2 
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molecule for the formation of each double bond (Ratledge et al., 1989). 

In Saccharomyces cerevisiae the intrinsic membrane-bound Δ9-desaturase is encoded by the 

OLE1 gene. The expression of this gene in turn is regulated at the levels of transcription and 

mRNA stability by nutrient fatty acids and molecular oxygen. Its transcription is controlled 

through two distinct promoter elements, the fatty acid response element (FAR) region, and a 

downstream low-oxygen response element (LORE). Hence hypoxic conditions lead to increased 

transcription of the OLE1 gene (Martin et al., 2002).  

Dissolved oxygen also plays a vital role in sterol biosynthesis. Ergosterol synthesis is thus 

mainly determined by the oxygen consumption rate (Gao et al., 2003). Oxygen is required at 

numerous steps during the conversion of squalene into ergosterol: 1 O2 molecule is required for 

the conversion of squalene to lanosterol, 9 O2 molecules are required for the conversion of 

lanosterol to zymosterol, and 2 O2 molecules are required for the conversion of zymosterol to 

ergosterol (Rosenfeld et. al., 2003: Walker et al., 1998).  

To investigate the influence of dissolved oxygen for production of sterol and fatty acid the wild 

type and recombinant strain genetically modified were used. Like in many fermentation 

processes with aerobic growth conditions oxygen limits the rate of biomass production. 

Additionally oxygen has a particular effect on the biosynthesis of unsaturated fatty acids and 

sterols as outlined before. Therefore fermentation with each strain was conducted and the 

influence of increased oxygen availability was observed at the end of the fermentation by raising 

the revolution speed of the stirrer. The highest yield of sterol was thus expected in the 

recombinant strain overexpressing ACC1 under elevated oxygen availability.  

 

1.2.2 Influence of nitrogen source availability for production of lipid compounds in yeast 

The influence of nitrogen sources on cell growth of Saccharomyces cerevisiae has been reviewed 

by Magasanik and Kaiser (2002). In this review nitrogen sources are divided according to their 

ability to depress systems for use of alternative nitrogen sources into preferred and non preferred 

nitrogen sources. The sources used in this experiment ammonium chloride, ammonium 

phosphate, and sodium glutamte all belong to the group of preferred sources as ammonium and 

glutamate are part of the core pathway of nitrogen assimilation in yeast. Assimilation occurs via 
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transformation of ammonium and α-ketoglutarate, glutamate, and glutamine. Other nitrogen 

compounds are derived via transammination: The use of preferred nitrogen sources as in our case 

have a positive effect on cell growth as pathways for use of alternative nitrogen sources are 

blocked and thus energy is saved. Additionally, studies have shown that the highest biomass 

content is achieved with mixed nitrogen sources. However the total yield of ergosterol per 

volume is determined by the biomass and the ergosterol content per cell. As sterols are no 

nitrogenous compounds ergosterol content of a cell is rather influenced by nitrogen limitation, 

culture conditions, and growth rate. Arnezeder and Hampel (1990) showed that ergosterol 

content increased with decreasing specific growth rate. Shang et al. (2006) investigated that 

ammonium ions lead rather to the accumulation of squalene than sterols while glutamate appears 

to have a positive effect on sterol synthesis. Therefore both strains are compared at lower and 

increased glutamate content in respect to the sterol yield.  

A total of four fermentations are necessary, where the highest sterol yield is expected when using 

the recombinant strain overexpressing ACC1 at a high glutamate level. The increased sodium 

glutamate level is supposed to increase the total biomass and facilitate sterol formation while the 

overexpression of ACC1 is expected to increase the content of fatty acids, the substrate for 

esterification. Additionally, the co-regulation of ACC1 and HMG1 as suggested by Bammert and 

Fostel (2000) as well as Hardie and Carling (1997) may give rise to increased sterol precursor 

levels and thus facilitate ergosterol synthesis. 

Another result of Shang et al. (2006) may give rise to further improvement. They showed that 

preferred nitrogen sources decreased the sterol content per cell due to higher specific growth 

rates while increasing the biomass. However expected non preferred sources had an opposite 

effect. They decreased the growth rate and biomass yield while increasing the sterol content per 

cell. A combination of both types of sources however showed a combined effect of high biomass 

and increased sterol content per cell. 

As already indicated, sterols are of high commercial interest and optimization of the production 

with yeast can be achieved by means of genetic modifications and variations of the fermentation 

conditions. Like that, the use of alternative nitrogen source in fermentation may effect to cell 

growth and production of lipid compound. Therefore, the influence of the nitrogen availability to 
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the cells was investigated by variation of the sodium glutamate content in fermentation of wild 

type and recombinant strain with the overexpression of ACC1. 

 

1.3 Prediction of Knock-out Candidate using Flux Balance Analysis (FBA) for optimal 

production of ergosterol in Saccaromyces cerevisiae 

To solve optimization problems, two kinds of models (the flux balance and the kinetic) can be 

developed. FBA is a method that utilized the metabolic genotype of an organism to analyze, 

interpret, and predictits metabolic phenotype under particular conditions. FBA is an approach 

that is well suited to account for genomic details, as it has been developed on the basis of the 

well-known stoichimetry of metabolic reactions. The approach is based on the metabolic flux 

balance in a metabolic steady state. As described in introduction, because of the high degree of 

regulation of the ergosterol biosynthesis in S. cerevisiae, the application of FBA can provide 

insights regarding the regulatory network and may supply strategies to overcome corresponding 

limitations. In this work, we used FBA in order to improve ergosterol production due to find the 

optimal balance between target metabolite syntheses. The FBA can be used to interpret and 

predict the phenotypic affects of genetic deletions on the organism. The deletion study has 

immediate implications to the interpretation of cellular metabolic physiology. It is possible to 

examine the precise production deficiencies that arise in the network due to the absence of the 

gene(s). The calculated flux distributions can then be correlated to experimental information on 

genetic expression levels. The relation between the flux value and gene expression is nonlinear. 

However, FBA can give qualitative (on/off) information as well as the relative importance of 

gene products under a given condition. Additionally, FBA could be applied to medium 

optimization problem and to find the optimal balance between cell growth and target metabolite 

synthesis. Therefore, such approach will be developed with respect to certain metabolic products 

(ergosterol, lipid compounds). 

 

1.4 Purpose of the work  

As already indicated, microorganisms have been receiving increased attention as sources of 

novel lipids. In particular, a large range of lipidic products (lipids for disease treatment and 
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prevention and the promotion of good health) is known today which is produced by yeast. 

Among others, ergosterol and its metabolic precursors are major components which are of 

industrial and commercial interest. However, in wild type yeast the content of sterols is 

insufficient for an industrial application. In addition, it is of high important to increase the 

productivity of ergosterol and its precursor metabolites as well the knowledge of regulatory 

mechanisms of the corresponding biosynthetic pathway as interactions to other lipid pathways 

like sphingolipids, phospholipids and fatty acids.  

In this work, a strategy will be established to identify those interactions and regulatory 

mechanisms between the different biosynthetic pathways of the lipid metabolism. For this 

approach at first yeast strains will be constructed that bear defined mutations (increased or 

decreased activity) in the individual, linear lipid pathways of sterol, fatty acid biosynthesis and 

subsequently in those strains global metabolic lipid profiles will be recorded. In particular, the 

first is to deregulate systematically the fatty acids biosynthetic pathway because the capacity of 

fatty acids and sterol biosynthesis may depends on equilibrium for membrane constitution. In 

parallel strains will be fed with externally supplied lipid intermediates to investigate their 

influence on the global metabolic network of lipid biosynthetic pathways. Therefore the 

metabolic profiling is intended to be established by COMBIMATRIX (CustomArray) and the 

network between lipid pathways will be analyzed with Pathway StudioTM (Edition Version 5.0, 

ARIADNE, USA) analysis. The identified positive or negative crosstalk signals of other lipid 

pathways or lipid metabolites can either be integrated or barred of a resulting high ergosterol 

yeast strain. Thereby, we will intend to apply for small fermenter with systematically constructed 

yeast strain by using investigated metabolic profiling to collect the basic data and to increase the 

production of sterol intermediates. Considering the characters of ergosterol fermentation, the 

influence on biomass, ergosterol and fatty acids content from different conditions including 

oxygen supply, high glutamate concentration will be investigated in this work. Finally we will 

use FBA in order to improve ergosterol production due to predict knock-out candidate. 
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2.  Materials and Methods 
2.1  Materials 

2.1.1  Primers 

The sequence-specific primers used were listed in Table 2. They include NotI and XhoI 

restriction enzyme recognition sequences at the 5’ end and 3’ end, respectively, to facilitate the 

subsequent cloning of the amplified DNA into the NotI(5’) and XhoI(3’) sites of pFlat3. 

 

Table 2. PCR primers for amplification. Recognition sites for restriction enzymes NotI and XhoI 

are underlined. 

Primer Sequence 

ACC1Not1f 5’-ATGCGGCCGCATTATGAGCGAAGAAAGCTTATTCG-3’ 

ACC1Xho1r 5’-ATCTCGAGTTATTTCAAAGTCTTCAAC-3’ 

FAS1Not1f 5’-ATGCGGCCGCATTATGGACGCTTACTCCACAAG-3’ 

FAS1Xho1r 5’-ATCTCGAGTTAGGATTGTTCATACTTTTCC-3’ 

FAS2Not1f 5’-ATGCGGCCGCATTATGAAGCCGGAAGTTGAG-3’ 

FAS2Xho1r 5’-ATCTCGAGCTATTTCTTAGTAGAAACGGCG-3’ 

ACC1f 5’ -CAAGCTATACCAAGCATACAATCAAGGAATTCGAGCTAAGC 

ATGAGCGAAGAAAGCTTATTCG-3’ 

ACC1r 5’ -CGGGTACCGAGCTCTAACGCGTTTCTCGAGTTAGATCTTTGC 

TTATTTCAAAGTCTTCAAC -3’ 

FAS1f 5’ -CAAGCTATACCAAGCATACAATCAAGGAATTCGAGCTAAGC 

ATGGACGCTTACTCCACAAG-3’ 

FAS1r 5’ -CGGGTACCGAGCTCTAACGCGTTTCTCGAGTTAGATCTTTGC 

TTAGGATTGTTCATACTTTTCC -3’ 

FAS2f 5’ -CAAGCTATACCAAGCATACAATCAAGGAATTCGAGCTAAGC 

ATGAAGCCGGAAGTTGAGC-3’ 

FAS2r 5’ –CGGGTACCGAGCTCTAACGCGTTTCTCGAGTTAGATCTTTGC 

CTATTTCTTAGTAGAAACGGCG -3’ 

ADH1forw 5’-ATGTCTTCCAATGTGAGATTTTGGG-3’ 

HMG2NotIf. 5’-AT GCGGCCGC ATGTCACTTC CCTTAAAAAC G -3’ 

HMG2XhoIr. 5’-AT CTCGAG TTATTATA ATGCTGAGGT TTAC-3’ 

ERG12NotIf. 5’-AT GCGGCCGC ATGTCATTAC CGTTCTTAAC TTCTGC-3’  
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Table 2. Continue 

Primer Sequence 

ERG8NotIf. 5’-AT GCGGCCGC ATGTCAGAGT TGAGAGCC-3’ 

ERG8XhoIr. 5’- AT CTCGAG TTATTT ATCAAGATAA GTTTCCG -3’ 

ERG19NotIf. 5’- AT GCGGCCGC ATGACCGTTT ACACAGCATC CG- 3’ 

ERG19XhoIr. 5’- AT CTCGAG T TATTCCTTTG GTAGACC- 3’ 

ERG10NotIf. 5’- AT GCGGCCGC ATGTCTCAGA ACGTTTACAT TGTATCG- 3’ 

ERG10XhoIr. 5’- AT CTCGAG TCATATC TTTTCAATGA CAATAGAGG -3’ 

ERG20NotIf. 5’-AT GCGGCCGC ATGGCTTCAG AAAAAGAAAT TAGG -3’ 

ERG20XhoIr. 5’- AT CTCGAG CTATTTGCT TCTCTTGTAA AC -3’ 

 

2.1.2 Plasmid construction (pFlat1, pFlat3) 

To construct pFlat3 plasmid, the plasmid Yep24(Naumovski und Friedberg, 1982) was linearized 

with SphI and a 900 bp SphI fragment containing the ADH1 promoter and the TRP1 terminator 

spaced by a Multiple-cloning Site of pUC19 plasmid (Yanisch-Perron et al., 1985) was inserted 

from plasmid pPT2B(Land and Looman, 1995). The Multiple-cloning Site was extended by 

inserting a polylinker containing the restriction sites for NotI and XhoI. The resulting plasmid 

pFlat1 (Fig. II in Appendix) which carries a URA3 gene for selection was linearized by NcoI 

restriction, blunted by Klenow polymerase, and a blunt-ended BamHI fragment of YDpL(Berben 

et al., 1991) containing the yeast LEU2 gene was integrated. The resulting vector was pFlat3 (Fig. 

I in Appendix). 

 

2.1.3  Strains 

Escherichia coli K12 JM109   [recA1 endA1 gyr96 thi hsdR17 supE44 λ-

 relA1 ∆(lac-proAB)/F’ traD36 

 proA+B+laclqlacZ∆M15] (Yanisch-Perron et al., 

 1985) 

Saccharomyces cerevisiae AH22ura3   [MATa leu2-3 lue2-112 his4-519 can1 ura3∆] 

 (Polakowski et al., 1998) 

Saccharomyces cerevisiae AH22tH3ura8  [MATa leu2-3 lue2-112 his4-519 can1 ura3:: 

tHMG1] (Polakowski et al., 1998) 
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Saccharomyces cerevisiae S288c   [MATα mal gal2 SUC2] 

 

2.1.4  Enzyme 

The restriction enzymes used were listed in Table 3. Futhermore, the enzyme RNase 

(Boehringer, Mannheim), T4-DNA-Ligase (MBI Fermentas, St. Leon-Rot), Taq-Polymerase 

(Promega, Mannheim) and Takara Ex-Taq-Polymerase (Takara, Shiga, Japan) were used. 

 

Table 3. Restriction enzymes. 

Enzyme Restriction buffer Temperature Manufactory 

EcoRI NEB III 37°C New England BioLabs, Schwalbach 

HindIII Medium 37°C MBI Fermentas, St. Leon-Rot 

NotI NEB III 37°C New England BioLabs, Schwalbach 

XhoI NEB III 37°C New England BioLabs, Schwalbach 

 

2.1.5.  Media 

LB-Medium: 1% Trypton; 0.5% Yeast-Extract; 0.5% NaCl; pH 7.4 

YE-Medium: 0.5% Yeast-Extract; 2% Glucose; pH 6.3 

YNB-Medium: 0.67 % YNB („yeast nitrogen base“, Difco, Augsburg); 2% Glucose 

WMVIII:  (Lang und Looman, 1995). For 1 liter Medium: 50 g Saccharose; 250 mg 

NH4H2PO4; 2.8 NH4Cl; 250 mg MgCl2 x 6H2O; 100 mg CaCl2 x 2H2O; 2 

g KH2PO4; 550 mg MgSO4 x 7H2O; 75 mg meso-Inositol; 10 g Na-

Glutamate; 1 ml 1000 x Trace element solution; 4 ml 250 x Vitamin 

solution  

WMVIII-Glutamate: WMVIII with 50g/L Na-Glutamate  

Trace element: 1000x concentrated: 1.75 g ZnSO4 x 7H2O; 0.5 g FeSO4 x 7 H2O; 0.1 g 

CuSO4 x 5 H2O; 0.1 g MnCl2 x 4 H2O; 0.1 g NaMoO4 x 2 H2O for 1 liter. 

Vitamin solution: 250 x concentrated: 2.5 g Nicotinic acid; 6.25 g Pyridoxine; 2.5 g 

Thiamin; 0.625 g Biotin; 12.5 g Ca-Pantothenate for 1 liter. 

For agar plate, 1% agar (Serva, Heidelberg) wad added into medium. 
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Antibiotic: Ampicillin (Boehringer, Mannheim): Stock solution 25 mg/ml, 

application concentration 50 µg/ml and store at –20°C;  

Medium supplement: Leucin (0.4 g/l); Histidin-HCl (1 g/l); Uracil (0.1 g/l). 

 

2.2. Methods 

2.2.1.  Cultivation 

E.coli was grown at 37oC, 120rpm reciprocally in LB-medium. In order to select the strain 

supported plasmid, ampicillin as antibiotic was used. Yeast was grown at 28oC, 160rpm in 

baffled shake flasks. Pre-cultivation of yeast S. cereisiae was carried out at 28℃ for two days on 

the reciprocal shaker with a frequency vibrated by 120rpm. For main-cultivation, the cell was 

inoculated as 1% (v/v) with the pre-cultivation and was grown for two days at 28℃ on the 

reciprocal shaker with a frequency vibrated by 160rpm. The pre-cultivation for fermentation was 

centrifugated at 4.000 x g for 10min and inocluated. 

 

2.2.2.  Buffers/solutions 

MOPS-Buffer (10x): 0.2 M MOPS; 0.05 M Natriumacetate; 0.01 M EDTA. 

PBS („Phosphat buffered saline“): 150 mM NaCl; 8.4 mM Na2HPO4; 1.6 mM KH2PO4, pH 7.4. 

PBS-T: 1 x PBS pH 7.4; 0.05 % Tween 20. 

Phenol: 250 g kristallines Phenol; 3.75 ml 2 M NaOH; 3 ml 1 M Tris; 65 ml dest. H2O; pH 7.5. 

Stopper-Solution (4x): 60% (w/v) Saccharose, 20 mM EDTA, 0.025% (w/v) Bromphenolblue. 

TAE-Buffer: 20 mM Natriumacetate; 40 mM Tris; 2 mM EDTA; pH 8.3. 

TE-Buffer (10x): 0.1 M Tris-HCl; 0.01 M EDTA pH 8.0. 

10XMEN-Buffer: 0.2M MOPS, 0.01M EDTA, 0.05 Natriumacetate. 

 

2.2.3.  Methods of DNA analysis 

Restriction 

The restriction of DNA was excuted in a standard volume of 30 µl using appropriately selected 

enzyme (1-20U/1µg DNA), 3 µl buffers and 0.3 µl BSA (10 mg/ml), available commercially. 

The concentration of DNA varied between 1 to 10 µg depending on the experiment. After adding 
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all components, the mixture was generally incubated at 37°C for 2 hours. To ensure complete 

restriction an appropriate amount of restricted DNA was run on an agarose gel. If the DNA had 

not been cut properly an additional amount of enzyme was added and incubated for a further 

hour. 

 

Agarose Gel electrophoresis 

The agarose gel electrophoresis was performed in mingel- or Wideminigel apparatuses (BioRad, 

Muenchen). The gel stands on 1% agarose in 1 x TAE-buffer. TAE-beffer was used as loading 

buffer. Each 10μl probe was displaced with 3 μl stopper solution. For measurement of fragment, 

the standard show the size between 2kb and 12kb λ-DNA (BioLab, Schwalbach) with HindIII 

(sizes of band; 23.1kb; 9.4kb; 6.6kb; 4.4kb; 2.3kb; 2.0kb and 0.6kb). The marker GeneRuler 

(MBI Fermentas, St. Leon-Rot) was used for small fragment between 500bp and 3kb. The gels 

were generally run at 75V for 45-50min. The gel was stained afterwards in an ethidium bromide 

solution (0.4mg/L TAE-buffer) for 20min and was observed under UV-light (254nm) with video 

documentation system (INTAS, Goettingen). 

 

Gel elution 

The DNA-fragment of interest was excised from the agarose gel using a sharp scalpel. The DNA 

was extracted afterward using the DNA-Elution kits (Qiagen, Hilden) according to manual and 

eluted in 30µl TE-buffer. 

 

Phenol-Chloroform Extraction 

For purification of DNA from proteins, the phenol-chloroform extraction was used. The phenol-

chloroform-isoamylalcohl (25:24:1) was added to DNA solution in equal volume and phases 

were mixed. The aqueous upper phase containing DNA was taken off and shaken again after 

adding the same volume of chloroform-isoamylalcohol (24:1). The aqueous phase which DNA 

was included was separated. 
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Precipitation of DNA 

DNA, aqueous solution separated, was concentrated via purification. 1/10 volume 3M 

Natriumacetate (pH 4.8) and 2.5 folds ethanol (96%) was added to the DNA-solution and for 

precipitation of DNA this mixture was incubated at –20°C for 30min. Afterwords the tube was 

centrifuged at 14,000g for 10min. The DNA pellet was washed with 70% ethanol and was 

centrifuged at 14,000g for 5min again. The air-dried pellet was resuspended in desired volume 

TE-buffer and was stored at –20°C. 

 

Ligation 

The T4-ligase catalyzes covalently phosphodiester band between 3’-hydroy group of nucleotide 

and 5’ phosphate group of second nucleotides in double strand DNA. In order to combine with 

vector and insert DNA, the DNA fragment was purified by DNA-Purification kit (Qiagen, 

Hilden) and the ratio of concentration between vector and insert DNA is 3:1. Subsequently 2 µl 

Ligase-buffer (MBI Fermentas, St. Leon-Rot) and 1 µl T4-Ligase (1U/µl; MBI Fermentas) were 

added to reaction mixture and total volume was accommodated in 17 µl. After adding all the 

components the mixture was incubated for 2hour at 16°C. 

 

Competent cells and transformation of E.coli 

The transformation of E.coli cell with plasmid DNA was made according as modified RbCl-

method (Promega Technical Manual, 1994). In order to prepare the competent cell, E.coli was 

incubated aerobically overnight at 37°C in fresh LB-medium until its optical density had reached 

0.3-0.5. The cell was pelleted by centrifugation at 4000g for 10min at 4°C. The pellet was 

resuspended in half volume of solution A (10 mM MOPS, pH 7.0; 10 mM RbCl) chilled. 

Afterward the resuspended cells were pelleted again as above, resuspended in the same volume 

of solution B (10 mM MOPS, pH 7.5; 50 mM CaCl2; 10 mM RbCl) chilled and incubated on ice 

for 30min. Aliquots of 200 µl were taken and stored at –70°C until required. For transformation 

200µl competent cells ligated with 100-200ng plasmid DNA were incubated on ice for 1 hour at 

least. The cells were heat shocked in a 42°C water bath for 60-90sec and placed on ice for further 

2 min. 1ml LB-medium was added to the transformed cell and the tube were incubated for 1 hour 
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at 37°C at least. The cells were centrifuged for 30sec and half of the supernatant was removed. 

Resuspended cells of 200 µl were plated on LB-ampicillin agar plate and incubated overnight at 

37°C. 

 

Isolation of Plasmid-DNA from E. coli (Miniprep) 

The selected E. coli colonies were inoculated into 2ml LB-medium containing 50mg/ml 

ampicillin and grown overnight at 37°C for isolation of plasmid DNA. The cell suspension was 

centrifuged at 5000g for 30sec. The supernatant was discarded, the pellet was resuspended in 

100 µl TE-buffer and 200 µl lysis buffer (0.2 N NaOH, 10 g/l SDS) was added to the pellet. 

After shortly vortexing the cells were incubated immediately on ice for 5min. Afterward 3 M 

Natriumacetate-solution (pH 4.8) of 150 µl was added to the cell and the mixture was incubated 

for 15min on ice. The plasmid-DNA was separated by centrifugation at 14000g for 15min. The 

supernatant was transfer to new eppi-tube and 400 µl of ice-cold isopropanol was added to the 

supernatant. After incubation for 30min at –20°C the DNA was centrifuged at 14000g for 20min. 

The DNA pellet was washed with ice-cold 70% ethanol again and was centrifuged as above. 

After air-drying pellet, the DNA was resuspended in 50 µl TE-buffer and was stored at –20°C 

 

Isolation of Plasmid-DNA from E. coli (Midi-prep) 

E.coli grown overnight was harvested and the plasmid DNA was isolated by Midiprep-kit 

(Qiagen, Hilden). The DNA was resuspended in 100 µl TE-buffer and was stored at –20°C. 

Average concentration of DNA represents 1 µg/µl. 

 

Yeast transformation 

For yeast transformation yeast strain was pre-cultured overnight in 20ml YE-medium. The cell 

which OD600 was 0.3 in pre-culture was main-cultured in 50ml YE-medium for 4hours until 

OD600 is 0.8 to 1.0. The cells were centrifuged at 4000g for 10min and the pellet was washed 

with 10ml sterilized H2O. It was resuspended in 1.5ml H2O and was transfer to new eppi-tube. 

After centrifugation at 4000g for 2 min the cells were resuspended in 1 ml Lithiumacetate-

solution (100 mM LiAc in TE-Puffer), were centrifuged (4000g, 2 min) and were washed in 1 ml 
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Lithiumacetate-solution again. Sequent cells were resuspended in 200 µl Lithiumacetate-solution 

and it assigns to yeast competent cell. Total 40 µl competent cell containing 10 µl Herrings 

sperm-DNA (10 mg/ml), 230 µl PEG-solution (40% PEG 4000 in 0.1 M Lithiumacetate in 1 x 

TE pH 8.0) and 1-20 µg DNA was used for one transformation. This sample was incubated at 

30°C for 30min and undergone heat shock at 42°C for 7min. After cooling down to room 

temperature, 800 µl H2O was added to the competent cell and the sample was centrifuged at 

12000g for 10sec. In case of selection of genetic resistance, cells were regenerated for 4hour in 

4ml YE-medium at 28°C first of all or were plated directly in agar containing appropriate 

selection medium and were incubated for 3 to 5 days at 28°C. 

 

Isolation of DNA from Yeast cells 

10ml yeast cells were centrifuged at 5000g for 5min and the pellet was washed with 10ml H2O. 

For cell lysis 200 µl lysis buffers (2% Triton X-100; 1% SDS; 100 mM NaCl; 10 mM Tris HCl, 

pH 7.5; 1 mM EDTA) and 0.3 g glass beads (0.5 mm ∅), 100 µl phenol and 100 µl 

chloroform/isoamylalcohol (24:1) were supplied. Cell membranes were decomposed for 3min by 

vortexing and 600 µl TE-buffer were added to the cell consecutively. Afterwards the mixture 

was centrifuged to separate phase at 14000g for 5min. 1ml ethanol (96%) was added to the 

supernatant containing DNA and the mixture was renewably centrifuged at 14000g for 4min. 

The DNA pellet was resuspended in 400 µl TE-buffer, RNA existed in pellet was removed by 4 

µl RNAse (10 mg/ml, Boehringer, Mannheim) and incubated for 5min at 37°C in water bath. 

The DNA was purified through addition of 40 µl 3 M Natriumacetate-solution (pH 4.8) and 1 ml 

ethanol (96%) for 2min at room temperature and the DNA was washed with 70% ethanol after 

centrifugation for 10min at 14000g. The DNA pellet air-dried was resuspended in 50 µl TE-

buffer and was stored at –20°C.  

 

Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a method for producing large amounts of specific DNA 

fragments of defined length and sequence from small amounts of a complex template. PCR is 

based on the enzymatic amplification of a DNA fragment that is flanked by two oligonucleotide 
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primers that hybridize to opposite strands of the target sequence. PCR consists of repeated cycles 

of heat denaturation of the template, annealing of the primers to their complementary sequences 

and elongation of the annealed primers with heat stable DNA polymerase. The reaction-mixture 

was set up as follows; 1 µl template containing 100 ng DNA, 4 µl dNTP-Mix (2.5 mM), 5 µl 10x 

reaction buffer, each 2 µl Primer (forward und reverse), 0.3 µl (1U) Takara Taq-Polymerase in 

total volume 50 µl H2O. The components were mixed and 50 µl mineral oil was added to prevent 

condensation and evaporation. PCR was performed in Thermocycler (Biorad, München). The 

temperature-program was shown in Table 3. PCR product was analyzed on agarose gel or was 

purified by PCR-purification kit (Qiagen, Hilden) for further use. 

 

Table 4.  PCR-Program for amplification. 

Start 3 min 94°C  

Denaturation 45 s 94°C  
35 cycles Annealing 30 s 55°C 

Polymerisation 7 min 72°C 

End 10 min 72°C  

 stop 4°C  

 

2.2.4. Yeast Fermentation 

Cells were grown in buffered WMVIII medium. The optical density was determined by 

measuring the absorbance at 600nm (A600) using a Beckman DU 640 spectrophotometer 

(Beckman Coulter, USA). 

Pre-cultures for fermentation were inoculated with 1% v/v and grown aerobically in erlenmeyer 

flasks with reciprocal shaking at 28°C for 48h. Batch cultivations in fermentor were excuted in a 

KF-30L (KoBiotech, South Korea) with a working volume of 13l. During the cultivation the pH 

value and temperature were monitored and regulated to a pH value of 5 and temperature of 28°C. 

Additionally the DOT, rpm and the air flow rate were recorded. Temperature, pH value and DOT 

were determined online by electrodes. In order to keep the dissolved oxygen content above a 

critical value of about 15% of the initial value, the stirrer velocity and the air flow rate were 

adapted manually. When changing culture conditions from normal oxygen supply to sufficient 
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oxygen supply in aerobic cultivation, the stirr speed and air flow was increased significantrly. 

For check the effect of nitrogen source for production of lipid compounds, cells were grown in 

WMVIII medium supplied with 5-folds Na-Glutamate higher than normal WMVIII medium.  

 

2.2.5. Lipid analysis 

Cultivation and dry cells weight measuring  

For analysis of sterols and fatty acids, frozen cells were pre-grown for 2 days at 28°C in minimal 

medium(WMVIII). The main culture was inoculated with 1% of pre-culture with the respective 

quantities of feeding substances and was incubated for 3 days at 28°C with reciprocal shaking 

(160rpm) in 250ml baffled shake flasks with 50ml WMVIII medium. Following substances were 

applied to culture medium as standard: 0.1g/l Uracil, 0.1 g/l Histidin und 0.4g/l Leucin. The 

typical OD600 value of main culture was determined follows as: 125 OD600 for sterol analysis and 

30 OD600 for fatty acids analysis. In order to measure dry weight of cells, 6 ml culture volume 

was harvested twice and the cells were centrifuged at 3500g for 5min at 4°C every that time. The 

cells were washed for DW-measurement with H2O. The washed pellets were dried at 80°C for 12 

h and cooled down in the excicator to room temperature afterwards. 

 

Standards and Methylation 

For chromatography analysis of sterol and fatty acids it is necessary for quantification and 

identification of standard. Stock solution (10 mg/ml) of cholesteol (Sigma, München) and 

linoleic acids (Sigma) in methanol/chloroform (4:1) was made and defined volume was added to 

samples. 10 µl of cholesterol stock solution and nonadecan solution was each added to samples 

for sterol analysis. Nonadecan serve as injection standard. For fatty acids analysis, it was 

necessary for methylation of standards with trimethyl sulfonium hydroxid (TMSH). In base on 

catalysis, esterification of lipids with TMSH executes very simple and good method for analysis 

of fatty acids methlyester in gas chromatography. In addition 100 µl TMSH and 900 µl 

Chloroform were provided in brown glass vial and this vial was sealed up after supplementation 

of 5 µ linoleic acids stock solution. The methylation was completed after 15min at RT. The 
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standards were stored at –20°C until analysis. Additionaly other standard 50ug/ml, palmitic acid, 

palmitoleic acid, oleic acid and stearic acid, for the quantitative analysis of fatty aicds were used. 

 

Preparation of fatty acids 

Yeast pellet correspond to 30 OD600 was resuspended in 1 volume 3M HCl solution. 10 µl 

linoleic acid solutions (10 mg/ml) were added to yeast pellet as extraction standard. The mixture 

was boiled for 20min and 2 volumes Methanol was added after cooling. The sample was shaken 

shortly by vortexing and was incubated for 1h at 85°C in water bath. After cooling down to room 

temperature, fatty acids methlyester was extracted with 2 x 20ml n-hexan for every 1min. The 

two n-hexan phases were constricted in rotary evaporate. The leftover was dissolved with 2 x 1 

ml hexan and was transferred to brown glass vial (2ml). The extracts of fatty acids methylester 

were stored at –20°C until analysis.  

 

Preparation of sterols  

Yeast pellet correspond to 125 OD600 were resuspended in 5ml 0.5N HCl solution. The 

suspension was boiled at 100°C for 20min in 50ml falcon-tube. The labile cells were cooled 

down to room temperature and 3g of KOH were added to solution. After adding of KOH, 12.5ml 

of a 0.25 g/l methanolic pyrogallole solution was added and 10 µl of cholesterol in 

trichloromethane (10 mg/ml) was added as extraction standard. The mixture saponificated was 

incubated at 70°C for 1h 45 min in a water bath. After this sample cooled down to room 

temperature, non saponifiables were extracted with 2 x 20 ml n-hexane. The two n-hexan phases 

were pooled and concentrated to dryness at 40°C with rotary evaporator. The dried sterols were 

resuspended in 2 x 1 ml trichloromethane with 0.2 g/l nonadecane as internal standard. The 

extracts were transferred in a brown glass vial (2ml) for GC analysis and were stored at –20°C 

until measurement. 

 

Conditions for gas chromatography (GC) 

GC-analysis was accomplished with a HEWLETT-PACKARD 5890 gas chromatographs 

equipped with auto-sampler 7630. The following conditions were selected: as 25m column a 
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long CP-Sil-5CB (chrome luggage, Germany) with an inside diameter of 0.25 mm and a film 

thickness of 13 µm was used, which were driven with an appropriate temperature program (Ta 

ble. 5-1) in the splitless mode. The injector temperature amounted to 270°C, the detector 

temperature 300°C. As detector a flame ionization detector was served and the feeding gas was 

helium. 

 

Table 5-1: Temperature programs for the analysis by GC of fatty acid methyl ester and sterols. 

 Fatty acids-analysis Sterol-analysis 

Start/Inlet 120°C 2 min 150°C 2 min 

Gradient 15°C/min to 250°C 

Hold 250°C 20 min 
Program duration 30.66 min 28.66 min 

 

Conditions for gas chromatography (GC-MS) 

The sterol and fatty acids intermediates were identified by GC-MS. GC-MS analysis was 

accomplished with Shimadzu GC-MS equipped with auto-sampler. The following conditions 

were selected: as 30m DB-1(Agilent Technology, USA) column with an inside diameter of 0.32 

mm and a film thickness of 0.25 µm was used, which were driven with an appropriate 

temperature program (Table 5-2) in the splitless mode. The injector temperature amounted to 

270°C, the detector temperature 320°C. As detector a flame ionization detector served and the 

feeding gas was helium like GC.  

 

Table 5-2: Temperature programs for the analysis by GC-MS of fatty acid methyl ester and 

sterols. 

 Fatty acids-analysis Sterol-analysis 

Start/Inlet 80°C 2 min 120°C 2 min 

Gradient 
10°C/min to 200°C 10min 

5°C/min to 250°C  
15°C/min to 250°C 

Hold 250°C 10 min 250°C 20 min 
Program duration 52.00 min 40.00 min 
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Analysis of Thin Layer Chromatography (TLC) 

Yeast pellet correspond to 30 OD600 was suspended in 200 µl TE buffer and 200 µl glass beads 

and 200 µl chloroform/methanol (4:1) were added to yeast pellet. The sample was lysed during 

vortex for 5 x 1 min and 1min on ice between each vortex. After separation of the glass beads, 

the phase of hydropilic and hydrophobic components was divided by centrifugation at 13000g 

for 15min. The chloroform phase in lower part was applied on the thin layer plate (Silica Gel 60 

F254, 10x20 cm, layer thickness 0.2mm; Merck, Darmstadt). The TLC plate was saturated with 

petrolether/diethlyether/acetic acid (90:10:1) as mobile phases. After drying, the plate was 

developed in a chamer saturated with iodine vapor. Squalen, triacylglyceride, sterol, steylester 

and free unsaturated fatty acids can be shown with iodine. 

 

Quantitative determination of the fatty acids from the gas chromatography (GC) 

In order to convert the raw data from chromatography into comparable values a number of 

calculations were necessary. After the identification of the peaks in the chromatogram the 

relative peak area was determined. To minimize errors, the yield during the extraction had to be 

considered.  

CC

CP
c A

A
b

,100

,=  

bc= relation between the peak area that corresponds to linoleic acid from the sample and the 

linoleic standard  

AP,C = peak area of linoleic acid of the sample 

AC100,C = peak area of linoleic acid of the linoleic acid standard (corresponds to 100%) 

 

Finally the peak area AP was related to the used dry weight: 

cTS

P
KX bm

AD
⋅

=,  

DX,K = relation between the peak area and the used dry weight [area/g] 

mTS = dry weight that was used [g] 
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AST100 = Standard peak area of the corresponding fatty acid 

 

To obtain the actual mass represented by the peak area, the DX,K value had to be related to the 

standard peak area of the corresponding fatty acid. The concentration of all standards was 

50µg/ml and the volume injected was always 2µl.  

 

Quantitative determination of the sterols from the gas chromatography(GC) 

The individual peak areas from the chromatogram, which those are represented to quantify 

substances, are admitted. The peak area isproportinal to the concentration and the injection 

volum of the sample and cholesterol (sigma, Munich) were used as standard. This substance is 

not synthesized by the yeast. In contrast to the analysis of fatty acids, the response factor for 

sterol, i.e. the correlation of peak area and concentration, is not known. Thus the peak area was 

related to the used dry weight. The semi-quantitative determination of squalene and sterol was 

performed with the following shceme. For each detected substance the specific peak area AP,S 

was determined first of all: 

 

ISP

XP
SP A

A
A

,

,
, =  

AP, S : Specific peak area of the substance „X“ from the sample 

AP,X : Peak area of the substance „X“ from the sample 

AP,IS: Peak area of the internal standards from the sample (nonadecane) 

 

Due to the use of both internal and extraction standard the calculationof bc changes as follows: 
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A
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A
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,
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bc: Balance of peak areas of cholesterol of the sample and the peak area of the cholesterol 

standard considering the internal standard. 

AP,C: Peak area of cholesterol of the sample 
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AC100,C: Peak area of  cholesterol of the cholesterol standard (corresponds to 100%) 

AC100,IS: Peak area of nonadecane (internal standard) of the cholesterol standard 

 

Like for the quantification of fatty acids, the specific peak area was then related to the used dry 

weight according the following formula: 

 

⎥⎦
⎤

⎢⎣
⎡=

l
g
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D
cTS
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,
,  

DX,K: Peak area per dry mass ⎥
⎦

⎤
⎢
⎣

⎡
g

Area  

mTS: Mass of used dry weight [g] 

 

The sample volume remained was unconsidered, as all extracts were solved in the same volum (2 

ml trichloromethane with 0.2 g/L nonadecan). 

 

2.2.6 Methods for Combimatrix CustomArrayTM 

RNA Isolation 

Total RNA was isolated by means of the TRIzol reagent (Invitrogen, Karlsruhe, Germany). 1ml 

TRIzol reagent was added and was mixed well with vortex. For extracting of total RNA, the cell 

walls were broken with homogenizer (ART-MiccRA, 110V, 60Hz, 800W, 7.2A) at 19,000 min-1 

for 5mins in between cooling on ice for each 1 min. After incubating for 5mins at room 

temperature, 200µl chloroform were added, cells were vortex for 5sec and incubated for 2~3mins 

at room temperature. The cells were centrifuged at 12,000 x g at 4 for 15mins at room 

temperature. The aqueous phase was transferred to fresh tube and the RNA was precipitated by 

adding 0.5ml isopropanol. After leaving for 10mins at room temperature with well mixing, the 

samples were centrifuged at 12,000 x g at 4ºCfor 10 mins, and the supernatant was removed. The 

RNA pellet was resuspended in 300 µl TE, the 30 µl of 3M NaOAc and 660 µl of 100% ethanol 

was added then well mixing. The RNA was palletized at 12,000 x g at 4ºC for 10mins and was 

washed with 1ml 80% ethanol at -20ºC. The pellet was centrifuged at 10,000 x g at 4ºC for 
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5mins and supernatant was quickly removed. The RNA was dried for 5~7mins in Speed-Vac and 

was redisolved in 40 µl RNase-free water. 

 

Determination of RNA-concentration 

The concentration of RNA was detected photometrically and calculated as follows; 

cRNA[ug/ml] = A260*D*40 

cRNA   Concentration of RNA 

A260  Absorption 

D   Dilution factor 

The purity of nucleic acid can be determinxed through additive measurement by 280nm. The 

quotient A260/A280 should be between 1.8 and 2.0 for pure RNA. Ration below 1.8 indicates 

protein contamination. 

The quantity and quality of isolated RNA was evaluated by means of the bioanalyzer (Bioa. 2100 

Agil. Tech.) for Combimatrix CustomArray hybridization according to the manufacture 

instructions. 

 

RNA-Gel electrophoresis 

For electrophoresis of RNA, 3g agarose gel was solved in 147.3ml ddH2O, and 37.2ml 37% 

formaldehyde and 20ml 10 X MEN-Buffer were added. 10 µg RNA was dissolved in 40 µl water 

and 64 µl sample-buffer (8 µl 10xMEN, 12 µl formaldehyde, 40 µl formaid, 0.3 µl EtBr, 3 µl 

blue marker (50% ddH2O, 50% glycerine, a few crystal brom phenolblue and Zylencyanol)) was 

added. RNA was denatured for 10mins at 65 ºC, and was put for 2mins on ice. The 

electrophoresis was carried out at 120Volt with 1xMEN-buffer. Experiments were done by 

Macrogene Company. 

 

Hybridization of Combimatrix CustomArraysTM 

Total RNA was isolated by means of the TRIzol reagent (Invitrogen) and used for hybridization 

of Combimatrix CustomArrays. All RNA samples were assayed to ensure highest quality. Two 

micrograms of total RNA was used for double-stranded cDNA synthesis and biotin-labeled 
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aRNAs synthesis with MessageAmp II-Biotin Enhanced (Single round aRNA amplication kit, 

Ambion, USA) in vitro. Labelled aRNA targets derived from the mRNA of an experiment are 

hybridized to oligonucleotides attached to the solid support. By monitoring the amount of label 

associated with each oligonucleotide, the abundance of each mRNA species can be assessed 

(Fig. 5). All targets were checked by hybridizations of Test 3 arrays. In addition, all aRNA 

samples were checked for degradation by gel analysis according to the Combimatrix technical 

manual. Only bona fide probes were used.  

Hybridization, washing, staining and scanning procedures were performed as described in the 

Combimatrix CustomArray technical manual. The output of every experiment was multiplied by 

a scaling factor to adjust its average intensity to a target intensity of 100. Thus, scaling allows 

comparisons between any two experiments. In order to consider biological variability, RNA for 

the synthesis of the Combimatrix target was pooled from three independent experiments. 

 

 
Fig. 5. Standard eukaryotic gene expression assay 
(www.Affymetrix.com/technolgy/ge_analysis.index.affy). 

 

Data analysis 

Microarray data were analyzed with ArrayAssist software produced by Stratagene (La Jolla, CA, 
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USA) statistically. The fluorescence intensities were normalized by the Global (Median) 

Normalization method with ArrayAssist. After determination of significance (p < 0.05) of the 

overall model, pairwise comparisons of each experiment with the control were conducted by t-

test and fold change. The algorithm used for grouping gene profiles by similarity is techniques 

which are single-, complete- and average-linkage, i.e. taking the maximum, minimum or average 

similarity of all pair-wise similarities between two profile groups. This allows biologists to 

represent the clustering results by well known visualization tools, such Maple Tree developed by 

Eisen’s Lab (http://rana.stanford.edu). We used the Pathway StudioTM (Edition Version 5.0, 

ARIANE, USA) for high-throughput data analysis. This method is software for building, 

visualizing and analyzing biological pathways. It helped to interpret our experiment results in the 

context of pathways, gene regulation networks, and protein interaction maps. We interpreted 

microarray data, classifed and prioritized proteins, drawed pathway diagrams, exported, imported, 

and filtered data, and automatically updated our lipid pathways with newly published facts by 

using this program.  

 

2.2.7 Linear Programming (LP) 

The quantification of metabolic fluxes was accomplished using metabolite balancing. Reactions 

from the metabolic reconstruction were incorporated into a stoichiometric model that consisted of 

a set of algebraic equations representing material balances over intracellular metabolites in the 

metabolic network, assuming pseudo-steady state in the metabolite concentrations and negligible 

dilution effects from growth (Stephanopoulos et al. 1998). The stoichiometric model is 

conveniently represented in matrix form as  

0S ν⋅ =  

Where, the matrix S contains the stoichiometric coefficients and the vector v represents 

the fluxes in the metabolic reactions. S has dimensions of (m by n) where m is the number of 

metabolites in the reaction network and n is the number of reactions. Therefore, each column 

represents a reaction and each row represents the stoichiometric participation of a specific 

metabolite in each of the reactions. A particular flux distribution of the network, v, indicates the 

flux levels through each of the reactions. As the number of reactions is typically greater than the 
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number of intracellular metabolites ( n m> ), the system of equations comprising the 

stoichiometric model is underdetermined and an infinity of feasible flux distributions exists. In 

computational studies, a particular flux distribution can be found by formulating a suitable 

objective function and using linear optimization (Bertsimas et al., 1997), often referred to as flux 

balance analysis (Varma et al. 1994). The linear programming problem was formulated by 

defining an objective function z: 

Maximize Tz c ν= ⋅  

subject to 

0S ν⋅ =   (1) 

i i iα ν β≤ ≤   (2) 

where, the vector c specifies the importance of the individual fluxes in the objective z. 

The linear inequalities i i iα ν β≤ ≤  are used to define additional constraints on the individual 

fluxes. Constraints state the upper and lower bounds on the range of flux values that each of the 

reactions can have. iα  is the lower bound on flux iν  and iβ  is the upper bound. If no 

information about flux levels is available, the value of iα  is set to zero for irreversible fluxes, 

and in all other cases iα  and iβ  are left unconstrained, allowing the flux to take on any value, 

positive or negative. The capabilities of the metabolic system are then explored using LP 

(Chvatal, V. 1983). A reaction is first selected as an objective function that is to be maximized or 

minimized. A solution is then calculated that satisfies all of the constraints of equations 1 and 2. 

The result is the optimal flux distribution that will allow the highest flux through the chosen 

objective reaction. 

The linear programming problem was formulated by defining an objective function z. Linear 

programming calculations were performed using commercially available software, LP solve 5.5 

and optimization toolbox in Microsoft Excel. 

While FBA can be used to generate highly quantitative results that have been validated against 

experimental data (Edwards et al., 2001), here the approach is used primarily to assess the 

qualitative metabolic capabilities of the S.cerevisiae reaction network. 
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3. Results 
3.1 Identification of interaction between lipid pathways by overexpression of target genes 

and microarray gene chip 

Polakowski et al. (1999) could show in his dissertation that the deregulated expression of the 

HMG-CoA reductase, encoded by the gene HMG1, leads to high squalene accumulation. For 

deregulation the gene was truncated and overexpressed in a soluble, non-membrane-bound form. 

It is the main bottleneck enzyme of the early ergosterol biosynthesis and squalene is the first 

specific intermediate on the way to ergosterol. The quantity of sterol intermediates was however 

only slightly affected (Polakowski et al., 1998). Additional bottlenecks had to be assumed in the 

post-squalene pathway. Therefore Veen et al. (2003) constructed yeast strains that produce high 

amounts of sterols from a squalene-accumulating strain with the aim of identifying such 

bottlenecks. Genes of the post-squalene ergosterol biosynthetic pathway in yeast have been 

overexpressed in a systematic. They have published that overexpression of at least two of the 

genes, ERG1 and ERG11, led to increase the content of sterols in the yeast Sacchaomyces 

cerevisiea. In spite of the simultaneous overexpression of genes involved in ergosterol 

biosynthesis, the content of sterols was very insufficient for an industrial application in wild type 

strain. Therefore it is of high importance to increase the productivity of ergosterol and its 

precursor metabolites by identification of interaction between lipid pathways as well as the 

knowledge of regulatory mechanisms of interactions to other lipid pathways like sphingolipid, 

phospholids and fatty acids.  

Accordingly key enzymes in fatty acid biosynthesis were overexpressed to observe interactions 

between each metabolic pathway in wild type (AH22ura3) and HMG-CoA-reductase 

deregulated strain (AH22tH3ura8) endogenously. Because the capacity of fatty acids and sterol 

biosynthesis may depends on equilibrium for membrane constitution. We tried to do directly in 

vivo transformation to yeast as three genes (ACC1, FAS1 and FAS2) involved in fatty acid 

biosynthesis have chi site within their sequences. In addition, the expression profiles of the 

ACC1-overexpressing and wild-type strain were established by COMBIMATRIX (CustomArray) 

microarrys. 
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3.1.1 Cloning of genes involved in fatty acids biosynthesis pathway  

To identify the regulatory function within the fatty acids biosynthesis, three genes (ACC1, FAS1 

and FAS2) were overexpressed under the control of constitutive ADH1-promoters (Lang and 

Looman, 1995) and tryptophan terminator (TRP1) simultaneously. These 2μm based plasmid 

vectors were developed by our group and already used successfully for systematical combined 

overexpression of genes involved in ergosterol biosynthesis pathway (Veen et al., 2003). 

Subsequently, the specific quantitative variation of amount and composition of fatty acids, sterol 

intermediates was analyzed at the same time. 

Each gene was amplified with chromosomal yeast-DNA of Sacchromyces cerevisiae S288c by 

PCR and verified by restriction enzymes. The primer sequence for amplification of each gene 

showed in Table 2. It was possible to recognize by NotI(5’) and XhoI(3’) within the sequence of 

restriction enzymes and all genes were cloned with pFlat1 plasmid. Fist of all, the individual 

steps were accomplished by the amplification of the coding sequence of genes, the ligation and 

transformation in E. coli after restriction and purification of the amplified materials and the 

plasmid. Afterward, the E.coli colonies, which contain the correct plasmid after transformation, 

were identified by means of the colony-PCR. This colony-PCR was done by using as primer the 

sequences of the 5’ and 3’ of coding ranges of the integrated genes, which were already used for 

amplification from the chromosomal yeast DNA.  

 

 

Fig. 6. Verification of pGEMT-ACC1 cloned in E. coli transformation by XhoI, NotI and EcoRI 
restriction enzymes. Lane 1: size marker, Lane 2 to 5: individual clones. 

 



II. Practical Part                                                                3. Results 

 

51

However, the tested clones positively were non-homogeneous and the size of DNA fragment was 

smaller than expected. Therefore we verified the insert of gene with pGEMT vector (Promega, 

Mannheim, Fig. III in Appendix) which has open end and could check the recombination of 

insert gene with the several restriction enzymes. In fact the size of fragments was expected 8.676 

and 6.701kb by restriction of the plasmid with the inserted ACC1 gene using XhoI and NotI 

however the real size was 8.676 and 1.7kb, respectively. In case of restriction with EcoRI the 

expected fragments size was each 5.617, 3.501, 2.24, 2.131 and 1.897kb but the real size was 6.1, 

2.24 and 2.13kb (Fig. 6). The other genes such as FAS1 and FAS2 have similar results (not 

shown), indicating that all three genes have chi site within their sequences.  

 

Fig. 7. Existence of chi site in ACC1 involved in fatty acids biosynthesis. 

 

Chi site is recombination hot spots of bacteria genome such as 5’ GCT GGT GG 3’ sequence. In 

E. coli recombination, RecBCD complex protein has a function of DNA endonuclease and 3’~5’ 

DNA exonuclease (Smith G.R., 1994). First of all it unwinds the double stranded DNA and 

moves along to DNA. When the complex meets chi site, it acts the nuclease to make single-

strand nick. Afterward it takes out RecD and lost the function of exonuclease and unwinds the 

donor DNA to invade the other DNA with RecA which attack to homologous double-stranded 

DNA and to make single strand. The strains such as JM109 and XL10-gold which used in this 

work are RecA deficient strain and the target genes have three homologous sequences in the end 

of position (Fig. 7).  

Therefore we tried to do directly in vivo transformation to yeast. The primers were re-designed to 

pFlat1 homologue site for in vivo transformation of target genes. Genes were amplified with 

PCR and were confirmed by electrophoresis after purification. Subsequently the plasmid was 

extracted with mini-preparation, restricted by NotI and transformed to AH22uar3 and 

AH22tH3ura8 strains (Fig. 8-1a and 8-2a). These DNA-plasmids were extracted by yeast mini-
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preparation to verify the correct integration of the appropriate genes by PCR (Fig.8-1b and 8-2b). 

For this PCR the primer ADH1forw and the respective reverse primer (3’-coding range) of the 

amplified genes were used (Table 2). The plasmid-DNA extracted from yeast was retransformed 

to E.coli for cell-line stock. 

 

a.  b. 

Fig. 8-1. Cloning of ACC1 gene for in vivo transformation in AH22ura3 and AH22tH3ura8 
strains (M: size marker). 

 

a.  b. 
Fig. 8-2. Cloning of FAS1 gene by in vivo transformation in AH22ura3 and AH22tH3ura8 
strains (M: size marker). 

 

3.1.2 Quantification of sterol and fatty acids by overexpression of genes in wild type strain 

AH22ura3 

As already described above, individual genes and all genes in a systematic taken part in 
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ergosterol biosynthesis were overexpressed by Veen et al. (2003). When ERG1 and ERG11 genes 

were simultaneously overexpressed, the total sterol content in AH22tHura8 was three-fold higher 

than in AH22ura3(Veen et al. 2003). In addition these strains were compared regarding the total 

sterol and fatty acids by Rittman (2004). Furthermore several researchers have published 

recently that each lipid pathways are linked to highly regulatory mechanisms. In particular fatty 

acids have central meaning within the lipid metabolism and interact with the regulation of 

ergosterol biosynthesis alike other lipids pathways. 

 

Table 6. Sterol compounds and fatty acids in wild type strain AH22ura3.  

Over- 
expressed 

Genesa 
Squalene Zymo- Feco- Epi- Ergo-

Relative 
Factor
(Total 

Sterols)

Palimtic 
acid 

Palmitoleic 
acid 

Stearic 
acid 

Oleic 
Acid 

Relative 
Factor 
(Total 
Fatty 
acids) 

pFlat1 

(ref) 

5 

1.0 

8 

1.0 

7 

1.0 

7 

1.0 

96 

1.0 

118 

1.0 

6.9 

1.0 

27.6 

1.0 

10.1 

1.0 

56.78 

1.0 

101.38

1.0 

ACC1 
9.5 

1.9 

31 

3.87 

10 

1.43 

19 

1.18 

140 

1.50

200 

1.69 

26.45

3.83 

78.16 

2.83 

34.23 

3.38 

269.76 

4.75 

408.6 

4.03 

pFlat1 

(ref) 

3.5 

1.0 

3.6 

1.0 

3.9 

1.0 

8.2 

1.0 

43.4

1.0 

59.1 

1.0 

8.8 

1.0 

62 

1.0 

7 

1.0 

84 

1.0 

161.8 

1.0 

FAS1 
3 

0.86 

6.1 

1.69 

5.9 

1.51 

12.9 

1.57 

69 

1.58

93.9 

1.58 

61 

6.93 

23 

0.37 

11 

1.57 

24 

0.28 

119 

0.73 

FAS2 
3.6 

1.03 

5.9 

1.64 

5.1 

1.30 

11.6 

1.41 

56 

1.29

78.6 

1.32 

47 

5.3 

33 

0.53 

25 

3.57 

44 

0.52 

149 

0.92 

a All genes were overexpressed with expression vector pFlat1. The data estimated by gas 
chromatography were declared as specific peak area [peak area per gram of one sample dry 
weight (DW)] and relative factor proportional to vector control (cursive). The relative factor (total 
sterol) showed the relative proportion of total peak area of all sterols at proportional vector 
control. The data represent mean value via triple excrements and the standard deviation for each 
probe was not greater than 10%. 
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Accordingly we tried to do overexpression of ACC1, FAS1 and FAS2 genes among key enzymes 

in fatty acids biosynthesis preferentially. In addition the plasmid manufactured from the pFlat1, 

which a URA3-gene contains for selection, was shuttled to wild type strain AH22ura3. The three 

developed yeast strains were cultivated afterwards under selective standard conditions in 

WMVIII-Minimal Medium for 72 hours and regenerated sterol and fatty acids both for GC, and 

for TLC analysis. Subsequently we got the very interesting results which the genetically 

modified strains led to increase the sterols and fatty acids significantly. The data of the GC 

analysis showed in Table 6. The overexpressed genes induced a substantial increase of the total 

sterol content in wild type strain, indicated as relative factor (Total Sterols) in relation to the 

empty vector strain. Only small locale alterations in the total sterols content were observed in 

individual strains. Genes involved in fatty acids biosynthesis were neverthless overexpressed, an 

amount of fatty acid as well as sterols increased. In particular an increase of the content of 

zymosterol was prominent and ergosterol also increased clearly in each strain. Additionally the 

overexpression of ACC1 led to highly an increase of zymosterol. In case of a quantity of 

squalene, the overexpression of FAS1 and FAS2 has no influence in relation to the empty vector 

strain and ACC1 gene increase to 1.9 fold.  

The amount of total fatty acids, on the other hand, was considerable increased just in the ACC1 

overexpressing strain. However the overexpression of FAS1 and FAS2 genes have no influence 

on the content of fatty acids, which is to be explained with the fact that the two genes are 

transcriptionally co-regulated by general transcription factors (Wenz et al. 2001). Considered as 

a whole, the content of saturated fatty acids, palmitic acid (C16:0) and steatric acid (C18:0) 

altered against the content of unsaturated fatty acids, palmitoleic acid (C16:1) and oleic acid 

(C18:1). The fatty acid distribution of each gene did not differ and the oleic acid (C18:1) 

represented the largest portion of long chain fatty acids in overexpression of ACC1. The palmitic 

acid (C16:0) highly was increased in the overexpression of FAS1 and FAS2 as compared with 

ACC1.  
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3.1.3 Quantification of sterol and fatty acids by overexpression of genes in squalene 

overproduction strain AH22tH3ura8 

The squalene overproduction strain manufactured with the pFlat1-plasmid, which contains a 

URA3-gene as selection marker, was transformed analogy to the overexpression with wild type 

strain. The three developed yeast strains were cultivated afterwards under selective standard 

conditions in WMVIII-Minimal Medium for 72 hours and regenerated sterol and fatty acids both 

for GC, and for TLC analysis. The GC-analysis data represented in Table7 showed that the 

overexpression of each gene in this strain appeared clearly different result compared with wild 

type strain. 

 

Table 7. Sterol compounds and fatty acids in squalene overproduction strain AH22tH3ura8.  

Over- 
expressed 

Genesa 
Squalene Zymo- Feco- Epi- Ergo-

Relative 
Factor
(Total 

Sterols)

Palimtic 
acid 

Palmitoleic 
acid 

Stearic 
acid 

Oleic 
acid 

Relative 
Factor 
(Total 
Fatty 
acids) 

pFlat1 

(ref) 

156 

1.0 

2.99 

1.0 

23 

1.0 

94 

1.0 

11 

1.0 

130.99

1.0 

24 

1.0 

20 

1.0 

10 

1.0 

26 

1.0 

80 

1.0 

ACC1 
233 

1.49 

8.29 

2.77 

36.85 

1.6 

131 

1.39 

17 

1.54

193.14

1.47 

16.6 

0.69 

13 

0.65 

4 

0.4 

23 

0.88 

56.6 

0.70 

pFlat1 

(ref) 

45 

1.0 

9 

1.0 

6.3 

1.0 

13.55 

1.0 

40 

1.0 

68.85 

1.0 

17.8 

1.0 

54 

1.0 

6.25 

1.0 

79 

1.0 

150.8 

1.0 

FAS1 
104 

2.3 

9.5 

1.0 

8.8 

1.39 

14 

1.0 

68 

1.7 

100.3 

1.45 

115 

6.46 

149 

2.75 

15 

2.4 

92 

1.16 

371 

2.46 

FAS2 
328 

7.2 

12 

1.3 

10 

1.58 

0.82 

0.06 

66 

1.69

88.8 

1.29 

14 

0.76 

24 

0.44 

29 

4.64 

25 

0.31 

92 

0.61 

a All genes were overexpressed with expression vector pFlat1. The Data estimated by gas 
chromatography were declared as specific peak area [peak area per gram of one sample dry 
weight (DW)] and relative factor proportional to vector control (cursive). The relative factor (total 
sterol) showed the relative proportion of total peak area of all sterols at proportional vector 
control. The data represent mean value via triple excrements and the standard deviation for each 
probe was not greater than 10%. 
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The overexpression of ACC1 and FAS2 genes led to a significant increase of the total sterol 

content in this strain, indicated as relative factor (Total sterols) in relation to the empty vector 

strain and changes in the sterol composition were seen in almost all strains. The amount of 

zymosterol among the later sterols was clearly increased in the ACC1-overexpressing strain but 

remained more or less unchanged in the FAS1- and FAS2-overexpressing strains. Significant 

changes were seen when FAS2 was overexpressed. In this strain, the amount of the squalene was 

strongly increased, while all other sterols except episterol remained more or less changed. 

Interestingly, overexpression of Acc1p and Fas2 did not lead to the accumulation of the total 

fatty acids, while these genes induced strongly an increase of total sterol in AH22tH3ura8. 

Beside the ACC1- and FAS2-overexpressing strain, the strain which overexpressed FAS1 showed 

a significant increase in its fatty acid composition and also an increase in its sterol composition, 

indicating that the availability of fatty acids does not seem to be a limiting factor in the 

esterification and accumulation of sterols in the cells (Veen et al. 2003). This result has a 

something to do with the fact that the content of triacylglycerids increase in the cell as 

accumulation of sterol in lipid particle (Veen, M., Shin, G. and Lang, C., unpublished work). This 

might suggest that the total amount of steryl esters and fatty acid esters depend on the 

equilibrium of both compounds in the lipid particles (Veen et al. 2005). 

 

3.1.4 Thin layer chromatography Analysis 

In addition to the GC analysis a TLC was conducted to obtain a qualitative overview on the 

production of lipid compounds and to receive hints about their contents (spot intensity). The 

TLC-analysis in individual strains was represented in Fig. 9. The identification of the compounds 

as indicated was showed the spots of free sterols, sterylesters and triacylglycerids. The 

overexpression of the individual genes led to a significant increase of the total sterol content, 

including free and in esterified sterols. In addition the triacylglycerides almost were increased in 

almost all strains except for AH22ura3 strain which overepxressed FAS1. This observation was 

supported with the sterol analysis by the GC as described above.  
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Fig. 9. TLC analysis of overexpression of ACC1 and FAS1 genes in AH22ura3 and 
AH22tH3ura8. For the sterol analysis the cells were cultivated for 3 days at 28ºC and sterols 
were analyzed. 10µl of sterol extracts was applied to Kiesel Gel chromatography plate. Sterols 
and squalene were traced. 

 

3.1.5 Supplementation of fatty acids on medium for improvement of sterol 

As seen in Table 6, the amount of sterols as well as free fatty acids was increased significantly in 

AH22ura3 which overexpressed ACC1. This result indicats that increased free fatty acids might 

have a function as a signal to stimulate genes involved in the ergosterol biosynthesis pathway 

and be independant on the individual biosynthetic rate (Veen et al. 2005). 

Therefore, we tested that whereby free fatty acids affect to improve intracellular sterols in 

AH22ura3 and AH22tH3uar8 stains which overexpressed ACC1. Fatty acid intermediates, 

palmitic acid and oleic acids that can be taken up by yeast were supplemented to the culture 

medium. These intermediates were dissolved in 100% ethanol and equal amounts of ethanol 

(<0.1% of the medium volume) were added under control conditions. Their influence on other 

metabolites showed in Fig. 10. The results showed that treatment with each unsaturated fatty acid, 

oleic acid and saturated fatty acid, palmitic acid supplied with 100mM concentration induced 

slightly the amount of either free or sterol ester compared with that obtained under control 

conditions in AH22tH3ura8 which overexpressed ACC1. Neither saturated nor unsaturated fatty 
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acid did not have an influence on other metabolites in AH22ura3 which overexpressed ACC1. It 

might suggest that ACC1-overexpressing strain in AH22ura3 was already taken up the fatty acids 

supplemented in medium and had no influence on the variation of sterol content. In case of 

AH22tH3ura8 strain, ACC1 gene might regulate the phospholipids metabolism out of 

consideration for accumulation of free sterols to stimulate genes involved in ergosterol 

biosynthesis pathway. The 5’-untraslated region of ACC1 gene contains a sequence of an 

inositol/choline-responsive element identified in genes encoding phopholipid biosynthetic 

enzyme. 

 

Fig. 10. TLC analysis of sterols by supplementation of individual lipid metabolites in the culture 
medium. For the sterol analysis the cells were cultivated for 3 days at 28ºC and sterols were 
analyzed. 10µl of sterol extracts was applied to Kiesel Gel chromatography plate. Sterols and 
squalene were traced. 

 

3.1.6 Expression profile of wild type and ACC1-overexpressing strains by COMBIMATRIX 

CustomArrayTM  

The expression profile was analyzed to interpret an invaluable tool for the elucidation of 

mechanisms of diverse biological processes at the molecular level by mRNA gene expression 

microarrays (CombiMatrix, UAS). The data obtained with microarry was clustered by profiles- 

and gene similarities. To demonstrate the lipid regulatory metabolism by data-mining of co-

regulated gene profiles, we applied it to publicly available genes related to lipid- and carbon 

metabolism from Sacchromyces cerevisiae. 
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Fig. 11. A Scattered plot graph between probes hybridizing signal with microarray. Each blue dot 
on the plot represents a gene hybridization signal. b Correlation coefficient is displayed on the 
table. 

 

The expression data of the genes which were expressed significantly in ACC1-overepxressing 

strain compared with wild type were shown in clusters, which were analyzed in each functional 

category using a complete linkage clustering algorithm (Fig. 12). A similarity measure of 

distance was represented with the two colors (red and green), which did not represent expression 

ratios but behaviors between genes in a profile. As seen in Fig. 11, a scatter plots showed the 

relationship between two strains, indicating how much one variable is affected by another. Due 

to a perfect positive correlation absolutely the correlation was close to the number of 1.  

Genes which were over- or underexpressed by ACC1-overexpressing were categorized by their 

function, and we analyzed the gene expression profile of ACC1-overexpressing as compared 

with those of wild type.  
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Fig. 12. Hierarchical clustering (p<0.05) with differentially expressed genes in in wild type and 
ACC1 overepressing strains. The dataset was entered into the clustering algorithm to see. The 
expression profiles of the genes in wild type and ACC1 overepressing strains are shown in two 
columns, as shown in the indicator bar: red, overexpressed, and green, underexpressed in both 
strains. The reliability of the data is shown as the density of the color. The method of the 
clustering is described in “Materials and Methods”. 

 

Fatty acids metabolism. The expression profiles of genes which are categorized in fatty acids 

metabolism were shown in Fig. 13. According to the results of the functional distribution of 

genes, several genes involved in fatty acid biosynthesis were overexpressed in ACC1-

overexpressing strain. In particular, the expression level of ACC1 (acetyl CoA carboxylase that 

catalyzes the carboxylation of acetyl-CoA form malonyl CoA) was absolutely overexpressed in 

this strain as compared with wild type strain in a consequence of ACC1 overexpression. In 

addition, many genes involved in fatty acid biosynthesis, FAS1 (alpha-subunit of fatty acids 

biosynthesis), FAS2 (beta-subunit of fatty acids biosynthesis), ECI1 (enoyl CoA isomerase) and 

HFA2 (mitochontrial acetyl CoA carboxylase) were also overexpressed. Overexpression of ELO 
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gene involved in carboxyl-terminal elongation of unsaturated C12~C16 fatty acyl CoA to 

C16~C18 fatty acids slightly occurred in ACC1-overexpressing strain while some genes, EHT1 

(acyl-CoA), ACP1 (mitochondrial matrix acyl carrier protein) and OAR1 (3-oxoacyl-[acyl-

carrier-protein] reductase), among others were clearly underexpressed.  

 

Fig. 13. Alteration Expression Profiles of the Genes in the Category “Fatty acids metabolism” in 
wild type and ACC1-overexpressing strains. The expression profiles of the genes in wild type 
and ACC1-overexpressing strains are shown in two columns, in same way as in Fig. 7.  

 

 Ergosterol biosynthesis. The expression profile of genes in the category of ergosterol 

biosynthesis was shown in Fig. 14. The significant subcategories were able to divide two parts, 

squalene and post-squalene biosynthesis. Among genes involved in squalene biosynthesis, 

HMG1 (3-hydroxy-3-methylglutaryl-CoA reductase 1), HMG2 (3-hydroxy-3-methylglutaryl-

CoA reductase 2) and ERG13 (3-hydroxy-3-methylglutaryl-CoA synthase) were overexpressed 

and ERG12 (Mevalonate kinase) and ERG8 (Phosphomevalonate kinase) were underexpressed 

relative to the wild type strain. Additionally, the expression level of FRM2 gene involved in the 

integration of lipid signaling pathways with cellular homeostasis was strongly increased in 

ACC1-overexpressing strain, indicating that the amount of increased free fatty acids by 

overexpressing ACC1 may stimulate FRM2 gene. As a consequent the amount of squalene might 

be increased as described in GC-analysis. The genes in post-squalene biosynthesis, three ERG 

genes, ERG11 (lanosterol 14-alpha-demthylase), ERG5 (C-22 sterol desaturase) and ERG28 
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(endoplasmic reticulum membrane protein) were significantly overexpressed in ACC1-

overespressing strain. 

 

Fig. 14. Alteration Expression Profiles of the Genes in the Category “Ergosterol Biosynthesis” 
in wild type and ACC1-overexpressing strains. The expression profiles of the genes in wild type 
and ACC1 overepressed strains are shown in two columns, in same way as in Fig. 7. 

 

Particulary ACC1 gene significantly increased the expression level of ERG11, supporting that 

this gene induces the increase of zymosterol as intepreated in Table 6. Also, prominently 

increased ERG28 expression level may lead to induce the rise of ergosterol on the basis of result 

which Erg28p functions as a scaffold to tether the C-4 demethylation enzymatic complex 

(Erg25p-Erg26p-Erg27p) to the endoplasmic reticulum and acts as a protein bridge to the Erg6p 

enzyme required for the last ergosterol biosynthetic pathway (Mo et al., 2004). On the other hand, 

the ACS1, encoding acetyl CoA synthetase, was also highly overexpressed, suggesting that this 

enzyme may activate to support an excess utilization of acetyl CoA due to overexpression of 

ACC1.  
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Most of genes except described above were expressed at the same levels or rather higher in wild 

type. ARE1 and ARE2, endoplasmic reticulum enzymes that contributes the major sterol 

esterification activity, were expressed at the same levels or rather higher in wild type strain. 

 

Phospholipid and Sphingolipid metabolism. The expression profiles of genes in the 

category of phospholipids and sphingolipids metabolism were shown in Fig 15. In the 

phospholipids biosyntehsis subcategory (Fig. 15A), LPP1 (lipid phosphate phosphatase), GAB1 

(GPI transamidase subunit, involved in attachment of glycosylphosphatidylinositol anchors to 

proteins), RPP1A (Ribosomal stalk protein P1 alpha, involved in the interaction between 

translational elongation factors and the ribosome), GUT1 (Glycerol kinase), CAN1 (Plasma 

membrane arginine permease), PIS1 (Phosphatidylinositol synthase), SPO14 (Phospholipase D), 

CHO2 (Phosphatidylethanolamine methyltransferase) were significantly overexpressed in ACC1-

overespressing strain. Additionally, PGS1 (Phosphatidylglycerolphosphate synthase), CDS1 

(Phosphatidate cytidylyltransferase), SLC1 (1-Acylglycerol-3-phosphate acyltransferase), STT4 

(Phosphatidylinositol-4-kinase), OPI3 (Phospholipid methyltransferase), VPS34 

(Phosphatidylinositol 3-kinase), CKI1 (Choline kinase) and SLM1 (Phosphoinositide PI4,5P(2) 

binding protein) were slightly overexpressed relative to the wild type. On the other hand, the 

expression level of PSD1 (Phosphatidylserine decarboxylase of the mitochondrial inner) and 

PLC1 (Phosphoinositide-specific phospholipase C) were clearly increased and PIK1 

(Phosphatidylinositol 4-kinase) were slightly decreased in ACC1-overespressing strain. In 

particular, LRO1 (Acyltransferase) and DGA1 (Diacylglycerol acyltransferase) were 

underexpressed. Among genes involved in sphingolipid metabolism, HOR7 (multicopy 

suppressor of the Ca2+-sensitive phenotype), LAC1 (Ceramide synthase component involved in 

synthesis of ceramide), AUR1 (IPC synthase) and SUR4 (Elongase, involved in fatty acid and 

sphingolipid biosynthesis) were overexpressed in ACC1-overespressing strain. However, most of 

genes involved in post-IPC (inositol phosphoryl ceramide) biosynthesis, the first of three so-

called complex sphingolipid, were expressed at the same levels or rather higher in wild type 

strain (Fig. 15B). 
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Fig. 15. Alteration Expression Profiles of the Genes in the Category “Phospholipid and 
Sphingolipid Metabolism” in wild type and ACC1-overexpressing strains.  
The expression profiles of the genes in wild type and ACC1 overepressed strains are shown in 
two columns, in same way as in Fig. 7. The expression profiles of the genes in each category are 
shown as to A, phospholipid, and B, sphingolipid. 
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Fig. 15. Continued 

 

Amino acid metabolism, C-compound and carbohydrate metabolism. The expression 

profiles of genes in amino acid, C-copound and carbohydrate metabolism were shown in Fig.16.  

Among the genes involved in amino acid metabolism, GDH1, GDH3 (glutamate dehydrogenase), 

GAP1 (General amino acid permease), AGX1 (glyoxylate aminotransferase), SAM1 (s-

adenosylmethionine synthetase), HOM3 (aspartate kinase), AGX1 (glyoxylate aminotransferase), 

YDL124W (NADPH-dependent alpha-keto amide reductase), ASC1 (G-protein beta subunit and 

guanine nucleotide dissociation inhibitor for Gpa2p), GAB1 (glycosylphosphatidylinositol 

transamidase subunit), PRS4 (phosphoRibosylpyrophosphate Synthetase), PRK1 (protein 

serine/threonine kinase) and HHT2 (core histone required for chromatin assembly) were 

overexpressed in ACC1-overexpressing strain. Furthermore, genes involved in histidine 

biosynthesis, HIS1 (ATP phosphoribosyltransferase), HIS4 (histidinol dehydrogenase) and HIS7 

(glutamine amidotransferase) were also overexpressed (Fig. 16A).  
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Fig. 16. Alteration Expression Profiles of the Genes in the Category “Amino acids, 
carbohydrate metabolism and TCA cycle” in wild type and ACC1-overexpressing strains.  
The expression profiles of the genes in wild type and ACC1 overepressed strains are shown in 
two columns, in same way as in Fig. 7. The expression profiles of the genes in each category are 
shown as to A, Amino acids, B, carbohydrate metabolism and C, TCA cycle. 

 

Generally one of the important features in yeast is high ethanol productivity and they are 

supposed to have high ability of carbon source utilization. Among the genes involved in C-

compound and carbohydrate utilization, ADH2 (alcohol dehydrogenase II) ALG6 

(glucosyltransferase), DLD3 (D-lactate dehydrogenase), GAL7 (galactose-1-phosphate uridyl 

transferase), LSC1 (alpha subunit of succinyl-CoA ligase), MNT3 (Alpha-1, 3-

mannosyltransferase) and MNN4 (mannosylphosphate transferase) were overexpressed and 

MNT2 (mannosyltransferase) was underexpressed in ACC1-overexpressing strain. Furthermore 

several genes involved in glycolysis and gluconeogensis pathway were slightly overepxressed, 

including ENO1 (enolase I), ENO2 (enolase II), DCD19 (pyruvate kinase), FBA1 (fructose 1 6-
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bisphosphate aldolase), GPM1 (tetrameric phosphoglycerate mutase), GPM2 (homolog of 

Gpm1p phosphoglycerate mutase), PGI1 (phosphoglucose isomerase), PGM2 

(phosphoglucomutase), PFK1 (alpha subunit of heterooctameric phosphofructokinase), PFK2 

(beta subunit of heterooctameric phosphofructokinase) and PYC1 (pyruvate carboxylase), TDH1 

(glyceraldehyde-3-phosphate dehydrogenase), and the gene involved in glycogen metabolism, 

GPH1 (glycogen phosphorylase) (Fig. 16B). 

 

 

Fig. 16. Continued 
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Among the genes in C-compound and carbohydrate utilization, genes involved in tricarboxylic-

acid (TCA) cycle, ACO1 (aconitate hydratase), CIT1, CIT3 (citrate (si)-synthase, mitochondrial), 

KGD1 (alpha-ketoglutarate dehydrogenase, mitochondrial), LAT1 (dihydrolipoamide 

acetyltransferase), SDH1 (succinate dehydrogenase flavoprotein precursor), SDH2 (succinate 

dehydrogenase iron sulphur protein subunit), SDH3 (cytochrome b560 subunit of respiratory 

complex II), were also overexpressed (Fig. 16C). 

 

Fig. 16. Continued 

 

3.1.7 Network analysis between lipidic pathways 

Studying the identified proteins in the context of protein interaction networks can help identify 

the underlying regulatory mechanisms. We first built and reconstructed pathways from our 

microarray data by using Pathway StudioTM (Edition Version 5.0, ARIADNE, USA) which is 

software for visualization and analysis of biological pathways. This program enables to create 

our own pathways and produce publication quality pathway diagrams. For visualization purposes, 

pathways are represented as figures with two types of nodes. The nodes of the first type are 

reserved for proteins, small molecules and cellular processes. The nodes of the second type 

(controls) represent events of functional regulation, chemical reactions and protein-protein 

interactions.  

At first, we reviewed the pathway networks building workflows related to lipid compound 

production with the expression level by microarray. Fig. 17 showed the potiential interactions 

between numbers of these altered proteins linked to each other via cellular processes of target 
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gene that are involved in lipid metabolism. The pathway analysis indicated that the altered ACC1 

expression level resulted in modulation of proteins involved in sphingolipid and sterol 

biosynthesis in ACC1-overexpressing strain. Green colour represents decreased expression while 

red colour appears increased expression and light gray indicates no analysis in expression data. 
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Fig. 17. Pathway (gene regulation and protein interaction network) mapping of altered protein 
expression related to lipid metabolism using Program Pathway StudioTM. Regulatory events are 
displayed as arrows, with effects being shown as ‘+’ (activation) or ‘−’ (downregulation), and 
mechanism of regulation (transcriptional, protein modification, etc.) 
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Fig. 18. Reduced pathway mapping connected to ACC1 gene among altered expressions related 
to lipid metabolism using Program Pathway StudioTM. Regulatory events are displayed as arrows, 
with effects being shown as ‘+’ (activation) or ‘−’ (downregulation), and mechanism of 
regulation (transcriptional, protein modification, etc.) 
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3.2 Batch-fermentation for production of sterols and fatty acids in yeast Saccharomyces 

cerevisiae 

As described in introduction, ergosterol that can be found in fungal cell membranes is an 

important chemical in the pharmaceutical and chemical industry. Due to their diversity of 

applications sterols are of high commercial interest and a fermentative production approach is 

desirable. Therefore the production of sterol in an industrial scale and the optimization of the 

fermentation process conditions were necessary to obtain a reasonable yield (He et al., 1998; 

Yang et al 1998). 

Both aspects were a subject of this fermentative process. On the level of genetic modifications a 

recombinant strain with overexpression of ACC1 was compared to the wild type strain, in respect 

to fatty acids and sterol contents induced in fermentative process, because the effect of co-

regulation of fatty acid and sterol biosynthesis outlined before. On the other hand the influence 

of fermentation condition such as dissolved oxygen and nitrogen availability was analyzed. The 

contents of sterol and fatty acid were determined by GC and the free sterols and sterly ester were 

analyzed by TLC. The results served thereupon on the basis of the development of fermentation 

strategies. 

 

3.2.1 Influence of dissolved oxygen availability for production of lipid compounds in yeast 

strains 

Like in many fermentation processes with aerobic growth conditions oxygen limits the rate of 

biomass production and has additionally a particular effect on the biosynthesis of unsaturated 

fatty acids and sterol. Gao et al. (2003) has been also demonstrated that the dissolved oxygen 

plays a vital role in sterol biosynthesis and ergosterol synthesis is thus mainly determined by the 

oxygen consumption ratio. Therefore, the stirrer speed was rised to observe the influence of 

increased oxygen availability at the end of the fermentation. The highest yield of sterol was thus 

expected in the recombinant strain overexpressing ACC1 under elevated oxygen availability. Due 

to the observed effect of co-regulation of fatty acid and sterol biosynthesis as described before, 

how much the overexpression of ACC1 accumulate the amount of sterol and fatty acid in 30 L 

fermentor was also investigated.  
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3.2.1.1 The fermentation process 

To observe effect of additional oxygen supply on the fatty acid and sterol synthesis of the ACC1 -

overexpressing and wild type strains two strains fermentations were each executed. During the 

stationary phase the stirrer speed was increased to provoke an increased oxygen transfer and thus 

increased oxygen availability. In order to monitor the growth phases samples were drawn and the 

OD was determined at different time points. Before sampling temperature, pH value, and DOT 

were recorded directly. The stirrer speed and air flow rate were adapted simultaneously in order 

to prevent oxygen limitation. Temperature and pH value were regulated to stay constant (28°C, 

pH 5.0) and do not show any significant aberration. Hence they were not displayed in the Fig. 20 

but only in the Appendix. 

 

 

Fig. 19 Evaluation of dissolved oxygen and biomass concentration during aerobic fermentation 
of S. cerevisiae wild type and ACC1-overexpressing strains. Additional dissolved oxygen was 
supplied at 69h in wild type and at 68.67h in ACC1-overexpressing strain. 
 

To simplify the distinction into growth phase, the time dependent optical density was plotted on a 

logarithmic scale. A short lag - and acceleration phase (0-3h) in which the yeast adapts to the 

new environment is followed by the exponential growth phase (3-25h) characterized by the 

constant linear slope. After a short retardation phase (25-32h) the stationary phase (>32h) starts. 

From 45h to about 60h another slight increase of the OD were observed. The DO was decreased 
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gradually during the course of the fermentation as the increasing amount of biomass showed an 

increase of oxygen demand for growth and maintenance. Therefore, the stirrer speed and air flow 

rate were frequently adapted to prevent oxygen limitation. The original course of the DO affected 

by the increased oxygen demand was partially counteracted by increasing oxygen transfer rates. 

For three hours before finishing the fermentation the stirrer speed was increased significantly to 

investigate the influence of the increased oxygen availability in the stationary phase on fatty acid 

and sterol synthesis. Samples taken after the three hours period are assigned to the sample 

affected by the increased oxygen availability. The evaluation of DO signal and biomass was 

shown in Fig. 19. In order to be able to compare data from different samples of the sterol and 

fatty acid taken in different fermentations dry weight had to be determined to which the peak 

areas obtained from the gas-chromatogram were then related. The time dependent courses of the 

dry weight were shown in Fig. 20.  

 

Fig. 20. Evaluation of biomass concentration during aerobic fermentation of S. cerevisiae wild 
type and ACC1-overexpressing strains. Additional dissolved oxygen was supplied at 69h in wild 
type and at 68.67h in ACC1-overexpressing strain. 

 

However all determined values lied within in retardation (25-32h), the first stationary phase 

(>32h), second growth (45-60h), and the final stationary phase (>60h), as seen in Fig 19, 

suggesting that a slight growth rate remained until 60h, before actual stationary conditions with 
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only cryptic growth were reached. This corresponded to the second OD increase mentioned 

before and suggested that it may be diauxie effect. 

 

3.2.1.2 Quantification of fatty acids  

As described in the introduction fatty acids are essential compounds in the sterol biosynthesis 

since they need to convert the membrane damaging free sterols into the storable steryl esters. 

Consequently fatty acid and sterol synthesis are highly co-regulated and a sufficient fatty acid 

supply is crucial for efficient sterol production.  

 

 

Fig. 21. Concentration of fatty acids intermediates palmitoleic acid, palmitic acid, oleic acid and 
stearic acid during aerobic cultivation in wild type (A) and ACC1-overexpressing strain (B). 
Additional dissolved oxygen was supplied at 69h in wild type and at 68.67h in ACC1-
overexpressing strain. 
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Therefore, the time dependent concentration patterns of the intracellular fatty acid were analyzed 

in both fermentations (Fig. 21). 

In order to convert the raw data from GC analysis into comparable values a number of 

calculations were necessary. After the identification of the standard peaks in the GC the relative 

peak area was determined. This relative number is proportional to the concentration of the 

corresponding fatty acid and the volume of the sample that was analyzed. The mean amount of 

fatty acids per g dry weight was plotted over time for each analyzed fatty acid. All mean values 

were derived from triplicate analysis. As seen in Fig 21, the amount of saturated fatty acids 

(palmitic and stearic) varied within the fermentation while the amount of unsaturated fatty acids 

(palmitoleic and oleic) remained relatively constant at a significantly lower level. In particular, 

the content of palmitc acid in strictly aerobic fermentation was rising to a maximum of 1.2mg/g 

dry weight during exponential growth at 33h in wild type strain and had no increase after the oxygen 

supply at 72.33h (Fig. 21A). After supplying oxygen (at 72h), however the saturated fatty acids 

were particularly rising to two fold as compared to the content before the supply of oxygen (at 

68h) in ACC1-overexpressing strain, while the amount of unsaturated fatty acids (palmitoleic and 

oleic) remained relatively constant at the same lower level before the supply of oxygen (Fig. 

21B). 

 

Table 8. Relative ratios of ACC1 to wild type fatty acid contents at selected comparable time 

points. 

t of wt[h] t of ACC1[h] palmitoleic palmitic oleic stearic Total 

24,00 27,08 4,97 3,03 2,54 2,81 3.07 

44,00 45,58 1,52 1,86 1,78 1,78 1.80 

48,67 50,83 1,28 1,77 1,33 1,78 1.71 

69,00 68,67 1,93 0,77 1,70 0,90 0.91 

72,33 72,00 1,53 2,04 1,72 2,15 2.00 

 

In general the content of free fatty acids in the ACC1- overexpressing strain was significantly 

higher than in the wild type strain. This observation was confirmed by the following Table 8 that 

shows the ratios of fatty acid contents of the two strains at comparable time points. At the end of 
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the logarithmic growth phase the free fatty acid content increased, at the beginning of the 

stationary phase it decreased again. From 45h a slight increase of free fatty acids occurred which 

correlates to the beginning of the second growth phase (Diauxie effect). After that, the fatty acid 

content was decreased continuously. 

Though the general course appeared similar in both strains it differed in the last two 

measurements (Fig. 22). In case of the wild type strain the free fatty acid content kept decrease, 

while for the ACC1-overexpressing strain a considerable increase could be observed. 

 

Fig. 22. Fatty acids (unsaturated, saturated and total fatty acids) concentration and biomass 
concentration during aerobic cultivation with wild type (A) and ACC1-overexpressing strain (B). 
Additional dissolved oxygen was supplied at 69h in wild type and at 68.67h in ACC1-
overexpressing strain. 
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3.2.1.3 Quantification of sterols  

The time dependent concentration patterns of the intracellular sterol fractions were analyzed in 

both fermentations (Fig. 23). The analyzed sterols were represented as dx,k [area/g] which is 

relation value between the specific peak area and the used dry weight. As can be derived from 

the diagrams, ergosterol constituted the main sterol in both strains. In the ACC1-overexpressing 

strain the squalene content was significantly elevated compared to the wild type strain and also 

more subject to changes during the fermentation. 

 

Fig. 23. Concentration of free sterol intermediates zymosterol, fecosterol episterol and ergosterol 
during aerobic cultivation in wild type (A) and ACC1-overexpressing strain (B). Additional 
dissolved oxygen was supplied at 69h in wild type and at 68.67h in ACC1-overexpressing strain. 
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Furthermore the ergosterol content of the wild type strain appeared higher than of the ACC1-

overexpressing strain. A difference in the course of sterol synthesis could be observed in the very 

end of the fermentation, where additional oxygen was supplied. Sterol levels of the wild type 

strain were increased, while levels of the ACC1- overexpressing strain were decreased at time 

points. Table 9 emphasized again the significantly increased squalene levels of the ACC1-

overexpressing strain and the higher ergosterol levels of the wild type strain. Apart from the last 

measurements, where the sterol content of the wild type strain was increased, while the sterol 

content of the ACC1-overespressing strain was decreased. This result suggests that the ergosterol 

precursors seem to be generally more pronounced in the ACC1-overexpressing strain.  

 

Table 9. Relative ratios of ACC1-overexpressing to wild type strain sterol and squalene contents 
at selected comparable time points. 

T of wt[h] t of ACC1[h] squalene zymosterol ergosterol fecosterol episterol 
Total  

(free sterols)

44,00 45,58 27,41 2,32 0,88 1,88 2,24 1.28 

48,67 50,83 8,29 1,18 0,65 1,02 1,23 0.69 

69,00 68,67 19,37 0,69 0,64 1,68 1,42 0.81 

72,33 72,00 14,92 0,33 0,34 0,79 0,50 0.38 

 

After a number of hours into the first stationary phase the ergosterol content was increased in 

both fermentations. In particular, the sterol increase in ACC1-overexpressing strain seemed to 

correlate with the decrease of free fatty acids as described before. The ergosterol content steadily 

declined during the second diauxi growth phase in both fermentations (Fig. 24A, B). However 

the ergosterol content of the wild type strain (Fig. 24A) was increased after oxygen supply and 

vice versa in ACC1-overexpressing strain (Fig. 24B). The time dependent contents of squalene 

were relatively constant at a low level in wild type fermentation, while correlated to the 

ergosterol contents in case of ACC1-overexpressing strain fermentation. Though the general 

concentration patterns of ergosterol and fatty acids showed the same tendency in both strains, it 

differed in the last two measurements. The content of free fatty acid kept decrease after the 

second growth phase in wild type strain, while a considerable increase could be observed in the 
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ACC1-overexpressing strain. The ergosterol content behaved vice versa. 

 

Fig. 24. Concentration of total fatty acid, squalene and ergosterol during aerobic cultivation in 
wild type (A) and ACC1-overexpressing strain (B). Additional dissolved oxygen was supplied at 
69h in wild type and at 68.67h in ACC1-overexpressing strain. 

 

3.2.2 Influence of nitrogen source availability for production of lipid compounds in yeast 

strains 

As already indicated, nitrogen sources are very important chemical compounds in growth 

medium. Nitrogen content in medium has great influence on the synthesis of yeast biomass and 

the accumulation of ergosterol. Based on investigation which ammonium ions lead rather to the 

accumulation of squalene than sterols and preferred nitrogen sources decrease the sterol content  

due to higher specific growth rate (Shang et al., 2006), we compared both strains in respect to the 
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sterol at lower and increased glutamate contents. Therefore the increased sodium glutamate level 

was supposed to increase the total biomass and facilitate sterol formation in wild type strain 

while was expected to increase the content of fatty acid, the substrate for esterification in ACC1-

overexpressing strain.  

 

3.2.2.1 The fermentation process and growth  

To compare the effect of additional nitrogen supply on the fatty acid and sterol synthesis of the 

two strains two fermentations were executed more. Like the effect of oxygen availability, the 

time dependent OD values were determined to monitor the growth phases and temperature, pH 

value, and DOT were recorded directly before sampling. Simultaneously stirrer speed and air 

flow rate were also adapted to prevent oxygen limitation. Temperature and pH were regulated to 

stay constant (28oC, pH5.0). The biomass concentration and DO value of yeast cultivated on 

different Na-Glutamate concentration as nitrogen source was shown in Fig. 25. In the later phase 

of fermentation, another slight increase of the OD was observed from 45h to 60h like the growth 

curve on the effect of oxygen availability and this phenomenon was more pronounced for the 

fermentations with high sodium glutamate content (Fig. 25). 

When comparing growth behavior at low and high sodium glutamate content it can be seen that 

both strains react similarly to increased nitrogen source availability. In both cases the log phase 

passed relatively earlier than at low sodium glutamate content, while both strains adapted slightly 

faster at higher nitrogen source availability. In high glutamate content medium the increased 

initial oxygen demand induced from the corresponding DO values suggested a higher metabolic 

activity even though DO values were not effectively comparable due to frequent stirrer speed and 

air flow adaptation. The low DO values however were evidence that it was not possible to keep 

the oxygen level up. In both fermentations with high sodium glutamate medium log phase ended 

at a lower OD compared to the corresponding low sodium glutamate content fermentation. After 

the second slight growth the fermentations with high sodium glutamate content showed a slightly 

higher OD for both strains (Fig. 25A, B). 
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Fig. 25. Biomass concentration during aerobic cultivation on WM8 medium supplemented with 
50g/l Na-Glutamate (high NaGlu) in wild type (A) and ACC1-overexpressing strain (B). 
And finally, oxygen demand for maintenance in the final stationary phase was lower at high 
sodium glutamate content. 

 

3.2.2.2 Quantification of fatty acids 

The time dependent content patterns of fatty acid under both conditions with supply of high and 

low nitrogen content were analyzed by the same quantification methods as described above. The 

effect of increased nitrogen supply on fatty acid production in particular can not be predicted as 

fatty acids are no nitrogenous compounds, only a general increase in metabolic activity can be 

expected. 
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The course of fatty acids per dry weight was analyzed under high sodium glutamate in batch 

cultivations (Fig. 26).  

 

Fig. 26. Concentration of fatty acids intermediates palmitoleic acid, palmitic acid, oleic acid and 
stearic acid during aerobic cultivation on WM8 medium supplemented with 50g/l Na-Glutamate 
in wild type strain (A) and ACC1-overexpressing strain (B). Compare to concentration of fatty 
acids at low sodium glutamate (Fig. 21). 
 

All values were derived from triplicate analysis. All results showed the common point that the 

content of saturated fatty acids significantly exceeded the content of unsaturated fatty acids. 

Besides that, the concentration patterns of fatty acid appeared to be largely influenced by the 

growth medium compare to the results represented in Fig. 19. The content of palmitic acid 
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(C16:0) was the most prevalent fatty acid, followed by stearic acid (C18:0) under low sodium 

glutamate in batch cultivation. The unsaturated fatty acids occurred at considerably lower levels 

with palmitoleic acid (C16:1) showing slightly higher contents than oleic acid (C18:1). 

Consequently the amount of unsaturated fatty acids remained relatively constant under low 

sodium glutamate in batch cultivation of both strains, while the amount of saturated fatty acids 

was subject to obvious changes. The ACC1-overxpressing strain produced more the content of 

fatty acids than the wild type strain at low sodium glutamate level (Table 10, Fig. 21), which 

could be expected since the ACC1 strain was designed to overexpressed acetyl-CoA carboxylase, 

a key enzyme of fatty acid synthesis. However the time dependent concentration patterns of fatty 

acid at high sodium glutamate differed considerably from the courses described for the low 

sodium glutamate fermentations. 

 

Table 10. Relative ratios of ACC1 to wild type the contents of fatty acid at the selected 
comparable time points under low sodium glutamate medium in batch cultivation.  

t of wt[h] t of ACC1[h] palmitoleic palmitic oleic stearic 

24,00 27,08 4,97 3,03 2,54 2,81 

44,00 45,58 1,52 1,86 1,78 1,78 

48,67 50,83 1,28 1,77 1,33 1,78 

69,00 68,67 1,93 0,77 1,70 0,90 

72,33 72,00 1,53 2,04 1,72 2,15 

 

Table 11. Relative ratios of ACC1-overexpressing to wild type strain in fatty acid contents during 
fermentation with high sodium glutamate medium at selected comparable time points 

t of wt[h] t of ACC1[h] palmitoleic palmitic oleic stearic 

39,25 39,75 3,59 2,60 3,04 1,53 

46,00 47,42 4,09 2,19 3,34 0,84 

63,00 65,08 3,57 2,18 3,38 1,01 

72,33 71,25 1,82 1,84 1,93 0,80 

 

One major difference was a changed prevalence of the different fatty acids. In case of the wild 

type strain, stearic acid (C18:0) has become more abundant than palmitic acid (C16:0). Also in 
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both fermentations with high sodium glutamate medium palmitoleic acid (C16:1) showed higher 

contents than oleic acid (C18:1). Generally, the contents of fatty acid were decreased over the 

course of fermentation under high sodium glutamate medium. 

 

Fig. 27. Fatty acids (unsaturated, saturated and total fatty acids) concentration and biomass 
concentration during aerobic cultivation on WM8 medium supplemented with 50g/l Na-
Glutamate in wild type strain (A) and ACC1-overexpressing strain (B). Compare to 
concentration of fatty acids at low sodium glutamate content (Fig. 24). 

 

In analogy to the batch cultivation of the ACC1-overexpressing strain under low sodium 

glutamate content, more content of fatty acids was produced generally (Table 11). Considering 

the relative ratios this effect seemed even slightly more pronounced when grown on glutamate 
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rich medium except for stearic acid which happened to be more abundant in the wild type strain. 

The results represented in Fig. 22 and 27 emphasized even more the difference in concentration 

patterns of fatty acid contents in the different content of nitrogen source media. At low sodium 

glutamate content the saturated fatty acid content shows some correlation with the growth rate, 

while the amount of unsaturated fatty acids remained relatively constant. On the other hand, after 

the logarithmic growth phase, both saturated and unsaturated fatty acids contents decreased 

exponentially at high sodium glutamate content. 

 

3.2.2.3 Quantification of sterols 

The time dependent content patterns of intracellular sterol fractions under both conditions with 

supply of high or low content nitrogen were analyzed by the same quantification methods as 

described above. As seen in Fig. 28, the squalene content in the ACC1-overexpressing strain was 

significantly elevated compared to the wild type strain. Furthermore the ergosterol content of the 

wild type strain appeared higher than of the ACC1-overexpressing strain. As compared to low 

and high sodium glutamate media (Fig. 23 and 28), it could be observed that at high sodium 

glutamate content the initial sterol levels were elevated however they dropped below the levels 

of the low sodium glutamate medium in the course of the further fermentation.  

The significantly increase in squalene levels of the ACC1-overexpressing strain and 

simultaneously increase in ergosterol levels of the wild type strain can be also seen in Table 12 

and 13. At low sodium glutamate content the ergosterol precursors seemed to be generally more 

pronounced in the ACC1-overexpressing strain. This effect did not show at high sodium 

glutamate content. At high sodium glutamate content the ACC1-overexpressing strain showed 

higher initial sterol levels during the first stationary phase, they dropped however under wild 

type levels during the course of the fermentation. Also, both strains reacted similarly to different 

levels of nitrogen availability (Fig.24 and 29). As seen in Fig.24, the time dependent 

concentration patterns of squalene, ergosterol and total fatty acids showed the correlation with 

the growth rate in low sodium glutamate medium, while their contents exponentially decayed in 

high sodium glutamate medium independent on the growth.  
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Fig. 28. Concentration of free sterol intermediates zymosterol, fecosterol episterol and ergosterol 
during aerobic cultivation on WM8 medium supplemented with 50g/l Na-Glutamate in wild type 
strain (A) and ACC1-overexpressing strain (B). Compare to concentration of fatty acids at low 
sodium glutamate content (Fig. 23). 

 

Squalene and fatty acid contents were elevated in the ACC1-overexpressing strain while the 

amount of ergosterol slightly increased in wild type strain (Fig. 29). Increased squalene and 

sterol levels showed at high glutamate medium fermentations in the beginning of the first 

stationary phase. They continued to decrease however over the further course of fermentation 

eventually falling below levels of the low sodium glutamate medium fermentations. It appeared 

as if total ergosterol content permanently increase during the course of fermentation on low 

glutamate medium or at least remaines almost constant, while in case of fermentation on high 
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sodium glutamate medium the biomass increase could not compensate for the exponential 

decrease of the sterol content.  

 

Table 12.  Relative ratios of ACC1-overexpressin to wild type sterol and squalene contents 
during fermentation with low sodium glutamate medium at selected comparable time points. 

t of wt[h] t of ACC1[h] squalene zymosterol ergosterol fecosterol episterol 

44,00 45,58 27,41 2,32 0,88 1,88 2,24 

48,67 50,83 8,29 1,18 0,65 1,02 1,23 

69,00 68,67 19,37 0,69 0,64 1,68 1,42 

 
Table 13.  Relative ratios of ACC1-overexpressing to wild type sterol and squalene contents 
during fermentation with high sodium glutamate medium at selected comparable time points. 

t of wt[h] t of ACC1[h] squalene zymosterol ergosterol fecosterol episterol 

46,00 47,42 12,72 1,19 1,14 1,48 1,48 

63,00 65,08 22,61 0,65 0,56 0,80 0,69 

67,50 65,08 21,78 0,54 0,54 0,85 0,79 

72,33 71,25 13,22 0,66 0,57 0,62 0,55 

 

Table 14. Crude approximation of ergosterol content at early high sterol contents and at highest 
biomass for both strains and media. 

strain medium t [h] OD Dx,k ergosterol
OD*Dx,k  

(total ergosterol content 
approximation) 

Wild type 

Low NaGlu 

33,00 28,03 3,20 89,7 

44,00 33,08 3,17 104,9 

69,00 47,34 2,46 116,5 

High NaGlu 
39,25 21,02 15,82 332,5 

72,33 64,26 1,03 66,2 

ACC1 
overexpressed 

Low NaGlu 
45,58 32,79 2,8 91,8 

65,33 57,50 1,56 89,7 

High NaGlu 

47,42 16,78 7,97 133,7 

79,75 52,46 0,61 32,0 

95,58 55,79 0,56 31,2 
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The crude approximations of the total sterol contents at the beginning of sterol measurements 

and at later fermentation which have the highest biomass for both strains and medium showed in 

Table 14. Dx,k represents the comparable approximation of the ergosterol concentration while the 

OD value approximates the biomass concentration. 

 

 

 
Fig. 29. Concentration of total fatty acid, squalene and ergosterol during aerobic cultivation on 
WM8 medium supplemented with 50g/l Na-Glutamate in wild type strain (A) and ACC1-
overexpressing strain (B). Compare to concentration of fatty acids at low sodium glutamate 
content (Fig. 24). 
 

3.3 Optimization of ergosterol production from yeast Sccaromyces cerevisiae based on flux 

balance analysis 



II. Practical Part                                                                3. Results 

 

90

Based on the results obtained in cell cultivation of laboratory-scale and in microarray gene chip 

of wild type and ACC1-overexpressing strain, we tried to analyze the metabolic nets in yeast cell 

which connected with lipid compounds production and to develop the flux-balance model of 

these metabolite processes. The metabolic reconstruction was aimed at depicting a detailed 

description of the several lipid compounds biosynthesis pathways (Fig. 30) in connection with 

central metabolism of Saccharomyces cerevisia (Fig. 31), namely with glycolysis, a pentose 

phosphate pathway and a teicarboxylic acid (TCA) cycle. Information was collected through an 

extensive survey of literature, including scientific articles, biochemistry textbooks, and on-line 

databases for the metabolic reconstruction. Moreover, some data concerning central carbon 

metabolism were extrapolated from the recently developed genome scale-metabolic 

reconstruction of Saccaromyces cerevisiae (Foerster et al., 2003) and E.coli (http:biocys.org).  

 

Fig. 30. Metabolic pathway of lipid compounds in yeast Saccharomyces cerevisiae.  

 

3.3.1 Flux analysis 

First of all, we analyzed the possibilities of the optimization of the several lipid compounds 

pathways. Usually the optimization of pathways consists of elimination of compete branch 
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pathways. In our case these are the other lipid pathways such as phosphlipid and sphingoldipid. 

The reactions leading to the production of ergosterol are independent on other lipid pathways as 

it can be seen from Fig. 30. Thus, we elimated compete other lipid pathways for the optimization 

of ergosterol production. The second step was the analyzing of the possibility of ergosterol 

optimization by improving productions of some metabolites of the central metabolic pathways. 

We proposed that NADPH plays an essential role in ergosterol biosynthesis as it is involved in 

six steps of ergosterol biosynthesis pathway (Fig. 32).  

 

 
Fig. 31. Central carbone metabolic pathways. To reconstruct the pathways data from Foerster et 
al., (2003) were used. Abbreviations: G6P, Glucose-6-phosphate, F6P, fructose-6-phosphate, FbP, 
fructose-1.6-bisphosphate, DAHP, dihydroxyacetonephosphate, GAP, glyceraldehyde-3-
phosphate, BPG, biphosphoglycerate, 3PG, 3-phosphoglycerate, 2PG, 2-phosphoglycerate, PEP, 
phosphoenolpyruvate, Pyr, pyruvate, Gl6P, gluconate-6-phosphate, Ru5P, ribulose-5-phosphate, 
X5P, xylulose-5-phosphate, R5P, ribose-5-phosphate, E4P, erithrose-4-phosphate, S7P, 
seduheptulose-7-phosphate, NADP, diphosphopyridindinucleotide phosphate, oxidized, NADPH, 
diphosphopyridindinucleotide phosphate, reduced, AcCoA, acetyl coenzyme A, OAA, 
oxaloacetate, Mal, malate, Fum, fumarate, Suc, succinate, αKg, α-ketoglutarate, Glt, glutamate, 
Cit, citrate. 
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The main pathway in which NADPH is produced is the penthose phosphate pathway (Fig. 31). 

There are two reactions of the penthose phosphate pathway (glucose 6-phosphate-1-

dehydrogenase and 6-phosphogluconolactonate dehydrogenase), which lead to NADPH 

production. Therefore, the optimization of these stages in correlation with the optimization of the 

flux to the ergosterol synthesis was carried out. 

Fig. 32. Reduced network for the optimization of erogosterol production. All reactions are 
numbered. The flux vi correlates with the reaction number i. 

 

For the optimization we subdivided the network into smaller subsystems (Fig. 30): glycolysis 

(from glucose 6-phosphate to Acetyl CoA), TCA cycle, and flux from Acetyl CoA to ergosterol. 
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Then we put the flux vi in accordance to the reaction number i (Fig. 32, Table 15). Table 16 

provides the system of balanced equaltions and constrains. 

 

Table 15. Flux vi in accordance to the reaction number i. 

GGeennee  EEnnzzyymmee  FFlluuxx  
 Glycolysis  
PTS Phosphotransferase system v1 
HXK Hexokinase v2 
PGI Phosphoglucose isomerase v3 
PFK Phosphofructokinase v4 
FBA Fructose-1.6-bisphosphate aldolase v12 
TPI Triosophosphate Isomerase v13 
TDH Glyceraldehyde-3-phosphate dehydrogenase v14 
GPM Phosphoglycerate mutase v15 
ENO Enolase v16 
CDC Pyruvate kinase v17 
 Pentose Phosphate Shunt  
ZWF Glucose 6-phosphate-1-dehydrogenase v5 
GND 6-phosphogluconate dehydrogenase v6 
RPE Ribulose-5-phosphate 3-epimerase v7 
RKI Ribose-5-phosphate ketol-isomerase, v8 
TKL2 Transketolase 2 v9 
TAL1 Transaldolase v10 
TKL1 Transketolase 1 v11 
 TCA cycle/Acetate untilization   
PYC Pyruvate carboxylase v18 
ACO Aconitase v19 
KGD Alpha-ketoglutarate dehydrogenase v20 
SDH Succinate dehydrogenase v21 
MDH Malate dehydrogenase v22 
PDC Pyruvate decarboxylase isozyme v23 
ADH1 Alcohol dehydrogenase1 v24 
ALD Aldehyde dehydrogenase v25 
ACS Acetyl CoA synthetase v26 
LAT Acetyl dehydorgenase V27 

 

To calculate an optimal flux distribution, an objective must be defined. We have defined the 

objective as the sum of three fluxes: two fluxes v5 and v6 of NADPH production in the penthose 

phosphate pathway and the flux v26 and v27 leading to Acetyl-CoA formation which in turn is the 



II. Practical Part                                                                3. Results 

 

94

first metabolite in ergosterol biosynthesis. Thus, the objective function looks like z = v5 + v6 + v26 

+ v27. 

Table 16. System of balanced equations and constrains. 

Mass Balances Flux Constraints 
Glcin: v1 – v2 = 0 0 ≤ v1 ≤ 1, 0 ≤ v 2 ≤ ∞ 
G6P: v2 –v3 – v5 =0 0 ≤ v 3 ≤ ∞, 0 ≤ v 5 ≤ ∞ 
GI6P: v5 – v6 =0 0 ≤ v 6≤ ∞ 
F6P: v3 – v4+ v9 + v10 = 0 0 ≤ v 4 ≤ ∞ 
FbP: v4 – v12 = 0 0 ≤ v 12 ≤ ∞ 
DHAP: v12 – v13 = 0 0 ≤ v 13 ≤ ∞ 
GA3P: v12 + v13– v14 + v9+ v11– v10= 0 0 ≤ v 9 ≤ ∞, 0 ≤ v 10 ≤ ∞, 0 ≤ v 11 ≤ ∞ 
3PG: v 14 – v 15 = 0 0 ≤ v 14 ≤ ∞, 0 ≤ v 15 ≤ ∞ 
2PG: v 15 – v 16 = 0 0 ≤ v 16 ≤ ∞ 
PEP: v 16 – v 17 = 0 0 ≤ v 17 ≤ ∞ 
Pyruvate: v 17 – v 18 – v 28 – v 23 = 0 0 ≤ v 18 ≤ ∞, 0 ≤ v 28≤ ∞, 0 ≤ v 23 ≤ ∞ 
Acetaldhyde: v 23 – v 24– v 26 + v 25 = 0 0 ≤ v 26 ≤ ∞ 
Ethanol: v 24 ≥ 0 0 ≤ v 24 ≤ ∞ 
Acetate: v 26 – v 27 = 0 0 ≤ v 27 ≤ ∞ 
OAA: v 22– v 18 = 0 0 ≤ v 22 ≤ ∞ 
Isoct: v18 – v 19 = 0 0 ≤ v 19 ≤ ∞ 
2KG: v 19 – v 20 = 0 0 ≤ v 20 ≤ ∞ 
Succ: v 20 – v 21 = 0 0 ≤ v 21 ≤ ∞ 
Malate: v 21 – v 22 = 0 0 ≤ v 22 ≤ ∞ 

 

3.3.2 Computer simulations 

The first step was to take the initial flux distribution. We assumed that about 80% of the 

metabolic flux from glucose passed through glycolysis and 20% passed through the penthose 

phosphate pathway. Then we have the flux distribution as in Fig. 33, left scheme. The 

optimization process with maximizing the objective function z = v5 + v6. + v26 + v27 gives the flux 

redistribution optimal for ergosterol production, Fig. 33, right scheme. 

As it can be seen the optimal flux distribution realized with deletion of phosphoglucoisomerase 

reaction ( 3 0v = ) and correspondent pgi gene knockout. The overall increasing of ergosterol 

production is about 2.38 folds (Fig. 34). 
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Fig. 33. The flux distribution optimal for ergosterol production. Left scheme: flux distribution of 
wild type strain, right scheme: flux redistribution for optimal production of ergosterol (pgi 
mutant). The values of correspondent fluxes are in circles. 

 

Fig. 34. The histogram of 
objective fluxes before (wild 
type) and after optimization 
(pig mutant). V5: ZWF 
(Glucose 6 phosphate-1-
dehydrogenase), V6: 
GND(6-phosphogluconate 
dehydrogenase), V26: LAT1 
(Acetyl dehydorgenase), 
V27: ACS (Acetyl CoA 
synthetase). 
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4. Discussion 
4.1 Interactions between fatty acids and ergosterol biosynthesis 

In previous work, Veen et al. (2003) constructed yeast strains that produce high amounts of 

sterols from a squalene-accumulating strain with the aim of identifying bottlenecks of ergosterol 

biosynthesis. The simultaneous overexpressionof genes (ERG1, ERG11) involved in ergosterol 

biosynthesis led to the increase of sterols however the content was very insufficient for an 

industrial application in wild type strain. Therefore it was necessary to apply other strategy for 

increase the productivity of ergosterol and its precursor metabolites. In addition, we intended to 

identify the interaction between lipid pathways as well as increase the knowledge of regulatory 

mechanisms of interactions to other lipid pathways like sphingolipids, phospholipids and fatty 

acids. The strategy was established to overexpress the genes of fatty acid biosynthetic pathway in 

wild type and a squalene-overproducing yeast strain.  

The overexpression of ACC1 in wild type strain led to a significant increase of fatty acids and a 

concomitant increase in the amount of sterols (Table 6) due to co-regulation of ACC1 and HMG1 

as already known (Hardie and Carling 1997). Our study showed that the co-regulation of both 

genes has an effect on increasing fatty acids and sterols as well as increased free fatty acids may 

stimulate to accumulate sterol in yeast. This possibility has been supported by gene expression 

level of microarry. Some genes involved in pre-squalene biosynthesis such as HMG1, HMG2 and 

HMG13 and involved in post-squalene biosynthesis such as ERG11, ERG28 and ERG5 were 

overexpressed, resulting in an increased squalene, zymosterol and ergosterol (Fig. 14 and Table 

6). Additionally the expression level of FRM2 gene involved in the integration of lipid signaling 

pathways with cellular homeostasis (McHale et al., 1996: de Oliveira et al., 2007) was strongly 

increased in wild type strain which overexpressed ACC1, indicating that the amount of increased 

free fatty acids by overexpressing ACC1 may also stimulate FRM2 gene. In particular the content 

of zymosterol in ACC1-overexpressing strain was significantly increased compared with wild 

type strain, supporting also with the significantly increased expression level of ERG11 gene 

established by microarry (Fig. 14 and Table 6). The overexpression of FAS1 and FAS2 genes have 

no influence on the content of total fatty acids compared with the overexpression of ACC1, 

which could be explained with the fact that the two genes are transcriptionally co-regulated by 
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general transcription factors (Wenz et al. 2001). Nevertheless, the saturated fatty acids such as 

palmitic acid (C16:0) and stearic acid (C18:0) were significantly increased, it makes this strain 

increase sterol intermediates (Table 6). 

On the other hand the overexpression of FAS2 in a squalene-overproducing strain led to a 

significant increase of sterols and squalene and a concomitant decrease of both saturated- and 

unsaturated fatty acids (Table 7). The overexpression of FAS1 in a squalene-overproducing strain 

induced the same result like when we observed in wild type strain which overexpressed ACC1. It 

differs to the result from wild type strain which overepxressed FAS1, suggesting that the change 

of mechanism about both genes might occur due to confusion of co-regulation between FAS1 and 

FAS2 by transcription factors. Interestingly, the overexpression of ACC1 in a squalene-

overproducing strain induced strongly an increase of total sterol as in wild type, while did not 

lead to the accumulation of the total fatty acids. It might suggest that HMG1 gene play a role in 

preference to ACC1 gene in squalene-overproducing strain.  

Taken as a whole, this thesis showed that the availability of fatty acids does not seem to be a 

limiting factor in the esterification and accumulation of sterols in the cells, as described in paper 

published by Veen et al. (2003). This result has something to do with the fact that the content of 

triacylglycerids increase in the cell as accumulation of sterol in lipid particle (Veen, M., Shin, G. 

and Lang, C., unpublished work). This suggested that the total amount of steryl esters and fatty 

acid esters depend on the equilibrium of both compounds in the lipid particles (Veen et al. 2005). 

As seen in Table 6, the increased free fatty acids in ACC1-overexpressing strain might play a role 

as a signal to stimulate genes involved in the ergosterol biosynthesis pathway. Though fatty acid 

intermediates, palmitic acid and oleic acids that can be taken up by yeast, the effect on 

intracellular sterols of free fatty acids were analyzed. The supplemented free fatty acids induced 

slightly either free or sterol ester in AH22tH3ura8 which overexpressed ACC1, neither however 

have an influence on other metabolites in AH22ura3 which overexpressed ACC1. It might 

suggest that ACC1-overexpressing strain in AH22ura3 was already taken up the fatty acids 

supplemented in medium and had no influence on the variation of sterol content. In case of 

AH22tH3ura8 strain, ACC1 gene might regulate the phospholipids metabolism out of 

consideration for accumulation of free sterols to stimulate genes involved in ergosterol 
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biosynthesis pathway.  

 

4.2 Network analysis between lipid metabolisms 

As interpreted related to lipid metabolism with microarray above, the interaction between fatty 

acids and sterols consists of very complicated network. Also, it has been already reported that 

each pathway is regulated in a precise manner in order to maintain lipid homoeostasis within a 

cell (Garbarino et al., 2005). Thus, we built comprehensive gene networks in the above-affected 

genes by using Pathway StudioTM  and observed down –or up– regulation of lipid metabolism-

related genes regulated by ACC1 (Fig. 17 and 18). Information about protein function and 

cellular pathways is central to the system-level understanding of living organism. This 

knowledge is scattered throughout numerous scientific publications. The need to bring the 

relevant information together calls for software systems to organize and study pathway data. 

Especially, differential protein expression data onto lipid metabolism in yeast helped to identify 

nodes relevant to the biology under investigation. This information network illustrated the power 

of applying systems approaches to data analysis in identifying biological themes and highlighted 

the need for developing a S. cerevisiae lipid metabolism interaction network. Interestingly, 

analysis of potential cell processes using Pathway StudioTM revealed clearly the inter-connection 

and changes to proteins involved in sphingolipid and sterol biosynthesis. In particular, genetic 

interaction and molecular binding between genes involved in long chain fatty acids biosynthesis 

(LCB1, AUR1, SUR1, SUR2, LSC1, ELO1) and involved in sterol biosynthesis (ERG11, ERG1) 

was prominent in yeast. As seem in Fig. 18, underexpression of SUR1 and SUR2 genes involved 

in sphingolipid biosynthesis induced down-regulation of ERG6 and ERG1 genes, supporting that 

ceramide synthesis correlated with the generation of transcriptionally active SREBP and SRE-

mediated gene transcription (Tilla et al., 2004). The interaction between sphingolipid and sterol 

supported the fact that the overexpression of HOR7 observed by microarray may lead to increase 

of IPC (inositol phosphoryl ceramide) (Quirine et al., 2004). The overexpression of HOR7 

suppresses Ca2+ sensitivity of mutants lacking inositol phosphorylceramide mannosyltransferases 

Csg1p and Csh1p. Although most of genes involved in post-IPC biosynthesis were expressed at 

the same levels or rather higher in wild type strain (Fig. 15B), this network suggested several 
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interactions between sterol and sphingolipid biosynthesis.  

 

4.3 Improvement of sterols in yeast  

4.3.1 Yield of biomass in fermentation 

As already described before, the course of the OD suggested a second minor growth phase 

starting at about 45h (Fig. 19). There are two possible reasons to explain this phenomenon. One 

explanation could be that at high biomass concentration oxygen becomes limiting and the cells 

adapt to anaerobic growth conditions. Another explanation could be a Diauxie effect. Ethanol 

was accumulated due to overflow metabolism in the first part of the fermentation process, 

Saccharomyces cerevisiae has to adapt to ethanol as substrate when the medium is deprived of 

sugar. The time it takes the yeast to adapt to the use of a new substrate is reflected by the 

apparent first stationary phase. After which a second growth phase starts because the biomass 

yield of ethanol is much lower than the biomass yield of sugar at a much lower growth rate. 

Especially at high sodium glutamate content fermentations the decrease in growth rate correlates 

strongly with the decrease of oxygen content. Additionally, it can be observed that at high 

sodium glutamate content the first stationary phase starts earlier at a lower OD than at low 

sodium glutamate content.  

 

4.3.2 Production of lipids compounds in wild type and ACC1-overexpressing strains 

fermentations 

4.3.2.1 Fatty acid 

The Fig. 21 supported by table 8 showed that the fatty acid content in the ACC1-overexpressing 

strain is generally higher than in the wild type. This effect was expected because acetyl-CoA-

carboxylase overexpressed catalyzes the committed step of fatty acid biosyntheses. Through 

carboxylation of acetyl-CoA the substrate of the fatty acid synthase, malonly-CoA is provided. 

Furthermore a co-regulation of the fatty acid synthase and the acetyl-CoA-carboxylase can be 

suspected as described by Chirala (1992). 

Another interesting aspect is the behavior of saturated in contrast to unsaturated fatty acid 

content. As pointed out before, the level of the unsaturated fatty acid content stays nearly 
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constant at a much lower value than the saturated fatty acid content, whereas the saturated fatty 

acid content seems to vary strongly with growth conditions. This might imply that the ∆9-

desaturase mediated step is subject to high regulation.  

Displaying the fatty acid content over the course of fermentation, as done in Fig. 22, led to the 

assumption that the saturated fatty acid content correlates somehow with the growth rate in a 

similar way in both strains. It appeared that the saturated fatty acid content increases with 

moderate growth rates, where fatty acids are used to a lower extent for the formation of new 

membranes and can thus accumulate. However, at extremely low growth rates the saturated fatty 

acid content decreases. Phases where no growth occurs are usually characterized by the absence 

of substrate. At this point maintenance energy might be provided by the degradation of 

triacylglycerides and free fatty acids. 

 

4.3.2.2 Sterols 

As seen in Fig. 24 and table 9, the squalene concentration of the ACC1-overexpressing strain was 

strongly elevated. A reasonable explanation constitutes the model of the co-regulation of the two 

biosynthesis pathways of sterol and fatty acids. It has been already supported by expression level 

of microarry. The overexpression of ACC1 appeared to increase directly or indirectly the activity 

of HMG reductase, which catalyzes the rate limiting step in the mevalonate pathway.  

The content of the subsequent intermediates in the ergosterol biosynthesis is elevated as well, 

however, to a much lower extent. It can be assumed that later regulation mechanisms in the 

pathway limit the sterol production.  

Surprisingly, the content of ergosterol, though still the prevalent sterol, decreased in the ACC1-

overexpressing strain compared with the wild type strain, despite a higher content of precursors.  

In addition to compare with the data obtained in cultivation of flask level, this result seems rather 

contradictory and could have occurred due to faulty data. On the other hand there might be 

physiological reasons for this phenomenon, e.g. the prevalence of fatty acids in the ACC1-

overexpressing strain might have caused an increased esterification rate of sterol intermediates 

and thus deprived the later ergosterol pathway of its substrate as described in 4.1. 

In general, sterols were accumulated at lower growth rates which can be seen in Fig. 24 and an 
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increase of ergosterol occurred during the first stationary phase. During the second growth phase 

at higher growth rate ergosterol content decreases again. In the following second stationary phase 

ergosterol content did not seem to rise which can be explained by a lack of nutrition.   

Another aspect that may have an impact on the course of fatty acid and sterol content is the 

formation of steryl esters from sterols and fatty acids. At several data points a sharp increase of 

ergosterol content is accompanied by a simultaneous decrease of free fatty acid content. 

Likewise a simultaneous decrease of sterol and increase of free fatty acids can be observed at 

several data points.  

As seen in Fig. 24B, the course of ergosterol and squalene has also a good correlation. In contrast, 

in Fig. 24A where the according courses for the wild type strain are shown, this effect could not 

be observed. The reason is probably that in the case of the wild type no significant change of 

squalene content can be seen at all, as squalene stays at a very low level, whereas in the case of 

the ACC1-overexpressing strain squalene accumulates and a higher squalene concentration tends 

to cause a higher ergosterol concentration during the fermentation process of the ACC1-

overexpressing strain. 

 

4.3.3 Influence on production of lipids compounds by oxygen supplement in wild type and 

ACC1-overexpressing strains fermentations 

Before drawing the last sample oxygen supply was increased thus making the last two measure 

points characteristic for the effect of additional oxygen supply. In case of the free fatty acids it 

could have been expected to observe an increase in unsaturated fatty acids, as the desaturase 

catalyzed reaction is oxygen dependent. However, the content of unsaturated free fatty acids 

stayed stable as in the whole course of both fermentations suggesting once more a strict 

regulation of the unsaturated fatty acid content.  

In the wild type strain an increase of oxygen availability led to a decrease of saturated fatty acids, 

while in the ACC1-overexpressing strain fermentation saturated free fatty acid content was 

increased. A converse effect of increased oxygen availability on both strains could also be 

observed in regard to the sterol content. Fig. 24 illustrated that in the wild type strain an 

increased ergosterol and decreased free fatty acid content occurred, while the opposite effect 
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showed for the ACC1-overexpressing strain. 

A comparison of the effectiveness of additional oxygen supply is essential to analyze the data. In 

the ACC1-overexpressing strain DOT could be increased from 20% to 60%, whereas in the wild 

type strain merely an increase from 15% to 20% could be achieved. It makes conclusions 

regarding the effect of oxygen highly debatable.  

However, the fact that in both cases striking changes occurred after oxygen addition indicates 

that the addition had an impact in both cases. Different factors may have caused the apparent 

converse effects in both fermentations. First, the mentioned different extents of DOT increase in 

both cases could have shown an impact, as it is conceivable that low and high DOT increase may 

give rise to different effects. Furthermore the physiology of the different strains and a different 

condition of the cells at the time of oxygen addition in both cases may have contributed to 

opposite responses. Another approach for further experiments could also be to analyze the time 

dependence of the exposure to oxygen. 

 

4.3.4 Influence on production of lipids compounds by high nitrogen source in wild type and 

ACC1-overexpressing strains fermentations 

4.3.4.1 Fatty acids 

The comparison of Fig. 21 with Fig. 26 as executed in tables 10 and 11 showed that the free fatty 

acid content in the ACC1-overexpressing strain is generally higher than in the wild type strain. 

This effect could be explained, as described above, due to overexpression of acetyl-CoA-

carboxylase, the committed step of fatty acid biosynthesis and a co-regulation of the fatty acid 

synthase and the acetyl-CoA-carboxylase.  

Besides observed difference in behavior between strains the more striking differences occurred 

between the different media. In particular the proportions of the free fatty acids to each other 

changed for the unsaturated fatty acids and in case of the wild type also for the saturated fatty 

acids. Displaying the free fatty acid contents over the courses of fermentation, as done in Fig. 22 

and 27, showed another major difference in behavior of free fatty acid courses between the two 

media. As described in 4.3.2.1, in low sodium glutamate medium the saturated free fatty acid 

content correlated somehow with the growth rate in a similar way in both strains.  
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However, in high sodium glutamate medium free fatty acid content just exponentially decayed 

with the beginning of the first stationary phase independently of growth rates or conditions. As 

fatty acids are non nitrogenous compounds both effects must rather be due to altered growth 

speed and conditions than to a direct impact of the auxiliary nitrogen on the synthesis. The actual 

interrelation however remains unclear. 

 

4.3.4.2 Sterols 

As shown in Fig. 23, 28, tables 12 and 13, the squalene concentration of the ACC1-

overexpressing strain was strongly elevated by co-regulation of ACC1 and HMG1. However 

Polakowski et al. (1998) already suggested that the increased squalene content does not lead to 

increase of ergosterol content due to further regulatory steps. 

In low sodium glutamate medium the content of the subsequent intermediates in the ergosterol 

biosynthesis is elevated as well, however, to a much lower extent than the squalene content (table 

12). For unknown reasons this effect does not occur in high sodium glutamate medium (table 13). 

Surprisingly, the content of ergosterol, though still the prevalent sterol, was decreased in the 

ACC1-overexpressing strain in comparison to the wild type strain in both media independently of 

higher or lower precursor levels. There might be physiological reasons for this phenomenon, e.g. 

the prevalence of fatty acids in the ACC1-overexpressing strain might have caused an increased 

esterification rate of sterol intermediates and thus deprived the later ergosterol pathway of its 

substrate. In case of the high sodium glutamate medium the high ergosterol contents at the 

beginning of the first stationary phase may have inhibited de novo synthesis when the necessary 

energy was still available. Feedback inhibition especially on transcriptional level has been 

extensively investigated (Soustrea et al. 2000; Arthington-Skaggs 1996; Smith 1996; Vik und 

Rine 2001). 

In both media, courses of squalene and ergosterol respectively behave similar to the according 

free fatty acid course behavior, suggesting a strong co-regulation. While the different strains 

within the same medium show no significant differences in courses, comparison of the behavior 

in both media exposes strong differences. At low glutamate content the mentioned growth related 

behavior could be observed while at high glutamate content the course just showed exponential 
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decay similar to the behavior of free fatty acid contents. 

In general, sterols accumulate at lower growth rates which can be demonstrated for the 

fermentations on low glutamate medium in case of ergosterol (Fig. 24) where a concentration 

increase occurs during the first stationary phase. During the second growth phase at higher 

growth rate ergosterol content decreases again. In the following second stationary phase 

ergosterol content does not seem to rise which can be explained by a lack of nutrition.   

 

4.3.4.3 Effect of increased nitrogen source 

The fermentations in both media showed extensive differences in growth behavior, free fatty acid 

and sterol content courses for both strains. The sole difference between the two media is the 

changed sodium glutamate and hence available nitrogen content. Increased nitrogen availability 

generally improves growth conditions leading to increased metabolic activity and higher growth 

rates. This effect is demonstrated by the shorter lag phases and slightly increased initial growth 

rates observed for the high sodium glutamate content fermentations (Fig. 25). The higher 

metabolic activity can be indirectly verified by the apparently increased oxygen consumption 

(even though this data is not entirely comparable). It can be expected that metabolism 

overflowed was stronger at high sodium glutamate content and hence more ethanol was 

produced and more energy was provided. Part of this additional energy has probably been stored 

in form of triacylglycerides and free fatty acids explaining the initially high free fatty acid 

content. All metabolic pathways stimulated also sterol contents where initially elevated. The 

larger sucrose consumption at high sodium glutamate content can have led to an earlier sugar 

depletion showing the diauxie effect at lower OD. The increased stress for the cells grown on 

high glutamate medium resulting from elevated ethanol and decreased oxygen levels could have 

had to be balanced by increased usage of the existing reserves accounting for the exponential 

decay of fatty acid and sterol contents. As neither fatty acids nor sterols represent nitrogenous 

compounds effects on their content course behavior can only be explained by altered growth 

speed and conditions and not by a direct impact of the auxiliary nitrogen on the synthesis. 

The fermentations on high sodium glutamate medium show a slightly increased final OD which 

can be assigned to the auxiliary energy saved while incorporating sodium glutamate rather than 
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newly synthesizing all amino acids. During fermentation on low glutamate medium more amino 

acids had to be newly synthesized than during fermentations on high glutamate medium. Since 

the results of increasing nitrogen availability are very promising considering decreased 

fermentation time and increased yield another trial with the more promising wild type strain 

under absolute aerobic conditions could elucidate what effects oxygen deprivation and auxiliary 

nitrogen respectively account for. It may be expected that under more favourable aerobic 

conditions the ergosterol yield can be even more increased. Considering the work of Shang et al. 

(2006) further approaches using combinations of preferred and non preferred nitrogen sources 

could be investigated. 

 

4.4 Metabolic Flux Analysis  

The in silico model development process for S. cerevisiae was analyzed from a metabolic 

standpoint (Foerster et al., 2003). With the complete genome sequence available along with 

additional biochemical and physiological data, the metabolic network for this organism was 

reconstructed (Deutscher et al., 2006). The constraint-based modeling methodology was then 

applied to assess the performance capabilities of the organism (Beck et al., 2007). This 

assessment included the flux balance analysis. The overall modeling process can assist in 

accelerating the pace of biological discovery by generating experimentally testable hypotheses 

(Famili et al., 2003). These hypotheses may represent novel insights into the organism, help to 

support previous insights, or resolve existing discrepancies between different sets of experimental 

results which may be inconclusive. The in silico model is then improved through each iteration of 

modeling and experimentation, so that it may provide the most concise representation of the 

organism's known functional capabilities. As interpreted in the expression profile observed by 

microarray, LAT1, ACS1 and ADH2, genes involved in the acetryl-CoA formation and utilization, 

were significantly overxpressed in ACC1-overexpressing strain so that the content of sterol as 

well as fatty acids were increased. Therefore, we have analyzed the reconstructed lipid metabolic 

network through the constraint-based in silico modeling. In addition, we have demonstrated that 

there is much that can be derived from the genome when it is examined in parallel with existing 

experimental data. The constraint-based in silico model of reconstructed lipid metabolic network 
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used to evaluate the functions of the yeast lipid map could predict the proportion of acetyl-CoA 

for the production of the lipid compounds (Fig. 34). In addition to the task of data-driven model 

development, it appears to be much to be gained from prospective implementation of an in silico 

model for biological discovery. The success of such model-driven discovery is dependent on the 

ability to design experimentally testable hypotheses and carry out these studies in support of an 

iterative model development paradigm. This paradigm for efficient discovery about the notion of 

integrating a model with experimentation is facilitated and enabled by the information contained 

in the genome. Such genome-enabled science provides additional justification for genome 

sequencing efforts. Therefore, it will be necessary to prove through genetic modification such as 

deletion of PGI gene in order to confirm the mathematically model and computer-simulate 

complex biological result (e.g. Fig. 34), which represents a fundamental goal of in silico. 
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5. Conclusion 
It is well-known that the individual lipid biosynthesis pathways of the yeast are closely linked to 

another. In this work, new interactions between the fatty acid and ergosterol biosynthesis were 

identified by genetically modification and investigated afterwards regarding the content of fatty 

acids and sterols in the yeast Saccharomyces cerevisiae. The overexpression of ACC1 in wild 

type strain led to increase the content of zymosterol and ergosterol as well as saturated fatty acids. 

The increase of the sterol content in wild type strain could be attributed to increased 

accumulation of steryl ester and it suggested that the total amount of steryl esters and fatty acid 

esters depend on the equilibrium of both compounds in the lipid particles. The individual 

overexpression of ACC1 and FAS2 genes in squalene overproduction strain led to a significant 

increase of the total sterol content, while did not lead to the accumulation of the total fatty acids. 

The overexpression of ACC1 in both strains increased clearly the content of sterols due to co-

regulation between ACC1 and HMG1 genes. In squalene-overproducing strain, HMG1 gene 

might play a role in preference to ACC1 gene to increase the content of squalene as well as sterol, 

but the total fatty acids did not increase due to weakened transcription level of ACC1. 

In the expression profiles established by mRNA gene expression microarrays (CombiMatrix, 

UAS), the genes significantly overexpressed in ACC1-overexpressing strain compared to wild 

type were ACC1, FAS1 and ERG11, ERG28, ERG5, ERG2, ERG20 genes, which can explain the 

increase of zymosterol and saturated fatty acids in ACC1-overexpressing strain. The interactions 

between complicated lipid pathways could be identified by expression profiles. The analysis by 

Pathway StudioTM indicated that the altered ACC1 expression level resulted in modulated level of 

proteins involved in sphingolipid and sterol biosynthesis in ACC1-overexpressing strain. 

In fermentation, ACC1 gene induced a significant higher expression level of squalene, a 

moderate higher level of ergosterol precursors while the ergosterol level was slightly lowered. 

The co-regulation of ACC1 and HMG1 can also be regarded successful in fermentation, but dose 

not seem to have an effect on the following steps of sterol biosynthesis. An approach to promote 

the later ergosterol pathway might be to introduce overexpressions enhancing bottleneck 

reactions in the later ergosterol pathway that limit the synthesis of ergosterol from squalene. 

Oxygen addition proved to be as anticipated in the case of the wild type strain, however, in the 
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case of the ACC1-overexpressing strain a converse effect was shown. These results could not 

prove that the use of the ACC1-overexpressing strain is an effective way to gain a higher yield of 

ergosterol. Oxygen addition in the wild type strain fermentation seems to have increased the 

ergosterol content to a higher level. The course of the ergosterol content, however, showed that a 

slightly higher content of ergosterol per g dry weight was observed already before about 45h. At that 

point however the biomass was quite low (about 7mg/ml) compared to the final biomass (about 

13mg/ml). That is why oxygen addition seems to be a reasonable way to increase the overall 

yield of ergosterol which is a function of the product of ergosterol content per g dry weight and 

biomass in the wild type strain.  

As neither sterols nor the also investigated free fatty acids depend on nitrogen for synthesis the 

influence was expected to be indirect and conveyed via altered growth conditions only. The 

increased glutamate feeding induced slightly higher growth rates and final biomass contents. At 

around 40 hours into fermentation very high ergosterol contents were detected on high glutamate 

medium suggesting generally increased metabolic activity and support of sterol synthesis by 

increased glutamate content. After 40 hours an exponential decay of the sterol content per g dry 

weight occurred over the course of fermentation grossly outweighing the effect of the slightly 

increased final biomass. It showed that additional nitrogen has the potential to both increase 

ergosterol yield and shorten fermentation time. 

To develop production of metabolites such as ergosterol and lipid compounds the metabolic 

network in yeast Saccharomyces cerevisiae was developed by the flux-balance model of lipid 

metabolite processes. The optimal flux distribution was realized with deletion of 

phosphoglucoisomerase reaction and correspondent pgi gene knockout (Linear Program). The 

overall increase of ergosterol production was estimated to be about 2.38 folds. This result will be 

able to verify by contructed strain genetically modified like pgi gene knockout. It will be 

necessary to confirm the mathematically model and computer-simulate complex biological result.  
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6. Abstract 
To identify new interactions between the sterol and other lipid biosynthesis Saccharomyces 

cerevisiae was constructed by genetically modification and the content of fatty acid and sterol 

was investigated in those strains. The overexpression of ACC1 in wild type and squalene-

overproducing strains individually increased clearly the content of sterols due to co-regulation 

between ACC1 and HMG1 genes. However, the content of fatty acids was decreased in squalene 

overproducing strain and vice versa in wild type strain. In squalene-overproducing strain, HMG1 

gene might play a role to increase the content of squalene as well as sterol in preference to ACC1 

gene, but the total fatty acids did not increase due to weakened transcription level of ACC1. The 

expression profiles observed by microarray showed that the genes overexpressed in ACC1-

overexpressing strain compare to wild type were ACC1, FAS1 and ERG11, ERG28, ERG5, ERG2, 

ERG20 genes, supporting the increase of zymosterol and saturated fatty acids in ACC1-

overexpressing strain. The significantly altered ACC1 expression level identified by microarray 

resulted in modulated level of proteins involved in sphingolipid and sterol biosynthesis in yeast. 

The relationship between sterol and sphingolipid was shown by the Pathway StudioTM program. 

In fermentation, the overexpression of ACC1 gene induced a significantly higher expression 

level of squalene, a moderately higher level of ergosterol precursors while the ergosterol level 

was slightly lowered. The co-regulation of ACC1 and HMG1 can also be regarded as successful 

in fermentation, but it does not seem to have an effect on the following steps of sterol 

biosynthesis. Oxygen addition fermentation of the wild type strain seems to have increased the 

ergosterol content. The course of the ergosterol content (over fermentation time), however, 

showed that a slightly higher content of ergosterol per g dry weight was observed already before 

about 45h. At that (time) point however the biomass was quite low (about 7mg/ml) compared to 

the final biomass (about 13mg/ml). The increased glutamate feeding induced slightly higher 

growth rates and final biomass contents. After 40 hours of fermentation very high ergosterol 

contents were detected on high glutamate containing medium, suggesting a generally increased 

metabolic activity that supports sterol synthesis by increased glutamate content. The additional 

nitrogen has the potential to both increase ergosterol yield and shorten fermentation time. In 

order to improve production of ergosterol and other lipid compounds, the optimal flux 

distribution was realized with pgi gene knockout (Linear program). The overall increase of 

ergosterol was calculated to be about 2.38 fold by the flux-balance model of lipid metabolite 

processes. 
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7. Zusammenfasung 

Um neue Interaktionen zwischen dem Sterol- und anderen Lipidbiosynthesewegen zu identifizieren, 
wurde Saccharomyces cerevisiae genetisch verändert und der Gehalt der Fettsäuren und der Sterole 
wurde indiesen Stämmen untersucht. Die Überexpression von ACC1 im Wildtypstamm und im HMG-
deregulierten (Squalen anreichernden) Stamm erhöhte in beiden Fällen, aufgrund der Co-Regulation der 
Gene ACC1 und HMG1, den Gehalt an Sterolen. Jedoch verringerte sich der Fettsäuregehalt im HMG-
deregulierten Stamm, wohingegen es im Wildtypstamm umgekehrt war. Im Squalen-überproduzierenden 
Stamm könnte das Gen HMG1 eher als das Gen ACC1 eine Rolle darin spielen, den Gehalt an Squalen 
sowie an Sterolen zu erhöhen, wobei aber die Gesamtmenge an Fettsäuren nicht erhöht wird. Der Grund 
dafür ist die abgeschwächte Transkription von ACC1. Die Expressionsprofile, die mittels Mikroarrays 
bestimmt wurden, zeigten, dass die Überexpression von ACC1 im Wildtypstamm zur Eröhung der 
Transkription von Genen der Fettsäurebiosynthese (ACC1, FAS1) und der Ergosterolbiosynthese (ERG11, 
ERG28, ERG5, ERG2, ERG20) führt. Diese Ergebnisse unterstützen die Beobachtung, dass es im ACC1 
überexprimierenden Stamm zu einer Anreicherung von Zymosterol und gesättigten Fettsäuren kommt. 
Die signifikant veränderte Expressionshöhe von ACC1, die mittels der Mikroarrays beobachtet wurde, 
führte zu einem modulierten Gehalt von Proteinen, die in der Sphingolipid- und Sterolbiosynthese in der 
Hefe eine Rolle spielen. Der Zusammenhang zwischen Sterol- und Sphingolipidbiosyntheseweg wurde 
durch das Programm Pathway StudioTM gezeigt. Im Fermentationsansatz führt die Überexpression von 
ACC1 zu einer signifikant erhöhten Synthese von Squalen und zu einem gemäßigt höheren Level an 
Ergosterolvorläufermolekülen, wohingegen der Ergosterolgehalt etwas geringer war als im Wildtyp. Die 
Co-Regulation von ACC1 und von HMG1 kann auch in der Fermentation als erfolgreich betrachtet 
werden, aber es scheint keinen Effekt auf die folgenden Schritte der Sterolbiosynthese zu haben. Eine 
Fermentation mit erhöhtem Sauerstoffgehalt scheint beim Wildtypstamm den Ergosterolgehalt erhöht zu 
haben. Der Verlauf des Ergosterolgehaltes über die Fermentationszeit zeigte jedoch, dass ein etwas 
höherer Ergosterolgehalt pro g Trockengewicht bereits nach ungefähr 45 Stunden beobachtet wurde. Zu diesem 
Zeitpunkt jedoch war die Biomasse (mit ungefähr 7mg/ml) verglichen mit der Biomasse zum Zeitpunkt 
der Ernte (ungefähr 13mg/ml) niedrig. Die erhöhte Glutamat-Fütterung führte zu etwas höheren 
Wachstumsraten und Biomassegehalten zum Erntezeitpunkt. Während der Fermentation wurde nach ca. 
40 Stunden ein sehr hoher Ergosterolgehalt beim Wachstum in Medium mit hohem Glutamatgehalt 
ermittelt. Dies legt nahe, dass der Grund dafür eine allgemein erhöhte metabolische Aktivität ist, die die 
Sterolsynthese durch erhöhten Glutamatgehalt unterstützt. Der zusätzliche Stickstoff hat das Potenzial 
sowohl die Ergosterolausbeute zu erhöhen als auch die Fermentationszeit zu verkürzen. Um die 
Produktion von Ergosterol und anderer Lipide zu verbessern, wurde die optimale Flussverteilung mit pgi 
gene-knockout (lineares Programm) vorausberechnet. Die Gesamtzunahme der Ergosterolmenge wurde, 
durch das Flussbalance-Modell der Lipidstoffwechselprozesse, auf ungefähr das 2,38-Fache berechnet. 
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Fig. I. Plasmid pFlat3 vector (Veen, 1999). 
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Fig. II. Plasmid pFlat1 vector. 
 
 

 
Fig. III. Plasmid pGEM-T Easy Vector. 
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Fig. IV. Erogsterol biosynthesis pathway in yeast Sacchromyces cerevisiae (Veen and Lang, 
2005).
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Table I. Fermentation data of AH22ura3pFlat1,pFlat3 in WMVIII medium. 
Measured data Calculations Adjustments 

time OD pH DOT Temp. Dilution
Factor

original OD
(calculated)

DOT 
(%) 

N 
[1/min] 

Vluft 
[L/min] (h) measured   (°C) 

0,00 0,0858 5,20 10,15 28.8 1 0,09 100,00 100 5 
4,33 0,1422 5,01 7,91 28.8 1 0,14 77,93 100 5 

19,83 0,6012 4,95 3,71 28.7 10 6,01 36,55 100 8 
24,00 0,7335 4,93 4,14 28.8 20 14,67 40,79 100 8 
33,00 0,2803 5,05 3,15 28.8 100 28,03 31,03 100 10 
44,00 0,3308 5,16 2,16 28.6 100 33,08 21,28 100 10 
47,33 0,3555 5,15 2,06 28.6 100 35,55 20,30 150 10 
48,67 0,3483 5,02 1,94 28.6 100 34,83 19,11 200 10 
50,67 0,4143 4,94 1,52 28,6 100 41,43 14,98 215 15 
54,67 0,4882 5,07 1,42 28,8 100 48,82 13,99 250 15 
69,00 0,4734 5,07 1,56 28,7 100 47,34 15,37 400 15 
72,33 0,5106 5,03 2,16 28,7 100 51,06 21,28  400 15 

 

 

24h                33h                       44h                    47.33h         48.67h  54.67h   69h    72h 

 
  

 
 

 
Sterylesters  

Triacylglycerides 

 
 

                                                 Free sterolS 

 
                                               Free fatty acids 

 

 
Fig. V. TLC of lipid compounds derived from samples of the wild type strain 
(AH22ura3pFlat1,pFlat3) fermentation.
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Table II. Fermentation data of AH22ura3pFlat1ACC1,pFlat3 in WMVIII medium. 

Measured data Calculations Adjustments 

time OD pH DOT Temp. Dilution original OD DOT rpm flow rate 
(h) measursed   (°C) Factor (calculated) (%)  (l/min) 

0,00 0,0730 4,99 19.64 28,2 1 0,07 100,00 100 5 
1,50 0,0745 5,00 17.28 28,7 1 0,07 86.36 100 5 

17,83 0,2313 4,97 10.28 28,7 10 2,31 48.48 100 5 
21,83 0,5233 4,95 1.23 28,7 10 5,23 8.71 auto(26) 9 
27,08 0,1750 4,97 3.40 28,7 100 17,50 15.15 auto(26) 9 
40,08 0,2817 5,10 3.40 28,7 100 28,17 15.15 auto(30) ->10 
45,58 0,3279 5,07 3.40 29,5 100 32,79 15.15 auto(38) 10 
50,83 0,3665 5,03 3.40 30,3 100 36,65 15.15 auto(40) 10 
65,33 0,5750 5,04 3.40 28,6 100 57,50 15.15 auto(40) 10 
68,67 0,5300 5,08 7.54 28,8 100 53,00 20.45 400 15 
72,00 0,5570 5,04 12.60 28,6 100 55,70 60.61 400 15 
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Fig. VI. TLC of lipid compounds derived from samples of the ACC1-overexpressing strain 
(AH22ura3pFlat1ACC1,pFlat3) fermentation. 
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Table III. Fermentation data of AH22ura3pFlat1,pFlat3 in WMVIII +50g Na-Glutamate /l. 

Measured data    Calculations  Adjustments 

time OD pH DOT Temp. Dilution original OD DOT rpm flow rate
(h) measured   (°C) Factor (calculated) (%)  (l/min) 

0,00 0,0889 5,07 18.91 28,4 1 0,09 100,00 100 5 
16,33 0,3649 4,90 7.71 28,7 10 3,65 41,24 100 5 
21,67 0,8127 4,95 2.60 28,7 10 8,13 13,75 120 5 
24,33 0,6205 4,97 3.37 28,7 20 12,41 17,87 140 8 
39,25 0,2102 5,09 0.13 28,7 100 21,02 0,69 180 10 
46,00 0,2854 5,04 6.69 28,7 100 28,54 35,40 auto (40) 10 
49,00 0,3302 5,09 6.88 28,8 100 33,02 36,43 auto (46) 10 
63,00 0,4679 5,06 6.50 28,6 100 46,79 34,36 auto (46) 10 
67,50 0,5814 5,17 6.50 28,7 100 58,14 34,36 auto (46) 10 
72,33 0,6426 5,16 5.97 28,7 100 64,26 31,62 auto (46) 10 
75,00 0,5680 5,02 6.03 28,6 100 56,80 31,96 auto (46) 10 
85,83 0,5326 5,02 8.12 28,7 100 53,26 42,96 auto (46) 10 
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Fig. VII. TLC of lipid compounds derived from samples of the wild type strain 
(AH22ura3pFlat1,pFlat3) fermentation with in WMVIII +50g Na-Glutamate /l. 
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Table IV. Fermentation data of AH22ura3pFlat1ACC1,pFlat3 in WMVIII +50g Na-Glutamate /l 
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Fig. VIII. TLC of lipid compounds derived from samples of the ACC1-overexpressing strain 
(AH22ura3pFlat1ACC1,pFlat3) fermentation with WMVIII +50g Na-Glutamate /l. 
 

Measured data    Calculations  Adjustments 

time OD pH DOT Temp. Dilution original OD DOT rpm flow rate 
(h) measursed   (°C) Factor (calculated) (%)  (l/min) 

0,00 0,1315 5,14 15.42 28,9 1 0,13 100,00 100 5 
6,33 0,2192 5,12 13.68 28,9 1 0,22 88,73 100 5 

17,75 0,5284 4,88 1.08 28,9 6 3,17 7,04 100 5 
24,75 0,5276 4,88 0.11 28,4 20 10,55 0,70 100 5 
31,75 0,5911 4,97 - 28,4 20 11,82 - 130 7 
39,75 0,6667 5,08 0.21 28,4 20 13,33 1,41 180 10 
47,42 0,8391 5,05 7.49 28,5 20 16,78 48,59 200 10 
54,25 0,3477 5,13 4.12 28,5 100 34,77 26,76 220 10 
65,08 0,5140 5,14 14.76 28,4 100 51,40 95,77 200 10 
71,25 0,5413 5,15 14.11 28,4 100 54,13 91,55 180 10 
79,75 0,5246 5,14 14.44 28,4 100 52,46 93,66 150 10 
90,50 0,5730 5,11 13.46 28,4 100 57,30 87,32 150 10 
95,58 0,5579 5,14 12.27 28,4 100 55,79 79,58 150 10 
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Fig. IX. Intensity of 28S and 28S rRNA. 
 
Table V. Quantitative value of 28S and 28S rRNA. 

Lane Sample 28S/18S 260/280 260/230 260  ug/ul sRNA 16+28   

1 Wildtype-1 1.41  1.85 1.78 92.63 3.71 220.30 39.60 5.56 

2 Wildtype-2 0.00  1.99 1.76 52.21 2.09       

3 Wildtype-3 1.30  1.94 1.85 84.96 3.40 208.70 32.90 6.34 

4 ACC1-1 1.67  1.94 1.77 83.75 3.35 216.00 25.90 8.34 

5 ACC1-2 1.40  1.93 1.65 83.76 3.35 233.20 24.90 9.37 

6 ACC1-3 1.80  1.79 1.69 95.66 3.83 249.00 27.00 9.22 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. X. Confrimation of 28S and 18S rRNA by gel 
electrophoresis of total RNA.  
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Fig. XI. Chip images of wild type (A) and ACC1-overexpressing (B) strains established by 
COMBIMATRIX CustomArrayTM (CombiMatrix, USA). 
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