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ABSTRACT OF THE DISSERTATION 

Engineering Saccharomyces cerevisiae for the high-level production  

of free fatty acids. 

By 

Ruben Fernandez-Moya 
 

Doctor of Philosophy in Chemical and Biochemical Engineering 

University of California, Irvine, 2017 

Professor Nancy A. Da Silva, Chair 

 

 Advances in biotechnology have enabled potential solutions to the oil-dependency of the 

chemical industry through renewable feedstocks for the production of current compounds, the 

discovery and production of new compounds with novel properties, and in some cases, the synthesis 

of chemicals at a lower cost than with traditional processes. The yeast Saccharomyces cerevisiae has 

been widely used in industry to produce ethanol, proteins, nutritional supplements and 

pharmaceuticals. A recent major focus has been the use of microorganisms to produce biofuels, 

commodity chemicals and specialty chemicals. Long-chain fatty acids (LCFA), medium-chain fatty 

acids (MCFA), and polyketides are good targets for the biochemical industry as they supply platform 

chemicals that can be later derived to a library of final products by chemical catalysis. The focus of 

our work has been the metabolic engineering of S. cerevisiae for the synthesis of free fatty acids of 

defined length. We constructed a yeast strain devoid of its native fatty acid metabolism and 
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expressing the heterologous type II fatty acid synthase (FAS) system from Escherichia coli and a C14-

specific thioesterase. This FAS system increased total fatty acids and shifted the fatty acid profile, 

increasing the percentage of C14 fatty acids from less than 1% to 33%. Yeast β-oxidation was 

engineered for MCFA production by a series of pathway interventions.  Disruption of two genes, the 

essential gene ECI1 for mono-unsaturated fatty acid (mUFA) degradation and FAA2 for the 

peroxisomal MCFA activator, led to an increase in C12:1 production from 50 mg/L to 1 g/L in oleic 

acid medium. CRISPR/Cas9 was used to swap the native FAS1 and FAS2 promoters to the strong 

constitutive TEF1 promoter to increase expression of the yeast FAS. This resulted in a 3.8-fold increase 

in the production of total MCFA from glucose media relative to the faa2∆ eci1∆ strain. LCFA 

production and secretion was increased by deleting three genes for enzymes involved in fatty acid 

activation and three genes for enzymes in the fatty acid degradation pathway. Most importantly, a 

novel approach overexpressing genes for a lipid particle-forming enzyme (DGA1) and a triacylglycerol 

lipase (TGL3) further increased the production of secreted LCFA in shake flask culture to 2.2 g/L, the 

highest by S. cerevisiae to date. Finally, we performed preliminary work to increase acetyl-CoA pools 

for the synthesis of the closely related polyketides by downregulating competing pathways, such as 

fatty acid synthesis and the glyoxylate shunt. We evaluated downregulation of FAS1 and FAS2 using 

the CRISPR interference (CRISPRi) system, and also a more traditional promoter engineering strategy. 
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CHAPTER 1:  

 

 

 

Introduction 
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MOTIVATION 

Metabolic engineering of microorganisms to convert agricultural waste biomass into fuels and 

biochemicals is a promising sustainable route to produce ‘drop-in’ molecules with current required 

properties, and to produce new compounds with novel characteristics (Langeveld et al., 2010). The 

United States Department of Agriculture (USDA) projected a 3-fold growth of the global biobased 

chemicals market from 2010 to 2025, reaching an approximately $500 billion industry (USDA, Market 

Potential and Projections Through 2025, 2008). Attention has focused on biofuels, but near-term 

opportunities for biobased products are particularly promising for biobased chemicals (Figure 1.1). 

The high volume and low-price required for biofuels makes it an unsuitable as a candidate to replace 

fossil-fuels in the short-term, while high-value lower-volume biorenewable platform chemicals 

provide a promising market to incentivize the establishment of a robust biobased industry (Bozell and 

Petersen, 2010). 

 

Figure 1.1. Bioproducts market pyramid. (Source: https://www.cbirc.iastate.edu/overview/market-sectors/) 
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It has been proposed that the most feasible and efficient transition the current chemical 

industry should undergo is moving towards the production of building block intermediates with 

multiple functional groups from biological feedstocks (Werpy and Petersen, 2004). Functional 

replacement of the platform chemicals produced from petroleum should include molecules with 

highly reduced carbon backbones in conjunction with highly reactive functional groups (Figure 1.2). 

Polyketides and fatty acid biosynthesis provide a promising solution route to generate a vast library 

of platform chemicals (Nikolau et al., 2008).  

Fatty acids (FA) have been essential to society for centuries, with principal end-uses of FA and 

FA derivatives ranging from food products to soaps and synthetic organic detergents, rubber 

compounding, synthetic rubber polymerization, paints, varnishes, etc. (Ruston, 1952), making them 

well-known in the chemical industry. As an example of potential applications, different strategies to 

generate thermoplastics and thermosetting polymers from either FA or their derivatives have 

recently been reviewed (Ronda et al., 2011).  

 

Figure 1.2. Comparison between the current petrochemical industry and the envisioned bio-based industry. (Source: 
https://www.cbirc.iastate.edu/overview/market-sectors/). 
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Fatty acid production from renewable feedstocks might be achieved through different 

available technologies. The most direct but inefficient route is through the extraction of oils from 

higher plants; however, this has proven to not be economically viable as a substitute for petroleum-

based chemicals due to insufficient availability of inexpensive feedstocks, most of them competing 

with the food supply (Hill et al., 2006). Another route to produce industrial levels of fatty acids to 

meet demand is by engineering microbes to produce high levels of fatty acids from renewable 

feedstocks (Ruffing, 2013). Great efforts has been dedicated to the improvement of titers and 

productivity of lipid production using recombinant microorganisms (Lee et al., 2015; Li et al., 2008). 

However, microbial production of lipids requires cell lysis and separation, since lipids are intracellular 

products that do not leave the cell. Therefore, biosynthesis of free fatty acids (LC-FFA) is more 

desirable and promising. The most common application of long-chain free fatty acids (LC-FFA) is for 

biofuel production, since they can be easily converted to fatty acid methyl-esters (FAME) or fatty acid 

ethyl-ester (FAEE) (Vasudevan and Briggs, 2008). Medium-chain free fatty acids (MC-FFA) are 

particularly interesting due to their potential as platform chemicals, including for direct 

transformation to α-olefins (Kraus and Riley, 2012) and fatty alcohols (Manyar et al., 2010) through 

chemical catalysis.  

Saccharomyces cerevisiae has been successfully used in industry over many years for 

applications that range from flavors, fragrances, nutritional supplements, and ethanol to 

pharmaceuticals (Krivoruchko and Nielsen, 2015; Nielsen et al., 2013). This yeast species has been 

greatly investigated and characterized (Engel et al., 2014). This has enabled the scientific community 

to build a large library of molecular biology tools including an array of different promoters  (Blazeck 

et al., 2012; Fang et al., 2011; Partow et al., 2010; Shen et al., 2012), origins of replications providing 

different copy numbers (Clarke and Carbon, 1980; Futcher and Cox, 1983; Kikuchi, 1983), and 
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extensive strategies to transform exogenous DNA, manipulate the yeast genome, and express 

heterologous genes (Jakočiūnas et al., 2016; Da Silva and Srikrishnan, 2012). Human interest in S. 

cerevisiae started with its ability to ferment sugar to ethanol. Alcohol is produced in this yeast for 

carbon and energy storage, even with an excess of oxygen and glucose (Pronk et al., 1996). A major 

focus has been engineering S. cerevisiae metabolism to redirect the flux toward ethanol to other 

more valuable biochemical products (Borodina and Nielsen, 2014). In nature, other yeast species exist 

that accumulate lipids as carbon and energy source instead. They are thus of great interest to the 

biobased chemical industry; however their metabolism, physiology, and genomic characterization, 

and molecular biology tools are still limited (Ledesma-Amaro and Nicaud, 2016; Madzak et al., 2004; 

Papanikolaou and Aggelis, 2011). For this reason, engineering S. cerevisiae to produce fatty acids is 

still of great interest. In addition, the work in S. cerevisiae (as a model organism) is often translated 

successfully to other yeast. Recently, it has been shown that strategies to produce fatty acids, fatty 

alcohols, fatty acid ethyl esters, and alkanes translated successfully to Y. lipolityca (Ledesma-Amaro 

et al., 2016; Xu et al., 2016), the most studied oleaginous yeast.    

Polyketides are complex organic molecules produced by many living organisms via polyketide 

synthases (PKS). Polyketides are synthesized in a manner analogous to fatty acids, and therefore are 

many similarities between the polyketide and fatty acid synthases: utilization of the same substrates, 

similar chemical reactions, and similar structures (Smith and Tsai, 2007). Although the function of the 

polyketide in the original host is not always known, many of these molecules have been shown to 

have beneficial pharmacological relevance, while others are known for being toxins or virulence 

factors (O’Hagan, 1993). The complexity of their structures and their potential as pharmaceuticals 

have raised interest for more than 50 years (Hertweck, 2009). Recently, polyketides have not only 
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been recognized as good drug candidates, but also as new unique platform chemicals that could serve 

the current and future chemical industry (Nikolau et al., 2008).  

In this thesis, we focused on the production of fatty acids in the model organism S. cerevisiae. 

Most of the work done on engineering yeast for the synthesis of high-levels of fatty acids has 

happened in the last decade, and focused mainly on long-chain fatty acids (LCFA) since yeast naturally 

produces C16 and C18 fatty acid species (Chen et al., 2014; Li et al., 2014; Lian and Zhao, 2015; 

Runguphan and Keasling, 2014; Zhou et al., 2016a). Fatty acids can be converted to other products 

either through conventional chemical catalysis or by engineering cells to catalyze those final 

conversion steps. S. cerevisiae has been successfully engineered to produce fatty alcohols (d Espaux 

et al., 2017; Feng et al., 2015; Guo et al., 2016; Tang and Chen, 2015; Tang et al., 2017; Teixeira et al., 

2017; Zhou et al., 2016b), fatty acid ethyl esters (de Jong et al., 2014, 2015, 2016; Shi et al., 2014; 

Thompson and Trinh, 2014; Valle-Rodríguez et al., 2014), and alkanes/alkenes (Buijs et al., 2015; Kang 

et al., 2017; Zhou et al., 2016a). However, the research on medium chain fatty acid (MCFA) production 

is not as extensive as for LCFA, since engineering S. cerevisiae to produce shorter fatty acids than it 

naturally produces is challenging. Production of MCFA is of great interest since they are not as 

abundant in nature as LCFA, and it would expand the library of potential molecules (and applications) 

that can be produced from the fatty acid metabolism. The native yeast fatty acid synthase (FAS) is a 

very large and complex enzyme that requires extensive enzyme engineering to alter its native product 

(Gajewski et al., 2017; Zhu et al., 2017). Also, MCFA are highly toxic to yeast (Legras et al., 2010; 

Stevens and Hofmeyr, 1993), adding another level of complexity. Higher yields of FA in yeast are 

required for economic viability, and to achieve this, upstream pathways to generate acetyl-CoA and 

downstream pathways involved in fatty acid metabolism need to be optimized, and competing 

pathways must be downregulated.   
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OBJECTIVES 

The overall goal of this research was to engineer the yeast S. cerevisiae for the high-level 

production of fatty acids, focusing on medium chain fatty acids. The work presented in this 

dissertation has helped to broaden the scientific knowledge on the engineering of microbes to 

produce non-native products that can replace current petrochemical compounds, to produce 

molecules that could serve as new materials precursors or novel pharmaceuticals, and to improve 

product specifications. The first objective was to reduce the fatty acid average chain length produced 

in yeast by introducing a heterologous fatty acid synthase. In this study, the type II FAS from 

Escherichia coli (eFAS) was expressed and characterized in S. cerevisiae. eFAS was chosen because it 

is made up of discrete enzymes, which allow for individual expression optimization, and the exposure 

of intermediates that can be terminated at a specific step. The second objective was to evaluate a 

completely different approach for the production of MC-FFA. Yeast β-oxidation was engineered to 

stop fatty acid degradation at a longer chain length (C8, C10 and C12), and further pathway 

optimization was performed to increase the flux toward β-oxidation. The third objective was to 

engineer S. cerevisiae to produce high-levels of LCFA. Native fatty acid metabolism downstream of 

the fatty acid synthase was disrupted (β-oxidation and fatty acid activation), and the co-

overexpression of neutral lipid-forming enzymes (for triacylglycerides) and lipases resulted in high 

levels of free fatty acids. The fourth objective was to initiate studies testing new approaches to 

increase acetyl-CoA pools for acetyl-CoA derived products, including polyketides. 
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Objective 1: 

The aim was to produce MCFA by introducing a heterologous type II FAS from Escherichia coli (eFAS) 

in S. cerevisiae. Specific objectives included: 

1.1. Testing individual protein expression of essential eFAS genes in S. cerevisiae and 

determination of in vitro activity. 

1.2. Integration of the genes for the type II FAS into the yeast genome, determination of in vivo 

activity, and characterization of FA distribution of engineered strains. 

1.3. Deletion of native yeast fatty acid synthesis machinery in strain with eFAS integrated. 

1.4. Production of fatty acids and measurement of FA concentration and profile with only eFAS 

(native FAS deleted). 

 

Objective 2: 

The second aim was to produce MC-FFA by disrupting the pathway for monounsaturated fatty acid 

degradation and further optimization of MCFA metabolism. Specific objectives included: 

2.1. Disruption of a MC-FA specific degradation genes, disruption of a monounsaturated fatty 

acid degradation gene and targeting a medium-chain thioesterase to the peroxisomes. 

2.2. Elimination of cytosolic MCFA elongation activity, and optimization of peroxisomal 

biogenesis to increase total β-oxidation activity. 

2.3. Up-regulation of malonyl-CoA pools/flux and fatty acid synthesis. 

2.4. Targeting of a library of medium-chain thioesterases in the most productive strains. 
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Objective 3: 

The aim was to engineer S. cerevisiae to produce and secrete high-levels LC-FFA to the medium and 

avoid re-importation. Specific objectives included: 

3.1. Deletion of several long chain acyl-CoA synthetases genes (fatty acid activators). 

3.2. Removal of a combination of genes involved in the fatty acid degradation pathway. 

3.3. Combination of interventions related to fatty acid activation and degradation.  

3.4. Overexpression of endogenous lipid droplet-forming enzymes and endogenous lipases. 

 

Objective 4: 

The aim was to evaluate new approaches to increase synthesis of acetyl-CoA derived products in S. 

cerevisiae. Specific objectives included: 

4.1. Downregulation of native cytosolic FAS and competing pathways. 

4.2. Characterization of heterologous pathways to generate acetyl-CoA from pyruvate and 

acetaldehyde. 
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ABSTRACT 

Fatty acids and fatty acid derivatives are important biorenewable products, as well as 

precursors for further transformation via chemical catalysis. This minireview focuses on recent 

advances in increasing the production of fatty acids and derived products in the yeast Saccharomyces 

cerevisiae. The engineering of upstream pathways to increase levels of the required precursors, fatty 

acid synthase systems to increase expression and to modify chain length, and downstream pathways 

to produce free fatty acids, fatty acid ethyl esters, fatty alcohols, and alkanes are highlighted, and 

current challenges are discussed. 

. 
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INTRODUCTION 

Accelerating concern about the pace of climate change, depletion of oil reserves, and the 

environmental impact of production methods, has led to increased interest in renewable routes for 

generation of the large fossil fuel-based library of chemicals. Microbial processes allow use of 

renewable resources for the synthesis of bio-based products or precursors for subsequent conversion 

via chemical catalysis (de Jong et al. 2012). In addition, microbial-based synthesis enables the 

discovery and production of new compounds with novel functionalities and properties. The US 

Department of Energy published a list of promising bio-based products that have potential as 

platform chemicals for conversion to other molecules (Werpy & Petersen 2004; Bozell & Petersen 

2010). Microbial polyketide/fatty acid metabolism has also been noted as an excellent source of 

promising products and precursor compounds (Nikolau et al. 2008; Chia et al. 2012). Fatty acids (FA) 

and fatty acid derivatives, such as fatty alcohols, fatty acid methyl/ethyl esters, alkenes, and hydroxy 

fatty acids, are important platform chemicals in the synthesis of biofuels, lubricants, perfumes, 

plastics, and other products (Biermann et al. 2011). 

 FA are macromolecules essential for many cellular processes, including building the 

phospholipid bilayer in the cell membrane, storing energy, and signaling (Trotter 2001). Free fatty 

acids (FFA) are present at low concentrations as most fatty acids are bound to proteins, cofactors or 

other functional groups; this protects the cell from perturbation of the cell membrane and proteins 

by the fatty acids. However, FFAs are often the desired form for conversion to fatty acid derivatives, 

for conversion by chemical catalysis to other products, and for their ability to cross the cell membrane 

and simplify recovery. Producing high levels of fatty acids requires large amounts of acetyl-CoA, ATP 

and NADPH, making it challenging to engineer (Tehlivets et al. 2007). Depending on the acyl-chain 

length, fatty acids can be classified in four groups. Very long-chain fatty acids (VLCFAs) have an acyl-
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chain of 22 or more carbons and are used as food supplements (Rezanka 1989). Long-chain fatty acids 

(LCFAs), with an acyl-chain of 14 to 20 carbon molecules, are used mainly for biofuels, especially 

biodiesel (Knothe 2010). Medium chain fatty acids (MCFA), 6 to 12 carbon molecules, and short chain 

fatty acids (SCFAs), from 2 to 4 carbons, are used as precursors for biofuels and platform chemicals 

(Nikolau et al. 2008; Rude & Schirmer 2009). 

 Saccharomyces cerevisiae is a promising microorganism for the synthesis of fatty acids and 

fatty acid-derived products, and high titers of free fatty acids have been obtained (Leber et al. 2015; 

Zhou et al 2016b). Furthermore, successful interventions to increase synthesis of FFAs and fatty acid 

derivatives in S. cerevisiae can be assessed in the oleaginous yeast that have evolved to store large 

amounts of lipids as carbon and energy sources. This minireview focuses on the engineering of S. 

cerevisiae for the synthesis of free fatty acids and their derivatives, with primary emphasis on the 

recent literature demonstrating successful metabolic engineering strategies. We will first review 

upstream interventions that increase the substrates and cofactors needed for high-level production, 

and strategies that increase fatty acid synthase expression or modify FA chain length.  We will then 

consider downstream interventions that lead to the synthesis of free fatty acids, fatty alcohols, 

alkanes, and other products. 
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ENGINEERING UPSTREAM PATHWAYS AND FATTY ACID SYNTHASE SYSTEMS 

S. cerevisiae produces most fatty acids via a cytosolic type I fatty acid synthase (FAS). The 

primary initiator substrate for FAS is acetyl-CoA, and malonyl-CoA (generated through the 

carboxylation of acetyl-CoA) is the substrate for chain elongation (Leibundgut et al. 2008). Two 

reactions of this elongation cycle require NADPH. High-level synthesis of fatty acids and fatty acid 

derivatives thus requires sufficient acetyl-CoA, malonyl-CoA, and NADPH. S. cerevisiae can only 

produce saturated and monounsaturated fatty acids, as there is one Δ9-desaturase, Ole1 (Stukey et 

al. 1989). The common fatty acid profile of yeast thus consists of a mix of saturated and unsaturated 

carboxylic acids (C16, C16:1, C18, C18:1), with only 1-2% of the total fatty acids further elongated to 

VLCFA via membrane bound elongases in the endoplasmic reticulum or mitochondria (Welch & 

Burlingame 1973).  

To increase the synthesis of fatty acids and fatty acid derivatives in S. cerevisiae, a wide range 

of metabolic engineering efforts have targeted the native yeast pathways or introduced heterologous 

pathways to increase precursor and cofactor availability. Several efforts have also focused on the FAS 

system (including replacement and overexpression) to increase the amount of the acyl-CoA product, 

to produce free fatty acids, and to modify the dominant chain length of the FA synthesized.  

Increasing precursor and cofactor availability 

A variety of strategies have been implemented to increase the availability of the acetyl-CoA 

and malonyl-CoA substrates for FA synthesis (Figure 2.1). These include engineering of central carbon 

metabolism to increase flux to pyruvate by down-regulating or eliminating competing pathways, and 

the overexpression of endogenous or heterologous genes that lead to pyruvate, acetyl-CoA, and 

malonyl-CoA. Efforts have also focused on increasing cytosolic NADPH levels, and modification of 
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yeast regulation to increase FA synthesis. 

Increasing availability of malonyl-CoA 

Malonyl-CoA is the extender unit for fatty acid and polyketide elongation, and the synthesis 

of this substrate is considered a critical limiting step (Liu et al. 2010). Conversion of acetyl-CoA to 

malonyl-CoA is catalyzed by the native yeast 250 kDA acetyl-CoA carboxylase (Acc1) and requires ATP 

(Roggenkamp et al. 1980). Thus, strategies have focused on increasing Acc1 levels and mutagenesis 

of Acc1 to maintain activity. In a study by Shin et al. (2012), overexpression of the native S. cerevisiae 

ACC1 gene increased fatty acids and sterol levels by a factor of 4.0 and 1.7, respectively. Similarly, 

Runguphan & Keasling (2014) expressed ACC1 on a multi-copy plasmid and observed an 

approximately 1.5-fold increase in total fatty acid and lipid content. In an alternate approach to 

increase acetyl-CoA carboxylase activity, an Arabidopsis acetyl-CoA carboxylase gene (AAE13) was 

overexpressed in S. cerevisiae (Wang et al. 2014), resulting in a 1.6-fold increase in lipid content. This 

heterologous malonyl-CoA synthetase was able to complement a yeast strain with a temperature 

sensitive acc1 mutant.  

The Acc1 protein is negatively regulated by Snf1 in S. cerevisiae. Activation of Snf1 is triggered 

by glucose depletion leading to partial deactivation of Acc1 via phosphorylation at one or more serine 

residues (Woods et al. 1994). The decrease in active acetyl-CoA carboxylase when glucose is depleted 

thus leads to a drop in the pool of cytosolic malonyl-CoA. Based on prior studies with the mammalian 

counterpart, the site-directed mutagenesis of specific serine residues has been shown to diminish 

Snf1 deactivation of Acc1 in three independent studies (Choi & Da Silva 2014; Hofbauer et al. 2014; 

Shi et al. 2014a). Two of the studies considered the effects on fatty acid production and either fatty 

ethyl ester (FAEE) or polyketide production.  In both cases, increased expression of wild type Acc1 did 

not result in significant increases in FA levels. However, overexpression of the mutant Acc1 increased 
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the acetyl-CoA carboxylase activity and led to 3-fold increases in both polyketide and total FA titers 

(using Acc1S1157A; Choi & Da Silva, 2014) and a 0.65-fold increase in total FA titer and a 2.36-fold 

increase in FAEE when co-expressed with a wax ester synthase (WS) (using Acc1S659A,S1157A; Shi et al. 

2014a).  Acetyl-CoA carboxylase overexpression has recently been combined with several other 

interventions (Feng et al. 2015; Sheng et al. 2016; Zhou et al. 2016b; Guo et al. 2016; de Jong et al. 

2015; Yu et al. 2017; d'Espaux et al. 2017) generally increasing FA or fatty acid-derived products levels, 

although limited effects or even decreases in total FA production have also been observed (Li et al. 

2014). In Choi and Da Silva (2014) and Shi et al. (2014a), the greatest increase in FA was for C18:1. 

Interestingly, this resulted in increased resistance to the toxicity of exogenous hexanoic acid, octanoic 

acid, 2-propanol, and n-butanol (Besada-Lombana et al. 2017). Cells expressing Acc1S1157A had altered 

membrane composition and greater membrane integrity, demonstrating that this change could 

increase resistance for strains producing high levels of short/medium chain fatty acids. 

In a recent alternate approach (d'Espaux et al. 2017), the mitochondrial acetyl-CoA 

carboxylase Hfa1 was overexpressed in the cytosol; the native N-terminal mitochondrial targeting 

signal was replaced with the Acc1 N-terminal sequence and gene expression was under the control 

of the strong GAL1 promoter. Fatty alcohols levels increased approximately 2.5-fold relative to the 

parent strain.  

Engineering central carbon metabolism to increase pyruvate and acetyl-CoA pools 

Acetyl-CoA is also critical as it is the starter unit for FA synthesis, and the precursor for 

synthesis of malonyl-CoA by the Acc1 enzyme. The pyruvate dehydrogenase by-pass in S. cerevisiae 

supplies the cell with the required cytosolic acetyl-CoA (Pronk et al. 1996). Pyruvate gets 

decarboxylated to acetaldehyde and carbon dioxide by the pyruvate decarboxylase. The 

acetaldehyde can be converted into ethanol by an alcohol dehydrogenase, or it can be transformed 
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by an acetaldehyde dehydrogenase (primarily Ald6) to produce acetate and NADPH. Acetate is then 

converted to acetyl-CoA by acetyl-CoA synthetase (Acs1) in an energy-consuming reaction that 

requires coenzyme A and two ATP equivalents. An early study increasing flux through this pathway 

aimed to increase production of a non-fatty acid product amorphadiene. Shiba et al. (2007) 

overexpressed Ald6 and a heterologous mutant acetyl-CoA synthase from Salmonella enterica 

(SeAcsL641P), which prevents deactivation by acetylation (Starai et al. 2005); these interventions 

increased amorphadiene titer 1.9-fold. Feng et al. (2015) increased the production of a fatty alcohol 

(1-hexadecanol) in S. cerevisiae by overexpressing Adh2, Ald6, SeAcsL641P, and Erg10, leading to a 69% 

increase in the final product titer. In a similar approach, Adh2 was overexpressed in conjunction with 

Ald6 and SeAcsL641P to increase production of fatty acid ethyl esters; the FAEE specific titer increased 

77% (de Jong et al. 2015).  

Another study aimed to increase FA synthesis by decreasing carbon flux to ethanol. Li et al. 

(2014) disrupted ADH1, resulting in an extremely slow-growing strain that required several rounds of 

adaptive mutagenesis to rescue cell growth. While the final evolved strain could not grow as rapidly 

as the parent strain, it produced 2.1-fold more fatty acids. In the same study, an alternate approach 

introduced either the E. coli NAD+-dependent alcohol dehydrogenase AdhE that converts the ethanol 

to acetyl-CoA or the E. coli NAD+-dependent acylating acetaldehyde dehydrogenase EutE that 

converts acetaldehyde to acetyl-CoA. The strain expressing EutE increased the production of fatty 

acids by 17% relative to the parent strain.  

Upstream interventions to increase the level of pyruvate can also lead to increased 

production of FA and FA-derived products. Ghosh et al. (2016) used two-scale 13C metabolic flux 

analysis to guide interventions to increase FA production, and found that glycerol-3-phosphate 

dehydrogenase (Gpd1) competes for carbon flux. The deletion of GPD1 by the authors led to a 22% 
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increase in FA production compared to the parent strain. When this intervention was combined with 

the overexpression of the Y. lipolytica ACL (see below) the fatty acid titer increased 56% relative to 

the parent strain. 

The phosphoketolase pathway was introduced into S. cerevisiae to increase the production 

of fatty acid esters, as this requires a large pool of NADPH and acetyl-CoA (de Jong et al. 2014). A 

xylulose-5-phosphate phosphoketolase (XpkA) from Aspergillus nidulans was expressed in 

combination with a phosphotransacetylase (Pta) from Bacillus subtilis or an acetate kinase (Ack) from 

A. nidulans. FAEE increased 5.7-fold when XpkA and Pta were coexpressed with wax synthase WS2 

from Marinobacter hydrocarbonoclasticus (105 μg/gDCW) relative to the strain expressing WS2 

alone. A combination of XpkA and Ack had a minimal effect on FAEE production. 

Introduction of ATP-citrate lyase 

ATP-citrate lyase (ACL) catalyzes the conversion of citrate to acetyl-CoA and oxaloacetate 

using one molecule of ATP (Takeda et al. 1969). This cytosolic enzyme is present in many fungi (Hynes 

& Murray 2010); however, in the sequenced members of Saccharomycetes, it has only been found in 

the yeast Y. lipolytica. Expression of ACL has thus been evaluated as a strategy to increase the pool 

of cytosolic acetyl-CoA in S. cerevisiae, by utilizing citrate from the peroxisome and/or the 

mitochondria. 

Tang et al. (2013) expressed the ACL from Mus musculus in S. cerevisiae and increased total 

FA production by 15.4% and 21.1% in the wild type and engineered (idh1D and/or idh2D) strains, 

respectively. Deletion of these two mitochondrial isocitrate dehydrogenases increased the 

intracellular level of citrate 4- to 5-fold. 1-hexadecanol production was compared for strains 

overexpressing ACL enzymes from Arabidopsis thaliana (AtACL) and from Y. lipolytica (YlACL) (Feng 

et al. 2015). The strain expressing AtACL produced 55% more 1-hexadecanol than the parent strain, 
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while the strain expressing YlACL produced 136% more than the parent. In a recent paper (Zhou et 

al. 2016b), the authors created a cycle to transport acetyl-CoA from the mitochondria to the cytosol 

by combining overexpression of ACL and the endogenous mitochondrial citrate transport protein 

Ctp1, relocation of the peroxisomal malate dehydrogenase Mdh3 into the cytosol, and expression of 

a heterologous malic enzyme from Rhodospuridium toruloides, which provides a source of NADPH in 

the cytosol.  ACLs from different organisms were expressed and free fatty acid production was 

compared in a strain expressing the E. coli tesA’ thioesterase. The ACL from M. musculus (MmACL) 

resulted in approximately 11% more FFA than the ACL from R. toruloides. Implementation of this 

‘citrate lyase cycle’ (with MmACL) in a strain previously engineered to secrete fatty acids increased 

FFA production by approximately 18%. More recently, Ghosh et al. (2016) measured the 13C metabolic 

fluxes of  faa1D faa4D S. cerevisiae strains overexpressing ACC1, FAS1, and FAS2. Integration of the 

Y. lipolytica ACL gene did not increase the production of FFA; however, the combination of ACL with 

a GPD1 deletion increased FFA levels by 35%. The metabolic flux measurements indicated an increase 

in the flux towards acetyl-CoA, which was offset by an increase in malate synthase consumption of 

acetyl-CoA. Downregulation of the malate synthase gene MLS1 had minimal effects on increasing FA 

production.   

Strategies to increase NADPH availability 

Sufficient availability of NADPH is also critical as two molecules are required for each 

elongation cycle during FA synthesis. In oleaginous fungi, the malic enzyme plays the key role in 

providing NADPH for fatty acid synthesis as well as desaturation (Wynn et al. 1999). However, 

redirection of the S. cerevisiae mitochondrial malic enzyme to the cytosol or expression of a 

heterologous malic enzyme did not prove effective at increasing cytosolic levels of NADPH (Moreira 

dos Santos et al. 2004) or production of fatty alcohols (Runguphan & Keasling 2014). The expression 
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of a heterologous NADP+-dependent glyceraldehyde-3-phosphate dehydrogenase (GapN) from the 

bacteria Streptococcus mutans was evaluated as an alternate strategy to increase the pool of NADPH 

for the synthesis of FA-derived products (Shi et al. 2014b). When expressed in combination with the 

endogenous NAD+-dependent GapDH in a strain engineered to produce FAEEs, no increase in FAEE 

levels was observed. Recently, the native TDH3 gene was replaced by two heterologous enzymes, the 

NADP+-dependent GapDH from Kluyeromyces lactis or the non-phosphorylating GapN from Bacillus 

cereus (d'Espaux et al. 2017); however fatty alcohol levels did not increase relative to the parent 

strain. The interventions to increase NADPH via heterologous enzymes have thus had limited or no 

effect on the synthesis of FA derivatives. A recent metabolic flux analysis (d'Espaux et al. 2017)  

determined that 60% of the cytosolic NADPH was consumed by the NADP+-dependent glutamate 

dehydrogenases, Gdh1 and Gdh3. Deletion of the native GDH1 gene led to a 2.7-fold increase in fatty 

alcohol levels. 

Engineering yeast regulation to increase FA and FA-derived products 

Yeast lipid metabolism involves a broad number of reactions that are tightly regulated at the 

transcriptional and post-transcriptional level (Nielsen 2009), making the system difficult to engineer. 

Therefore, strategies to increase FA synthesis have included the knockout of negative regulators 

reported to down-regulate lipid synthesis. Feng et al. (2015) looked at two families of transcriptional 

regulators, those involved with regulation of INO1 and the protein kinase Snf1. The Upstream 

Activating Sequence (UAS) of INO1 is also found upstream of many genes associated with the 

phospholipid biosynthesis pathway (Lopes et al. 1991). Individual deletions of the INO1 regulators 

Pah1, Rpd3, Sin3, Opi1, Ume6, Itc1, Isw2, and Mot1 led to mixed results. Four of the knockouts 

(pah1Δ, rpd3Δ, mot1Δ, or opi1Δ) increased the production of 1-hexadecanol 60-170% relative to the 

parent strain, with the highest titer (122 mg/L) observed for rpd3Δ. The other four knockouts (ume6Δ, 
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itc1Δ, sin3Δ, or iswΔ2) decreased the production of this C16 fatty alcohol. Deletion of the 

transcriptional regulator SNF1 in a strain overexpressing ACC1 did not increase the production of 1-

hexadecanol. Sheng et al. (2016) used the same strategy to increase the production of medium-chain 

fatty alcohols but found that the deletion of RPD3 did not increase titer. In the recent work by 

d’Espaux et al. (2017), deletion of RPD3 or OPI1, and overexpression of the positive regulator INO2, 

failed to increase fatty alcohol levels relative to the parent strain (d'Espaux et al. 2017). In another 

study (Teo et al. 2015), OPI1 and RPD3 were deleted to increase fatty acyl-CoA levels; the opi1∆ strain 

expressing a wax ester increased production of FAEE by 2.7-fold, while rpd3∆ slightly decreased FAEE 

levels. 

Overexpression of native and heterologous fatty acid synthases 

S. cerevisiae has a cytosolic type I fatty acid synthase (FAS) and a mitochondrial type II FAS 

(Dittrich et al. 1998). The major role of the mitochondrial FAS is to produce octanoic-ACP, which is a 

precursor of lipoic acid (Brody et al. 1997). However, the majority of fatty acids are produced by the 

cytosolic FAS, a large multifunction α6β6 heterododecamer encoded by two genes: FAS1 (for the β 

subunit) and FAS2 (for the α subunit). Unlike the mammalian and bacterial FAS, the yeast FAS does 

not have a thioesterase subunit; instead a malonyl/palmitoyl transferase (MPT) transfers the acyl-

moieties to coenzyme A. Therefore, the product is a saturated acyl-chain (primarily C16 and C18) 

bound to CoA (Sumper et al. 1969), not a FFA. MPT shows a broad specificity for fatty acids and is not 

the main factor in the final chain length of the product. The final FA profile depends on the 

equilibrium of substrates and cofactors, as well as difference in substrate preferences by the catalytic 

subunits of FAS (Tehlivets et al. 2007). 
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Figure 2.1. Engineering of upstream pathways and fatty acid synthase systems. Pathways have been engineered to 
increase the substrates and cofactors required for the synthesis of fatty acids, and to increase fatty acid synthase 
expression or modify fatty acid chain length. The native yeast pathways are shown in black, with 
downregulation/deletion in red and upregulation in green. Heterologous proteins and pathways are shown in blue. 
Acc* includes native Acc1, Acc1 variants, and the cytosolic variant of Hfa1. 

 

To increase the synthesis of fatty acids and to modify chain length, several recent studies have 

focused on both the native and heterologous FAS enzymes (Figure 2.1). The level of FAS expression, 

the source of the FAS enzyme(s), and the mechanism for cleaving the acyl chain all affect the level, 

form, and chain length of the fatty acid formed. 
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Overexpression of FAS enzymes for increased production 

Equimolar amounts of Fas1 and Fas2 subunits are found in the yeast fatty acid synthase, but 

regulation of the two genes is not identical (Chirala 1992; Schüller et al. 1994). While both FAS1 and 

FAS2 have an ICRE upstream activation site and respond similarly to general transcription factors, 

cytoplasmic FAS levels are determined primarily by the amount of Fas1 protein (Wenz et al. 2001). A 

down-stream regulatory site for the FAS2 gene is positively regulated by Fas1. The overexpression of 

only FAS1 led to an increase in the specific activity of FAS while overexpression of only FAS2 did not. 

When both genes were overexpressed, FAS specific activity was even higher than for FAS1 alone. In 

addition to transcriptional regulation, the levels of the unassembled FAS subunits in the cytosol are 

also controlled post-translationally by two distinct degradation pathways for the two subunits 

(Schüller et al. 1992; Egner et al. 1993). 

Interestingly, when either FAS1 or FAS2 were overexpressed in a wild type strain, the amount 

of fatty acids produced decreased, and the FA profile showed an increase in the percent of C16 (Shin 

et al. 2012). In contrast, overexpression of only FAS1 in a high sterol producer strain increased both 

C16 and C18 fatty acids by 2.5-fold. Runguphan & Keasling (2014) replaced the native FAS1, FAS2, 

and ACC1 promoters with the strong constitutive TEF1 promoter to increase the titers of FFAs, fatty 

alcohols, and fatty acid ethyl esters. In a strain expressing the E. coli tesA’ thioesterase, strong 

constitutive expression of the three genes increased the level of secreted FFAs approximately 11-

fold. In faa1∆ and faa1∆faa4∆ strains (lacking the Faa1 and/or Faa4 activators and producing higher 

levels of FFAs), overexpression of FAS1, FAS2, and ACC1 increased secreted FFA titers by 1.35-fold 

and 1.94-fold, respectively. Overexpression of the three genes in a strain expressing a fatty acyl-CoA 

reductase (mFAR1) improved fatty alcohol levels by 96%. In the same study, overexpression of the 

three genes increased fatty acid ethyl ester levels 4- to 5-fold in three different engineered yeast 
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strains.  

Research has also focused on the introduction of heterologous fatty acid synthases to 

increase the synthesis of LCFA, long chain FAEE, and long chain alkenes. Eriksen et al. (2015) 

expressed four type I FAS enzymes (with their respective phophopantetheine transferases for FAS 

activation) from Actinomyces in S. cerevisiae. All heterologous FAS were able to complement growth 

in a fas1∆ strain, and produced a similar FA profile with C16:0, C16:1, C18:0 and C18:1 as the 

predominant FA molecules. In a fas1∆ yeast strain, overexpression of the Type I FAS from 

Corynebacterium ammoniagenes resulted in an approximately 1.5-fold increase in C16:1 relative to 

the wild type FAS. In a strain with the intact native FAS and expressing a wax synthase/acyl-coenzyme 

A:diacylglycerol (WS/DGAT) and the native fatty acid activator FAA1, expression of this C. 

ammoniagenes FAS increased FAEE titer 6-fold relative to the strain expressing WS/DGAT alone. 

In more recent study, the FAS from Rhodospuridium toruloides was expressed in a strain 

engineered to produce and secrete high-levels of fatty acids (Zhou et al. 2016b). The genomic 

integration of the RtFAS genes under the control of the TEF1 promoter increased FFA production 

from 0.80 g/L to 0.92 g/L. However, a comparison of overexpression of the native FAS and 

overexpression of RtFAS showed no significant difference in FFA levels.  

FAS replacement and modification to alter FA profile 

 S. cerevisiae produces primarily C16, C16:1, C18, and C18:1 fatty acids (Sumper et al. 1969). 

However, there is great interest in producing specific chain lengths for industrial applications, 

particularly short/medium chain fatty acids. The closed and complex structure of the type I yeast FAS 

does not allow the entry of an independent thioesterase (TE). Thus, initial efforts at engineering yeast 

to produce FA of defined length focused on the introduction of heterologous FAS enzymes. A type I 
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human FAS (hFAS) was expressed in S. cerevisiae in combination with several medium chain 

thioesterases (Leber & Da Silva 2014). The mammalian FAS has an open and flexible structure that 

facilitates the diffusion of heterologous TEs (Maier et al. 2010). In addition, the mammalian FAS has 

a dedicated TE domain on the C-terminus, that is isolated from the core scaffold. Replacement of the 

hFAS TE domain by independent or linked heterologous thioesterases allowed the early cleavage of 

elongating acyl-ACP. A strain expressing the hFASDTE, the B. subtilis phosphopantetheinyl transferase 

(PPT), and the medium chain TE from rat mammary gland (TEII) produced 17-fold more octanoic acid 

(C8) than the control strain. When the TEII thioesterase was linked to the hFAS, titers increased to 82 

mg/L of C8 and a total of 111 mg/L C6 to C10 fatty acids, a 64-fold increase over the wild type strain. 

Partial codon optimization of the hFAS was shown to substantially improve C6-C10 production in a 

strain engineered for reduced beta-oxidation activity (as discussed further below) (Leber et al. 2016). 

 In an alternate approach, the dissociated type II FAS system from E. coli was introduced into 

S. cerevisiae (Fernandez-Moya et al. 2015). The type II systems allow more flexibility in fine-tuning 

the expression of limiting enzymes, and allows introduction of ‘terminating’ enzymes to produce a 

wider variety of final products. Eight enzymes (the minimum required for a functional E. coli FAS) 

were integrated into the S. cerevisiae genome, and several thioesterases were tested on a multicopy 

plasmid. Similar to the mammalian FAS, this heterologous type II FAS could complement the knockout 

of the yeast FAS and support growth. With the E. coli FAS system and the fatB thioesterase from 

Ricinus communis (leading to accumulation of primarily C14), the housekeeping functions of the 

native FAS were unnecessary and a fas2D S. cerevisiae strain was used. Although growth was slower 

relative to the parent strain, total FA production increased 1.7-fold and the FA profile shifted, 

increasing C14 from <1% to 33% of total fatty acids, and substantially decreasing C18 production. 

 In a related study, two type II FAS systems were recently expressed in S. cerevisiae to enable 
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production of lipoic acid in the cytoplasm (Lian & Zhao 2016). The aim was to increase cytosolic acetyl-

CoA pools by expressing the E. coli PDH complex, which requires lipoic acid to function. However, in 

eukaryotes, the lipoic acid precursor, octanoyl-ACP, is produced by the type II FAS in the 

mitochondria. Addition of the native mitochondrial type II FAS to the cytosol failed to support growth 

of an acs1∆acs2∆ yeast strain expressing the E. coli PDH. However, introduction of the type II FAS 

from E. coli provided sufficient octanoyl-ACP for the PDH to be active (indirectly measured by cell 

growth).  

 More recently, a type I FAS from Mycobacterium vaccae (MvFAS) was expressed in S. 

cerevisiae to increase the production of docosanol (Yu et al. 2017). MvFAS was chosen for its ability 

to elongate fatty acyl-ACP to C26. Expression of a fusion MvFAS with its native PPT activator 

complemented growth of fas1∆fas2∆ and fas1∆fas2∆elo2∆elo3∆ strains, indicating that this 

heterologous FAS can produce sufficient C16/C18 fatty acids, and can also elongate acyl-ACP further 

and provide the VLCFA essential for yeast survival. 

Recent work has included studies on the direct engineering of the yeast type I FAS to produce 

medium chain fatty acids. In an innovative study, Xu et al. (2016) engineered the Y. lipolytica FAS for 

MCFA production. The authors then created a truncated FAS1 gene with the malonyl/palmitoyl 

transacylase (MPT) replaced by various fused thioesterases. The proximity of the medium-chain 

thioesterases to the FAS elongation chamber led to an almost 3-fold increase in C14 when tesA’ from 

E. coli was fused, and a 6-fold increase in C12 when a thioesterase from Umbellularia californica was 

fused. This approach may prove successful in S. cerevisiae as well. 

The R. toruloides FAS and Aplanochytrium kerguelense FAS differ from most fungal FAS, as 

they have two ACP domains instead of one. Mutants of the R. toruloides and A. kerguelense FAS were 

constructed by replacing one of the two ACP domains with a medium chain thioesterase from 
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Acinetobacter bayly (Zhu et al. 2017). When overexpressed in S. cerevisiae, 5-13 times more medium 

chain FFA was secreted than with the wild-type (unmutated) enzymes, and production of C18 fatty 

acids decreased. A similar approach was taken with the native S. cerevisiae FAS. The thioesterase 

domain was linked at different positions, either before or after the native ACP domain, or at the end 

of the α-chain (Fas2) subunit. This strategy increased the production of MC-FFA in the supernatant 

by 3-fold. Mutations in the KS domain to block elongation further increased production. The best 

mutant FAS2 was integrated into a pox1∆ S. cerevisiae strain and cultured at pH 6.0; the total MC-

FFA reached 175 mg/L, and the final OD was half that of the parent strain. A similar strategy was 

effective in increasing β-ketoacids, demonstrating the general effectiveness of the approach. 

In another recent study (Gajewski et al. 2017b), rationally designed mutations in the 

condensation domain (KS) and the transferase domains (MPT and AT) of the S. cerevisiae FAS led to 

an increase in the medium chain FFA secreted to the media. The mutations on the FAS were based 

on their previous work with the Corynebacterium ammoniagenes FAS using an in vitro and in silico 

approach (Gajewski et al. 2017a). Several single and double point mutations in the KS domain 

increased C6 production 9- to 12-fold and C8 production 56-fold in a fas1∆fas2∆ strain, relative to 

the wild type with the native FAS. Mutation R1834K in the MPT domain led to a 23-fold increase in 

the extracellular C8 titer (100 mg/L). The authors combined the most promising mutations to create 

a final FAS mutant (I306A-G1250S-R1834K) that produced 464 mg/L of total MCFA (primarily C6 and 

C8) in complex media. The native thioesterases that might be releasing the medium-chain acyl-CoAs 

produced by the FAS mutants were considered. A eht1∆eeb1∆mgl2∆ strain carrying the mutant FAS 

produced minimal levels of medium chain FFAs compared to the parent strain, which may indicate 

the role of these previously identified thioesterases in the processing of medium chain acyl-CoAs in 

S. cerevisiae. 
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ENGINEERING DOWNSTREAM PATHWAYS TO DESIRED PRODUCTS  

Utilizing the FAS systems described above, S. cerevisiae can be engineered to produce fatty 

acids of varying lengths, and as either acyl-CoAs or free fatty acids. A large number of studies have 

focused on the subsequent engineering of downstream pathways (Figure 2.2) to increase titer and 

yield of these fatty acids and to produce fatty acid derivatives, including fatty acid ethyl esters, fatty 

alcohols, and alkanes and alkenes. 

Downstream pathway interventions to increase fatty acid pools 

In S. cerevisiae, free fatty acids are quickly activated by acyl-CoA synthase to produce fatty 

acyl-CoAs (Scharnewski et al. 2008); these acyl-CoAs are essential to cellular metabolism and are used 

in phospholipid bilayer formation, energy storage and recycling, and signaling functions (Tehlivets et 

al. 2007). In addition, both CoA-bound and free fatty acids can be degraded via β-oxidation in the 

peroxisome (Hettema & Tabak 2000). Several strategies have been implemented to either increase 

the levels of the CoA-bound fatty acids or to increase the levels and secretion of free fatty acids; these 

include eliminating degradation via β-oxidation, preventing FFA activation, and increasing FFA 

synthesis (Figure 2.2-A,B). 

Elimination of β-oxidation 

One straightforward intervention to increase FA production is to deactivate the native β-

oxidation pathway for these molecules. In S. cerevisiae, β-oxidation occurs only in the peroxisomes 

(Kunau et al. 1988). The first step is the translocation of the acyl-CoA and free fatty acids from the 

cytosol to the peroxisome. Acyl-CoA molecules can cross the peroxisomal membrane using the ATP 

binding cassette transporter Pxa1/Pxa2, which forms a complex that allows the transport of the large 

-CoA bound fatty acids (Hettema et al. 1996). Medium chain free fatty acids are thought to cross the 
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peroxisomal membrane by simple diffusion and spontaneous flipping (Hettema & Tabak 2000). Once 

the FFAs enter the peroxisome they are activated to the CoA form by the fatty acid activator Faa2 

(localized on the matrix side of the peroxisomal membranes). The β-oxidation cycle for saturated 

fatty acids in S. cerevisiae requires three peroxisomal proteins, Pox1, Fox2, and Pot1 (Hiltunen et al. 

2003). 

 Elimination of Pox1 was evaluated to prevent FA loss by β-oxidation and thus increase FA 

titers. In strains engineered for increased FA synthesis, deletion of POX1 had a minimal effect on lipid 

content and total intracellular FA (Runguphan & Keasling 2014). Similarly, in work by Li et al. (2014) 

and Leber et al. (2015), the POX1 deletion alone did not increase FA levels. However, in another study 

(Valle-Rodríguez et al. 2014), the POX1 deletion had limited effect on total lipids but increased 

intracellular FFAs 4-fold. With expression of a wax synthase, 48% more FAEE was produced relative 

to the parent strain. Other studies have focused on blocking fatty acyl-CoA transport into the 

peroxisomes and/or the activation of the free fatty acids. Deletion of PXA2, encoding a subunit of the 

peroxisomal long chain acyl-CoA transporter, did not increase FA levels (Runguphan & Keasling 2014). 

Single knockouts of FAA2 and PXA2 resulted in a small increase in the production of FAEE (Thompson 

& Trinh 2014), while the combination had no effect. (Leber et al. 2015) showed that a combination 

of three β-oxidation-related gene knockouts increased intracellular FA levels. When FAA2 and PXA1 

were disrupted, cells accumulated 1.4-fold more FA relative to the parent strain. The deletion of 

POX1, FAA2, and PXA1 increased the total intracellular FA levels by 1.6-fold. A combination of gene 

knockouts for both β-oxidation and cytosolic free fatty acid activation (discussed below) have 

substantially increased free fatty acid levels. In addition, recent work has combined the POX1 deletion 

with several other interventions to produce a variety of fatty acid-derived products (de Jong et al. 

2015; Zhou et al. 2016b). 
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 Transport to the peroxisome and activation of medium chain fatty acids differs from that for 

long chain fatty acids. A study by Leber et al. (2016) considered the specific interventions required to 

decrease degradation of medium chain FFAs in S. cerevisiae. A strain (expressing a partially codon-

optimized human FAS with a linked medium chain thioesterase) was engineered  with three gene 

deletions: FAA2, a peroxisomal medium chain fatty acyl-CoA synthetase, ANT1, a peroxisomal ATP 

transporter necessary for the activation of MCFA (van Roermund et al. 2001), and PEX11, a 

peroxisomal membrane protein implicated for the medium chain fatty acid activation (van Roermund 

et al. 2000). Hexanoic, octanoic and decanoic acid levels increased 68-, 181-, and 101-fold, 

respectively, relative to the very low amounts in the parent strain, and 10-, 4-, and 2-fold relative to 

a strain with the generic β-oxidation gene knockouts: POX1, FAA2, and PXA1. 

Prevention of free fatty acid activation 

The reduction of free fatty acid activation to the acyl-CoA form allows both an increase in the 

pool of FFAs and transport from the cell to the medium. The relevant activation enzymes are the acyl-

CoA synthetases Faa1, Faa2, Faa3, Faa4, and Fat1 (Black & DiRusso 2007). Faa1 and Faa4 are the 

primary enzymes for activation of long chain FFAs (Scharnewski et al. 2008). Faa1 has high activity for 

carbon chains of 12 to 16, but can activate hexanoic acid and stearic acid as well (Knoll et al. 1994); 

Faa4 shows overlapping functionalities and activity with Faa1. Both activators account for 99% of the 

total activation of myristic and palmitic acid. Medium-chain FFAs in S. cerevisiae are activated by the 

peroxisomal Faa2, which shows substrate specificity for C8-C14 (Knoll et al. 1994). Faa3 has 

significantly lower activity than Faa2 and Faa1, and is not essential for exogenous fatty acid activation 

(Johnson et al. 1994). Fat1 is a multifunctional enzyme involved in both fatty acid transport and 

activation of long- and very long-chain FFA (Zou et al. 2002). 

Disruption of the fatty acyl-CoA synthase gene FAA1 increased the amount of fatty acid 
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secreted to the media by 2-fold, and also increased intracellular FA levels (Michinaka et al. 2003). 

When both FAA1 and FAA4 were disrupted, fatty acid secretion increased (Scharnewski et al. 2008); 

however, the additional deletion of FAA2 or FAA3 did not further increase secreted FFA levels. Other 

studies with knockouts in FAA1 or FAA4 have shown comparable results, leading to an increase in 

secreted and total FA levels (Li et al. 2014). Leber et al. (2015) included a deletion of the fatty acyl-

CoA synthetase gene FAT1; the faa1Δ faa4Δ fat1Δ strain secreted 60% more long chain FFA relative 

to the faa1Δ faa4Δ parent strain. 

Preventing both free fatty acid activation and β-oxidation can further increase extracellular 

fatty acid levels. In strains expressing a heterologous thioesterase, combined deletions of FAA4 and 

POX1 increased the FFA secreted to the medium by 54% over the FAA4 deletion alone (Runguphan & 

Keasling 2014). Li et al. (2014) found that deletion of FAA1, FAA4, and POX1 increased the FFA by 31% 

relative to deletion of FAA1 and FAA4. In the study by Leber et al. (2015), a strain with six deletions 

(faa1Δ faa4Δ fat1Δ and pox1Δ faa2Δ pxa1Δ) produced 1.3 g/L of FFA, 165% higher than with the 

three activator knockouts alone. 

Increasing the synthesis of free fatty acids 

In addition to preventing degradation and activation, strategies have focused on increasing 

synthesis of free fatty acids. An acyl-CoA thioesterase can be expressed to obtain FFA from the acyl-

CoA form. Runguphan & Keasling (2014) demonstrated the impact of expressing an independent 

heterologous thioesterase from E. coli ‘tesA (lacking the N-terminal membrane signal) that has both 

acyl-ACP and acyl-CoA activities. Expression of ‘tesA increased FFA level from 5 mg/L to 164 mg/L in 

a faa1Δ strain, and to 207 mg/L in a faa1Δ faa4Δ strain. This approach (‘tesA expression combined 

with the fatty acid activator disruptions) has recently been implemented in combination with several 

other interventions (Zhou et al. 2016a). Expression of ‘tesA in a faa1Δ faa4Δ pox1Δ hfd1Δ strain 
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increased the FFA in the medium by 20% compared to the parent strain. When a heterologous FAS 

from R. toruloides, Acc1, and a ‘citrate lyase cycle’ were overexpressed in this strain, the FFA levels 

reached 1 g/L in minimal medium. Further culture optimization in a fed-batch bioreactor increased 

the final titer to 10.4 g/L (the highest reported), although at ~33% lower yield than in batch. 

S. cerevisiae has only one known acyl-CoA thioesterase, Tes1 (Jones et al. 1999).  This 

thioesterase is targeted to the yeast peroxisomes and has broad substrate specificity (Maeda et al. 

2006). The overexpression of the native Tes1 in a faa1Δ faa4Δ strain increased total FFA production 

from 77 to 115 mg/L (Li et al. 2014). Surprisingly, overexpression of a truncated version of the protein 

without the peroxisomal targeting signal decreased FA production relative to wild type. In the same 

study, overexpression of the ‘tesA from E. coli and a thioesterase from Cinnamomum camphorum 

slightly decreased FA production. Chen et al. (2014) overexpressed the mammalian medium-chain 

peroxisomal thioesterase Acot5 from M. musculus without the native targeting signal (Chen et al. 

2014). Alone there was no impact; however, in a faa1Δ faa4Δ strain, secreted FFA increased from 327 

mg/L to 492 mg/L when Acot5’ was overexpressed.  

Yeast store fatty acids as neutral lipids, primarily triacylglycerols (TAG) and steryl esters (SE), 

forming lipid droplets (Leber et al. 1994). In S. cerevisiae, TAGs are synthesized by Dga1 and Lro1 from 

diacylglycerides (DAG) and fatty acyl-CoA (Oelkers et al. 2000; Dahlqvist et al. 2000), and steryl esters 

are synthesized by Are1 and Are2 from fatty acyl-CoA and sterol (Zweytick et al. 2000). Deletion of 

DGA1, LRO1, ARE1, and ARE2 is generally innocuous to S. cerevisiae (Sandager et al. 2002), 

demonstrating that formation of lipid bodies and storage of neutral lipids is non-essential. In an 

alternate approach to the expression of acyl-CoA thioesterases, Leber et al. (2015) utilized the lipid 

recycle process to increase the synthesis of free fatty acids from the acyl-CoA form. Triacylglyceride 

and steryl ester synthesis enzymes were overexpressed in combination with various lipases that 
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hydrolyze TAGs and SEs. The highest FFA levels were achieved with overexpression of Dga1 (the major 

contributor to TAG synthesis in S. cerevisiae) and Tgl3 (the major TAG lipase). In a strain with FFA 

activation and β-oxidation impaired, FFA production increased from 1.3 g/L to 2.2 g/L (in shake flask) 

when overexpressing the proteins for TAG synthesis and recycle. 

A distinctly different approach to produce MCFA utilizes a reversal of the β-oxidation 

pathway.  Dellomonaco et al. (2011) created a reverse β-oxidation pathway in E. coli to produce 

alcohols and carboxylic acids of various chain lengths and functionalities. A reverse β-oxidation 

pathway was recently introduced in the S. cerevisiae cytosol to produce n-butanol, medium chain 

FFA, and medium chain FAEE (Lian & Zhao 2015). A adh1Δadh4Δgpd1Δgpd2Δ strain with the reverse 

β-oxidation pathway and expressing the medium-chain thioesterase, CpFatB1, produced 6.1-fold 

more octanoic acid (~8 mg/L) relative to the strain expressing CpFatB1 alone. 

Introduction of pathways to fatty acid-derived products 

The production of carbon chain molecules with functional groups other than carboxylic acids 

widens the portfolio of biochemicals and materials that can be synthesized via subsequent chemical 

catalysis. Fatty acids can be converted to fatty-acid derivatives for direct use or use as platform 

chemicals; these include fatty acid esters, fatty alcohols, and fatty alkanes and alkenes. To obtain 

fatty acid-derived products in S. cerevisiae, heterologous enzymes have been introduced for the 

conversion of acyl-CoA and/or FFA to the desired compound (Figure 2.2A). 

Fatty acid ethyl esters from acyl-CoAs 

Fatty acid esters, primarily fatty acid methyl esters (FAME) and fatty acid ethyl esters (FAEE), 

constitute a group of molecules with a variety of uses, e.g., as high-value lubricants, cosmetics, 

pharmaceuticals, and biodiesel (Jetter & Kunst 2008; Westfall & Gardner 2011). Wax esters, formed 
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by the esterification of a fatty acid and a fatty alcohol, are important storage lipids in some 

prokaryotes (Wältermann et al. 2007). The enzymes that catalyze their production can also mediate 

the formation of TAGs, as they are wax ester synthase/acyl-CoA:diacylglycerol acyltransferases 

(WS/DGATs). Identified WS/DGATs have broad substrate specificity, and several studies have 

considered the formation of FAEE using these enzymes.  

Five heterologous wax ester synthases were expressed and characterized for their substrate 

specificity in S. cerevisiae (Shi et al. 2012). Different substrate preferences for the alcohol (acyl 

acceptor) were observed in vitro, and all increased in vivo FAEE production from negligible levels to 

1.3-6.3 mg/L. Overexpression of the WS/DGAT from M. hydrocarbonoclasticus (WS2) resulted in the 

highest FAEE titer. In combination with overexpression of Acc1, FAEE production was further 

increased to 8.2 mg/L. Most subsequent studies have employed this wax synthase. (de Jong et al. 

2014) expressed WS2 with enzymes of the PDH bypass (Adh2, Ald6, Acsse
L641P) and increased FAEE 

specific titers 2.7-fold relative to WS2 alone. In combination with a heterologous phosphoketolase 

pathway (xpKA and pta from A. nidulans), FAEE specific titers increased 1.7-fold relative to WS2 alone. 

WS2 was also overexpressed in a yeast strain devoid of neutral lipid accumulation (dga1D, lro1D, 

are1D, are2D) and fatty acid degradation, resulting in a final titer of 17.2 mg/L (Valle-Rodríguez et al. 

2014). The ws2 gene was randomly integrated into the δ sequences of S. cerevisiae (Shi et al. 2014b). 

The final strain had an average ws2 copy number of 5.4 per cell, and produced 6-fold more FAEE (34 

mg/L) than the strain expressing ws2 on a multi-copy plasmid; however, long-term stability of the 

integrants was an issue. Further engineering of the cells to increase acyl-CoA availability and NAPDH 

levels increased FAEE titers to 48 mg/L. In another study (Eriksen et al. 2015), a combination of WS2, 

an activated heterologous type I FAS from C. ammoniagenes, and Faa1 overexpression led to a 6.3-

fold increase in FAEE production (to 10.5 mg/g DCW). 
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Alternate wax synthases have also been evaluated. Expression of the WS/DGAT from 

Acinetobacter calcoaceticus increased FAEE production in yeast from nearly negligible levels to 1.2 

mg/L (Runguphan & Keasling 2014). Overexpression of ACC1, FAS1, and FAS2, and disruption of β-

oxidation, increased FAEE titers to 5.44 mg/L in 0.2% glucose and 1.8% galactose media. Other 

strategies to increase FAEE have considered the S. cerevisiae acyl-CoA binding protein Acb1 in 

combination with the nonspecific WS/DGAT from Acinetobacter baylyi (Atfa). Acb1 binds to acyl-CoAs 

in the cytosol; this helps to increase solubility and provides protection from hydrolysis by 

thioesterases (Feddersen et al. 2007). Deletion of ACB1 in a strain expressing atfa increased 

production of FAEE by 48% (Thompson & Trinh 2014). Interestingly, in a study by Shi et al. (2014b), 

the overexpression of ACB1 with ws2 increased the production of FAEE by 18%. When atfa was 

expressed in wild type and faa2∆ pxa2∆ acb1∆ strains (Thompson & Trinh 2014), the use of nitrogen-

limited media increased FAEE production approximately 3.5-fold (to 2.9 mg/L and 11.7 mg/L, 

respectively) relative to non-nitrogen limited media. Expression of ws2 instead of atfA led to a further 

increase in FAEE levels (13.9 mg/L).  In particular, ethyl decanoate levels were substantially higher 

under nitrogen-limited conditions.  In another study with WS2  (Shi et al. 2014a)., coexpression of 

Acc1S659A,S1157A increased FAEE titer from 4.7 mg/L to 15.8 mg/L. 

In an alternate approach, the reversal of β-oxidation in S. cerevisiae was used to produce 

medium-chain FAEE (Lian & Zhao 2015). Strains expressing the full reverse β-oxidation pathway 

produced 2.8-fold (~0.40 mg/L) and 2.1-fold (~0.25 mg/L) more ethyl octanoate and ethyl decanoate 

than the parent strain, respectively. Overexpression of endonegous acyl-CoA/ethanol O-

acyltransferase genes EEB1 or EHT1 failed to increase the medium-chain FAEE titers; this agrees with 

prior work (Saerens et al. 2006, 2008). 

Another study (Teo et al. 2015) focused on producing short- and branched-chain alkyl esters 
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to improve the properties of biodiesel. OPI1 and RPD3 were first deleted to boost the fatty acyl-CoA 

levels, and isobutanol pathway mitochondrial enzymes were overexpressed to increase the pool of 

alcohol presursors. Wax ester synthases WS2 and Maqu_0168 from Marinobacter sp. were expressed 

and the strains produced higher levels of fatty acid isoamyl esters, fatty acid isobutyl esters, and fatty 

acid active amyl ester relative to the parent strain. The two wax ester synthases showed different 

alcohol specificity; WS2 produced primarily fatty acid isobutyl esters (127 mg/L) and Maqu_0168 

produced primarily fatty acid isoamyl esters (151 mg/L). Of the fatty acid esters produced, 92% had 

a fatty acid component of 16 or 18 carbons.  

In Y. lipolytica, cytosolic expression of the A. baylyi wax ester synthase AtfA had limited effect 

on FAEE production (Xu et al. 2016). However, when AtfA was targeted to the endoplasmic reticulum 

and to the peroxisome, the FAEE level increased 15- to 20-fold, respectively.  This approach may also 

prove useful in S. cerevisiae. 

 



 

 
 

4
2 

Table 2.1. Summary of interventions and results for production of long chain free fatty acids, medium chain free fatty acids, and fatty acid ethyl esters 

1 Minimal media with vitamins supplement. 2 10% dodecane layer was added. 3 0.35 g FFA/g glucose for LCFA and LC-FAEE. 0.37 g FFA/g glucose for MCFA and 
MC-FAEE. 
 

Product 
(LC-FFA) 

Interventions Media Scale Titer (g/L) 
%Theor. 

Yield3 
Productivity 

(mg/L·h) 
Reference 

C16-C18 TesA' Acc1↑ Fas1↑ Fas2↑ faa1∆ faa4∆ pox1∆ CSM Flask 0.4 5.7 4.2 (Runguphan & Keasling 2014) 

C16-C18 EutE faa1∆ faa4∆ pox1∆ MM*1 Flask 0.124 1.8 1.7 (Li et al. 2014) 

C16-C18 Acot5' faa1∆ faa4∆ CSM Flask 0.5 7.0 20 (Chen et al. 2014) 

C16-C18 Dga1↑ Tgl3↑ faa1∆ faa4∆ fat1∆ faa2∆ pox1∆ pxa1∆ YPD+G418 Flask 2.2 31 45 (Leber et al. 2015) 

C16-C18 TesA' RtFAS RtME MmACL 'Mdh3↑ Ctp1↑ Acc1↑ faa1∆ faa4∆ pox1∆ hfd1∆ MM* Flask 1.0 14 14 (Zhou et al. 2016b) 

C16-C18 TesA' RtFAS RtME MmACL 'Mdh3↑ Ctp1↑ Acc1↑ faa1∆ faa4∆ pox1∆ hfd1∆ MM* Fed-batch 10.4 9.3 87 (Zhou et al. 2016b) 

Product 
(MC-FFA) 

Interventions Media Scale Titer (mg/L) 
%Theor. 

Yield3 
Productivity 

(mg/L·h) 
Reference 

C6-C10 humanFAS-TEII fused YPD Flask 111 1.5 2.3 (Leber & Da Silva 2014) 

C6-C10 humanFAS-TEII fused faa2∆ ant1∆ pex11∆ YPD Flask 119 1.6 2.5 (Leber et al. 2016) 

C6-C10 Reverse β-oxidation CpFatB1 SeAcsL641P adh1∆ adh4∆ gpd1∆ gpd2∆ CSM Flask 11 0.15 0.24 (Lian & Zhao 2015) 

C6-C12 Mutated ScFAS (heterologous TE AcTesA’ domain fused) pox1∆ MM* Flask 175 2.4 1.8 (Zhu et al. 2017) 

C6-C10 Mutated ScFAS (I306A, R1834K, G1250S) YPD Flask 464 6.3 6.5 (Gajewski et al. 2017b) 

Product 
(FAEE) 

Interventions Media Scale Titer (mg/L) 
%Theor. 

Yield3 
Productivity 

(mg/L·h) 
Reference 

C16-C18 WS2 Acc1↑ CSM Flask 8.2 0.091 ND (Shi et al. 2012) 

C16-C18 AtfA Acc1↑ Fas1↑ Fas2↑ pxa2∆ pox1∆ CSM/d2 Flask 5.4 0.077 0.032 (Runguphan & Keasling 2014) 

C10-C18 WS2 faa2∆ acb1∆ pxa2∆ CSM/d (high C/N) Flask 14 0.20 0.29 (Thompson & Trinh 2014) 

C10-C18 WS2 faa2∆ acb1∆ pxa2∆ CSM/d (high C/N) Fed-Batch 25 0.093 0.15 (Thompson & Trinh 2014) 

C16-C18 WS2 are1∆ are2∆ dga1∆ lro1∆ pox1∆ CSM Flask 17 0.25 ND (Valle-Rodríguez et al. 2014) 

C16-C18 
WS2 (integrated) SeAcsL641P Adh2↑ Acc1S1157A,S659A↑ Ald6↑ 
Acb1↑ are1∆ are2∆ dga1∆ lro1∆ pox1∆ 

CSM Flask 4.4 0.063 0.044 (de Jong et al. 2015) 

C16-C18 WS2 (multiple integrated copies) GapN Acb1↑ CSM Flask 48 0.69 ND (Shi et al. 2014b) 

C16-C18 
WS2 (multiple integrated copies) XpkA Ack 
(phosphoketolase pathway) 

CSM Flask 5.1 mg/gDCW ND ND (de Jong et al. 2014) 

C16-C18 WS2 opi1∆ CSM Flask (Hi-Den) 33 0.48 0.70 (Teo et al. 2015) 

C8-C10 Reverse β-oxidation Eeb1↑ or Eht1↑ CSM/d Tube 0.75 0.011 0.016 (Lian & Zhao 2015) 
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Fatty alcohols from acyl-CoAs and FFAs 

Fatty alcohols are used primarily for soap and detergents, but also for lubricants, personal 

care products, and emulsifiers (Rupilius & Ahmad 2006). Biosynthesis of fatty alcohols requires fatty 

acyl-CoA esters or free fatty acids, and an enzyme or group of enzymes to catalyze the two-step 

reduction of the carboxyl group. The identified enzymes that can perform this reaction in S. cerevisiae 

are shown in Figure 2.2A.  

Several heterologous alcohol-forming fatty acyl-CoA reductase (FAR) enzymes have been 

previously expressed in S. cerevisiae, showing substrate specificities from C14 to C26 (Rowland et al. 

2006; Domergue et al. 2010; Hellenbrand et al. 2011). To produce fatty alcohols in S. cerevisiae, 

Runguphan and Keasling (2014) overexpressed the NADPH-dependent fatty acyl-CoA reductase 

mFAR1 from M. musculus. The strain produced 47.4 mg/L versus negligible levels in the control 

strains. When Acc1, Fas1, and Fas2 were also expressed, fatty alcohol titer increased to 93.4 mg/L 

and was primarily 1-hexadecanol (91.1% of total fatty alcohols). Expression of a FAR from Tyto alba 

resulted in close to 22 mg/L intracellular 1-hexadecanol when expressed in a wild type strain, and 

over 35 mg/L when expressed in a dga1∆ strain (Tang & Chen 2015). Interestingly, extracellular levels 

were much lower than intracellular levels. In a study by Feng et al. (2015), expression of the T. alba 

FAR resulted in 45 mg/L of 1-hexadecanol. Deletion of RPD3, overexpression of Acc1, and 

overexpression of ACL from Y. lipolytica increased 1-hexadecanol titer to > 300 mg/L. Batch cultures 

with high cell density increased titer further to 655 mg/L, and fed-batch tube cultures reached 1.11 

g/L. Combining these strategies with interventions for increased xylose utilization led to a strain able 

to produce 790 mg/L of 1-hexadecanol in batch cultures with 4% xylose and high cell density (Guo et 

al. 2016).  In a recent paper (d'Espaux et al. 2017), strong expression of mFAR1, combined with 

overexpression of OLE1 and ACC1S659A,S1157A and deletion of HFD1, DGA1, ADH6, and GDH1, led to a 
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strain producing 1.2 g/L of fatty alcohols in shake flask and 6 g/L in a fed-batch bioreactor; these are 

the highest titers reported to date. Interestingly, when the native Δ9 desaturase OLE1 was 

overexpressed, the fatty alcohol production increased 4-fold compared to the parent strain. A similar 

approach was taken in Y. lipolytica, and overexpression of a mammalian Δ9 desaturase increased lipid 

(TAG) synthesis (Qiao et al. 2015). This strategy could be a general intervention to increase free fatty 

acid and fatty acid-derived products. 

Another route to fatty alcohols uses free fatty acids instead of fatty acyl-CoA as substrate. 

This conversion is accomplished by two sequential reactions catalyzed by two discrete enzymes. The 

first is the reduction of free fatty acids to fatty aldehydes by a NADPH- and ATP-dependent carboxylic 

acid reductase (CAR) (Akhtar et al. 2013). The second reaction is catalyzed by an alcohol 

dehydrogenase (ADH). Zhou et al. (2016b) introduced a CAR from Mycobacterium marinum and a PPT 

into a S. cerevisiae strain previously engineered to produce high-levels of FFA. When overexpressed 

with the native alcohol dehydrogenase Adh5, this pathway produced approximately 7-fold more fatty 

alcohols than an alternate two-step pathway from the fatty acyl-CoA (that utilized the aldehyde-

forming fatty acyl-CoA reductase (ACR) from A. baylyi or the aldehyde-forming fatty acyl-ACP/-CoA 

reductase (AAR) from Synechococcus elongatus). Adh5 was found to be the most efficient 

endogenous ADH for conversion of the fatty aldehydes to fatty alcohols. The combination of a bi-

functional fatty acyl-CoA reductase from Marinobacter aquaeolei with the CAR pathway, and deletion 

of competing pathways (hfd1∆pox1∆ faa1/4∆ adh6∆), led to a fatty alcohol titer of 120 mg/L. 

Subsequent glucose limited fed-batch culture increased titer to 1.51 g/L. Dynamic control of FAA1 

expression has also been used (Teixeira et al. 2017), leading to a 41% increase in specific fatty alcohol 

level relative to the control strain. In another recent paper, expression of the M. marinum CAR and 

the M. musculus peroxisomal thioesterase Acot5’  in a faa1Δfaa4Δdga1Δ yeast strain resulted in 31.2 
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mg/L of fatty alcohols (Tang et al. 2017).  

To avoid competition for intermediates with the endogenous cytosolic ALR/ADH, the 

heterologous FAR was targeted to the peroxisome (Zhou et al. 2016a) (Figure 2.2B). With the 

bifunctional FAR, fatty alcohol titer increased 2.7-fold relative to the cytosolic pathway. Deletion of 

competing pathways and strategies to increase size and number of peroxisomes further improved 

product titer. Addition of a dodecane layer to the media to avoid product evaporation increased fatty 

alcohol levels to 193 mg/L. The engineered strains produced primarily C16 and C18 fatty alcohols. 

To reduce the carbon chain length of the final fatty alcohol, S. cerevisiae β-oxidation was 

engineered by targeting the fatty acyl-CoA reductase from T. alba to the peroxisome (Sheng et al. 

2016). Various targeting signals were tested, and the endogenous peroxisome biogenesis machinery 

was engineered by overexpressing Pex5, Pex7 and/or combinations with Pex3 and Pex19 to optimize 

FAR targeting. Overexpression of FAR (with the N-terminal PTS2) and Pex7 resulted in approximately 

50 mg/L of 1-decanol, 200 mg/L of 1-dodecanol, and 500 mg/L of 1-hexadecanol. 

A recent study focused on the production of docosanol, a C22:0 fatty alcohol (Yu et al. 2017). 

Elo2 and Elo1 were overexpressed in a Acc1S659A,S1157A parent strain to increase C22 fatty acyl-CoA, 

and ELO3 was deleted to prevent elongation of C22 acyl-CoA to C26. In addition, a heterologous FAS 

from M. vaccae (capable of synthesizing very long-chain fatty acyl-CoA) and a FAR from A. thaliana 

(AtFAR) were introduced. The final engineered strain produced 83.5 mg/L, an 80-fold improvement 

over a strain with only elo3∆ and AtFAR overexpression. 

Wax esters (WE) can be biosynthesized from fatty acyl-CoA and fatty alcohol, and can be used 

for cosmetics, lubricants, surfactants, microencapsulation, and other products (Miwa 1984). Very 

long-chain WEs have been synthesized in S. cerevisiae by expressing a heterologous fatty acyl-CoA 

reductase (FAR) and wax ester synthase (WS), and engineering the endogenous yeast fatty acid 
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elongation machinery (Wenning et al. 2017). Several FARs and WSs were tested, and then combined 

with the overexpression of the native elongase gene ELO2 and deletion of ELO3. Overexpression of 

FAR from M. aquaeolei in this strain led to 7.84 mg/gDCW of very long-chain fatty alcohols. When the 

wax ester synthase from Simmondsia chinensis was introduced with the FAR, wax ester titer reached 

14.98 mg/L, with 27% having > 38 carbons. 

 

 

Figure 2.2. Engineering of downstream pathways. (A) Pathways to increase free fatty acid levels and to produce fatty 
acid ethyl esters, fatty alcohols, alkanes, alkenes, and terminal olefins. (B) Peroxisomal pathways engineered to 
reduce β-oxidation and localize product synthesis. Neutral lipid and VLCFA pathways engineered to increase product 
synthesis. The native yeast pathways are shown in black, with downregulation/deletion in red and upregulation in 
green. Heterologous proteins and pathways are shown in blue. 
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Fatty alkanes and alkenes 

Long-chain alkanes are of special interest due to their potential to increase cetane number in 

biodiesel (Knothe 2010). Long-chain alkanes have been produced in S. cerevisiae by the expression of 

two enzymes from S. elongatus: the fatty acyl-ACP/-CoA reductase (AAR) that converts fatty acyl-CoA 

to fatty aldehydes, and the fatty aldehyde deformylating oxygenase (ADO) (Buijs et al. 2015) (Figure 

2.2A). S. cerevisiae HFD1 encodes a dehydrogenase that can catalyze the conversion of hexadecenal 

to hexadecenoic acid; its deletion was essential to increase the production of alkanes. The deletion 

of HFD1 and the expression of ADO was sufficient to increase alkane production significantly. 

Expression of AAR increased the alkane level by an additional 18% to 22 μg/gDCW. Since the AAR 

activity in yeast appeared limiting, a carboxylic acid reductase (CAR) from M. marinum was expressed 

in a S. cerevisiae strain that had been engineered to produce high-levels of FFA (Zhou et al. 2016b). A 

2.7-fold increase in alkane and alkene production was observed with the CAR pathway compared to 

the AAR pathway. Elimination of competing pathways and optimization of CAR and ADO expression 

increased the alkane/alkene titer to 0.82 mg/L. Building on this work, a comparative study of 

aldehyde decarbonylases from plants, insects, and cyanobacteria was performed (Kang et al. 2017). 

Only the ADO enzymes from cyanobacteria resulted in synthesis of alkanes and alkenes from fatty 

aldehydes in yeast. Expression of the ADO from Crocosphaera watsonii in the engineered strain led 

to a final alkane/alkene titer of 1.14 mg/L. Interventions proven to work in S. cerevisiae have also 

shown promising results in the oleaginous yeast Y. lipolytica (Xu et al. 2016). 

The major by-product in the alkane-producing pathway is fatty alcohols produced from the 

fatty aldehyde intermediate by endogenous aldehyde reductases (ALR). Yeast peroxisomes have 

been used to compartmentalize the alkane biosynthetic pathway to avoid cytosolic ALR activity (Zhou 

et al. 2016a). Peroxisomal targeting increased titers for both strategies relative to the cytosolic 
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pathways. The combination of CAR and ADO again produced higher alkanes titer than AAR and ADO. 

Elimination of competing pathways and peroxisome biogenesis engineering further increased titer to 

3.55 mg/L.  

Another route to the intermediate fatty aldehyde from free fatty acids is the use of an α-fatty 

acid dioxygenase (α-DOX) (Koeduka et al. 2002). An advantage of this enzyme is that it does not 

require NADPH. α-DOX from Oryza sativa was introduced into S. cerevisiae along with a fatty 

aldehyde deformylating oxygenase (Foo et al. 2017). Alkane production from FFA added to the media 

was first evaluated, and then a faa1Dfaa4D yeast strain producing high-levels of FFA was utilized. 

However, the final titer was low, 42.4 µg/L tetradecane and 31.1 µg/L hexadecane. 

Terminal alkenes represent good candidates for drop-in biofuel and platform chemicals (Rude 

& Schirmer 2009). The first reported work on the production of terminal olefins in S. cerevisiae looked 

at eight different P450 fatty acid decarboxylases (OleT) (Chen et al. 2015). OleT catalyzes the one-

step reaction of free fatty acids to terminal olefins. A codon-optimized OleT from Jeotgalicoccus sp. 

had the broadest product profile and produced the highest alkene titers, 54.5 µg/L. Engineering of 

the cell to increase substrate availability (free fatty acids), produce higher levels of enzyme cofactors 

H2O2 and heme, and optimize enzyme expression led to a strain that produced over 2 mg/L, a 38.3-

fold increase over the wild type strain expressing OleT. Another group focused on targeting the OleT 

enzyme to the yeast peroxisomes (Zhou et al. 2016a). Peroxisomal compartmentalization increased 

alkene levels by 40% (to ~0.18 mg/L) compared to cytosolic expression. 
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Table 2.2. Summary of interventions and results for production of long- and medium-chain fatty alcohols, alkanes, alkenes and terminal alkenes. 

 

1 Minimal media with vitamins supplement. 2 10% dodecane layer was added. 3 0.34 g/g glucose was used for LC-fatty alcohols. 0.36 g/g glucose for MC-fatty 

alcohols. 0.29 g/g glucose for Alkanes/Alkenes. 

Product (Alkane/Alkene) Interventions Media Scale Titer (mg/L) 
%Theor. 

Yield3 
Productivity 

(mg/L·h) 
Reference 

Alkane (C13-C17) SeAAR SeADO EcFNR/Fd hfd1∆ MM Flask 22 µg/gDCW ND ND (Buijs et al. 2015) 

Alkane (C14-C16) αDOX SeADO faa1∆ faa4∆ CSM Flask 73.5 µg/L 0.0013 0.0015 (Foo et al. 2017) 

Alkane/Alkene (C13-
C17) 

MmCAR SeADO NpADO SeFNR/Fd EcFNR/Fd hfd1∆ pox1∆ adh5∆ MM* Flask 0.82 0.0095 0.0114 
(Zhou et al. 

2016a) 
Alkane/Alkene (C11-

C17) 
MmCAR SeADO CwADO SeFNR/Fd EcFNR/Fd hfd1∆ pox1∆ adh5∆ MM* Flask 1.14 0.0021 0.0158 (Kang et al. 2017) 

Alkane/Alkane (C13-
C17) 

MmCAR SeADO Pex34↑ hfd1∆ pox1∆ pex30∆ pex31∆ 
(peroxisomal targeting) 

MM* Flask 3.55 0.0409 0.0493 
(Zhou et al. 

2016b) 

T-alkene (C15-C19) OleT Hem3↑ faa1∆ faa4∆ ctt1∆ cta1∆ ccp1∆ 
YPD+
G418 

Fed-Batch 3.7 0.0244 0.0257 (Chen et al. 2015) 

T-alkene (C15-C17) OleT EcFNR/Fd (peroxisomal targeting) MM* Flask 0.18 0.0021 0.0025 
(Zhou et al. 

2016b) 

Product 
(Fatty Alcohol) 

Interventions Media Scale 
Titer 

(mg/L) 
%Theor.  

Yield3 
Productivity 

(mg/L·h) 
Reference 

Long-chain mFAR1 MaME Acc1↑ Fas1↑ Fas2↑ pxa2∆ pox1∆ CSM Flask 98 1.4 0.58 (Runguphan & Keasling 2014) 

Long-chain TaFAR YlACL Acc1↑rpd3∆ CSM Tubes (Hi-Den) 330 4.9 3.44 (Feng et al. 2015) 

Long-chain TaFAR YlACL Acc1↑rpd3∆ CSM/d2 Fed-batch 1110 3.3 23.1 (Feng et al. 2015) 

Long-chain CsXR CtXDH PpXKS TaFAR YlACL Acc1↑rpd3∆ evolved CSM/d Tubes (Hi-Den) 790 5.8 16.5 (Guo et al. 2016) 

Long-chain CsXR CtXDH PpXKS TaFAR YlACL Acc1↑rpd3∆ evolved CSM/d Fed-batch 1200 2.5 17.1 (Guo et al. 2016) 

Long-chain MaquFAR CAR Adh5↑ faa1∆ faa4∆ pox1∆ hfd1∆ adh6∆ MM*1 Flask 115 1.1 1.60 (Zhou et al. 2016a) 

Long-chain MaquFAR CAR Adh5↑ faa1∆ faa4∆ pox1∆ hfd1∆ adh6∆ MM* Fed-batch 1510 1.4 15.7 (Zhou et al. 2016a) 

Long-chain MaquFAR (peroxisomal targeting) are1∆ are2∆ dga1∆ lro1∆ MM*/d Flask 193 1.9 2.68 (Zhou et al. 2016b) 

Long-chain TaFAR-PTS2 (peroxisomal targeting) Acc1↑ Pex7↑ (haploid) CSM/d (high C/N) Tubes (Hi-Den) 832 12 17.3 (Sheng et al. 2016) 

Long-chain TaFAR-PTS2 (peroxisomal targeting) Acc1↑ Pex7↑ (diploid) CSM/d (high C/N) Tubes (Fed-batch) 1300 9.6 36.1 (Sheng et al. 2016) 

Long-chain mFAR1 Acc1*↑ Fas1↑ Fas2↑ Ole1↑ dga1∆ hfd1∆ adh6∆ gdh1∆ YPD/d Fed-batch 6000 17 27.8 (d'Espaux et al. 2017) 

Medium-chain TaFAR-PTS2 (peroxisomal targeting) Acc1↑ Pex7↑ (haploid) CSM/d (high C/N) Tubes (Hi-Den) 275 3.8 5.73 (Sheng et al. 2016) 

Medium-chain TaFAR-PTS2 (peroxisomal targeting) Acc1↑ Pex7↑ (diploid) CSM/d (high C/N) Tubes (Fed-batch) 447 3.1 12.4 (Sheng et al. 2016) 
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SUMMARY AND OUTLOOK 

Fatty acids and their derivatives are important as both biorenewable products and platform 

chemicals. This mini-review has focused on recent advances in the engineering of S. cerevisiae to 

produce these compounds, focusing on fatty acyl-CoAs and free fatty acids of various lengths, fatty 

acid ethyl esters, fatty alcohols, and fatty alkanes. As summarized in Table 2.1 and Table 2.2, titers 

have reached 1-10 g/L for long chain FFAs and fatty alcohols. However, titers of medium-chain FFAs, 

FAEEs, and particularly alkanes remain low. In addition, considerable progress must be made to 

increase the low (and often very low) yields from glucose for all products. Recent advances in 

microbial metabolic modeling, metabolic flux analysis, high-throughput screening, and genome 

engineering should accelerate understanding of yeast metabolism and the implementation of 

successful engineering strategies. Research on increasing fatty acid production in S. cerevisiae has 

occurred over a relatively short period of time, and given the rapid progress over the past 3-5 years, 

further pathway and enzyme engineering will substantially increase titer, yield, and productivity. 

Special focus should be placed on enzyme discovery and engineering to increase activity, specificity, 

and new functionality. This will enable manipulation of yeast metabolism to produce new 

multifunctionalized fatty acid derived products, that are of greater interest as platform chemicals. 

Furthermore, many of the interventions have already proven effective in Y. lipolytica and other 

oleaginous yeast for increasing free fatty acids, FAEE, fatty alcohols, and alkanes/alkenes. As titers of 

the MCFAs (particularly hexanoic, octanoic, and decanoic acid), fatty alcohols, and alkanes increase, 

product toxicity will become a critical issue to address. In addition, the increasing interest in the use 

of lignocellulosic feedstocks for the production of fatty acids and fatty acid-derived products will bring 

new challenges, including the toxicity of by-products of feedstock pretreatment and sugar utilization. 

Continuing research to increase product levels and decrease toxicity in the easily engineered S. 
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cerevisiae should lead to insights for producing these compounds in this yeast, the oleaginous yeast, 

and other yeast species. 
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Functional replacement of the Saccharomyces cerevisiae fatty acid synthase 
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ABSTRACT 

The native yeast type I fatty acid synthase (FAS) is a complex, rigid enzyme, and challenging 

to engineer for the production of medium- or short-chain fatty acids. Introduction of a type II FAS is 

a promising alternative as it allows expression control for each discrete enzyme and the addition of 

heterologous thioesterases. In this study, the native Saccharomyces cerevisiae FAS was functionally 

replaced by the Escherichia coli type II FAS (eFAS) system. The E. coli acpS + acpP (together), fabB, 

fabD, fabG, fabH, fabI, fabZ and tesA were expressed in individual S. cerevisiae strains, and enzyme 

activity was confirmed by in vitro activity assays. Eight genes were then integrated into the yeast 

genome, while tesA or an alternate thioesterase gene, fatB from Ricinus communis or TEII from Rattus 

novergicus, was expressed from a multi-copy plasmid. Native FAS activity was eliminated by knocking 

out the yeast FAS2 gene. The strains expressing only the eFAS as de novo fatty acid source grew 

without fatty acid supplementation demonstrating that this type II FAS is able to functionally replace 

the native yeast FAS. The engineered strain expressing the R. communis fatB thioesterase increased 

total fatty acid titer 1.7-fold and shifted the fatty acid profile towards C14 production, increasing it 

from <1% in the native strain to more than 30% of total fatty acids, and reducing C18 production from 

39% to less than 8%. 
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INTRODUCTION 

The United States Department of Agriculture (USDA) has projected a 3-fold growth of the 

global biorenewable chemicals market from 2010 to 2025, reaching approximately $500 billion 

(USDA, Market Potential and Projections Through 2025, 2008). Attention has focused on biofuels, but 

near-term opportunities for biobased products are particularly promising for chemicals (Bozell and 

Petersen, 2010). Functional replacement of the platform chemicals produced from petroleum should 

include molecules with highly reduced carbon backbones in conjunction with highly reactive 

functional groups, and polyketide and fatty acid (FA) biosynthesis provide a promising solution route 

to generate a vast library of such compounds (Nikolau et al., 2008). 

S. cerevisiae produces cytosolic de novo fatty acids using a complex and iterative fatty acid 

synthase (FAS). The yeast type I FAS is composed of Fas1 and Fas2 subunits in an 66 complex 

(Tehlivets et al., 2007), and the reactions are catalyzed by separate domains on the polypeptide 

chains. The primary products are C16 and C18 acyl-CoA esters, and the yeast FAS complexity and rigidity 

makes it a challenging enzyme to engineer to reduce this chain length (Leibundgut et al., 2008). As 

an alternative, our laboratory recently expressed, characterized and engineered the human type I 

FAS to produce short-chain fatty acids in S. cerevisiae (Leber and Da Silva, 2013). The higher flexibility 

of the hFAS structure allows replacement of the native thioesterase (TE) domain with one cleaving at 

the desired chain length. One disadvantage of type I FAS systems is the iterative use of domains in a 

single enzyme complex, and the limited ability to intervene in the series of reaction steps. In contrast, 

bacterial, plant, and yeast mitochondrial fatty acid synthases are type II FASs, dissociated systems 

consisting of individual enzymes of the catalytic pathway codified by separate gene sequences (White 

et al., 2005). These systems allow the flexibility to engineer the pathway to produce alternate final 

FA–based products and to facilitate the metabolic optimization of the biosynthesis pathway. A good 
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example of the flexibility to produce different end-products by the dissociated type II FAS is the 

production of methyl ketones in an engineered E. coli strain by the introduction of a 3-ketoacyl-ACP 

thioesterase (shmks2) from Solanum habrochaites (Park et al., 2012). 

In this study, we replaced the native FAS system of S. cerevisiae with a type II FAS (from E. 

coli) and heterologous thioesterases, and then demonstrated the use of this system for the 

production of medium-chain fatty acids. Competition between the native and the heterologous FAS 

was removed by knocking-out the yeast FAS2 gene, leaving the final strain with only the E. coli type 

II FAS as a source of de novo fatty acid synthesis.  
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MATERIALS AND METHODS 

Vector and Strain Construction  

E. coli strain XL1-Blue (Stratagene, Santa Clara, CA) was used for plasmid preparation and 

storage. S. cerevisiae host strain BY4741 (Open Biosystems, Huntsville, AL) was used for in vitro and 

in vivo studies. Standard molecular biology procedures were carried out as described in Sambrook 

and Russell (2001). Restriction enzymes, T4 DNA ligase, Taq DNA polymerase, and deoxynucleotides 

were purchased from New England Biolabs (Ipswich, MA). KOD Hot-start DNA polymerase was 

obtained from Novagen (San Diego, CA). Oligonucleotide primers were purchased from IDT DNA (San 

Diego, CA). All sequences of gene fragments amplified by PCR were verified by DNA sequence analysis 

(GeneWiz, South Plainfield, NJ). E. coli mini-prep DNA was prepared using a Spin Miniprep Kit (Qiagen, 

Germantown, MD), and plasmid transformation of E. coli competent cells was done using a standard 

heat shock method (Sambrook and Russell, 2001). Plasmid and integrative transformations in S. 

cerevisiae were performed using a high efficiency LiAc method using DMSO (Hoskins, 2000). Isolation 

of total genomic yeast DNA for integration and checking was performed as described in Sambrook 

and Russell (2001). 

The E. coli type II FAS gene sequences were amplified from E. coli XL1-Blue (Stratagene, Santa 

Clara, CA) with a C- or N-terminal 6xHis-tag and inserted into the pXP219 vector (Table 3.2). The 

thioesterase gene sequence from R. communis (RC) was amplified from pXZ18 (Zhang et al., 2011),  

and the thioesterase gene sequence from R. novergicus (TEII) was amplified from pJLA502-TEII 

(Naggert et al., 1991). Both sequences were independently inserted into the pXP219 vector. The acpS, 

fabI, and fabZ gene sequences were excised from pXP219-acpS, pXP219-fabI, and pXP219-fabZ, 

respectively, and inserted into the pRF320 vector.  
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acpP, acpS, fabB, fabD, fabG, fabH, fabI, fabZ, and tesA were amplified from E. coli XL1-Blue 

using the primers shown in Table 3.3.A. The placement of the 6x-histidine tags was based on prior 

reports in the literature. If this information was not found (i.e., for acpP, acpS, and tesA), the C-

terminus was chosen. Thioesterase RC was amplified from pXZ18 and TEII was amplified from 

pJLA502-TEII using the primers shown in Table 3.3A. PCR fragments were digested with restriction 

enzymes XhoI and SpeI and isolated on a 1% agar gel. DNA was extracted using a Zymoclean Gel DNA 

Recovery Kit (Zymo Research, Irvine, CA). Backbone DNA (pXP219) and genes were ligated at a 1:3 

molar ratio for 20 minutes at room temperature using Thermo Scientific Fermentas Rapid DNA 

Ligation Kit (Thermo Fisher, San Jose, CA) to generate pXP219-acpP, pXP219-acpS, pXP219-fabB, 

pXP219-fabD, pXP219-fabG, pXP219-fabH, pXP219-fabI, pXP219-fabZ, pXP219-tesA, pXP219-RC, and 

pXP219-TEII. 

S. cerevisiae strain BY4741 (Open Biosystems, Huntsville, AL) was the base strain. Single and 

double gene integrations were performed using two-piece (gene cassette, selection marker) 

transformation as previously described (Fang et al., 2011). acpS under the control of PPGK1 was 

integrated at one copy into the genome of strain BY4741, creating strain BY-aS. PCR was used to 

generate fragment PPGK1-ACPS-TCYC1 from vector pXP219-acpS and fragment loxP-LEU2-loxP from 

plasmid pXP222 using the primers shown in Table 3.3.B. The PPGK1-ACPS-TCYC1 fragment had 50 bp 

homologous sequences on the 3’ end to fragment loxP-LEU2-loxP on the 5’ end. The flanking 5’ and 

3’ ends of the adjoined segment had 50 bp overlapping sequences up- and down-stream of the target 

URA3 locus. acpS integration into the URA3 locus was confirmed by PCR analysis using primers that 

annealed upstream and downstream of the chromosomal site (Table 3.3.F). 

The CYC1 terminator on pXP320 was replaced by the ADH2 terminator. Primers For-ADH2t 

and Rev-ADH2t (Table 3.3.C) were used to amplify the ADH2 terminator from pJC702. The PCR 
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product and pXP320 were digested with XbaI and XhoI and isolated on a 1% agar gel. DNA was 

extracted using Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Backbone DNA and 

terminator were ligated at a 1:3 molar ratio for 20 min at room temperature using a Thermo Scientific 

Fermentas Rapid DNA Ligation Kit (Thermo Fisher, San Jose, CA), generating plasmid pRF320. 

Plasmids pRF320-acpS, pRF320-fabI, and pRF320-fabZ were constructed using the primers shown in 

Table 3.3.A and the same procedure as for pXP219-versions described above. 

fabG under the control of PPGK1 was integrated at one copy into the genome of strain BY4741. PCR 

was used to generate fragment PPGK1-fabG-TCYC1 from vector pXP219-fabG and fragment loxP-URA3-

loxP from plasmid pXP219 using the primers shown in Table S-4. The PPGK1-fabG-TCYC1 fragment had 

50 bp homologous sequences on the 3’ end to the fragment loxP-URA3-loxP on the 5’ end. The 

flanking 5’ and 3’ ends of the adjoined segment had 50 bp overlapping sequences up- and down-

stream of the target MET15 locus. fabG integration into the MET15 locus was confirmed by PCR 

analysis using primers that annealed upstream and downstream of the chromosomal site (Table 

3.3.F).  

 fabD under the control of PPGK1 was integrated at one copy into the genome of strain BY-G 

(BY4741 met15::PPGK1-fabG-TCYC1). PCR was used to generate fragment PPGK1-fabD-TCYC1 from vector 

pXP219-fabD and fragment loxP-URA3-loxP from plasmid pXP219, using the primers shown in Table 

3.3.D. The flanking 5’ and 3’ ends of the adjoined segment had 50 bp overlapping sequences up- and 

down-stream of the target URA3 locus. fabD integrations into the URA3 locus was confirmed by PCR 

analysis using primers that annealed upstream and downstream of the chromosomal site.  

 fabH under the control of PPGK1 and acpS under the control of PADH2 were simultaneously 

integrated at one copy each into the genome of strain BY-DG (BY4741 met15::PPGK1-fabG-TCYC1  

ura3::PPGK1-fabD-TCYC1). PCR was used to generate fragment PPGK1-fabH-TCYC1 from vector pXP219-
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fabH, using primers Forward1-LEU2 and Reverse1-LEU2 (Table 3.3.D). Primers Forward2-LEU2 and 

Reverse2-LEU2 were used to generate fragment PTEF1-acpS-TADH2-loxP-HIS3-loxP from plasmid 

pRF320-acpS. The first fragments had 50 bp homologous sequences on the 3’ end to fragment PTEF1-

acpS-TADH2-loxP-HIS3-loxP on the 5’ end. The flanking 5’ and 3’ ends of the adjoined segment had 50 

bp overlapping sequences up- and down-stream of the target LEU2 locus. fabH and acpS integrations 

into the LEU2 locus were confirmed by PCR analysis using primers that annealed upstream and 

downstream of the chromosomal site. 

 acpP under the control of PPGK1, and fabZ under the control of PADH2, were simultaneously 

integrated at one copy each into the genome of strain BY-aSDGH (BY4741 met15::PPGK1-fabG-TCYC1  

ura3::PPGK1-fabD-TCYC1  leu2::PPGK1-fabH-TCYC1-PTEF1-acpS-TADH2). PCR was used to generate fragment 

PPGK1-acpP-TCYC1 from vector pXP219-acpP, using primers Forward1-Ty15 and Reverse1-Ty15 (Table 

3.3.D). Primers Forward2-Ty15 and Reverse2-Ty15 were used to generate fragment PTEF1-fabZ-TADH2-

loxP-HIS3-loxP from plasmid pRF320-fabZ. The first fragments had 50 bp homologous sequences on 

the 3’ end to fragment PTEF1-fabZ-TADH2-loxP-HIS3-loxP on the 5’ end. The flanking 5’ and 3’ ends of 

the adjoined segment had 50 bp overlapping sequences up- and down-stream of the target LEU2 

locus. fabZ and acpP integrations into the Ty1-5 locus were confirmed by PCR analysis using primers 

that annealed upstream and downstream of the chromosomal site. 

fabB under the control of PPGK1, and fabI under the control of PADH2, were simultaneously 

integrated at one copy each into the genome of strain BY4741. PCR was used to generate fragment 

PPGK1-fabB-TCYC1 from vector pXP219-fabB, using primers Forward1-Ty11 and Reverse1-Ty11 of Table 

S-4. Primers Forward2-Ty11 and Reverse2-Ty11 shown on Table 3.3.D were used to generate 

fragment PTEF1-fabI-TADH2-loxP-HIS3-loxP from plasmid pRF320-fabI. The first fragments had 50 bp 

homologous sequences on the 3’ end to fragment PTEF1-fabI-TADH2-loxP-HIS3-loxP on the 5’ end. The 
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flanking 5’ and 3’ ends of the adjoined segment had 50 bp overlapping sequences up- and down-

stream of the target Ty15 locus. fabB and fabI integrations into the Ty1-5 locus were confirmed by 

PCR analysis using primers that annealed upstream and downstream of the chromosomal site. 

To knockout the FAS2 gene, nested polymerase chain reaction (PCR) was used to increase the 

homologous sequence, upstream and downstream, to approximately 100 bp. PCR was run using 

primers FAS2-KO-M-for and FAS2-KO-M-rev with pXP214 (MET15 marker) to generate a piece with 

approximately 25 bp of homology upstream and downstream the FAS2 gene sequence in the yeast 

genome. Gel electrophoresis with 1% agar gel was used to separate and to visualize DNA products. 

In order to increase the homologous sequence of the inserting DNA with the yeast genome, the DNA 

product from the previous step was used as template in a PCR reaction with primers Nes1-F-FAS2KO 

and Nes1-R-FAS2KO, which have 24 bp of homology with the template and add 36 bp of homology 

with the yeast genome on each end of the insert. This process was repeated with primers Nes2-F-

FASKO and Nes2-R-FAS2KO to have a total homology of approximately 100 bp on each side. 
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Table 3.1: List of strains 

Strains Description Source 

BY4741  MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Open Biosystems 

BY1G BY4741 ura3::PPGK1-acpS-TCYC1 This study 

BY6G 
BY4741  met15::PPGK1-fabG-TCYC1  ura3::PPGK1-fabD-TCYC1  
leu2::PPGK1-fabH-TCYC1-PTEF1-acpS-TADH2  ty1-5::PPGK1-acpP-TCYC1-
PTEF1-fabZ-TADH2 

This study 

BY8G BY6G  ty1-1::PPGK1-fabB-TCYC1-PTEF1-fabI-TADH2 This study 

BY4741ΔFAS2 BY4741 fas2Δ0 This study 

BY8GΔFAS2 BY8G fas2Δ0 This study 
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Table 3.2: List of plasmids 

Plasmids Description Source 

pXP219  2µ vector, PGK1 promoter, CYC1 terminator, URA3 selectable marker 
Fang et al., 

2011 

pXP219-acpP pXP219 harboring acpP with 6xHis-tag on C-terminus This study 

pXP219-acpS pXP219 harboring acpS with 6xHis-tag on C-terminus This study 

pXP219-fabB pXP219 harboring fabB with 6xHis-tag on N-terminus This study 

pXP219-fabD pXP219 harboring fabD with 6xHis-tag on N-terminus This study 

pXP219-fabG pXP219 harboring fabG with 6xHis-tag on N-terminus This study 

pXP219-fabH pXP219 harboring fabH with 6xHis-tag on N-terminus This study 

pXP219-fabI pXP219 harboring fabI with 6xHis-tag on N-terminus This study 

pXP219-fabZ pXP219 harboring fabZ with 6xHis-tag on N-terminus This study 

pXP219-tesA pXP219 harboring tesA with 6xHis-tag on C-terminus This study 

pXP219-RC pXP219 harboring RC with 6xHis-tag on C-terminus This study 

pXP219-TEII pXP219 harboring TEII with 6xHis-tag on C-terminus This study 

pJF702 
CEN/ARS vector, ADH2 promoter, ADH2 terminator, LEU2 selectable 
marker 

This study 

pXP320 
CEN/ARS vector, TEF1 promoter, CYC1 terminator, HIS3 selectable 
marker 

Fang et al., 
2011 

pRF320  
CEN/ARS vector, TEF1 promoter, ADH2 terminator, LEU2 selectable 
marker 

This study 

pRF320-acpS pRF320 harboring acpS with 6xHis-tag on C-terminus This study 

pRF320-fabI pRF320 harboring fabI with 6xHis-tag on N-terminus This study 

pRF320-fabZ pRF320 harboring fabZ with 6xHis-tag on N-terminus This study 
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Table 3.3: List of primers 

Table 3.3.A. Primers used to amplify, 6xHis-tag, and clone FAS enzymes into pXP219 
Gene  Direction Primer name Primer sequence, 5’ -> 3’ 

acpP 
Forward  acpP-for-speI GACCTCCC-ACTAGT-AAAAAA-ATGAGCACTATCGAAGAACG 

Reverse acpP-rev-histag 
TGGTAATC-CTCGAG-TTA-ATGATGATGATGATGATG-
CGCCTGGTGGCCGTTGA 

acpS 

Forward  acpS-for-speI GACCTCCC-ACTAGT-AAAAAA-ATGGCAATATTAGGTTTAGG 

Reverse acpS-rev-histag 
TGGTAATC-CTCGAG-TTA-ATGATGATGATGATGATG-
ACTTTCAATAATTACCG 

fabB 
Forward  

fabB-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
AAACGTGCAGTGATTAC 

Reverse fabB-rev TGGTAATC-CTCGAG- TTAATCTTTCAGCTTGCGCA 

fabD 
Forward  

fabD-for-pmeI-
histag 

GACCTCCC-GTTTAAAC-AAAAAA-ATG-CATCATCATCATCATCAT-
ACGCAATTTGCATTTGT 

Reverse fabD-rev TGGTAATC-CGGTCCG-TTAAAGCTCGAGCGCCGCTG 

fabG 
Forward  

fabG-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
AATTTTGAAGGAAAAAT 

Reverse fabG-rev TGGTAATC-CTCGAG- TCAGACCATGTACATCCCGC 

fabH 
Forward  

fabH-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
TATACGAAGATTATTGG 

Reverse fabH-rev TGGTAATC-CTCGAG- CTAGAAACGAACCAGCGCGG 

fabI 
Forward  

fabI-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
GGTTTTCTTTCCGGTAA 

Reverse fabI-rev TGGTAATC-CTCGAG- TTATTTCAGTTCGAGTTCGT 

fabZ 
Forward  

fabZ-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
ACTACTAACACTCATAC 

Reverse fabZ-rev TGGTAATC-CTCGAG- TCAGGCCTCCCGGCTACGAG 

tesA 

Forward  tesA-for-speI GACCTCCC-ACTAGT-AAAAAA-ATGATGAACTTCAACAATGT 

Reverse tesA-rev-histag 
TGGTAATC-CTCGAG-TTA-ATGATGATGATGATGATG-
TGAGTCATGATTTACTA 

RC 
Forward  RC-for-speI TCCC-ACTAGT-AAAAAA-ATGGTAGCAACAGCAGCGGCAGCA 

Reverse RC-rev-histag GGGACTCGAGTTAATGATGATGATGATGATGGGCGCTTTCAACCGGAATTTG 

TEII 

Forward  TEII-for-speI 
GACCTCCC-ACTAGT-AAAAAA-
ATGGAGACAGCAGTCAATGCTAAGAGTCCCAGGAATGAAAAGGTTTTGAACT
GT 

Reverse TEII-rev-histag 
TGGTAATC-CTCGAG-TCA-ATGATGATGATGATGATG-
AGTGAGTGACGAGAGTTCCAA 
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Table 3.3.B. Primers used to amplify, 6xHis-tag, and clone FAS enzymes into pXP219 
Gene  Locus Marker Direction Primer Sequence 

acpS URA3 LEU2 

Forward1 
GTTTTGACCATCAAAGAAGGTTAATGTGGCTGTGGTTTCAGGGTCCATAA
GGCATTTGCAAGAATTACTCGTG 

Reverse1 CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTTCGAGCG 

Forward2 CGCTCGAAGGCTTTAATTTGCGGCCggtcgactctagaggatcCCCGGG 

Reverse2 
GCGTATATAGTTTCGTCTACCCTATGAACATATTCCATTTTGTAATTTCGTG
TCGAATTCGAGCTCGGTACCCGGG 

 
 

Table 3.3.C. Primers used to amplify, 6xHis-tag, and clone FAS enzymes into pXP219 
Terminator Direction Primer name  Primer sequence, 5'  3' 

ADH2 
Forward For-ADH2t 5'-TCCCctcgagAGTCGACATGCATCCTAGGTTTAAACATGC-3' 

Reverse Rev-ADH2t 5'-TCCCTCTAGAGTCGAGGGGAGCAAACGCGCTGGGAGCAAA-3' 

 
 

Table 3.3.D. Primers used to integrate the E. coli FAS genes into the S. cerevisiae genome. 

Locus 
Type of 
Integration 

Gene/s Direction Primer Sequence 5’  3’ 

MET15 
Single, 2-piece, 

double crossover 
fabG 

forward1 
GGCAAATGGCACGTGAAGCTGTCGATATTGGGGAACTGTGGT
GGTTGGCAAGGCATTTGCAAGAATTACTCGTG 

reverse1 
CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTT
CGAGCG 

forward2 
CGCTCGAAGGCTTTAATTTGCGGCCggtcgactctagaggatcCCCG
GG 

reverse2 
GCAAATAAAACACTATTGATTGCTTAAAAGGGCAATCCGACTA
TATCTGGAATTCGAGCTCGGTACCCGGG 

URA3 
Single, 2-piece, 

double crossover 
fabD 

forward1 
GTTTTGACCATCAAAGAAGGTTAATGTGGCTGTGGTTTCAGGG
TCCATAAGGCATTTGCAAGAATTACTCGTG 

reverse1 
CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTT
CGAGCG 

forward2 
CGCTCGAAGGCTTTAATTTGCGGCCggtcgactctagaggatcCCCG
GG 

reverse2 
CCAATTTTTTTTTTTTCGTCATTATAGAAATCATTACGACCGAG
ATTCCCGGGAATTCGAGCTCGGTACCCGGG 

LEU2 
Tandem, 2-piece, 
double crossover 

fabH 
acpS 

forward1 
CCATGTATAATCTTCATTATTACAGCCCTCTTGACCTCTAATCAT
GAATGTTAGGCATTTGCAAGAATTACTCGTG 

reverse1 
aaggattcgcggtaatattgaaaaagg 
GGCCGCAAATTAAAGCCTTCGAGCG 

forward2 
CGCTCGAAGGCTTTAATTTGCGGCC 
cctttttcaatattaccgcgaatcctt   

reverse2 
GCGTATATAGTTTCGTCTACCCTATGAACATATTCCATTTTGTA
ATTTCGTGTCGAATTCGAGCTCGGTACCCGGG 

Ty 1-5 
Tandem, 2-piece, 
double crossover 

acpP 
fabZ 

forward1 
CACAGAGTTGTATTTGCGCTTCTGAGCGATGCTTCCGAGATTG
TTGAAGCAAGGCATTTGCAAGAATTACTCGTG 

reverse1  
aaggattcgcggtaatattgaaaaagg 
GGCCGCAAATTAAAGCCTTCGAGCG 

forward2 
CGCTCGAAGGCTTTAATTTGCGGCCcctttttcaatattaccgcgaatcc
tt   
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Locus 
Type of 
Integration 

Gene/s Direction Primer Sequence 5’  3’ 

reverse2 
GATTATTGAAGAGGGATGCGTTTGGTACAATAAAAAACATAG
GTTCCCAAACCGAATTCGAGCTCGGTACCCGGG 

Ty 1-1 
Tandem, 2-piece, 
double crossover 

fabB 
fabI 

forward1 
GACTTCTAGTATTATCTGTATATCTAATATTATAGTCTCTAACA
ACAGTGGAATAGGCATTTGCAAGAATTACTCGTG 

reverse1 
aaggattcgcggtaatattgaaaaagg 
GGCCGCAAATTAAAGCCTTCGAGCG 

forward2 
CGCTCGAAGGCTTTAATTTGCGGCC 
cctttttcaatattaccgcgaatcctt   

reverse2 
CATGTATGAAACTGGGAATTCTGATAAATTTTGTCATAACTGTT
GGGATTCCGAATTCGAGCTCGGTACCCGGG 

 

Table 3.3.E. Primers used to integrate the E. coli FAS genes into the S. cerevisiae genome. 

Gene 
Directio
n 

Primer 
name 

Primer Sequence 

FAS2 

Forward 
FAS2-KO-
M-for 

CAACTTTGGCTGGGATGGCTCAAACCCGGGataacttcgtataGCATACAT     

Reverse 
FAS2-KO-
M-rev 

ATGTCTTTCAATGCAGCACCACCGCCCGGGataacttcgtataATGTATGC     

Forward 
Nes1-F-
FAS2KO 

TTAACACTGAAAGGGTTGTTGAAATCGGTCCTTCTCCAACTTTGGCTGGG
ATGGCTCAAA 

Reverse 
Nes1-R-
FAS2KO 

ACGGCTGGAGCGTTTTTGTTAACGCGTACGATTTCGATGTCTTTCAATGC
AGCACCACCG 

Forward 
Nes2-F-
FAS2KO 

GATGGATTGAAACTCAAGATGTTTTTTTGAAGGATTTTAACACTGAAAGG
GTTGTTGAAA 

Reverse 
Nes2-R-
FAS2KO 

CTTCGGCAGCCTTTTTGGCGTTACCGTGCAGTTCAACGGCTGGAGCGTTT
TTGTTAACGC 

 

Table 3.3.F. Loci check integration/knockout primers. 
Locus Direction Primer Sequence 

FAS2 
Forward TGTTGTTGTCGTTGTTGTCCCAGC 

Reverse CCAGTAAGTCGCTCCAGATTT 

LEU2 
Forward GGAATTCTAACAATTATCAAATTGTCCG 

Reverse CAGCCTGTACATCTGCTTCCC 

MET15 
Forward CTCCTCGAGGATTTAGGAATCC 

Reverse GCGGGATCGAACCGCTGATCC 

Ty 1-1 
Forward GGCCTGTGCGTGTTCATAAGGG 

Reverse ACATGATATCATAACTTACCAG 

Ty 1-5 
Forward GCTAATCTTTGGATATAGGGC 

Reverse CAGATCACTTATACAGCTTTACACAG 

URA3 
Forward CTAGGGAAGACAAGCAACG 

Reverse GTGAAGTCATTGACACAGTCTG3 
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Media and Cultivation 

Luria-Bertani (LB) medium containing 100 µg/mL ampicillin was used for E. coli cultivation. S. 

cerevisiae strains were cultivated in complex YPD, selective SDC-A, or SD minimal medium containing 

2% dextrose (see Supplementary Material). For FAS2 knockout strains without the integrated eFAS, 

the medium was supplemented with 2 mM myristic acid and tween 40 (0.5%). S. cerevisiae strains 

were cultivated at 30˚C in an air shaker (New Brunswick Scientific, Enfield, CT) at 250 rpm. Cells were 

inoculated from -80˚C stock and grown overnight in 5 mL medium in 16 mm x 125 mm culture tubes 

for inoculation to an OD of 0.1. Cells for fatty acid measurement studies were grown in shake flasks 

containing 50, 200 or 250 mL medium. 

Analytical Methods 

The protein purification, NADPH and ADIFAB assay protocols were modified from Leber and 

Da Silva (2013). Activity of AcpS, AcpS, FabD, FabH, and FabG was determined via a NADPH assay 

using equimolar amounts of purified E. coli FAS enzymes in the NADPH reaction buffer. For the 

ADIFAB assay, purified type II FAS enzymes (5-15 µM final conc.) were combined with acetyl-CoA (50 

µM final conc.), malonyl-CoA (150 µM final conc.), and NADPH (150 µM final conc.) to a final volume 

of 500 µL. The reaction mixture was placed on a microfuge tube rotator at 37˚C for 1 h. 500 µL of 0.2 

µM ADIFAB suspended in measuring buffer was then added and the 1 mL solution was incubated at 

37˚C for 20 min. The mixture was transferred to a quartz cuvette and a Bowman Series 2 

luminescence spectrometer was used to take readings at wavelengths of 432 and 505 nm. FA 

extraction and quantification via GC-MS followed that in Leber and Da Silva (2013).  

Statistical Analysis  

Three independent enzyme isolation/ADIFAB experiments were performed, with two 
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independent assays per experiment (n=6). For the fatty acid analysis, three independent experiments 

were performed (n=3). A one-way analysis of variance (ANOVA) was used, followed by Dunnett’s 

multiple comparison test. Values were considered statistically significant when p-values were <0.05. 

Data are reported as mean ± standard error of the mean (SEM), unless otherwise stated. 
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RESULTS AND DISCUSSION 

As a first step, we chose a minimum set of required enzymes, and then tested the expression 

and in vitro activity of the enzymes synthesized in yeast. Nine genes (acpS, acpP, fabB, fabD, fabG, 

fabH, fabI, fabZ, tesA) coding for nine proteins are required to produce fatty acids in yeast using this 

type II FAS. The genes, enzymes, and relevant reactions are shown in Table 3.4, and have been 

extensively reviewed in the literature, e.g., White et al. (2005). 

 

Table 3.4. List of genes, proteins, and reactions. 

 

* Two E. coli enzymes FabB (β-ketoacyl-ACP synthase I) and FabF (β-ketoacyl-ACP synthase II) catalyze the 
condensation of malonyl-CoA with the fatty acyl-ACP growing chain. We expressed only β-ketoacyl-ACP synthase 
(FabB), since expression of FabF in active form has proven challenging (Magnuson et al., 1995). 

† There are two genes in E. coli that encode β-hydroxyacyl-ACP dehydrases, FabA and FabZ. The broad substrate 
specificity of FabZ and the low activity of FabA for β-hydroxybutyryl-ACP (Heath and Rock, 1996) made FabZ a 
better choice for our work.   

Gene Protein Reaction Ref. 

acpP Acyl carrier protein (ACP)  White et al., 2005 

acpS ACP synthase apo-ACP + 4'-Phosphopantetheine Group  ACPSH White et al., 2005 

fabB* β-ketoacyl-ACP synthase I 

(n)acyl-ACP + malonyl-ACP    (n+2)β-ketoacyl-ACP 

White et al., 2005 

acetoacetyl-ACP + malonyl-ACP    β-ketobutyryl-ACP + CO2 + ACPSH 

fabD Malonyl-CoA:ACP transacylase malonyl-CoA  + ACPSH    malonyl-ACP White et al., 2005 

fabG β-ketoacyl-ACP reductase β-ketoacyl-ACP + NADPH + H+  β-hydroxyacyl-ACP + NADP+ White et al., 2005 

fabH β-ketoacyl-ACP synthase III malonyl-ACP + acetyl-CoA    acetoacetyl-ACP White et al., 2005 

fabI Enoyl-ACP reductase enoyl-ACP + NADH+H+  acyl-ACP + NAD+ White et al., 2005 

fabZ† β-hydroxyacyl-ACP dehydratase β-hydroxyacyl-ACP  enoyl-ACP + H2O White et al., 2005 

tesA Thioesterase I acyl-ACP  free fatty acid + ACPSH 
Cho and Cronan, 
1993 
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Each of the genes (except acpP) were introduced into an independent yeast strain on a 2-

based plasmid (Table 3.2). AcpS activates apo-ACP (encoded by acpP), transferring to it the 4’-

phosphopantetheine from coenzyme A, resulting in holo-ACP (Flugel et al., 2000). Active ACP was 

obtained using S. cerevisiae strain BY1G (Table 3.1), with one-copy of the acpS gene integrated into 

the genome, and carrying a plasmid harboring acpP. Yeast strains expressing the different type II FAS 

proteins were cultivated in selective SDC-A medium, the cells were harvested, and the proteins were 

extracted and purified using Ni-NTA columns. Western blots of the purified proteins were used to 

verify their expression in yeast (Figure 3.1), and two in vitro activity assays were performed to confirm 

their activity (Figure 3.2). 

 

 

Figure 3.1. Western blot analysis of purified fabH-6xHis, fabD-6xHis, fabI-6xHis, fabG-6xHis and fabZ-6xHis. The 

image was created from independent Western blot images. Relative sizes among enzymes are not to scale.  
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A NADPH colorimetric assay (Bays et al., 2009) was used to directly verify activity of FabG, 

and thus the activity of the upstream enzymes AcpP, AcpS, FabD, FabH (Figure 3.2). The assay results 

(3.3.A) demonstrate that these five enzymes were actively expressed in yeast. To determine if all of 

the type II FAS proteins are active and can work together when expressed in S. cerevisiae, an in vitro 

acrylodan-labeled intestinal fatty acid binding protein (ADIFAB) assay was used. The purified enzymes 

were combined with acetyl-CoA, malonyl-CoA and NADPH, and the concentrations of free fatty acids 

(FFAs) were measured (Figure 3.3.B).  

 

 

Figure 3.2. Pathway for the production of β-hydroxybutyryl-ACP. The reduction of the keto group to alcohol 

requires NADPH as a reducing agent, and its depletion can be monitored. 
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Figure 3.3. A) Confirmation of the activity of the AcpP, AcpS, FabD, FabH, and FabG proteins expressed in S. 
cerevisiae. An in vitro NADPH absorbance assay demonstrated the successful expression and activity of five of the 
nine genes (Figure 3.2) needed to express the type II FAS in yeast. Complete mix (squares) consisted of buffered ACP, 
FabD, FabH, FabG, acetyl-CoA, NADPH, and malonyl-CoA.  Negative controls consisted of a complete mix minus FabG 
(triangles), and complete mix minus ACP (diamonds). Three independent experiments showed similar profiles. B) 
Confirmation of type II FAS activity by in vitro fatty acid synthesis. An in vitro ADIFAB assay demonstrated fatty acid 
synthesis when ACP, FabB, FabD, FabG, FabH, FabI, FabZ, and TesA were mixed with acetyl-CoA, malonyl-CoA, and 
NADPH. Negative controls were the reaction mix lacking E. coli thioesterase I TesA and the reaction mix lacking the 
acyl carrier protein ACP. Three independent experiments (with two independent replicates per experiment) were 
performed. Values were normalized to the -ACP control to allow comparisons across experiments. Results are 
expressed as mean ± SEM (n=6). The negative controls were statistically lower (p<0.05). 
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The negative controls, lacking either TesA (thioesterase activity) or holo-ACP (AcpP and AcpS) 

(essential prosthetic group), had a background concentration of FFA, likely due to carryover from the 

protein elutes and non-specific binding of the ADIFAB protein. However, the FFA level for the mixture 

with all enzymes was higher than the controls (p<0.05), demonstrating that the E. coli type II enzymes 

expressed in yeast are able to produce FFAs in vitro from malonyl-CoA and acetyl-CoA. The trends 

shown in Figure 1B were seen in each of the three independent experiments. 

After confirming activity of the enzymes produced in S. cerevisiae, we introduced all nine 

genes into one strain. Eight genes (acpS, acpP, fabB, fabD, fabG, fabH, fabI, fabZ) were integrated 

into the BY4741 genome and the thioesterase gene was carried on a 2-based plasmid. The rationale 

for the plasmid-based TE was two-fold: (1) the ability to quickly introduce different TEs and (2) the 

observed overproduction of free fatty acids in E. coli in the presence of high levels of cytosolic 

thioesterase activity (Lu et al., 2008), as this reaction is the bottleneck for FA production. All genes 

were integrated via double crossover to ensure stability (Da Silva and Srikrishnan, 2012). Single copies 

of fabG and fabD were sequentially integrated; the remaining six genes (acpP, acpS, fabB, fabH, fabI, 

and fabZ) were integrated in pairs as a single PCR product (Figure 3.4). For the latter integrations, 

different promoters and terminators were used to avoid repeat sequences and thus avoid loss by 

homologous recombination. The nine genes were under either the PGK1 or the TEF1 promoter.  
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Figure 3.4. Schematic comparison of the single gene and tandem gene integration. A) Double crossover integration 
of gene G into one locus. P1 is promoter PPGK1 and T1 is terminator TCYC1. B) Integration of gene G1 and gene G2.  P1 
is PPGK1, P2 is PTEF1, T1 is TCYC1, and T2 is TADH2. The construct P1-G1-T1 was obtained through PCR using a pXP219-
based plasmid as template. The construct P2-G2-T2-M (e.g., M=LEU2 marker) was obtained through PCR using a 
pRF320-based plasmid as template.  

 

Three strains were used for our expression studies: BY4741 (parent strain), BY6G (all genes 

except fabB and fabI integrated), and BY8G (all eight genes integrated) (Table I). BY4741 and BY6G 

are control strains that do not carry the full type II FAS. Three different thioesterase genes (tesA, RC, 

and TEII) were cloned into pXP219 vectors (Table 3.1). TesA is natively located in the periplasm of E. 

coli and shows substrate preference for C16 and C18 acyl intermediates (Cho and Cronan, 1993). TEII 

(thioesterase II), from Rattus novergicus mammary gland, shifted the in vitro FA production profile of 

the rat FAS from long chain fatty acids (C16 and C18) to short-chain fatty acids (C8, C10, C12) (Libertini 

and Smith, 1978). In our earlier studies, this TE proved effective for producing C8 and C10 when 

overexpressed with the human FAS in yeast (Leber and Da Silva, 2013). RC is a palmitoyl-ACP 

thioesterase from Ricinus communis (fatB); when overexpressed in E. coli, the production of myristic 

acid (C14) increased more than 4-fold, accounting for 40% of the total fatty acids and increasing the 

total free fatty acid synthesized (Zhang et al., 2011).   

 Fatty acid production was first characterized in strain BY8G carrying pXP219-tesA, pXP219-

A) B) 
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TEII, or pXP219-RC and the two control strains. Growth rates were similar for all strains, indicating 

minimal growth inhibition due to the expression of the heterologous type II FAS and the 

overexpression of the thioesterases. No difference was seen in the distribution of fatty acid chain 

lengths or total fatty acid produced by the strains expressing TEII or RC relative to the controls (Figure 

3.5). However, strain BY8G+pXP219-tesA produced 201 mg/L total fatty acids, more than twice that 

for the control BY4741+pXP219 (86 mg/L). Overexpression of enzymes with acyl-CoA thioesterase 

activity has previously been shown to increase total FFA production in S. cerevisiae (Runguphan and 

Keasling, 2014). Therefore, the observed increase in fatty acids could be due to overexpression of the 

thioesterase rather than an increase due to the E. coli FAS system. 

The lack of change in fatty acid distribution suggests that the native yeast FAS is dominant, 

limiting the impact of the heterologous eFAS system. Therefore, the native yeast FAS activity was 

eliminated to remove competition for substrates, cofactors, and reducing agents. We knocked out 

the FAS2 gene in strains BY4741 and BY8G to create BY4741ΔFAS2 and BY8GΔFAS2. Deletion of the 

FAS2 gene prevents de novo fatty acid production and is lethal to the yeast cells when fatty acids are 

not supplemented. The two FAS2 deletion strains were plated on SDC-A supplemented with myristic 

acid to allow growth. Control strain BY4741ΔFAS2 was transformed with the empty vector pXP219, 

and strain BY8GΔFAS2 was transformed with vectors pXP219-tesA, pXP219-TEII, or pXP219-RC, 

creating three strains expressing the E. coli FAS system and different heterologous thioesterases. 
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A)  

 

 

B) 

 

Figure 3.5. A) Total fatty acids produced by strain BY8G after 24 h using thioesterase TEII, RC, and TesA. Control 
strains with empty vector (ev), BY4741+pXP219 (dotted) and BY6G+pXP219 (diagonal striped) are compared to 
strains BY8G+pXP219-TEII (horizontal striped), BY8G+pXP219-RC (squared), and BY8G+pXP219-tesA (brick). B) Fatty 
acid profile as % of the total FA produced by each strain described above. No C14 was detected for any of the 
samples. Results are expressed as mean ± error from two independent experiments. 
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Single colonies of the four strains were plated on SDC-A without FA supplementation to test 

for growth, and were evaluated after 6 and 25 days (Figure 3.6). The control BY4741ΔFAS2+pXP219 

did not grow, as this strain cannot produce fatty acids. Similarly, the strain with the integrated E. coli 

FAS (BY8GΔFAS2) but no thioesterase was unable to grow (data not shown). However, the three 

strains with the integrated E. coli FAS and expressing the heterologous thioesterases were viable. 

With the RC and TEII thioesterases, colonies grew to significant size; with TesA, the cell grew poorly 

generating only small colonies. It is noteworthy that the type II E. coli FAS system and heterologous 

TEs were capable of functionally replacing the native yeast FAS, producing sufficient fatty acids for 

growth. The RC acyl-ACP thioesterase, FatB from R. communis, has been previously expressed in E. 

coli, showing the highest production of FFAs in this bacteria compared to other TEs tested (Zhang et 

al., 2011). This result agrees with the growth of the FAS2 knockout strains shown in Figure 3.6. While 

all three strains grew on plates, only BY8GΔFAS2+pXP219-RC grew well in liquid SDC-A and complex 

YPD media. We thus chose to focus on this strain for evaluation of the fatty acid profile and total fatty 

acid levels. 

 

Figure 3.6. In vivo confirmation of heterologous E. coli FAS activity in strain BY8GFAS2 with different thioesterases: 

TesA, RC, and TEII. The negative control was strain BY4741FAS2 carrying an empty plasmid pXP219. The FAS2 

strains were streaked on synthetic minimal media plates supplemented with fatty acids. Subsequent colonies were 

re-suspended in water, plated in the absence of FAs, and allowed to grow for 6 days (first row) and 25 days (second 

row).  The images are 40x magnification bright-field microscopy pictures (Olympus, BX51). 
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Control BY4741+pXP219 and strain BY8GΔFAS2+pXP219-RC were cultivated in selective SDC-

A medium, harvested at the same stage of growth (early stationary phase: 20h and 45h, respectively 

(Figure 3.7)), and FA levels were measured via GC-MS.  

 

Figure 3.7. Growth curves for 8GΔFAS2+pXP219-RC (blue circles), 8G+pXP219-RC (grey triangles), and 
BY4741+pXP219 (orange squares) as a control. Cells were inoculated overnight in 5mL SDC(A), cells from those 
cultures were used to inoculate 50 mL SDC(A) at an initial OD600 of 0.1. 

 

BY4741+pXP219 uses the native S. cerevisiae FAS to produce de novo fatty acids, while 

BY8GΔFAS2+pXP219-RC has no yeast FAS and uses only the E. coli FAS with the R. communis FatB 

thioesterase. Total fatty acids were 1.7-fold higher for the heterologous eFAS system (160 mg/L) 

relative to the control strain with the native yeast FAS (93 mg/L) (Figure 3.8.A), and 3.2-fold higher if 

normalized to OD. High concentrations of C14 fatty acids (33% of total FA) were also found in the type 

II eFAS strain (Figure 3.8.B), and C18 levels were significantly reduced (8% of total FA). Most of the C14 

produced was monounsaturated (20% of total FA). In contrast, total C14 accounted for only 0.2% of 

total FAs (nearly undetectable) in the control strain using the native yeast FAS.  
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Figure 3.8. Intracellular fatty acid levels and chain length profile. A) Total fatty acids produced by strain BY8GΔFAS2 
carrying pXP219-RC (red hatched bar), and control strain BY4741 carrying an empty vector (ev) pXP219 (blue solid 
bar). B) Profile of total fatty acids produced. Cells were harvested at early stationary phase: 20h for control and 45h 
for BY8GΔFAS2+pXP219-RC (Figure 3.7). No significant changes in the extracellular FA levels were measured for the 
control and FA production strains. Results are expressed as mean ± SEM (n=3). The differences in total fatty acid, 
C14:1, C14, C18:1, and C18 levels were statistically significant (p<0.01). 
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The fatty acid profile for strain BY8GΔFAS2+pXP219-RC thus showed both higher overall FA 

levels and significant production of C14 (and lower production of C18) relative to the native S. 

cerevisiae. Fatty acid chain length is determined mainly by the acyl-ACP thioesterase in a type II FAS 

system. Interestingly, our results are similar to those observed in E. coli; Zhang et al., (2011) found 

that overexpression of R. communis fatB in E. coli increased total fatty acid levels and altered the 

normal FA distribution, increasing C14 production and decreasing C18, without removing the native 

thioesterase. The FA profile in yeast is also dependent on elongases, especially Elo1, which can 

actively elongate C12-C14 acyl-CoA primers to C16 and C18 (Dittrich et al., 1998). 

The final OD of strain BY8GΔFAS2+pXP219-RC was half that of the native BY4741 (Table 3.5, 

Figure 3.7). In contrast, BY8G+pXP219-RC (with the intact native FAS) had a growth profile similar to 

the native strain. Therefore, deletion of the native FAS2 gene and reliance on only the heterologous 

eFAS pathway reduced the growth of the cells. This also decreased the FA productivity (mg/L·h); 

although titers were substantially higher for BY8GΔFAS2+pXP219-RC, a longer growth period was 

needed to reach stationary phase. The heterologous pathway and the high percentage of C14 relative 

to C18 may be contributing factors. Better growth and productivity should be possible if the native 

yeast FAS is down-regulated instead of eliminated, supplementing sufficient native FAS function for 

healthy growth without excessive competition with the heterologous FAS system.  

Table 3.5. Comparison of growth and FA production for the final engineered strain, BY8GΔFAS2+pXP219-RC, with 
the control, BY4741+pXP219 (ev) at stationary phase (45 h for BY8GΔFAS2+pXP219-RC and 20h for BY4741+pXP219) 
in SDC-A medium. Results are expressed as mean ± SEM from triplicates.  

  
Final 
OD600 

C14 
concentration 

(mg/L) 

Total FA 
concentration (mg/L) 

Total FA 
productivity 

mg/(L·h) 

BY4741+ev 12.2±0.2 0.20±0.02 93.5±8.7 4.7±0.4 

BY8GΔFAS2+RC 6.5±0.1 52.3±1.4 160±5 3.6±0.1 

 



 

88 
 

CONCLUSIONS 

These results demonstrate the promise of the heterologous E. coli FAS system for engineering yeast 

to produce alternate fatty acid products. The flexibility offered by this dissociated system allowed us 

to introduce heterologous thioesterases with the ability to cleave the ACP prosthetic group of fatty 

acids at different chain lengths. This system can also be used for the introduction of novel 

thioesterases cleaving the ACP from FA intermediates, potentially producing a large number of 

different final products with new chemical functionalities (Kim et al., 2015). In addition, the discrete 

type II FAS system allows expression to be optimized or even eliminated for each independent 

catalytic step. 
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CHAPTER 4: 

 

 

Production of medium-chain free fatty acids by engineering 

yeast β-oxidation 
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ABSTRACT 

Climate change, volatile oil prices and energy dependency concerns have increased the need 

to produce fuels and chemicals from new sustainable sources. Medium and short chain fatty acids 

have been identified as promising precursors for producing chemicals from biomass feedstocks. 

Saccharomyces cerevisiae can degrade long-chain fatty acids to shorter fatty acids by using the 

peroxisomal β-oxidation pathway. The aim of this study was to engineer the Saccharomyces 

cerevisiae β-oxidation pathway for the high-level production of medium-chain fatty acids. First, the 

peroxisomal medium-chain fatty acid activator FAA2 and the enoyl-CoA isomerase ECI1 were deleted 

to disrupt mono-unsaturated fatty acid degradation and avoid reactivation. The combination of these 

two deletions increased the production of C12:1 16-fold when cells were grown in complex media 

with oleic acid (~750-1 g/L of C12:1). Further pathway engineering to increase the number and size 

of peroxisomes was performed and medium-chain free fatty acid production was evaluated. 

Strategies to increase the flux through the β-oxidation pathway included the overexpression of an 

Acc1 variant and swapping the native FAS1 and FAS2 promoters to the strong constitutive TEF1 

promoter using CRISPR/Cas9. A strain with FAA2 and ECI1 deleted and FAS1 and FAS2 overexpressed 

increased the production of medium-chain free fatty acids in glucose medium by 14-fold and 3.8-fold, 

compared to the parent strain and a faa2∆eci1∆ strain, respectively. We also evaluated if the 

expression and targeting of heterologous medium-chain fatty acid thioesterases to the peroxisome 

increased MC-FFA production by cleaving specific fatty acyl-CoA intermediates. 
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INTRODUCTION 

Medium-chain free fatty acids (MC-FFA) have great potential as platform chemicals (Bozell 

and Petersen, 2010). In the last decade, there has been increased interest in controlling the chain 

length of the final product produced by the Fatty Acid Synthase (FAS) system. This is accomplished 

by stopping the acyl-ACP chain elongation using acyl-ACP thioesterases that cleave the bond between 

the acyl-chain and the ACP moiety. In type II FAS systems, that are composed of discrete enzymes, 

the product intermediates can be easily accessed by the acyl-ACP. In this case, the introduction of a 

thioesterase with medium-chain acyl-ACP specificity is enough to see a significant change in the total 

FA profile produced by the microorganism (Wu and San, 2014; Zhang et al., 2011). Most acyl-ACP 

thioesterases available in nature come from plants, showing a great diversity in terms of specificity 

and activity (Jing et al., 2011).  

Reducing the length of fatty acids in Saccharomyces cerevisiae (with a Type I FAS) is more 

challenging. In Chapter 2 (Fernandez-Moya et al., 2015), we introduced the entire type II FAS from 

Escherichia coli into S. cerevisiae. When a C14-specific thioesterase was expressed, the percent of 

C14 in the yeast FA profile increased from less than 1% to 33%, and the percent of C18 decreased 

significantly relative to the wild type strain. Also in our lab, a human type I FAS was introduced into 

S. cerevisiae; the human FAS is a Type I FAS (a big complex with all the catalytic subunits needed to 

elongate the carbon chain (similar to the yeast FAS)) but with a dedicated thioesterase subunit and a 

more flexible and open enzyme structure (Leber and Da Silva, 2014). Co-expression of a human FAS 

with the native thioesterase domain replaced by the medium-chain thioesterase TEII and a 

heterologous phosphopantetheinyl transferase (PPT) resulted in 82 mg/L of C8 (29% of total fatty 

acids) and 111 mg/L of total medium-chain FA. Targeted β-oxidation elimination increased total 
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medium-chain FA to 120 mg/L (Leber et al., 2016). In a recent publication by Gajewski et al. (2017), 

the complex and rigid yeast FAS was modified by introducing point mutations in the ketoacyl synthase 

domain, malonyl-CoA/palmitoyl-ACP transferase domain, and the acyl transferase domain, and 

resulted in a final titer of 464 mg/L of total MC-FFA in buffered media. In another recent publication, 

a thioesterase domain with MC acyl-ACP specificity was tested in several positions within the peptide 

chain (Zhu et al., 2017). This approach led to approximately 105 mg/L of total MC-FFA after also 

deleting the β-oxidation process.  

In yeast metabolism, there are two other processes that can be engineered to interrupt either 

the elongation or the degradation of the acyl-ACP or acyl-CoA chain. One is the mitochondrial type II 

FAS system; its main function is to provide lipoic acid that acts as a cofactor for several essential 

enzymes for  normal TCA cycle function (Brody et al., 1997). The other process is β-oxidation, which 

is in charge of degrading acyl-CoA for carbon and energy.  

β-oxidation is the catabolic process by which acyl-CoA molecules (activated fatty acids) are 

degraded to produce acetyl-CoA and redox cofactors (e.g., NADH). In yeast, β-oxidation is only found 

in the peroxisomes (Hiltunen et al., 2003). It is a dissociated enzyme system, which allows acyl-CoA 

intermediates to be potential substrates for heterologous enzymes targeted into the yeast 

peroxisomes. This catabolic process includes three main enzymes: Pox1, Fox2 and Fox3 (Hiltunen et 

al., 2003). Figure 4.1-A shows the β-oxidation reactions and the enzymes that catalyze the reaction 

steps. Pox1 is an acyl-CoA oxidase with broad substrate specificity, accepting from very long fatty 

acids to butyryl-CoA (Dmochowska et al., 1990). This differs from the narrow substrate specificity of 

other peroxisomal oxidases found in different yeast species and in mammals; these tend to have 

several acyl-CoA oxidase isoenzymes with differing length preference (Wang et al., 1999). Fox2, is a 
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3-hydroxyacyl-CoA dehydrogenase and an enoyl-CoA hydratase; this enzyme catalyzes two 

consecutives oxidation reactions and it has a broad substrate specificity (Qin et al., 1999). Fox3, is a 

3-ketoacyl-Coa thiolase. The product of this enzyme is a (n-2) acyl-CoA and one molecule of acetyl-

CoA (Igual et al., 1991). Figure 4.1-B shows the extra step needed for degradation of oleic acid, a cis-

unsaturated fatty acid. Fox2 is not able to accept 3-enoyl-CoA as a substrate and isomerization 

catalyzed by the enoyl-CoA isomerase Eci1 is required (van Roermund et al., 1998). If an enzyme is 

introduced with the ability to cleave the –CoA group (thioesterase) from the short and medium-chain 

fatty acyl-CoA intermediates, short chain FFA and MC-FFA will be produced in the peroxisome.   

 

Figure 4.1. A) β-oxidation overview. Long chain FFA are activated in the cytosol and transported into the peroxisomes 
by Pxa1p/Pxa2p ABC transporters. Medium-chain FFA can cross the peroxisomal membrane and they are activated 
inside of the peroxisomal matrix B) Enoyl-CoA isomerase is required for oleic acid degradation. Eci1 transforms the 
3-cis double bond of the oleic acid intermediate into a 2-trans double bond. 
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 Using the peroxisome for production of biochemical compounds started with the synthesis of  

medium-chain polyhydroxyalkanoates (PHA) (Lee, 1996). PHA are polyesters that can be used for the 

production of thermoplastics and elastomers. They are made from hydroxy-fatty acids, which makes 

the peroxisome the perfect organelle to target the PHA synthase to in yeast (Poirier et al., 2001). The 

yeast peroxisome has also been used for the production of lycopene in Pichia pastoris (Bhataya et al., 

2009). More recently, S. cerevisiae β-oxidation was engineered to produce MC-FFA (Chen et al., 

2014). The native POX1 (first dedicated step), was deleted and replaced by a heterologous acyl-CoA 

oxidase gene from Yarrowia lipolytica. The native POX1 gene is the only acyl-CoA oxidase in S. 

cerevisiae and therefore has a very broad substrate specificity; on the other hand, the heterologous 

POX2 from Y. lipolytica has a substrate specificity for long-chain acyl-CoA. This genomic intervention 

increased the levels of MCFA only slightly from 0.4 mg/L to 0.5 mg/L in oleic acid medium, and the 

strains had a growth defect. 

 The mechanism used by S. cerevisiae to transport enzymes from the cytosolic matrix to the 

peroxisomal matrix has been studied extensively (Kim and Hettema, 2015; Meinecke et al., 2010; 

Smith and Aitchison, 2013). The vast majority of peroxisomal proteins contain either a peroxisomal 

targeting signal 1 (PTS1) at the C-terminus, or a peroxisomal targeting signal 2 (PTS2) at the N-

terminus. PTS1 and PTS2 are recognized by receptor protein Pex5 and the complex 

Pex7/Pex18/Pex21, respectively, in the cytosol. These receptors bring the proteins to membrane 

complexes that allow for translocation of the protein, and subsequent receptor release and recycling. 

Most peroxisomal proteins use some variant of the PTS1 tag to get directed to the peroxisomal lumen 

(Elgersma et al., 1996). The canonical PTS1 sequence has been found to be Ser-Lys-Leu (SKL), and it 

has been shown to relocate cytosolic enzymes to the peroxisomes (Hagen et al., 2015; Noguchi et al., 

2013). 
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 Acyl chains are released from the fatty acid synthase as acyl-CoA. These molecules can get 

transported to the peroxisome lumen by the ATP binding cassette transporter complex Pxa1/Pxa2 

found in the peroxisomal membrane (Kohlwein et al., 2013) (see Figure 4.2). Free fatty acids in the 

media or generated intracellularly must be activated in order to be used for any cellular process (Black 

and DiRusso, 2007). LC-FFA (C14-C18) are activated primarily by cytosolic fatty acid activators Faa1 

and Faa4 (Knoll et al., 1994; Scharnewski et al., 2008). MC-FFA are activated in the peroxisome by the 

peroxisomal medium-chain fatty acid activator Faa2 (van Roermund et al., 2012). ATP required for 

the activation of the FFA to acyl-CoA in the peroxisome is provided by the peroxisomal ATP 

transporter Ant1 (Palmieri et al., 2001; van Roermund et al., 2001). Recently, it has been suggested 

that MC-FFA cross by using the pore-forming protein Pex11, which is found in the peroxisomal 

membrane and allows for non-selective translocation of metabolites across the peroxisomal 

membrane (Mindthoff et al., 2016). 

 

Figure 4.2. Schematic drawing of current understanding of acyl-CoA and FFA transport through the peroxisomal 
membrane. Adapted from Mindthoff et al., (2016) 
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S. cerevisiae β-oxidation has been also engineered to produce medium-chain fatty alcohols 

by targeting the fatty acyl-CoA reductase (FAR) from Tyto alba to the peroxisome (Sheng et al., 2016). 

To optimize FAR targeting, various targeting signals were tested, and the endogenous peroxisome 

biogenesis machinery was engineered by overexpressing Pex5, Pex7 and/or combinations with Pex3 

and Pex19, which are involved in peroxisomal membrane protein importation and peroxisome 

biogenesis. Overexpression of FAR (with the N-terminal PTS2) and Pex7 resulted in approximately 50 

mg/L of 1-decanol, 200 mg/L of 1-dodecanol, and 500 mg/L of 1-hexadecanol. 

More recently, yeast peroxisomes have been used to compartmentalize both the fatty alcohol 

and alkane biosynthetic pathways from fatty acyl-CoA to avoid cytosolic aldehyde reductase/alcohol 

dehydrogenase activity; this strategy increased the titer of fatty alcohols by 63%, and the 

alkane/alkene titer by 100% relative to cytosolic expression (Zhou et al., 2016a). After eliminating 

competing pathways like POX1 and HFD1, more than 180 mg/L of total fatty alcohols were produced.  

In this study, we engineered S. cerevisiae to produce MC-FFA by first deleting the peroxisomal 

medium-chain fatty acid activator Faa2, to avoid reactivation of free fatty acids, and the peroxisomal 

∆3-cis-∆2-trans-enyol-CoA isomerase Eci1. The isomerase Eci1 is essential for complete degradation 

of unsaturated fatty acids in yeast, and deletion of the enzyme leads to a growth impairment on oleic 

acid: 33% growth rate compared to wild-type (Gurvitz, 1998). This is thought to be the result of 

accumulation of acyl-CoA intermediates. We attempted to alleviate that accumulation by 

overexpression of medium-chain fatty acyl-CoA thioesterases targeted to the peroxisome in a faa2∆ 

eci1Δ strain. We also looked at the effect of deleting the cytosolic medium-chain fatty acid elongase 

Elo1, and the overexpression of the acetyl-CoA carboxylase Acc1, which is a limiting step in the fatty 

acid production. β-oxidation and peroxisome biogenesis were further engineered to increase the size 
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and number of peroxisomes per cell.  

To engineer yeast β-oxidation to produce MC-FFA high-level production of acyl-CoA is 

required to increase flux through β-oxidation. Therefore, we overexpressed Fas1, Fas2, and Acc1 

(Figure 4.3). Overexpression of FAS1 and FAS2, in conjunction with ACC1, have been shown to be 

beneficial for increasing fatty acids in S. cerevisiae (Runguphan and Keasling, 2014). In addition, we 

overexpressed Pox1 (acyl-CoA oxidase), which is the first step of β-oxidation and has been shown to 

be the rate-limiting step of this pathway (Hiltunen et al., 2003).  
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Figure 4.3. Main metabolic pathways involving acyl-CoA in S. cerevisiae. Enzymes that when overexpressed would 
benefit MC-FFA production are shown in blue boxes. Genes that when deleted would benefit MC-FFA synthesis are 
shown with red crosses. Fluxes that are increased are shown in blue arrows. Final short and medium chain FFA 
product is shown in a yellow box. Adapted from (Kohlwein et al., 2013). 
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Finally, we targeted medium-chain thioesterases into the peroxisomes to study their effect on the 

release of MC-FFA. Acyl-CoA thioesterases are enzymes that cleave the coenzyme A from the acyl 

group, releasing the free fatty acid molecules. To terminate the degradation cycle at longer acyl-CoA 

intermediates, medium and/or short-chain acyl-CoA thioesterases were expressed with a 

peroxisomal targeting signal. These enzymes will produce short and medium free fatty acids after –

CoA cleavage, and these will not be reactivated in strains with the medium/short chain fatty acid 

activator gene FAA2 deleted.  The thioesterases tested were: 

1. TEII, thioesterase from Rattus Novergicus (Naggert et al., 1991). A PTS1 (–SKL) C-terminus 

targeting signal was added to the sequence. This TE has preference for C6 and C8 acyl-CoA 

(Joshi et al., 2005) 

2. TES1, native S. cerevisiae thioesterase with preference for C12 acyl-CoA molecules (Kal et al., 

2000). 

3. BTE, thioesterase from Umbellularia californica. It is very specific for C12:0 acyl-ACP species 

and has been shown to increase C12 production in E. coli (Voelker and Davies, 1994) 

4. mTesA’, mutant of the leaderless tesA thioesterase from E. coli recently constructed through 

a combination of in silico modeling and library construction/testing. It has substrate specificity 

for C8, C10 and C12 acyl-CoA (Grisewood et al., 2017). 
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MATERIALS AND METHODS 

Vector and Strain Construction  

Standard molecular biology procedures were carried out as described in Sambrook et al. 

(2001). Restriction enzymes, T5 exonuclease, Phusion polymerase, Taq ligase, T4 DNA ligase, Taq DNA 

polymerase and deoxynucleotides were purchased from New England Biolabs (Ipswich, MA). KOD 

Hot-start DNA polymerase was obtained from Novagen (San Diego, CA). Oligonucleotide primers 

were purchased from IDT DNA (San Diego, CA). All sequences of gene fragments amplified by PCR 

were verified by DNA sequence analysis (Eton Bioscience, San Diego, CA). E. coli mini-prep DNA was 

prepared using a Spin Miniprep Kit (Qiagen, Germantown, MD), and plasmid transformation in E. coli 

competent cells was done using a standard heat shock method (Sambrook et al., 2001). Plasmid and 

integrative transformations in S. cerevisiae were performed using a high efficiency LiAc method using 

DMSO (Hoskins, 2000). Isolation of total genomic yeast DNA for integration checking was performed 

as described by Sambrook et al. (2001). 

FAA2, ECI1 and ELO1 knockout strains were created using double crossover recombination as 

previously described (Fang et al., 2011). PCR was used to generate the deletion cassettes (reusable 

selection marker flanked by the upstream and downstream homology sequences sequences) and 

knockouts deleted the full open reading frame of the gene. The deletions were confirmed by genomic 

PCR using primers that bind upstream and/or downstream of the chromosomal site and to the 

marker. PCR was used to generate fragments loxP-Marker-loxP from vectors pXP214 (MET17), 

pXP218 (URA3), pXP220 (HIS3) and pXP222 (LEU2), respectively (Fang et al., 2011). pBTEF1 was used 

as template to generate loxP-KanMX-loxP (Leber et al., 2015). faa2Δ and 3SKO strains were kindly 

provided by Leber et al., (2016), and fas2Δ was provided by (Leber and Da Silva, 2014) . ECI1 knockout 
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PCR used backbone pXP214 and primer pair Eci1KOF1/R1 and extension primer set Eci1KOF2/R2 to 

create strain FE. ELO1 knockout PCR used backbone pXP220 and primer pair Elo1KOF1/R1 and 

extension primer set Elo1KOF2/R2 to create strains FE-ELO1 and FETA elo1Δ. TRP1 knockout PCR used 

backbone pBTEF1 and primer pair Trp1KOF1/R1 and extension primer set Trp1KOF2/R2 to create 

strains trp1Δ and FETAELO trp1Δ. In order to integrate the expression cassette pTEF1-ACC1m, we first 

swapped the pPGK1 by the pTEF1 in integration plasmid pIM11-ACC1m (Choi and Da Silva, 2014) 

using the primer set TEF1intACC1F/R. After plasmid construction, plasmid was digested with NroI and 

NruI to create an integration linear DNA with the LEU2 marker and 81 and 94 bp upstream and 

downstream, respectively, with homology to the MET17 empty locus.  

For PEX30, PEX31, PEX32 an TES1 deletion, CRISPR/Cas9 system from DiCarlo et al., (2013) 

was adapted to create a multiplexing approach. In short, p426-SNR52p-gRNA.CAN1.Y-SUP4t, p415-

GalL-Cas9-CYC1t and p414-TEF1p-Cas9-CYC1t (Figure 4.4) were acquired from Addgene. pTEF1-MCS-

CYC1t expression cassettes from pBTEF1 were swapped by pSNR52-target sequence(ts)-gRNA-tSUP4 

by amplifying it from p426-SNR52p-gRNA.CAN1.Y-SUP4t, calling this last plasmid pdgRNA (KanMX). A 

library of double gRNA plasmids was created with KanMX, URA3, MET17, LEU2, and HIS3 markers. To 

change the target sequences to the desired ones, primers pex30gRNAfor and pex31gRNAfor were 

used with pdgRNA(URA3) (Figure 4.5) as template to generate the insert DNA. Primers pex30AmpRev 

and pex31AmpRev were used with pdgRNA(URA3) as template to generate the backbone DNA. 

Gibson was used to ligate both pieces and construct pdgRNA(URA3)-Pex30(ts)/Pex31(ts). A similar 

strategy was used to build pdgRNA(HIS3)-Pex32(ts)/Tes1(ts). Target sequences were found using the 

webtool Yeastriction (Mans et al., 2015). Donor DNA was created by using two 60bp primers 

containing with 15 3’-terminal base pairs complementary (eg. Pex30DonorF and Pex30DonorR). Final 

Donor DNA piece was 105 bp. p414-TEF1-Cas9 was transformed to FETAELO trp1Δ and FE-ELO1 trp1Δ 
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and selected on SDC(A,U) plates for the TRP1 marker. Consequently, cells harboring p414-TEF1-Cas9 

were transformed with pdgRNA(URA3)-Pex30(ts)/Pex31(ts), pdgRNA(HIS3)-Pex32(ts)/Tes1(ts), and 

donor DNA for Pex30, Pex31, Pex32 and Tes1. Cells were plated on SD(-ura,-his,-trp)+CSM and grown 

for 3-4 days.  

A similar approach was followed to swap the native FAS1 and FAS2 promoters for the TEF1 

promoter in FE, FETA, and BY4741 strains. Atum gRNA designer (https://www.atum.bio), was used to 

find optimal target sequences for Cas9 within the FAS1 and FAS2 promoter regions. pdgRNA(URA3)-

Fas1(ts)/Fas2(ts) was constructed, first by obtaining the insert with FAS1targetFor and FAS2targetFor 

primers, and the backbone with AmpRev, as the only primer, and pdgRNA(URA3) as template DNA 

for both pieces. Donor DNAs were created with TEF1_FAS1for/rev and TEF1_FAS2for/rev. Plates used 

to select for final intervention were SDC(A). 

For plasmid construction, TEII was amplified from pXP842-TEII (Leber and Da Silva, 2014) with 

TEII-SpeIF/TEII-XhoIR or TEII-SpeIF/TEIISKLXhoIR, to introduce the PTS1 (-SKL at the C-terminal of the 

enzyme). SpeI and XhoI were used to digest pBT-URA3 (Figure 4.6) and pBT-mKanMX and PCR insert. 

T4 ligation was used to create the final constructs. A similar approach was used for TES1, TEIIePTS12, 

mTesA’, and BTE cloning. For POX1 cloning, SacII and NotI restriction enzymes were used to digest 

the backbone plasmid.  

 

 

 

 

https://www.atum.bio/
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Table 4.1: List of strains 

 

 

 

 

 

 

 

 

 

Strain name Description Source 

BY4741  MATα his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems 

trp1∆ BY4741 trp1::loxP This study 

faa2∆ BY4741 faa2::loxP Leber et al (2015)  

eci1∆ BY4741 eci1::kanMX4 
YKO collection 
(Dharmacon) 

FE BY4741 faa2::loxP eci1::loxP  This study 

3SKO BY4741 faa2::loxP pex11::loxP ant1::loxP Leber et al (2016) 

fas2∆ BY4741 fas2::kanM4 Leber et al (2014) 

faa2∆ T-ACC1 BY4741 faa2::loxP met15::pTEF1-ACC1m-tCYC1 This study 

FE T-ACC1 BY4741 faa2::loxP eci1::loxP met15::pTEF1-ACC1m-tCYC1 This study 

FE-ELO1 BY4741 faa2::loxP eci1::loxP elo1::loxP This study 

FETA elo1∆ 
BY4741 faa2::loxP eci1::loxP elo1::loxP met15::pTEF1-ACC1m-
tCYC1 

This study 

FETAELO trp1∆ 
BY4741 faa2::loxP eci1::loxP elo1::loxP met15::pTEF1-ACC1m-
tCYC1 trp1::loxP 

This study 

SUPER 
BY4741 faa2::loxP eci1::loxP elo1::loxP trp1::loxP pex30∆ 
pex31∆ pex32∆ tes1∆ 

This study 

SUPER T-ACC1 
BY4741 faa2::loxP eci1::loxP elo1::loxP met15::pTEF1-ACC1m-
tCYC1 trp1::loxP pex30∆ pex31∆ pex32∆ tes1∆ 

This study 

FE-FAS12 BY4741 faa2::loxP eci1::loxP fas1::pTEF1-fas1 fas2::pTEF1-fas2 This study 

BY-FAS12 BY4741 fas1::pTEF1-fas1 fas2::pTEF1-fas2 This study 
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Table 4.2: List of plasmids 

Name Description Orig. Marker 

pBT-URA3-empty pTEF1--tCYC1 2μ URA3 

pBT-URA3-TSKL  pTEF1-TEIISKL-tCYC1 2μ URA3 

pBT-URA3-TES1 pTEF1-TES1-tCYC1 2μ URA3 

pBT-URA3-POX1 pTEF1-POX1-tCYC1 2μ URA3 

pBT-URA3-TSKL/POX1 pTEF1-TEIISKL-tCYC1 + pTEF1-POX1-tCYC1 2μ URA3 

pBT-URA3-TES1/POX1 pTEF1-TES1-tCYC1 + pTEF1-POX1-tCYC1 2μ URA3 

pBT-mKanMX-empty pTEF1--tCYC1 2μ KanMX 

pBT-mKanMX-TSKL  pTEF1-TEIISKL-tCYC1 2μ KanMX 

pBT-mKanMX-TES1 pTEF1-TES1-tCYC1 2μ KanMX 

pBT-mKanMx-POX1 pTEF1-POX1-tCYC1 2μ KanMX 

pBT-mKanMX-TSKL/POX1 pTEF1-TEIISKL-tCYC1 + pTEF1-POX1-tCYC1 2μ KanMX 

pBT-mKanMX-TES1/POX1 pTEF1-TES1-tCYC1 + pTEF1-POX1-tCYC1 2μ KanMX 

pBT-mKanMX-TEII (ePTS12) pTEF1-TEII(ePTS12)-tCYC1 2μ KanMX 

pBT-mKanMX-TEII 
(ePTS12)/POX1 

pTEF1-TEII(ePTS12)-tCYC1 + pTEF1-POX1-tCYC1 2μ KanMX 

pBT(mKanMX)-mTesA'  pTEF1-mTesA'-tCYC1 2μ KanMX 

pBT(mKanMX)-mTesA'_ePTS1 pTEF1-mTesA'_ePTS1-tCYC1 2μ KanMX 

pBT(mKanMX)-BTE  pTEF1-BTE-tCYC1 2μ KanMX 

pBT(mKanMX)-BTE_ePTS1 pTEF1-BTE_ePTS1-tCYC1 2μ KanMX 

p414-TEF1-Cas9 pTEF1-Cas9-tCYC1 C/A TRP1 

pgRNA-Church pSNR52-CAN1(ts)-tSUP4 2μ URA3 

pdgRNA(URA3) pSNR52-CAN1(ts)-tSUP4 x2 2μ URA3 

pdgRNA(HIS3) pSNR52-CAN1(ts)-tSUP4 x2 2μ URA3 

pdgRNA(URA3)-Pex30/Pex31 
pSNR52-Pex30(ts)-tSUP4, pSNR52-Pex31(ts)-
tSUP4 

2μ URA3 

pdgRNA(HIS3)-Pex32/Tes1 
pSNR52-Pex32(ts)-tSUP4, pSNR52-Tes1(ts)-
tSUP4 

2μ HIS3 
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Table 4.3: List of primers 

Reason Name Sequence (5' -> 3') 

eci1 KO 

Eci1KOF1 
ACAAATTGCTCGCACAGTAAAGGAAGGAAGAACAATGGTCGACTCTAGAGGAT
CCCCGGG 

Eci1KOR1 
ATATTGTGTGTGCGTTTTGTTTCACTGAGAAAGCGGACGAATTCGAGCTCGGTA
CCCGGG 

Eci1KOF2 
ACTGAAAGATGAACATATGGATAGATAATTGGAGTGTATGGCACAAATTGCTC
GCACAGT 

Eci1KOR2 
ATGATATAGATTAATTAGCATACATATTGTCTGTACATAAGTATATTGTGTGTGC
GTTTT 

Eci1CheckF GCGGCACGAAGGAAAGAATC  

Eci1CheckR  TTCGATTATGATCGGTGTAA 

elo1 KO 

Elo1KOF1 
TTTTAAGGAACTTGAGAGCTAAATTTGCAAGCAAGTGGTCGACTCTAGAGGATC
CCCGGG 

Elo1KOR1 
TAGGAAGAAAAACAGAAAAAAACAAAACAGAAGGACTGGAATTCGAGCTCGG
TACCCGGG 

Elo1KOF2 
AAGACTAACTGATATGAATATTAAGGTAGGATACCTTATCAA 
TTTTAAGGAACTTGAGAG 

Elo1KOR2 
TTATTTCGAATAAAACAGTCTATATATAAGTCAAATACAAGATAGGAAGAAAAA
CAGAAA 

Elo1ChkFext TCGGACCTGTGTTCAGAAAT 

Elo1ChkRint TGAAGGTGACAATCCAGAAG 

Elo1ChkRext TCTCGAGTAACTGAAACTGC  

trp1 KO 

Trp1KOF1 
GTGAGTATACGTGATTAAGCACACAAAGGCAGCTTGGAGTgcaggtcgactctagag
gat  

Trp1KOR1 
GAGAGGGCCAAGAGGGAGGGCATTGGTGACTATTGAGCACGTGAGTATACGT
GATTAAGC 

Trp1KOF2 
TGCACAAACAATACTTAAATAAATACTACTCAGTAATAACcgttGAATTCgagctcg
gta 

Trp1KOR2 
AGATCTTTTATGCTTGCTTTTCAAAAGGCCTGCAGGCAAGTGCACAAACAATAC
TTAAAT 

Trp1ChkF GAGGCGGTGGAGATATTCCTTA 

Trp1ChkR TTACGAGGATACGGAGAGAGGT 

pTEF1-
ACC1 int 

TEF1intACC1
F 

GAACTGTGGTGGTTGGCAcctcaggACCGCGAATCCTTACATCACACCCA 

TEF1intACC1
R 

TCATttttttCGGTCCGGTTTAAACACTAGTTTTGTAATTAAAACTTAGA 

TEF1intACC1
check 

agattgtactgagagtgcac 

pex30∆, 
pex31∆, 
pex32∆, 
tes1∆ 

pex30gRNAf
or 

GcagtgaaagataaatgatcCGTCAATGAGAATTAAATAAGTTTTAGAGCTAGAAATA
GC 

pex31gRNAf
or 

GcagtgaaagataaatgatcTTACTTGTATTTTTCATAACGTTTTAGAGCTAGAAATAG
C 
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Reason Name Sequence (5' -> 3') 

using 
CRISPR/C
as9 

pex32gRNAf
or 

GcagtgaaagataaatgatcAAGTATACGAAAATCAAAGAGTTTTAGAGCTAGAAAT
AGC 

tes1gRNAfor 
GcagtgaaagataaatgatcCTACATTCGTATTTCATCAAGTTTTAGAGCTAGAAATA
GC 

pex30AmpR
ev 

GCTATTTCTAGCTCTAAAACTTATTTAATTCTCATTGACGgatcatttatctttcactgC 

pex31AmpR
ev 

GCTATTTCTAGCTCTAAAACGTTATGAAAAATACAAGTAAgatcatttatctttcactgC 

pex32AmpR
ev 

GCTATTTCTAGCTCTAAAACTCTTTGATTTTCGTATACTTgatcatttatctttcactgC 

tes1AmpRev GCTATTTCTAGCTCTAAAACTTGATGAAATACGAATGTAGgatcatttatctttcactgC 

Pex30Donor
F 

TTAGGATTCGAGCTGTCTAGTTGATCCTCCGGAGTGTAAAAACTGATTTTCATG
CTCGCT 

Pex30Donor
R 

TAATAAAGTAAATTAGAGATTATATTATGTAAAGGTAAAAACGGGAGCGAGCA
TGAAAAT 

Pex31Donor
F 

GCCCTTGCACCGACCAGTGTGAACGTTGTTGTCCATATGGGGCATGCACTCAAC
TATCAA 

Pex31Donor
R 

AATTTGGTATTCTTCCCTGGTTGTCAAGCCTTGGTTTCCCTTTATTTGATAGTTGA
GTGC 

Pex32Donor
F 

TTGATCTTAATTTAGTTCAGTGGACATCATTTTGCTAATTTCAAGGAAAGAATAG
TATTG 

Pex32Donor
R 

ATAATGTTAGGCAACCAACTATATATGCAGTTTAGAGGCTTAAAGCAATACTAT
TCTTTC 

Tes1DonorF 
ATATAATATAAGAATATATATGTATGTGTTTATACGTGGGAGGGAATTGTCCTTT
TATGC 

Tes1DonorR 
TTCAATTCAGTATCCACCATGAGCAAGACAAGATAAGACAAGATTGCATAAAAG
GACAAT 

Pex30KOche
ckF 

ACGGAAAGAAGCGGGAAGAG 

Pex30KOche
ckR 

AGAGCTGACGTTAAGACCGC 

Pex31KOche
ckF 

TACGAGCCTTTCAGACCTGC 

Pex31KOche
ckR 

AGGTTCCGCTGGAGACAATG 

Pex32KOche
ckF 

TTTGAGTGCCATCCTGGGTG 

Pex32KOche
ckR 

GCGCTGCAAGTGATGATAGC 

Tes1KOchec
kF 

ACAGTCTACAAACCCGCCAG 

Tes1KOchec
kR 

GGTCCTCGATGCTACGTCAG 

SeqgRNA1 TATCAGGGTTATTGTCTCATGAGCG 

SeqgRNA2 GGGGATGTATGGGCTAAATGTACG 
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Reason Name Sequence (5' -> 3') 

dgRNA 
construct
ion 

BiCass1For atttccccgaaaagtgccacctgacCATATGACTAGTtctttgaaaagataatgtatga 

BiCass1Rev 
ATACGAAGTTATCCCGGGGCTAGCtcgcgaAGACATAAAAAACAAAAAAAGC
ACCACCGA 

BiCass2For GAATTCgagctcggtaCCCCCTAGGtctttgaaaagataatgtatga 

BiCass2Rev 
TACGAAGTTATCCCGGGTTAATTAAAGACATAAAAAACAAAAAAAGCACCAC
CGA 

TEII 
Targeting 

TEII-SpeIF 
GACCTCCC-ACTAGT-AAAAAA-
atggagacagcagtcaatgctaagagtcccaggaatgaaaaggttttgaactgt 

TEII-XhoIR TGGTAATC-CTCGAG-tca-agtgagtgacgagagttccaa 

TEIISKLXhoIR TGGTAATC-CTCGAG-tta- CAATTTAGA-agtgagtgacgagagttccaa 

TEIIPTS2F 
GACCTCCC-ACTAGT-AAAAAA-atg-
AGTCAAAAACTTCAAAGTATTAAAGATCAACTT-gagacagcagtcaatgctaagagtc 

TEIIePTS1R 
TGGTAATC-CTCGAG-tta- CAATTTGGATCTTCTACCTCTTCCCAATGAACC-
agtgagtgacgagagttccaa 

TES1 
cloning 

Tes1SpeIF 
TCTAAGTTTTAATTACAAAACTAGTAAACAATGAGTGCTTCCAAAATGGCCATGT
CCAAC 

Tes1XhoIR 
GACATAACTAATTACATGACTCGAGTCAGAACTTGGCTCGAATGTCTCGTTCTG
ACCCGT 

SeqTes1F1 GGGAGACGATTCCAGGCCTGCA 

SeqTes1F2 CTTTGCGTATCTGTCCGATTCCT 

SeqTes1R1 TCATCGAGGTTGCGTCTTGGAA 

POX1 
cloning 

Pox1SpeIF TTAATTACAAAcacgtggcggccgc-AAACA-ATGACGAGACGTACTACTATTAATC 

Pox1XhoIR TAAGCGTGACATAACTAATccgcggTCACTTGTTTATTTTCGATAAAATT 

SeqPox1F1 ACAAAGCTTCGCCTTTAACAAAC 

SeqPox1F2 GAAGATGGGTCGTGACGGTATTG 

SeqPox1F3 CAGCTTGAAAGCCACCAATACTTG 

SeqPox1F4 TGATTCACATATTTCCGATGAAAT 

SeqPox1R1 ACCATTGCCCTTGATACAATTA 

BTE 
cloning 

BTESpeIF TTAATTACAAAACTAGTAAAAAAATGACTCTAGAGTGGAAACCGAAACC 

BTEXhoIR CATAACTAATCTCGAGTTAAACACGAGGTTCCGCCGG 

BTEePTS1R1 ATCTTCTACCTCTTCCCAATGAACC-AACACGAGGTTCCGCCGG 

BTEePTS1R2 GTAATC-CTCGAG-tta-CAATTTGGATCTTCTACCTCTTCCCAATGAACC 

TesA 
mutant 
cloning 

TesAMut_P1
F 

CGGCGGACTAGTAAAAAAATGGCGGACACGTTATTGATTCTGGGTG 

TesAMut_P1
R 

TCCATTGTGGCTTTTTTTTGACCTCTTCCAAAAAAAAGGGCAGCAGCGGAACAT
C 

TesAMut_P2
F 

CTGCTGCCCTTTTTTTTGGAAGAGGTCAAAAAAAAGCCACAATGGATGCAGGAT
G 

TesAMut_P2
R 

ACTAATCTCGAGttaTGAGTCATGATTTACTAAAGGC 

TesAMutePT
S1R1 

ATCTTCTACCTCTTCCCAATGAACCTGAGTCATGATTTACTAAAGGC 
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Reason Name Sequence (5' -> 3') 

TesAMutePT
S1R2 

GTAATC-CTCGAG-tta-CAATTTGGATCTTCTACCTCTTCCCAATGAACC 

 

 

 

Figure 4.4. Schematic representation of p414-TEF1-Cas9. Cas9 codon-optimized for S. cerevisiae is shown in green. 
The TEF1 promoter is shown in yellow. The CYC1 terminator is shown in red. The CEN/ARS origin is shown in orange. 
The TRP1 marker is shown in blue. Source: (DiCarlo et al., 2013) 
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Figure 4.5. Schematic representation of pdgRNA(URA3). pdgRNA(URA3) includes two identical sgRNA expression 
cassettes in opposite directions. Each of these cassettes has a SNR52 promoter shown in yellow, a structural gRNA 
shown in green and a very short SUP4 terminator shown in orange (filled arrow after structural gRNA). Between the 
SNR52 promoter and structural gRNA there is 20 bp target sequence. 

 

Figure 4.6. Schematic representation of pBT-URA3-empty. pBT-URA3-empty includes two identical gene expression 
cassettes in opposite directions. Each expression cassette has one TEF1 (green) and one CYC1 terminator (red). The 
marker is between the two expression cassettes.  
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Media and Cultivation 

Luria-Bertani (LB) medium containing 0.1 mg/mL ampicillin for selection (Sambrook et al., 

2001) was used for E. coli cultivation. S. cerevisiae strains were cultivated in complex YPD media (20 

g/L dextrose, 20 g/L peptone, 10 g/L yeast extract (BD Biosciences, Sparks, MD)), semi-defined SDC(A) 

media (20 g/L dextrose, 5 g/L casamino acids, 5 g/L ammonium sulfate, 1.7 g/L yeast nitrogen base 

without amino acids, 100 mg/L adenine sulfate), or synthetic SD minimal medium (20 g/L dextrose, 5 

g/L ammonium sulfate, 1.7 g/L yeast nitrogen base without amino acids, and supplementary 

constituents as needed: 100 mg/L adenine sulfate, 100 mg/L uracil, 100 mg/L L-histidine-HCl, 100 

mg/L L-methionine, 150 mg/L L-leucine, 150 mg/L L-lysine-HCl) (Amberg et al., 2005). All plates 

contained 20 g/L Bacto-agar. 

All expression studies were conducted using YPD medium, with 200 mg/L G418 (Sigma-

Aldrich, Saint Louis, MO) added for plasmid selection. Yeast strains were grown at 30°C in an air 

shaker (New Brunswick Scientific) at 250 rpm. Cells were inoculated from -80°C stock and grown 

overnight in 5 mL medium in 16 X 125 mm culture tubes. Yeast expression studies were performed 

in shake flasks with 50 mL medium. Cell growth was initiated at an optical density (600nm) of 0.2 

(Shimadzu UV-2450 spectrophotometer; Columbia, MD) and grown for 24 h, 36 h, 48 h, or 72 h. A 

correlation factor was used to convert OD to dry cell weight per liter (1 OD = 0.43 g DCW/L). Media 

with oleic acid was prepared by adding 1% of Tween20 (Sigma Aldrich, Catalog No. P9416) to Oleic 

acid (Fisher Scientific, Catalog No. S25451). The mixture of oleic acid and tween20 was filter-sterilized 

and added to the rest of the media once it cooled down. To measure OD in media with oleic acid, 1 

mL of culture of spinned down, supernatant was removed, and 1 mL of distilled water was added. 

This process was repeated two times, and OD was measured like explained above. 
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Fatty Acid Extraction and Quantification 

Fatty acid extraction procedures were modified from Bligh and Dyer (1959). Undecanoic and 

nonadecanoic acid were used as internal standards (Sigma-Aldrich, Saint Louis, MO). Total 

intracellular fatty acids (free and bound) were extracted as previously described (Leber and Da Silva, 

2013). Extracellular fatty acids (free fatty acids) were extracted from 5 mL culture broth by adding 

500 µL 1M HCL and 5 mL of a 1:1 methanol:chloroform mixture. The solution was vortexed for 5 

minutes then centrifuged for 4 minutes at 1000g. The lower chloroform layer was recovered and 

evaporated with nitrogen gas. Fatty acids were methylated and suspended in hexane for use in GC-

MS as previously described (Leber and Da Silva, 2013).  

Fatty acids were measured at the Mass Spectrometry Facility at the University of California 

Irvine. Fatty acids were quantified by gas-chromatography mass spectrometry (GC-MS). The oven was 

held at 50°C for 1 minute then heated at a rate of 10°C min-1 to 290°C and held for an additional 

minute. The mass spectrometry used electron ionization (70 eV) scanning (1/sec) from m/z 50-650. 

Absolute amounts and distribution of fatty acids were determined using a total ion chromatogram 

and were normalized to the internal standards. Before each run, a standard curve was performed 

using a saturated fatty acid methyl-ester mix purchased from Sigma Aldrich (Saint Louis, MO) (catalog 

#49453-U).  
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RESULTS AND DISCUSSION 

Targeting TEII into the peroxisome of faa2∆ and 3SKO strains 

 To avoid re-activation or degradation of MC-FFA after release from the -CoA moiety by a 

thioesterase, we tested the deletions of FAA2, ANT1, and PEX11. The medium-chain fatty acid 

activator encoded by FAA2 activates MC-FFA to acyl-CoA, which are then degraded to acetyl-CoA by 

the β-oxidation pathway (Knoll et al., 1994). The MC-FFA reaction uses ATP and produces 

pyrophosphate and AMP. The enzyme Ant1, which is a peroxisomal ATP carrier, provides the required 

ATP for medium-chain fatty acid activation (van Roermund et al., 2001), and PEX11 deletion strains 

have been associated with decreased medium-chain fatty acid oxidation (van Roermund et al., 2000). 

Our goal was to target the medium-chain thioesterase TEII, from rat mammary gland, to the 

peroxisome of strains with only FAA2 deleted or with FAA2, ANT1 and PEX1 deleted, and measure if 

there is an increase in the MC-FFA produced when cells are cultured in oleic acid medium. 

Multicopy plasmids carrying the thioesterase of TEII or TEII-SKL (TEII with peroxisomal 

targeting sequence) were created (Table 3.2) and transformed into three S. cerevisiae strains: 

BY4741, BY4741 with the peroxisomal medium-chain acyl-CoA synthase (activator) FAA2 knocked 

out, and BY4741 with the FAA2, ANT1 and PEX11 genes deleted (3SKO strain) (Table 4.1). The strains 

were tested in SD0.5O2C(A), which is a selective semi-defined medium with 0.5% glucose and 2% oleic 

acid. Oleic acid was added to the medium to provide cells with high amounts of β-oxidation substrate. 

Cells were grown for 90h and fatty acids from the supernatant were extracted and measured using 

GC-MS to determine the concentrations of C12 and C14 fatty acids secreted for each of the three 

strains. Large variations between colonies of the same strains were observed, which resulted in large 

error bars, particularly for FAA2+TSKL (Figure 4.7).  
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Figure 4.7. Extracelullar medium-chain free fatty acid levels of cells growing in SD0.5O2C(A) for 90h. BY4741 faa2Δ 
expressing thioesterase TEII (FAA2+TEII), BY4741 faa2Δ expressing thioesterase TEII with peroxisomal targeting 
signal 1 (FAA2+TSKL) and BY4741 faa2Δant1Δpex11Δ expressing thioesterase TEII with peroxisomal targeting signal 
1 (3SKO+TSKL) were compared to wild type BY4741 carrying an empty vector (BY+ev) and BY4741 faa2Δ strain 
carrying an empty vector (FAA2 + ev). C12 fatty acids (blue bars) and C14 fatty acids (orange bars) concentrations 
are shown in mg/L. Results are expressed as mean ± sd from duplicates. 

 

Deletion of the medium-chain fatty acid activator gene FAA2 led to a 3-fold increase in 

extracellular C14 but no statistically significant change in the C12 levels. When the medium-chain 

thioesterase TEII was expressed in the faa2∆ strain (FAA2 + TEII), the C12 levels increased 

approximately 50% compared to the strain harboring the empty plasmid, while C14 levels did not 

change. Adding the -SKL peroxisomal targeting signal to the TEII thioesterase (FAA2 +TSKL) did not 

have a significant change. Surprisingly, the strain 3SKO (faa2∆ ant1∆ pex11∆) expressing TEII-SKL had 

lower titers of C14 than the faa2∆ strain expressing TEII-SKL.  

To determine the distribution of intracellular MCFA versus extracellular MCFA, cells were 

grown in selective media with 0.5% oleic acid. Most of the C12 FFA was found in the supernatant with 

a ratio of approximately 3:1 (extracellular:intracellular) (Figure 4.8), while the C14 FFA was distributed 

evenly between the cellular mass and the supernatant. 
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Figure 4.8. Intracellular and extracellular MC-FFA levels of cells growing in SD0.5O0.5C(A) for 90h. BY4741 faa2Δ 
expressing thioesterase TEII (F+TEII), and BY4741 faa2Δ expressing thioesterase TEII with peroxisomal targeting 
signal 1 (F+TSKL). Intracellular levels are labeled as ‘Cells’ and extracellular levels are level as ‘Super’. C12 fatty acids 
(blue bars) and C14 fatty acids (orange bars) concentrations are shown in mg/L. Results are expressed as mean ± sd 
from duplicates. 

 

Disruption of monounsaturated fatty acids degradation and Acc1m overexpression 

 The peroxisomal ∆3-cis-∆2-trans-enyol-CoA isomerase Eci1 is an auxiliary enzyme in the yeast 

β-oxidation of unsaturated FA. Eci1 moves the double bond from the 3-cis position to the 2-trans 

position (Gurvitz et al., 1998). Deletion of this gene prevents yeast cells from utilizing unsaturated 

fatty acids as a carbon source. Our hypothesis is that by knocking-out the ECI1 gene we would be able 

to stop the β-oxidation at 3-cis-decenoyl-CoA (if the initial molecule is 9-hexadecenoyl-CoA) and 3-

cis-dodecenoyl-CoA (if the initial molecule is 9-octadecenoyl-CoA). In addition, in a strain with FAA2 

deleted and expressing an active thioesterase for medium-chain fatty acyl-CoA, we could produce 

higher levels of C10:1 and C12:1.  
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Overexpression of an acetyl-CoA carboxylase variant Acc1S1157A (Acc1m) that it is less sensitive 

to deactivation by Snf1 (activated when glucose is depleted) has been shown to increase C18:1 levels 

(Choi and Da Silva, 2014). Total FA produced by the strain overexpressing Acc1m (integrated at one 

copy under the strong constitutive PGK1 promoter) was 3-fold higher than the total cellular FA levels 

of the wild type strain, and C18:1 levels were 7.3-fold higher. Similar results were reported in a later 

study in our lab that demonstrated that an increased percentage of C18:1 in the total cellular FA 

profile leads to increased resistance to several MCFA and other stressors in S. cerevisiae (Appendix 

A; Besada-Lombana et al., 2017). For the current study, ACC1m was expressed under the strong 

constitutive TEF1 promoter instead of PGK1. While PGK1 and TEF1 promoters are generally 

considered strong “constitutive” promoters, expression from the PGK1 promoter strength decreases 

when glucose levels become low (Partow et al., 2010), while TEF1 promoter expression stays high. 

Three strains, BY4741, BY4741 trp1∆, and faa2∆eci∆ TEF1-ACC1m (FE T-ACC1), were 

cultivated in three different media, YPD0.5O2, ‘enriched’ SD0.5O2C(A), and SD0.5O2C(A). There were 

three goals. The first was to determine if BY and the constructed BY trp1Δ strain have any phenotypic 

differences, as BY trp1Δ will be used in future studies. The second was to determine if the engineered 

strain has higher extracellular production of medium-chain FA. The third was to determine if there 

are any differences in MC-FFA in different media (complex, enriched semi-synthetic and semi-

synthetic). As shown in Figure 4.9, that there is no major difference between BY4741 and BY4741 

trp1Δ in terms of extracellular MC FFA after 90h. Only the engineered strain produced detectable 

levels of C12 (Figure 4.9-B), likely due to the fact that FAA2 is deleted and there is higher MCFA 

accumulation. Interestingly, saturated C12 was not detected in the engineered strain growing in YPD; 

C10 and C10:1 were detected instead (Figure 4.9-A). Strain FE T-ACC1 in YPD0.5O2 produced 50 mg/L 

of C10:1 and 60 mg/L of C10, while BY and BY trp1Δ produced no detectable levels of these two 
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products. In addition, strain FE T-ACC1 produced 16-fold higher levels of C12:1 compared to the 

parent strain in YPD0.5O2. In semi-synthetic media, FE T-ACC1 produced 75% higher C12:1. 

These results showed that production of MC-FFA in oleic acid medium is higher in complex 

media compared to semi-synthetic media, even in the optimized formulation. Also, we saw that the 

engineered FE T-ACC1 (faa2∆eci∆ TEF1-ACC1m) produced higher levels of MC-FFA than the control 

strains in the three media tested, particularly in complex medium. Complex medium provides more 

nutrients; this may allow for higher flux through β-oxidation due to a faster replenishment of NAD+ 

which is essential for the degradation pathway. The fact that there is a substantial amount of oleic 

acid in the media after the 90 h suggests that cell growth and oleic consumption are limited by other 

components in the medium. 
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Figure 4.9. Extracellular medium-chain free fatty acid levels cells growing in (A) YPD0.5O2 (YP) and (B) SD0.5O2C(A) (SC) 
and enriched SD0.5O2C(A) (SCE) for 90h. Strains shown are BY4741 (BY), BY4741 trp1∆ (trp1∆), and BY4741 
faa2∆eci1∆ pTEF1-ACC1m (FE T-ACC1). Concentrations are shown in mg/L. Results are expressed as mean ± sd from 
duplicates. 
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Effect of deletion of the cytosolic medium-chain elongase ELO1 on MC-FFA production 

 S. cerevisiae has three cytosolic acyl-CoA elongases that are localized in the endoplamic 

reticulum (Tehlivets et al., 2007). Only one of them (Elo1) has substrate specificity for acyl-CoA 

shorter than 16 carbon chain length. The ELO1 gene product has been reported to elongate C12 up 

to C16-C18 acyl-CoA (Toke and Martin, 1996). We showed that a fas2Δ strain (lacking the normal de 

novo fatty acid synthesis machinery) was able to grow on C8 and C10 as a sole source for fatty acid 

production (Figure 4.10). Based on these results and the known FA metabolism in S. cerevisiae, we 

speculated that the medium-chain acyl-CoA elongase is the enzyme responsible for extending the 

carbon chain length (with the help of auxiliary enzymes) from 8-10 carbons to the preferred C16 and 

C18 acyl-CoA used by yeast cells to build their phospholipid bilayer. Results in Figure 4.10 and led to 

the hypothesis that Elo1 could be elongating the medium-chain fatty free fatty acids if they are 

activated after leaving the peroxisome. 

Therefore, ELO1 was deleted in strains BY4741 faa2Δ eci1Δ pTEF1-ACC1m (FE T-ACC1) and 

BY4741 faa2Δ eci1Δ trp1Δ pTEF1-ACC1m (FETA trp1Δ) (Table 4.1). As shown in Figure 4.11, YPD0.5O2 

was the best medium to determine the differences between strains. Therefore, this medium was 

used to compare FFA production in six different strains, BY4741 trp1Δ, BY4741 faa2Δ, faa2Δ TEF1-

ACC1m, faa2Δ eci1Δ TEF1-ACC1m (FE T-ACC1), faa2Δ eci1Δ elo1Δ TEF1-ACC1m (FETA elo1Δ), and 

faa2Δ eci1Δ elo1Δ trp1Δ TEF1-ACC1m (FETAELO trp1Δ). As shown in Figure 4.11, only the strains with 

faa2Δeci1Δ TEF1-ACC1m had detectable production of extracellular C10:1 FFA (~100 mg/L), and a ~9-

fold increase in C12:1 production compared to the control strains. This indicates that the combination 

of faa2Δ eci1Δ is essential to stop the degradation of long-chain monounsaturated fatty acids and 

avoid reactivation, thus increasing MC-FFA synthesis. 
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Figure 4.10. Growth measurements of fas2Δ S. cerevisiae strains in YPD with either octanoic or decanoic acid added 
to the media. Cells were inoculated at OD 0.1. (A) OD 600 nm measurement of cells grown for 70h in YPD and 0, 0.5, 
1 and 2 mM of octanoic or decanoic acid. (B) OD 600 nm measurement of cells grown for 120h in YPD and 0, 0.1, 1 
and 10 mM of octanoic or 0, 0.01, 0.1 and 1 mM of decanoic acid. 

 

The medium-chain FFA titers in the supernatant did not increase by deleting the ELO1 

elongase (Figure 4.11). This suggests that the elongation of the MC acyl-CoA elongases is not a process 

that affects the final levels of extracellular MC-FFA. In addition, the deletion of TRP1 didn’t have a 

phenotypic effect on the FETAELO strain, similarly to what we observed previously (Figure 4.9). 
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Figure 4.11. Extracellular medium-chain free fatty acid levels cells growing in YPD0.5O2 for 90h. Strains shown are 
BY4741 trp1∆ (trp1∆) in light blue, BY4741 faa2Δ (BY faa2Δ) in orange, BY4741 faa2Δ pTEF1-ACC1m (faa2Δ T-ACC1) 
in grey, BY4741 faa2∆eci1∆ pTEF1-ACC1m (FE T-ACC1) in yellow, BY4741 faa2∆eci1∆elo1Δ pTEF1-ACC1m (FETA 
elo1Δ) in dark blue, and BY4741 faa2∆eci1∆elo1Δtrp1Δ pTEF1-ACC1m (FETAELO trp1Δ) in green. Concentrations are 
shown in mg/L. Results are expressed as mean ± sd from duplicates. 

 

Manipulation of size and number of peroxisomes per cell and deletion of native TES1 thioesterase 

In yeast, β-oxidation only happens in the peroxisome (Hiltunen et al., 2003). For this reason, 

a clear strategy to increase the flux towards the degradation of fatty acids is to increase the number 

of peroxisomes per cell. Previous published work demonstrated that deletion of the peroxisomal 

biogenesis related gene PEX30, and the two peroxisomal integral membrane protein encoding genes 

PEX31 and PEX32, affects the size and number of peroxisomes per cell (Vizeacoumar et al., 2004). 

Deletion of these three genes increased the number of peroxisome per cell from an average of 1.32 

to 6.24. In addition, S. cerevisiae has a native peroxisomal acyl-CoA thioesterase with a broad 

substrate specificity, Tes1 (Jones et al., 1999; Maeda et al., 2006). It has preference for short- and 

medium-chain acyl-CoA, but it can cleave long-chain acyl-CoA also. For this reason, we hypothesized 
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that if C14 and C16 intermediates of the oleate β-oxidation accumulate in the peroxisome, Tes1 might 

be cleaving them and they could leave the peroxisome. Therefore, we deleted TES1, PEX30, PEX31, 

and PEX32. To delete the four genes at one time, a multiplexed CRISPR/Cas9 system was adapted for 

our lab from previously published work in yeast (DiCarlo et al., 2013), to create SUPER strain (BY4741 

faa2∆eci1∆elo1Δtrp1Δpex30Δpex31Δpex32Δtes1Δ) (Table 4.1). We also cloned the medium-chain 

thioesterase TEII (from the Rattus novergicus (TEII) mammary gland) with the C-terminal -SKL 

(Peroxisomal targeting signal 1) in pBT without POX1 (pBT-TEII-SKL) or with the overexpression of 

POX1 (pBT-TEII-SKL/POX1) to increase flux thourgh β-oxidation since it is known to be the limiting 

step. 

 

Figure 4.12. Extracellular medium-chain free fatty acid levels cells growing in YPD0.5O2 for 90h. Strains shown are 
BY4741 faa2∆eci1∆ with empty vector [(FE) Empty] in light blue, with TEII-SKL [(FE) TEII-SKL] in orange, or with TEII-
SKL and POX1 [(FE) TEII-SKL/POX1] in grey, and BY4741 faa2∆eci1∆elo1Δtrp1Δpex30Δpex31Δpex32Δtes1Δ with 
empty vector [(SUPER) Empty] in yellow, with TEII-SKL [(SUPER) TEII-SKL] in dark blue, and with TEII-SKL and POX1 
[(SUPER) TEII-SKL/POX1]. Concentrations are shown in mg/L. Results are expressed as mean ± sd from duplicates. 

 

 We first tested the MC-FFA productivity of the strains in non-selective medium to avoid 

having to use high amounts of antibiotics. There was no significant difference between the FE and 
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SUPER strains carrying the empty plasmid, indicating that the deletion of PEX30, PEX31, PEX32, and 

TES1 did not affect MC-FFA production (Figure 4.12). In addition, there was no significant difference 

in the C10:1 levels among the various strains and plasmids. However, there were differences in the 

C12:1 titers. For the FE strain carrying the different plasmids, there is no statistically significant 

difference in C12:1 titers. Among the SUPER strains, we can conclude that overexpressing TEII-SKL 

and POX1 in the same strain decreased the C12:1 FFA extracellular levels by approximately 2-fold. 

Interestingly, we didn’t see this same drop in C12:1 levels in the FE strain. The other significant change 

is between FE TEII-SKL and SUPER TEII-SKL where C12:1 levels increased from 600 mg/L to 700 mg/L. 

One explanation for the similar MC-FFA levels across all the strains is that the plasmids were lost and 

the cells without plasmids took over the culture, especially since the results were quite similar to the 

strains without plasmids (Figure 4.11). To summarize, in general the SUPER strain did not increase 

MC-FFA compared to the FE strain, except when both strains expressed TEII-SKL. In addition, 

overexpression of TEII-SKL plus POX1 decreased the levels of total MC-FFA in the SUPER strain. 

 

MC-FFA production with selection for the TEII-SKL and TEII-SKL/POX1 plasmids 

The next straight forward condition to test was to grow the engineered strains in selective 

complex media with oleic acid, YPD0.5O2 + G418, and measure growth and fatty acid titer (Figure 4.13). 

We observed significant differences between colonies, leading to large standard deviation of the 

results. Also, the addition of G418 to the media, or the sole expression of empty plasmids, reduced 

the C12:1 levels from more than 500 mg/L (Figure 4.9, 4.11, and 4.12) to less than 250 mg/L (Figure 

4.13-A). Comparing the FE strain with the SUPER strain, FE generally produced more MC-FFA than the 

SUPER strain. Among FE strains, the one carrying the control plasmid (and thus not expressing the 
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two genes) plasmid (control) produced more MC-FFA. Among SUPER strains, there was not any 

statistically significant difference. Final OD of the three SUPER strains was lower than for the FE 

strains, especially the one expressing TEII-SKL and POX1 genes (Figure 4.13-B); OD was only 2 while 

the FE strain expressing the same plasmid had a final OD of 24. The SUPER strain was thus very 

sensitive to plasmid expression, especially to the largest plasmid with two gene expression cassettes. 

Looking at the MC-FFA levels secreted per cell (specific concentration), we see that the strain that 

grew the least (SUPER+TEII-SKL/POX1) is the one that secreted more C12:1 FFA per unit cell (Figure 

4.13-C).  
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Figure 4.13. Extracellular medium-chain free fatty acid levels for cells growing in YPD0.5O2 + G418 for 90h. (A) Strains 
shown are BY4741 faa2∆eci1∆ with empty vector [(FE) Empty] in light blue, with TEII-SKL [(FE) TEII-SKL] in orange, or 
with TEII-SKL and POX1 [(FE) TEII-SKL/POX1] in grey, and BY4741 faa2∆eci1∆elo1Δtrp1Δpex30Δpex31Δpex32Δtes1Δ 
with empty vector [(SUPER) Empty] in yellow, with TEII-SKL [(SUPER) TEII-SKL] in dark blue, and with TEII-SKL and 
POX1 [(SUPER) TEII-SKL/POX1] in green. Concentrations are shown in mg/L. (B) OD 600nm at harvesting time, 90h 
(C) Specific concentration of the different strains, expressed in mg/(L.OD). Results are expressed as mean ± sd from 
duplicates. 

 

 

0

5

10

15

20

25

30

(FE) Empty (FE) TEII-SKL (FE) TEII-
SKL/POX1

(SUPER) Empty (SUPER) TEII-SKL (SUPER) TEII-
SKL/POX1

O
D

 6
0

0
n

m
FINAL OD

B)

0

5

10

15

20

25

30

35

C10:1 C10 C12:1 C12

Sp
ec

. C
o

n
c 

(m
g/

L.
O

D
)

(FE) Empty (FE) TEII-SKL (FE) TEII-SKL/POX1 (SUPER) Empty (SUPER) TEII-SKL (SUPER) TEII-SKL/POX1

C)



 

128 
 

Characterization of MC-FFA production in medium with glucose as sole carbon source 

For all experiments above, oleic acid feeding was used to increase carbon flux towards β-

oxidation; however, oleic acid was not totally consumed after 90h which makes the remaining oleic 

acid in the media another variable to consider. In addition, the use of oleic acid makes the fatty acid 

extraction and detection more problematic. Earlier attempts to detect levels of medium chain free 

fatty acids in the supernatant of yeast cells grown in YPD lacking oleic acid were unsuccessful, 

primarily because of the low sensitivity and noisy results from the GC-MS at the UC Irvine Mass 

Spectrometry Facility. A newer GC-MS was repaired and provided much better sensitivity and less 

noise when measuring fatty acid methyl esters. We therefore switched to medium lacking oleic acid. 

 Recent papers on the production of LC-FFA and fatty acid-derivatives have used 3% glucose 

(Zhou et al., 2016a, 2016b; Zhu et al., 2017). We tested the previously built strains on YPD 3% and 

measured the MC-FFA levels in the supernatant after 48h (Figure 4.14-A). All engineered strains 

produced similar amounts of hexanoic acid and more C8 than BY4741. The eci1Δ strain produced 

nearly all C8 (~18 mg/L), with barely detectable levels of other MC-FFA. A possible explanation is that 

it is a BY4741 strain but from the Yeast Knockout Collection, not created directly from our lab BY4741 

stock. Only strains with FAA2 deleted produced C10 species. There were no significant differences 

between faa2Δ, faa2Δeci1Δ, and faa2Δelo1Δ strains in term of MC-FFA levels. There were not 

cumulative increases when eci1Δ was deleted in the faa2Δ strain, and the elo1Δ deletion did not 

increase MC-FFA. However, overexpression of the Acc1m enzyme in the faa2Δeci1Δ strain, increased 

the production of C10:1, C10 and C12 2.2-fold. The large standard deviation of the MCFA 

measurement for the SUPER strain makes it difficult to draw any conclusions. In Figure 4.14-B, we 

can observe that all engineered strains had a total MC-FFA (C6-C12) higher than the control, BY4741. 
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Among the engineered strains, eci1∆ and FE-ACC1 were the ones that produced the most 

extracellular MC-FFA (~ 20 mg/L).  

 

 

Figure 4.14. Extracellular medium-chain free fatty acid levels cells growing in YPD 3% for 48h. (A) Profile of MC-FFA. 
(B) Total MC-FFA produced by each of the strains. Strains shown are BY4741 (BY) in grey, BY4741 eci1∆ (eci1∆) in 
green, BY4741 faa2∆ (faa2Δ) in blue, BY4741 faa2∆eci1∆ (FE) in orange, BY4741 faa2∆eci1∆ pTEF1-ACC1m (FE T-
ACC1) in yellow, BY4741 faa2∆eci1∆elo1Δ (FE elo1Δ) in light blue, and BY4741 
faa2∆eci1∆elo1Δtrp1Δpex30Δpex31Δpex32Δtes1Δ (SUPER) in dark blue. Concentrations are shown in mg/L. Results 
are expressed as mean ± sd from duplicates. 
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Overexpression of FAS1 and FAS2 genes in the FE (faa2∆ eci1∆) strain 

One of the limitations to increasing flux through β-oxidation in S. cerevisiae is the limited 

native production of high-levels of acyl-CoA. Overexpression of the native FAS increased the 

production of free fatty acids (Runguphan and Keasling, 2014). By using CRISPR/Cas9, we swapped 

the native FAS1 and FAS2 promoters in the genome for the strong constitutive TEF1 promoter. The 

FE strain overexpressing the native FAS resulted in increased titers of all MC-FFA species (except 

C12:1) relative to BY4741 and FE (Figure 4.15-A). Interestingly, it also increased the C6 levels ~5-fold; 

C6 was increased only slightly in FE without FAS overexpression. The most abundant MC-FFA in the 

supernatant produced by FE-FAS12 was octanoic acid (28 mg/L), 3-fold higher relative to the FE strain. 

The second most abundant was decanoic acid (13 mg/L), which increased 8-fold compared to FE. 

Total MC-FFA in the supernatant increased 14-fold and 3.8-fold, with respect to BY4741 and FE, 

respectively (Figure 4.15-B). A control experiment with BY, BY-FAS12 (overexpression of FAS1 and 

FAS2) and FE-FAS12 showed that BY and BY-FAS12 did not have significantly different MC-FFA profiles 

(data not shown). Thus, FAS overexpression only increased MC-FAA in the engineered strain. 
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Figure 4.15. Extracellular medium-chain free fatty acid levels for cells growing in YPD 3% for 48h. (A) Profile of MC-
FFA. (B) Total MC-FFA produced by each of the strains. Strains shown are BY4741 (BY) in grey, BY4741 faa2∆eci1∆ 
(FE) in orange, BY4741 faa2∆eci1∆ TEF1-FAS1 TEF1-FAS2 (FE-FAS12) in dark red. Concentrations are shown in mg/L. 
Results are expressed as mean ± sd from duplicates. 
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Evaluation of the Acc1m overexpression effect on MC-FFA production 

We integrated Acc1m to determine if the overexpression of the Acc1 variant that is less prone 

to deactivation (Choi and Da Silva, 2014) has the same effect on our engineered strains. We found 

that FE-ACC1 produced more C8, C10:1 and C10 than FE (Figure 4.16). Surprisingly, overexpression of 

Acc1m in the FE elo1Δ and SUPER strains had the opposite effect, decreasing MC-FFA production 

relative to the parent strains (Figure 4.16-B). In this experiment, the deletion of the medium-chain 

elongase ELO1 increased the levels of total MC-FFA 2-fold compared to the parent strain FE. The 

increase was significant for C10:1, C10, C12:1 and C12. In addition, the SUPER strain produced 1.63-

fold more MC-FFA than the parent strain FE elo1Δ, with C10:1 the most abundant FA species. As seen 

in Figure 4.15, FAS1 and FAS2 overexpression produced the highest MC-FFA levels, especially for C8 

and C10. 

Acc1m was integrated in the highest producing strain, FE-FAS12 (Table 4.1). Only two colonies 

appeared on the transformation plate, and they both were tested (duplicates of each). FE-FAS12 

produced ~25% more MC-FFA than the FE-FAS12 T-ACC1 strain (Figure 4-17). This result is similar to 

the effect of the ACC1m integration observed for the FE elo1Δ and the SUPER strains. FE-FAS12 

produced more of every MC-FFA species except for C10:1. Thus, the overexpression of the Acc1m 

enzyme increased MC-FFA only in the FE strain (Figure 4.16), and decreased MC-FFA in all other tested 

strains.  
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Figure 4.16. Extracellular medium-chain free fatty acid levels for cells growing in YPD 3% for 48h. (A) Profile of MC-
FFA. (B) Total MC-FFA produced by each of the strains. Strains shown are BY4741 (BY) in grey, BY4741 faa2∆eci1∆ 
(FE) in blue, BY4741 faa2∆eci1∆ pTEF1-ACC1m (FE T-ACC1) in green, BY4741 faa2∆eci1∆elo1Δ (FE elo1Δ) in orange, 
BY4741 faa2∆eci1∆elo1Δ pTEF1-ACC1m (FETA elo1Δ) in yellow, BY4741 
faa2∆eci1∆elo1Δtrp1Δpex30Δpex31Δpex32Δtes1Δ (SUPER) in light blue, BY4741 
faa2∆eci1∆elo1Δtrp1Δpex30Δpex31Δpex32Δtes1Δ pTEF1-ACC1m (SUPER T-ACC1) in dark blue, and BY4741 
faa2∆eci1∆ pTEF1-FAS1 pTEF1-FAS2 (FE-FAS12) in dark red. Concentrations are shown in mg/L. Results are expressed 
as mean ± sd from duplicates. 
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Figure 4.17. Extracellular medium-chain free fatty acid levels for cells growing in YPD 3% for 48h. (A) Profile of MC-
FFA. (B) Total MC-FFA produced by each of the strains. Strains shown are BY4741 faa2∆eci1∆ pTEF1-FAS1 pTEF1-
FAS2 (FE-FAS12) in blue, and BY4741 faa2∆eci1∆ pTEF1-FAS1 pTEF1-FAS2 pTEF1-ACC1m (FE-FAS12 T-ACC1), colony 
1 in orange and colony 2 in grey. Concentrations are shown as relative to total MC-FFA by FE-FAS12. Results are 
expressed as mean ± sd from duplicates. 
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Targeting MCFA thioesterase into the peroxisomes of strain FE-FAS12 

 We have shown that FE-FAS12 is the strain that produces the most extracellular MC-FFA 

among all the strains created, and octanoic acid accounts for approximately 50% of the total MC-FFA. 

We then tested if the expression of a medium-chain acyl-CoA thioesterase, targeted or not targeted 

to the peroxisome, can increase the extracellular levels further. Our previous attempts at this strategy 

in other strains during oleic acid feeding showed mixed results. For the faa2Δ strain, expression of 

the TEII thioesterase increased the extracellular levels of lauric acid by 50%; however, introduction 

of the peroxisomal targeting signal to the enzyme did not further increase  the C12 levels (Figure 4.7). 

Expression of the TEII-SKL and the native TES1 thioesterases in the SUPER strain had no effect on MC-

FFA production relative to SUPER expressing an empty plasmid (data not shown). The most important 

characteristic to look for in a medium-chain thioesterase to make this strategy work is a strong 

preference for acyl-CoA/-ACP molecules with 12 carbons or less (i.e., very low substrate specificity 

for long chain fatty acyl-CoA). The enzyme must be active on acyl-CoA intermediates, not only on 

acyl-ACP. This last requirement is important since most thioesterases from plants are only active on 

ACP-bound fatty acid intermediates (Jing et al., 2011). 

A good candidate is the BTE medium-chain thioesterase from California bay (Umbellularia 

californica), which produces oilseeds with high C12:0 content (Davies et al., 1991). This enzyme has 

been shown to increase lauric acid levels when expressed in E. coli (Lennen et al., 2010; Sherkhanov 

et al., 2014; Voelker and Davies, 1994). It is highly specific for C12:0, which is very important for our 

application; however, the main question is whether it will be active on acyl-CoA substrates, instead 

of only acyl-ACP. No previous work has determined its activity on acyl-CoA molecules.  
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Another good candidate is a new mutant of the tesA thioesterase from E. coli. tesA is found 

in the periplasm of E. coli, but removal of the leader sequence (‘tesA) localizes the enzyme to the 

cytoplasm, and it significantly increases the total FFA production (Cho and Cronan, 1995). ‘tesA has 

been used as the preferred thioesterase in many studies focused on the overproduction of free fatty 

studies due to its high activity (Davis et al., 2000; Liu et al., 2010; Steen et al., 2010). In addition, it 

has been shown to increase FFA production when expressed in S. cerevisiae (Li et al., 2014; 

Runguphan and Keasling, 2014; Zhou et al., 2016b). Increased interest in production of medium-chain 

fatty acids in recent years has resulted in the engineering of ‘tesA to change its substrate specificity 

(Grisewood et al., 2017). Through several cycles of in silico modeling refining and library construction 

and testing the authors were able to find a ‘tesA mutant with higher substrate specificity for medium-

chain acyl-CoA than long-chain acyl-CoA. The mutant had three point mutations (M141L, Y145K, 

L146K) and 50% of the total FFA secreted to the media by the E. coli was C8, compared to 6% by the 

strain overexpressing the wild type variant. Although there are other published thioesterases with 

better substrate specificity, tesA’ has been shown to be active on acyl-CoA, while most of the other 

specific thioesterases come from plants and don’t show activity towards acyl-ACP (Jing et al., 2011). 

 In our previous experiments, a peroxisomal targeting signal 1 (PTS1) was added at the C-

terminal of TEII. The C-terminus tag -SKL has been shown to be conserved in many peroxisomal yeast 

proteins (Gould et al., 1989). However, the addition of -SKL (canonical PTS1) to a heterologous protein 

does not ensure assure efficient targeting in all cases, and it was founed that upstream amino acids 

may have an important role (Distel et al., 1992). Recent work has determined a more efficient PTS1 

by using random library construction and high-throughput screening (DeLoache et al., 2016). The C-

terminal (LGRGRRSKL) increased the rate at which proteins were targeted to the yeast peroxisomes 

and the efficiency (% of total protein) of targeting. This new PTS1 (ePTS1) was added to the BTE and 
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the mutant TesA genes (mTesA) (Table 4.2), and their expression was tested for extracellular MC-FFA 

production in FE-FAS12, the highest producing strain. No significant change was found between the 

strains producing the tagged genes (BTEePTS1 and mTesAePTS1) and the non-tagged variants (BTE 

and mTesA) (Figure 4.18). More importantly, no difference in MC-FFA production was observed 

between the FE-FAS12 control expressing an empty plasmid and the rest of the plasmids tested. This 

could indicate two things; the first is that the production of MC-FFA in FE-FAS12 is limited by acyl-

CoA availability, and it is not affected by the overexpression of medium-chain acyl-ACP/-CoA 

thioesterases. The second is that BTE and mTesA are not efficient enough to overcome the activity of 

the native peroxisomal thioesterase, Tes1. 
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Figure 4.18. Extracellular medium-chain free fatty acid levels for cells growing in YPD+G418 3% for 48h. (A) Profile 
of MC-FFA. (B) Total MC-FFA produced by each of the strains. Strains shown are BY4741 faa2∆eci1∆ pTEF1-FAS1 
pTEF1-FAS2 (FE-FAS12) with pBT-KanMX-empty in green, with pBT-KanMX-BTE in dark blue, with pBT-KanMX-
BTEePTS1 in orange, with pBT-KanMX-mTesA in yellow, and with pBT-KanMX-mTesAePTS1 in light blue. 
Concentrations are shown as relative to total MC-FFA by FEFAS12-empty. Results are expressed as mean ± sd from 
duplicates. 
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Targeting MCFA thioesterase into the peroxisomes of strain SUPER 

 To test the second hypothesis, BTE and mTesA, tagged and untagged, were overexpressed in 

a strain with the native peroxisomal thioesterase gene TES1 deleted: SUPER (Table 4.1), and the fatty 

acid profile and total MC-FFA in the medium were determined (Figure 4.19). The cells expressing BTE 

without the ePTS1 produced 9% more MC-FFA than the cells expressing BTE with the ePTS1 (Figure 

4.19-B). In addition, all of the strains expressing either BTE or mTesA, regardless of which variant, 

increased the MC-FFA levels compared to the cells harboring the empty plasmid. Most of the MC-FFA 

was C8 (56-69%), and the second most abundant FFA species was C10 (22-33%) (Figure 4.19-A). C8, 

C10:1, C10 and C12 were increased for the strains expressing both variants of BTE or mTesA, and C6 

was reduced.  
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Figure 4.19. Extracellular medium-chain free fatty acid levels for cells growing in YPD+G418 3% for 48h. (A) Profile 
of MC-FFA. (B) Total MC-FFA produced by each of the strains. Strains shown are BY4741 
faa2∆eci1∆elo1Δtrp1Δpex30Δpex31Δpex32Δtes1Δ (SUPER) with pBT-KanMX-empty in dark blue, with pBT-KanMX-
BTE in orange, with pBT-KanMX-BTEePTS1 in yellow, with pBT-KanMX-mTesA in gray, and with pBT-KanMX-
mTesAePTS1 in light blue. Concentrations are shown as relative to total MC-FFA by S+empty. Results are expressed 
as mean ± sd from duplicates. 
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CONCLUSIONS 

S. cerevisiae is a model yeast species and metabolic engineering strategies that worked to 

improve fatty acids and fatty acid-derived products have translated successfully to the promising 

oleaginous yeast. In this study, we showed a novel approach to produce medium-chain free fatty 

acids in S. cerevisiae. Yeast produce primarily long chain fatty acids for several cellular processes, and 

can degrade them when needed for carbon and energy. We engineered the FA degradation pathway 

(β-oxidation) to shorten LCFA to C10 and C12 species. We found that the expression of the MCFA 

specific TEII from rat mammary gland in a FAA2 strain increased the production of C12 species by 50% 

compared to a strain not expressing any thioesterase. Combination of the FAA2 and ECI1 deletions 

was sufficient to increase the production of C12:1 14-fold in cells grown in complex medium, and to 

increase C12 species (C12:0+C12:1) 1.83-fold in synthetic medium, both supplemented with oleic 

acid. In medium with glucose as the only carbon source, a faa2ΔeciΔ strain with FAS1 and FAS2 

overexpressed produced 14-fold and 3.8-fold more MC-FFA relative to the original parent and 

faa2ΔeciΔ strains, respectively. This strain secreted 60 mg/L of total MC-FFA. Further interventions 

including overexrpression of an Acc1 variant or several heterologous medium-chain specific 

thioesterases did not further increase the productivity of the strain.  
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ABSTRACT 

 

The production of fuels and chemicals from biorenewable resources is important to alleviate 

the environmental concerns, costs, and foreign dependency associated with the use of petroleum 

feedstock. Fatty acids are attractive biomolecules due to the flexibility of their iterative biosynthetic 

pathway, high energy content, and suitability for conversion into other secondary chemicals. Free 

fatty acids (FFAs) that can be secreted from the cell are particularly appealing due to their lower 

harvest costs and straightforward conversion into a broad range of biofuel and biochemical products. 

Saccharomyces cerevisiae was engineered to overproduce extracellular FFAs by targeting three native 

intracellular processes. β-oxidation was disrupted by gene knockouts in FAA2, PXA1 and POX1, 

increasing intracellular fatty acids levels up to 55%. Disruptions in the acyl-CoA synthetase genes 

FAA1, FAA4 and FAT1 allowed the extracellular detection of free fatty acids up to 490 mg/L. 

Combining these two disrupted pathways, a sextuple mutant (Δfaa1 Δfaa4 Δfat1 Δfaa2 Δpxa1 Δpox1) 

was able to produce 1.3 g/L extracellular free fatty acids. Further diversion of carbon flux into neutral 

lipid droplet formation was investigated by the overexpression of DGA1 or ARE1 and by the co-

overexpression of a compatible lipase, TGL1, TGL3 or TGL5. The sextuple mutant overexpressing the 

diacylglycerol acyltransferase, DGA1, and the triacylglycerol lipase, TGL3, yielded 2.2 g/L extracellular 

free fatty acids. This novel combination of pathway interventions led to 4.2-fold higher extracellular 

free fatty acid levels than previously reported for S. cerevisiae. Preliminary work showed promising 

results in upstream pathway optimization to further increase LCFA by overexpressing an Acc1 mutant 

and overexpressing the native fatty acid synthase. 
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INTRODUCTION 

 

The escalation and instability in crude oil costs, growing environmental concerns, competing 

policy agendas, and foreign dependency, have all contributed to an increased interest in using 

microorganisms for the production of biofuels and biochemicals. The production of fatty acids has 

gained significant interest due in part to their well-studied biosynthetic pathway and their suitability 

for conversion into other secondary chemicals (Peralta-Yahya et al., 2012). Numerous hosts have 

been engineered to overproduce fatty acids and lipid moieties, but fewer studies have investigated 

the specific production and secretion of free fatty acids (FFAs). FFAs, fatty acids that are not bound 

to another molecule, are desired due to their lower production and harvest costs and straightforward 

chemical conversion into a broad range of biofuel and biochemical products, including alkanes, 

alkenes, fatty acid methyl-esters, fatty acid ethyl-esters and fatty alcohols (Lennen et al., 2010; Lian 

and Zhao, 2014; Runguphan and Keasling, 2014; Schirmer et al., 2010; Steen et al., 2010). In S. 

cerevisiae, FFAs are not directly utilized, but are converted and ‘activated’ to an acyl-CoA ester by 

acyl-CoA synthetases. Fatty acids that are acquired from the growth medium or other exogenous 

sources first undergo an energy-dependent process requiring ATP and CoA forming Acyl-CoA and 

AMP products (Black and DiRusso, 2007). Fatty acids produced in S. cerevisiae are primarily C16 and 

C18 in length and are produced as acyl-CoA esters by the cytosolic fatty acid synthase (FAS), encoded 

by FAS1 and FAS2 (Tehlivets et al., 2007). While this cytosolic FAS is very efficient in the production 

of fatty acids, down-stream modifications are needed for the production and secretion of FFAs. In 

this study, we performed a systematic investigation on the overproduction and secretion of FFAs by 

removing long- and medium-chain acyl-CoA synthetases, disrupting β-oxidation processes, and 
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increasing neutral lipid recycle through the co-overexpression of lipid forming acyltransferases and 

native cellular lipases (Figure 5.1).  

 

Figure 5.1. Engineered pathways for the overproduction of free fatty acids. Overexpressed genes are highlighted in 
blue; knocked out genes are highlighted in red. Acyl-CoA flux was increased toward lipid droplet formation by the 
overexpression of acyltransferases, DGA1, and sterol acyltransferases, ARE1. Lipid droplet recycle was improved by 
overexpression of triacylglycerol lipases TGL3 and TGL5 and sterol ester hydrolase TGL1. Free fatty acid activation 
and recycle was reduced by removal of acyl-CoA synthetases FAA1, FAA3, FAA4 and FAT1. β-oxidation activity was 
disrupted by removal of FAA2, PXA1 and POX1.  

 

S. cerevisiae has six known acyl-CoA synthetases encoded by FAA1, FAA2, FAA3, FAA4, FAT1 

and FAT2 (Black and DiRusso, 2007). The exact function of the peroxisomal Fat2 is still unclear, but 

has been shown to be non-essential for growth on oleic acid (Kohlwein et al., 2013). The majority of 

synthetase activity has been attributed to the long-chain acyl-CoA synthetase FAA1 (Black and 

DiRusso, 2007). Previously, it was shown that by removing acyl-CoA synthetases, FAA1 and FAA4, 
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yeast begin to secrete free fatty acids into the growth medium (Schwarnewski et al., 2008). A 

Δfaa1Δfaa2Δfaa3Δfaa4 knockout strain did not improve fatty acid secretion levels over the double 

knockout Δfaa1Δfaa4 strain (Schwarnewski et al., 2008). Recent studies, specifically focusing on the 

overproduction of FFAs in S. cerevisiae, have only focused on acyl-CoA synthetases FAA1 and FAA4. 

Li et al. (2014) were able to produce approximately 80 mg/L fatty acids by disrupting FAA1 and FAA4. 

Runguphan and Keasling (2014) produced 207 mg/L free fatty acids by deleting FAA1 and FAA4 and 

by overexpressing TesA, a native Escherichia coli thioesterase, and Chen et al. (2014) produced 

roughly 520 mg/L free fatty acids by removing FAA1 and FAA4 and by overexpression of ACOT5, a 

truncated S. cerevisiae peroxisomal acyl-CoA thioesterase 5.  

β-oxidation is the process by which fatty acid molecules are broken down in the peroxisome 

to generate acetyl-CoA, which is then used as a building block in various metabolic functions or by 

the TCA cycle (Tehlivets et al., 2007). Throughout exponential and stationary growth phases, β-

oxidation is a major contributor to the loss of fatty acids. Valle-Rodriguez et al. (2014) removed POX1, 

the enzyme responsible for the initial step of fatty acid degradation (oxidation of acyl-CoA to trans-

2-enoyl-CoA), and observed a 4-fold increase in free fatty acid content when compared to wild-type. 

Li et al. (2014) removed POX1 in their Δfaa1Δfaa4 strain and increased fatty acid levels to roughly 

110 mg/L. Surprisingly, Runguphan and Keasling (2014) found that removing either POX1 or PXA2 

(coding for a subunit of the ABC transporter complex Pxa1-Pxa2 that is responsible for importing long 

chain fatty acids into the peroxisome) reduced fatty acid titers and biomass. While prior studies have 

focused on removing Pox1 for eliminating β-oxidation, this may be insufficient due to a unique set of 

auxiliary enzymes. In S. cerevisiae, unsaturated fatty acids, such as oleic acid, with the double bond 

between C9 and C10, can be fully oxidized only in the presence of these auxiliary enzymes (Kohlwein 

et al., 2013). Typically, 80% of yeast fatty acids are monounsaturated with oleic acid being a major 
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fatty acid product (Klug and Daum, 2014; Tehlivets et al., 2007). Additionally, to degrade cis or trans 

double bonds at odd-numbered positions, or cis double bonds at even-numbered positions, auxiliary 

enzymes are mandatory and some fatty acids, such as petroselinic acid, bypass Pox1 completely and 

instead get shuttled directly to Fox2, the second-step enzyme involved in FA degradation (Hiltunen 

et al., 2003). 

Lipid droplet (LD) formation and utilization is a non-essential process in S. cerevisiae 

(Sandager et al., 2002). LDs serve as a storage compartment for nonpolar lipids and are primarily 

composed of triacylglycerols (TAG) and steryl esters (SE). These LDs are formed in the endoplasmic 

reticulum and are surrounded by a phospholipid monolayer with a highly hydrophobic core 

composed of roughly 50% TAG and 50% SE (Koch et al., 2014; Schmidt et al., 2013).  Dga1 has been 

identified as the primary protein involved in TAG formation and has been overexpressed in yeast 

hosts contributing to an increase in intracellular and extracellular fatty acid levels (Blazeck et al., 

2014; Kamisaka et al, 2013; Runguphan and Keasling, 2014). Kamisaka et al. (2013) found that lipid 

content increased by about 45% when overexpressing Dga1ΔN (a mutant lacking 29 amino acids on 

the N-terminus) in a Δsnf2 host (lacking the transcriptional regulator Snf2). Runguphan and Keasling 

(2014) found DGA1 overexpression led to a 150% increase in lipid content when compared to wild-

type. LRO1 has been recognized as a lesser contributor to TAG formation than DGA1 (Sandager et al., 

2002). Similarly, Are1 and Are2 have been identified as the primary proteins involved in sterol ester 

formation (Sandager et al., 2002; Zweytick et al., 2000). In a Δare1Δare2 double mutant, SE synthesis 

was completely inhibited and in a quadruple mutant, Δare1Δare2Δdga1Δlro1, LD formation was 

removed (Sandager et al., 2002; Zweytick et al., 2000). Lipases, which are required for TAG and SE 

conversion to FFAs, are abundant in yeast, with over fourteen enzymes currently identified 

(Athenstaedt and Daum, 2003; Athenstaedt and Daum, 2005; Henry et al., 2012; Jandrositz et al., 
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2005; Koffel et al., 2005; Ploier et al., 2013). Among these, Tgl1, Yeh1, and Yeh2 have been identified 

as the only SE hydrolases, and Tgl3 as the primary TAG lipase.  

In the study, we engineered S. cerevisiae, a robust industrial organism with well-characterized 

metabolic pathways, to overproduce free fatty acids by increasing carbon flux from glucose into the 

fatty acid and neutral lipid forming pathways and by preventing the degradation and re-activation of 

these fatty acids. We considered the three pathways independently and in combination to increase 

titers and yields of extracellular free fatty acids (Figure 5.1).  FFA accumulation and intracellular fatty 

acid levels were measured at different points during batch culture. A systematic study considered all 

six acyl-CoA synthetases and evaluated their removal on extracellular and intracellular fatty acid 

levels. Recent studies have only focused on Δfaa1Δfaa4 mutants. In addition, β-oxidation was 

disrupted by deleting a combination of three genes coding for critical enzymes (Faa2, Pxa1, Pox1) 

involved in the activation, transport and degradation of fatty acids and their impact on intracellular 

fatty acid levels was determined. Carbon flux was then redirected into LD formation by 

overexpressing combinations of LD forming enzymes with the co-expression of degrading lipases to 

produce FFAs. To our knowledge, this is the first report to utilize native LD forming enzymes with 

native lipases to overproduce FFAs in yeast. A unique combination of these pathway interventions 

led to substantially higher FFA titers (4.2-fold increase) and yields than previously reported for S. 

cerevisiae, demonstrating the advantages of this multiple gene/pathway approach. We also 

performed upstream pathway engineering to increase the malonyl-CoA pool/flux by introducing an 

acetyl-CoA carboxylase variant that is less prone to deactivation when glucose runs out, and we 

overexpressed the native yeast fatty acid synthase by swapping the native promoter to a stronger 

promoter. Such strains can be used to generate high titers and yields of free fatty acids for bio-

chemical and bio-fuel production.  
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MATERIALS AND METHODS 

 

Vector and strain construction 

Standard molecular biology procedures were carried out as described in Sambrook et al. 

(2001). Restriction enzymes, T5 exonuclease, Phusion polymerase, Taq ligase, T4 DNA ligase, Taq DNA 

polymerase and deoxynucleotides were purchased from New England Biolabs (Ipswich, MA). KOD 

Hot-start DNA polymerase was obtained from Novagen (San Diego, CA). Oligonucleotide primers 

were purchased from Integrated DNA technologies (IDT) (San Diego, CA). All sequences of gene 

fragments amplified by PCR were verified by DNA sequence analysis (Eton Bioscience, San Diego, CA). 

E. coli mini-prep DNA was prepared using a Spin Miniprep Kit (Qiagen, Germantown, MD), and 

plasmid transformation in E. coli competent cells was done using a standard heat shock method 

(Sambrook et al., 2001). Plasmid and integrative transformations in S. cerevisiae were performed 

using a high efficiency LiAc method using DMSO (Hoskins, 2000). Isolation of total genomic yeast DNA 

for integration checking was performed as described by Sambrook et al. (2001).  

Vector pBTEF1 pBTEF1 was assembled from three gBlocks (IDT, San Diego, CA) and cloned 

into backbone pXP842 (Shen et al., 2012) using the Gibson Method (Gibson et al., 2009). pXP842 was 

linearized with restriction enzymes SmaI and ZraI. gBlock #1 was amplified with primers gBlock1-F 

and gBlock1-R (Table 5.4). The KanMX region was further amplified to insert unique restriction sites, 

BamHI and HpaI, with primers KanMX-F and KanMX-R. pBTEF1 utilizes two pTEF1 – CYC1t cassettes, 

set in opposite directions (Figure 5.2). pBTEF1 uses a KanMX marker for G418 selection. Genes DGA1 

or ARE1 were inserted into the SpeI/XhoI multiple cloning site and genes TGL1, TGL3 or TGL5 were 

inserted into the PmlI/SacII multiple cloning site. DGA1, ARE1, TGL1, TGL3, and TGL5 were amplified 

from BY4741 genomic DNA using primers ARE1-F/R, DGA1-F/R, TGL1-F/R, TGL3-F/R and TGL5-F/R and 
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inserted into pBTEF1 using the Gibson Method to give pBTEF1-ARE1, pBTEF1-DGA1, pBTEF1-TGL1, 

pBTEF1-TGL3, and pBTEF1-TGL5, respectively. Primer sequences are given in Table 5.3. Dual gene 

plasmids were created by digesting pBTEF1-ARE1 or pBTEF1-DGA1 with BglII and NotI to linearize the 

backbone followed by the Gibson Method to insert TGL1, TGL3 or TGL5 PCR fragments to give pBTEF1-

ARE1-TGL1, pBTEF1-DGA1-TGL3 and pBTEF1-DGA1-TGL5, respectively. A total of nine expression 

vectors were assembled (Table 5.2). PCR fragments were digested with restriction enzyme DpnI and 

isolated on a 0.6% agar gel. DNA was extracted using a Zymoclean Gel DNA Recovery Kit (Zymo 

Research, Irvine, CA). Backbone DNA and genes were ligated at a 1:3 molar ratio for 60 minutes at 50 

C as previously described (Gibson et al., 2009).  

E. coli strain XL1-Blue (Stratagene, Santa Clara, CA) was used for plasmid preparation and 

storage. S. cerevisiae host strain BY4741 (Open Biosystems, Huntsville, AL) was used as the base yeast 

strain (Table 5.1). Knockout strains were created using double crossover recombination as previously 

described (Fang et al., 2011). PCR was used to assemble the deletion cassettes (reusable selection 

marker flanked by the up-stream and down-stream sequences) and knockouts covered the full open 

reading frame of the gene. The deletions were confirmed by PCR analysis using primers that annealed 

up- and down-stream of the chromosomal site. PCR was used to generate fragments loxP-URA3-loxP, 

loxP-HIS3-loxP and loxP-LEU2-loxP from vectors pXP218, pXP220 and pXP222 (Fang et al., 2011). FAA1 

knockout PCR used backbone pXP218 and primer sets KO-FAA1-F/R and nested primer set KO-FAA1-

FN/RN to create strain BY4741MΔFAA1. FAA4 knockout PCR used backbone pXP222 and primer sets 

KO-FAA4-F/R and nested primer set KO-FAA4-FN/RN to create strain BY4741MΔFAA1ΔFAA4. FAT1 

knockout PCR used backbone pXP220 and primer sets KO-FAT1-F/R and nested primer set KO-FAT1-

FN/RN to create strain BY4741MΔFAA1ΔFAA4ΔFAT1. FAA2 knockout PCR used backbone pXP220 and 

primer sets KO-FAA2-F/R and nested primer set KO-FAA2-FN/RN to create strain BY4741MΔFAA2. 
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PXA1 knockout PCR used backbone pXP218 and primer sets KO-PXA1-F/R and nested primer set KO-

PXA1-FN/RN to create strain BY4741MΔFAA2ΔPXA1. POX1 knockout PCR used backbone pXP222 and 

primer sets KO-POX1-F/R and nested primer set KO-POX1-FN/RN to create strain 

BY4741MΔFAA2ΔPXA1ΔPOX1. The reusable selection markers were removed from strains as 

previously described (Fang et al., 2011). The sextuple knockout strain 

(BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1) was constructed using strain 

BY4741ΔFAA1ΔFAA4ΔFAT1 and PCR knockout fragments as described above. 

 

Figure 5.2. Schematic representation of vector pBTEF1. pBTEF1 includes two pTEF1 promoters (green) and two CYC1 
terminators (red), each set in opposite directions. pBTEF1 uses a KanMX marker (orange) and a 2µ origin for yeast 
replication (grey). DGA1 or ARE1 were inserted into one multiple cloning site (blue) and TGL1, TGL3 or TGL5 were 
inserted into the other multiple cloning site. 
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In order to integrate the expression cassette pPGK1-ACC1m, we used the integration plasmid 

pIM11-ACC1m (Choi and Da Silva, 2014). The plasmid was digested with NroI and NruI to create an 

integration linear DNA with the LEU2 marker and 81 and 94 bp upstream and downstream, 

respectively, with homology to the MET17 empty locus. 

To swap the native FAS1 and FAS2 promoters for the TEF1 promoter in 6KO tef1 FAS1, 6KO 

tef1 FAS2, and 6KO tef1 FAS1/2, the CRISPR/Cas9 system (DiCarlo et al., 2013) was adapted to create 

a multiplexing approach. Briefly, p426-SNR52p-gRNA.CAN1.Y-SUP4t, p415-GalL-Cas9-CYC1t and 

p414-TEF1p-Cas9-CYC1t (Figure 4.4) were acquired from Addgene. pTEF1-MCS-CYC1t expression 

cassettes from pBTEF1 were swapped by pSNR52-target sequence(ts)-gRNA-tSUP4 by amplifying it 

from p426-SNR52p-gRNA.CAN1.Y-SUP4t, resulting in plasmid pdgRNA (KanMX). A library of double 

gRNA plasmids was created with KanMX, URA3, MET17, LEU2, and HIS3 markers. To change the target 

sequences to the desired ones, primers FAS1targetfor and FAS2targetfor were used with 

pdgRNA(URA3) (Figure 4.5) as template to generate the insert DNA. Primer AmpRev was used with 

pdgRNA(URA3) as template to generate the backbone DNA. Gibson was used to ligate both pieces 

and construct pdgRNA(URA3)-Fas1(ts)/Fas2(ts). Target sequences were found using the webtool 

Atum gRNA designer (https://www.atum.bio). Donor DNAs were created with TEF1_FAS1for/rev and 

TEF1_FAS2for/rev. p414-TEF1-Cas9 was transformed to 6KO trp1Δ (see Chapter 4 for protocol for 

trp1Δ) and selected on SDC(A,U) plates for the TRP1 marker. Subsequently, cells harboring p414-

TEF1-Cas9 were transformed with pdgRNA(URA3)-Fas1(ts)/Fas2(ts), and donor DNA for pTEF1 

insertion. Cells were plated on SDC(A) and grown for 3-4 days.  

 

 

 

https://www.atum.bio/
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Media and cultivation 

Luria-Bertani (LB) medium containing 0.1 mg/mL ampicillin for selection (Sambrook et al., 

2001) was used for E. coli cultivation. S. cerevisiae strains were cultivated in complex YPD media (20 

g/L dextrose, 20 g/L peptone, 10 g/L yeast extract (BD Biosciences, Sparks, MD)), semi-defined SDC-

A media (20 g/L dextrose, 5 g/L casamino acids, 5 g/L ammonium sulfate, 1.7 g/L yeast nitrogen base 

without amino acids, 100 mg/L adenine sulfate), or synthetic SD minimal medium (20 g/L dextrose, 5 

g/L ammonium sulfate, 1.7 g/L yeast nitrogen base without amino acids, and supplementary 

constituents as needed: 100 mg/L adenine sulfate, 100 mg/L uracil, 100 mg/L L-histidine-HCL, 100 

mg/L L-methionine, 150 mg/L L-leucine, 150 mg/L L-lysine-HCL) (Amberg et al., 2005). All plates 

contained 20 g/L Bacto-agar. 

All expression studies were conducted using YPD medium, with 200 mg/L G418 (Sigma-

Aldrich, Saint Louis, MO) added for plasmid selection. Yeast strains were grown at 30°C in an air 

shaker (New Brunswick Scientific) at 250 rpm. Cells were inoculated from -80°C stock and grown 

overnight in 5 mL medium in 16 X 125 mm2 culture tubes. Yeast expression studies were performed 

in shake flasks with 20 mL or 60 mL medium. Cell growth was initiated at an optical density (600 nm) 

of 0.2 (Shimadzu UV-2450 spectrophotometer; Columbia, MD) and grown for 24 h, 36 h, 48 h, or 72 

h. A correlation factor was used to convert OD to dry cell weight per liter (1 OD = 0.43 g DCW/L).  
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Fatty acid extraction and quantification 

Fatty acid extraction procedures were modified from Bligh and Dyer (1959). Undecanoic and 

nonadecanoic acid were used as internal standards (Sigma-Aldrich, Saint Louis, MO). Total 

intracellular fatty acids (free and bound) were extracted as previously described (Leber and Da Silva, 

2013). Extracellular fatty acids (free fatty acids) were extracted from 5 mL culture broth by adding 

500 uL 1M HCL and 5 mL of a 1:1 methanol:chloroform mixture. The solution was vortexed for 5 

minutes then centrifuged for 4 minutes at 1000g. The lower chloroform layer was recovered and 

evaporated with nitrogen gas. Fatty acids were methylated and suspended in hexane for use in GC-

MS as previously described (Leber and Da Silva, 2013). 

Fatty acids were measured at the Mass Spectrometry Facility at the University of California 

Irvine. Fatty acids were detected by gas-chromatography mass spectrometry (GC-MS) and liquid-

chromatography mass spectrometry (LC-MS). GC-MS was used for all fatty acid quantification. Unlike 

GC-MS measurements, fatty acid detection on the LC-MS does not require derivitization; however, 

overall resolution is diminished. LC-MS was used only to confirm the presence of free fatty acids in 

the growth medium; any TAGs or SEs would be detected. The GC-MS was a Trace MS+ from Thermo 

Fisher (San Jose, CA) using a 30m long x 0.25 mm i.d. DB-5 column from Agilent JW Scientific (Santa 

Clara, CA). The oven was held at 50°C for 1 minute then heated at a rate of 10°C min-1 to 290°C and 

held for an additional minute. The mass spectrometry used electron ionization (70 eV) scanning 

(1/sec) from m/z 50-650. Absolute amounts and distribution of fatty acids were determined using a 

total ion chromatogram and were normalized to the internal standards. Before each run, a standard 

curve was performed using a saturated fatty acid methyl-ester mix purchased from Sigma Aldrich 

(Saint Louis, MO) (catalog #49453-U). A standard curve using a mixture of saturated and unsaturated 
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fatty acids from Sigma Aldrich (catalog #CRM18918) demonstrated less than 13% area difference 

between saturated and monounsaturated fatty acids for C16, C18 and C22 length fatty acids over a wide 

range of concentrations.  LC-MS was performed using an LCT Classic (Waters, Manchester, UK) with 

Kinetex core shell 2.6 um C18 resin with 100 A pore size and 100 x 2.1 mm column (Phenomenex, 

Torrance, CA).  Two mobile phases were used, mobile phase A consisting of 2% acetonitrile and 0.2% 

acetic acid in water and mobile phase B consisting of 0.2% acetic acid in acetonitrile.  The LC gradient 

was started at 2% mobile phase B and held for one minute, then ramped up to 95% in 19 minutes 

and held for an additional 7 minutes. Mobile phase B was then ramped down to 2% in 3 minutes and 

held for an additional 5 minutes.  The ion source uses an electrospray ionization method that was set 

to generate negative ions from fatty acids.  A time of flight mass analyzer was used that was set to 

measure masses from 100-300 m/z or 200-1000 m/z. 

 

Statistical significance and yield calculations 

 Statistical significance was determined by calculating the two-tailed probability value (p-

value) using an unpaired t-test. A p-value of less than 0.05 was considered significant. 

The yield of extracellular fatty acids was calculated by dividing the mass of the product formed by the 

total mass of carbon (glucose) supplied at inoculation. Maximum theoretical yield values assumed 

simplified biochemical reactions as outlined in Varman et al. (2014). The maximum theoretical yield 

was determined to be 0.356, 0.353, 0.351 and 0.348 g (FA)/g (glucose) for C16:0, C16:1, C18:0 and 

C18:1 length fatty acids, respectively. The theoretical yield assumes no glucose goes to intracellular 

fatty acids or to cellular growth requirements. 
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Table 5.1. List of strains 

Strains  Description  Source 

BY4741 (S. cerevisiae) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
Open 

Biosystems 

BY4741MΔFAA1 BY4741 faa1::loxP-URA3-loxP This Study 

BY4741MΔFAA2   BY4741 faa2::loxP-HIS3-loxP This Study 

BY4741ΔFAA2   BY4741 faa2Δ This Study 

BY4741MΔFAA3 BY4741 faa3::loxP-MET17-loxP This Study 

BY4741MΔFAA4 BY4741 faa4::loxP-LEU2-loxP This Study 

BY4741MΔFAT1 BY4741 fat1::loxP-HIS3-loxP This Study 

BY4741MΔPOX1 BY4741 pox1::loxP-LEU2-loxP This Study 

BY4741MΔPXA1 BY4741 pxa1::loxP-URA3-loxP This Study 

BY4741MΔFAA1ΔFAA3 BY4741 faa1::loxP-URA3-loxP; faa3::loxP-MET17-loxP This Study 

BY4741MΔFAA1ΔFAA4  BY4741 faa1::loxP-URA3-loxP; faa4::loxP-LEU2-loxP This Study 

BY4741MΔFAA1ΔFAT1 BY4741 faa1::loxP-URA3-loxP; fat1::loxP-HIS3-loxP This Study 

BY4741MΔFAA2ΔPXA1   BY4741 faa2Δ; pxa1::loxP-URA3-loxP This Study 

BY4741MΔFAA3ΔFAA4 BY4741 faa3::loxP-MET17-loxP; faa4::loxP-LEU2-loxP This Study 

BY4741MΔFAA4ΔFAT1 BY4741 faa4::loxP-LEU2-loxP; fat1::loxP-HIS3-loxP This Study 

BY4741MΔFAA1ΔFAA4ΔFAT1 (3KO) 
BY4741 faa1::loxP-URA3-loxP; faa4::loxP-LEU2-loxP; 
fat1::loxP-HIS3-loxP 

This Study 

BY4741ΔFAA1ΔFAA4ΔFAT1   BY4741 faa1Δ; faa4Δ; fat1Δ This Study 

BY4741MΔFAA2ΔPXA1ΔPOX1   
BY4741 faa2Δ; pxa1::loxP-URA3-loxP; pox1::loxP-LEU2-
loxP 

This Study 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2Δ
PXA1ΔPOX1 (6KO) 

BY4741 faa1Δ; faa4Δ; fat1Δ; faa2Δ; pxa1Δ; pox1Δ This Study 

6KO pgk1 ACC1 6KO met17::pPGK1-ACC1-CYCt This Study 

6KO pgk1 ACC1M 6KO met17::pPGK1-ACC1m-CYCt This Study 

6KO tef1 FAS1 6KO trp1::loxP pFAS1::pTEF1 This Study 

6KO tef1 FAS2 6KO trp1::loxP pFAS2::pTEF1 This Study 

6KO tef1 FAS1/2 6KO trp1::loxP pFAS1::pTEF1 pFAS2::pTEF1 This Study 

* The inclusion of an M in the strain name indicates that selection markers have not yet been excised. 
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Table 5.2. List of plasmids 

Plasmids  Description  Source 

pBTEF1 
2µ vector, two TEF1 promoters, two CYC1 terminators, KanMX 
selectable marker 

This Study 

pBTEF1-ARE1 pBTEF1 harboring gene ARE1 This Study 

pBTEF1-DGA1 pBTEF1 harboring gene DGA1 This Study 

pBTEF1-TGL1 pBTEF1 harboring gene TGL1 This Study 

pBTEF1-TGL3 pBTEF1 harboring gene TGL3 This Study 

pBTEF1-TGL5 pBTEF1 harboring gene TGL5 This Study 

pBTEF1-ARE1-TGL1 pBTEF1 harboring genes ARE1 and TGL1 This Study 

pBTEF1-DGA1-TGL3 pBTEF1 harboring genes DGA1 and TGL3 This Study 

pBTEF1-DGA1-TGL5 pBTEF1 harboring genes DGA1 and TGL5 This Study 
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Table 5.3. List of primers 

 

Name  Sequence (5' -> 3') 

FAS1targetFor gcagtgaaagataaatgatcGCTCTATTATTCGCTCATTAGTTTTAGAGCTAGAAATAGC 

FAS2targetFor gcagtgaaagataaatgatcAACTTCCGGCTTCATAATGAGTTTTAGAGCTAGAAATAGC 

AmpRev GCTATTTCTAGCTCTAAAAC 

TEF1_FAS1for TGTTGAACGATTCACTGCGACAATAATCAGAGATTACAGTACCGCGAATCCTTACATCAC 

TEF1_FAS1rev CGTGAGATAGGGTTAATGGTCTTGTGGAGTAAGCGTCCATCATTTTTTTACTAGTTTTGT 

TEF1_FAS2for TCCTAAATTTTCTCTGGTCTGCAGGCCAAAAACAACAACTACCGCGAATCCTTACATCAC 

TEF1_FAS2rev GCAAAATATGAGCTAATTCTTGCTCAACTTCCGGCTTCATCATTTTTTTACTAGTTTTGT 

IntFAS2GoodRev GCAGCTGGAGTTGGAGCAGG  

FAS1IntRev GCCGACGGCCCTAAAAAGAGC  

TEF1pseqFor GGGTGTCGTTAATTACCCGT  

FAS2promGoodFor TGTCGTTGTTGTCCCAGCCG  

FAS1promForCheck GTGTGCCTTTCCCAATCACCG  
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Table 5.4. List of gBlocks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table	S-2.	List	of	gBlock	Sequences

gBLOCK	#1	(TEF1-CYC1)

CATATGACCGCGAATCCTTACATCACACCCAATCCCCCACAAGTGATCCCCCACACACCATA

GCTTCAAAATGTTTCTACTCCTTTTTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGT

ACCACTTCAAAACACCCAAGCACAGCATACTAAATTTCCCCTCTTTCTTCCTCTAGGGTGTCG

TTAATTACCCGTACTAAAGGTTTGGAAAAGAAAAAAGAGACCGCCTCGTTTCTTTTTCTTCG

TCGAAAAAGGCAATAAAAATTTTTATCACGTTTCTTTTTCTTGAAAATTTTTTTTTTTGATTTT

TTTCTCTTTCGATGACCTCCCATTGATATTTAAGTTAATAAACGGTCTTCAATTTCTCAAGTTT

CAGTTTCATTTTTCTTGTTCTATTACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATA

GCAATCTAATCTAAGTTTTAATTACAAAACTAGTGTTTAAACCGGACCGCTCGAGATTAGTT

ATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAG

ACAACCTGAAGTCTAGGTCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTT

ATATTTCAAATTTTTCTTTTTTTTCTGTACAGACGCGTGTACGCATGTAACATTATACTGAAA

ACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGGCTAGCCCCGGGataactt

cgtataGCATACATtatacgaagttatGACATGGAGGCCCAGAATACCCTCCTTGACAGTCTTGAC

GTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCATGT

ATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCT

CGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGT

gBLOCK	#2	(KanMX)

TCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTT

AGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATACAGTT

CTCACATCACATCCGAACATAAACAACCATGGGTAAGGAAAAGACTCACGTTTCGAGGCCG

CGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCG

GGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCT

GAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTG

GCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATG

GTTACTCACCACTGCGATCCCCGGCAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATT

CAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTT

TGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAA

TAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAA

GTCTGGAAAGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGA

TTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGAC

GAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTT

TTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAA

ATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATCAGTACTGACAATAAAAAGATTCTT

GTTTTCAAGAA

gBLOCK	#3	(CYC1-TEF1)

ATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCT

ATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGC

GAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATA

CTGataacttcgtataGCATACATtatacgaagttatCCCGGGTTAATTAACAAATTAAAGCCTTCGA

GCGTCCCAAAACCTTCTCAAGCAAGGTTTTCAGTATAATGTTACATGCGTACACGCGTCTGT

ACAGAAAAAAAAGAAAAATTTGAAATATAAATAACGTTCTTAATACTAACATAACTATAAAA

AAATAAATAGGGACCTAGACTTCAGGTTGTCTAACTCCTTCCTTTTCGGTTAGAGCGGATGT

GGGGGGAGGGCGTGAATGTAAGCGTGACATAACTAATccgcggagatctgcggccgccacgtgTTT

GTAATTAAAACTTAGATTAGATTGCTATGCTTTCTTTCTAATGAGCAAGAAGTAAAAAAAGT

TGTAATAGAACAAGAAAAATGAAACTGAAACTTGAGAAATTGAAGACCGTTTATTAACTTA

AATATCAATGGGAGGTCATCGAAAGAGAAAAAAATCAAAAAAAAAAATTTTCAAGAAAAA

GAAACGTGATAAAAATTTTTATTGCCTTTTTCGACGAAGAAAAAGAAACGAGGCGGTCTCTT

TTTTCTTTTCCAAACCTTTAGTACGGGTAATTAACGACACCCTAGAGGAAGAAAGAGGGGA

AATTTAGTATGCTGTGCTTGGGTGTTTTGAAGTGGTACGGCGATGCGCGGAGTCCGAGAAA

ATCTGGAAGAGTAAAAAAGGAGTAGAAACATTTTGAAGCTATGGTGTGTGGGGGATCACT

TGTGGGGGATTGGGTGTGATGTAAGGATTCGCGGTCCTAGGGGGtaccgagctcGAATTCaac

ga

Table	S-2.	List	of	gBlock	Sequences

gBLOCK	#1	(TEF1-CYC1)

CATATGACCGCGAATCCTTACATCACACCCAATCCCCCACAAGTGATCCCCCACACACCATA

GCTTCAAAATGTTTCTACTCCTTTTTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGT

ACCACTTCAAAACACCCAAGCACAGCATACTAAATTTCCCCTCTTTCTTCCTCTAGGGTGTCG

TTAATTACCCGTACTAAAGGTTTGGAAAAGAAAAAAGAGACCGCCTCGTTTCTTTTTCTTCG

TCGAAAAAGGCAATAAAAATTTTTATCACGTTTCTTTTTCTTGAAAATTTTTTTTTTTGATTTT

TTTCTCTTTCGATGACCTCCCATTGATATTTAAGTTAATAAACGGTCTTCAATTTCTCAAGTTT

CAGTTTCATTTTTCTTGTTCTATTACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATA

GCAATCTAATCTAAGTTTTAATTACAAAACTAGTGTTTAAACCGGACCGCTCGAGATTAGTT

ATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAG

ACAACCTGAAGTCTAGGTCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTT

ATATTTCAAATTTTTCTTTTTTTTCTGTACAGACGCGTGTACGCATGTAACATTATACTGAAA

ACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGGCTAGCCCCGGGataactt

cgtataGCATACATtatacgaagttatGACATGGAGGCCCAGAATACCCTCCTTGACAGTCTTGAC

GTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCATGT

ATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCT

CGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGT

gBLOCK	#2	(KanMX)

TCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTT

AGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATACAGTT

CTCACATCACATCCGAACATAAACAACCATGGGTAAGGAAAAGACTCACGTTTCGAGGCCG

CGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCG

GGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCT

GAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTG

GCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATG

GTTACTCACCACTGCGATCCCCGGCAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATT

CAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTT

TGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAA

TAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAA

GTCTGGAAAGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGA

TTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGAC

GAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTT

TTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAA

ATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATCAGTACTGACAATAAAAAGATTCTT

GTTTTCAAGAA

gBLOCK	#3	(CYC1-TEF1)

ATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCT

ATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGC

GAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATA

CTGataacttcgtataGCATACATtatacgaagttatCCCGGGTTAATTAACAAATTAAAGCCTTCGA

GCGTCCCAAAACCTTCTCAAGCAAGGTTTTCAGTATAATGTTACATGCGTACACGCGTCTGT

ACAGAAAAAAAAGAAAAATTTGAAATATAAATAACGTTCTTAATACTAACATAACTATAAAA

AAATAAATAGGGACCTAGACTTCAGGTTGTCTAACTCCTTCCTTTTCGGTTAGAGCGGATGT

GGGGGGAGGGCGTGAATGTAAGCGTGACATAACTAATccgcggagatctgcggccgccacgtgTTT

GTAATTAAAACTTAGATTAGATTGCTATGCTTTCTTTCTAATGAGCAAGAAGTAAAAAAAGT

TGTAATAGAACAAGAAAAATGAAACTGAAACTTGAGAAATTGAAGACCGTTTATTAACTTA

AATATCAATGGGAGGTCATCGAAAGAGAAAAAAATCAAAAAAAAAAATTTTCAAGAAAAA

GAAACGTGATAAAAATTTTTATTGCCTTTTTCGACGAAGAAAAAGAAACGAGGCGGTCTCTT

TTTTCTTTTCCAAACCTTTAGTACGGGTAATTAACGACACCCTAGAGGAAGAAAGAGGGGA

AATTTAGTATGCTGTGCTTGGGTGTTTTGAAGTGGTACGGCGATGCGCGGAGTCCGAGAAA

ATCTGGAAGAGTAAAAAAGGAGTAGAAACATTTTGAAGCTATGGTGTGTGGGGGATCACT

TGTGGGGGATTGGGTGTGATGTAAGGATTCGCGGTCCTAGGGGGtaccgagctcGAATTCaac

ga
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RESULTS AND DISCUSSION 

Characterization of acyl-CoA synthetase knockouts 

All metabolic processes in S. cerevisiae involving fatty acids require the activated form bound 

to coenzyme-A as an acyl-CoA ester (Schweizer and Hofmann, 2004). Removal of acyl-CoA synthetase 

activity prevents free fatty acid activation, and with deletion of FAA1 and FAA4, the yeast began to 

secrete free fatty acids into the growth medium (Schwarnewski et al., 2008). Our goal was to 

maximize extracellular free fatty acid levels by considering all known acyl-CoA synthetase genes. 

Synthetases were first deleted individually and then in combination. The knockout strains were 

created using double crossover recombination in parent strain BY4741. Initially, we screened five 

independent knockouts (faa1Δ, faa2Δ, faa3Δ, faa4Δ, fat1Δ) and found minimal fatty acid secretion 

(data not shown). The sixth acyl-CoA synthetase (Fat2) was not included as it has been shown to be 

a minor contributor to total intracellular acyl-CoA synthetase activity (Black and DiRusso 2007; 

Kohlwein et al., 2013). Double knockout combinations of three acyl-CoA synthetases (FAA1, FAA3 and 

FAA4) were then constructed and screened. We identified Δfaa1Δfaa4 as the only double knockout 

to increase extracellular fatty acid levels, confirming previous reports. Since FAA2 and FAA3 

knockouts do not further increase fatty acid secretion (Schwarnewski et al., 2008), we then focused 

on the fatty acid transporter Fat1. Fat1 is a multi-functional enzyme that is responsible for long chain 

fatty acyl-CoA synthetase activity and fatty acid transport, and is found in the endoplasmic reticulum 

and lipid droplets (Black and DiRusso, 2007; Kohlwein et al., 2013). We constructed a triple knockout 

strain, BY4741MΔFAA1ΔFAA4ΔFAT1. 
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The parent (BY4741), double knockout (faa1Δfaa4Δ), and triple knockout (faa1Δfaa4Δfat1Δ) 

strains were cultivated in complex medium and the intracellular, extracellular and total fatty acid 

levels were compared at 24, 48, and 72 h (Figure 5.3).  

 

Figure 5.3. Effect of acyl-CoA synthetase disruption on fatty acid titers. Intracellular fatty acid, extracellular free fatty 
acid, and total fatty acid (intracellular plus extracellular) titers produced using wild type BY4741 (white bars), 
BY4741MΔFAA1ΔFAA4 (gray slashed bars), and BY4741MΔFAA1ΔFAA4ΔFAT1 (dark gray bars) at 24 h, 48 h, and 72 
h harvest points. Error bars represent ± standard deviation between three independent experiments.  

 

All three strains had similar growth rates and final cell densities, and similar intracellular levels 

of fatty acids. However, the double knockout strain (BY4741MΔFAA1ΔFAA4) produced 200 mg/L 

extracellular free fatty acids (FFAs) after 72 h of growth. In contrast, the parent strain had nearly 

undetectable levels of extracellular FFAs at 72 h. This increased total fatty acids (intracellular plus 

extracellular) by 60% in the faa1Δfaa4Δ strain relative to the parent. The additional knockout of FAT1 

resulted in a significant further increase in extracellular FFAs levels. Strain 

BY4741MΔFAA1ΔFAA4ΔFAT1 produced 320 mg/L extracellular FFAs at 72 h, with total fatty acids 

110% higher than the parent strain. The triple knockout mutant (faa1Δfaa4Δfat1Δ) increased 
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extracellular FFA levels 60% over the double knockout (faa1Δfaa4Δ) after 72 h, with an average 

increase of 50% for all time points. The triple knockout strain also increased total fatty acids 30% over 

the double knockout strain at 72 h. Markedly, strain BY4741MΔFAA1ΔFAA4ΔFAT1 secreted roughly 

50% of all detected fatty acids (310 mg/L intracellular FAs vs 320 mg/L extracellular FAs). No 

noticeable re-importation of fatty acids was observed in either knockout strain. Recent studies have 

only focused on acyl-CoA synthetase genes FAA1 and FAA4 to overproduce FFAs in S. cerevisiae. 

However, the additional removal of FAT1 led to substantially higher extracellular FFAs and total fatty 

acid levels. Consequently, our further studies utilized the triple knockout (faa1Δfaa4Δfat1Δ) strain. 

 

Disruption of β-oxidation activity  

β-oxidation is the process by which fatty acid molecules are broken down in the peroxisome 

to generate acetyl-CoA. In yeast, full β-oxidation activity is not necessary to maintain cell viability 

when fatty acids are not used as the carbon source. While prior studies have disrupted β-oxidation in 

S. cerevisiae by deleting the gene for Pox1, the initial enzyme involved in the degradation of fatty 

acids, this may be insufficient for the complete removal of β-oxidation activity due to other auxiliary 

enzymes (Hiltunen et al., 2003; Kohlwein et al., 2013). Therefore, to further disrupt β-oxidation 

processes, we focused on three key independent enzymes of the β-oxidation pathway: Faa2, Pxa1 

and Pox1. This disrupts fatty acid activation in the peroxisome (Faa2), fatty acid transport into the 

peroxisome (Pxa1), and fatty acid degradation inside the peroxisome (Pox1).  

Initially, independent single knockouts in FAA2, PXA1 and POX1 were created and screened 

for intracellular fatty acid levels. After 36 h, no significant differences in intracellular fatty acid levels 

were observed among the three independent mutant strains (Figure 5.4). Consequently, two 
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additional combinatorial mutant strains were created. The double knockout (faa2Δpxa1Δ) disrupts 

import and activation of fatty acids; this combination was chosen as Faa2 and Pxa1 act prior to Pox1 

(Figure 5.1). 

 

Figure 5.4. Effect of β-oxidation single knockout disruptions on intracellular fatty acid levels. Relative amounts of 
fatty acids are normalized to the highest fatty acid producer for each data set. Intracellular fatty acid levels produced 
using parent strain BY4741, BY4741MΔPOX1, BY4741MΔPXA1 and BY4741ΔFAA2 were measured after 36 h of 
growth. Error bars represent ± standard deviation between two independent experiments.  

 

The triple knockout (faa2Δpxa1Δpox1Δ) was then created to disrupt the initial degradation 

step as well. The strains were screened for intracellular fatty acid levels at 10, 24 and 48 h of growth 

(Figure 5.5). At the 10 and 24 h time points, no significant differences in intracellular fatty acid levels 

were observed among all tested strains. This was likely due to the reduced activity of β-oxidation 

processes in earlier stages of cell growth. However, after 48 h, the double knockout (strain 

BY4741MΔFAA2ΔPXA1) and triple knockout (strain BY4741MΔFAA2ΔPXA1ΔPOX1) increased 

intracellular fatty acid levels by 40 and 50% over the BY4741 control, respectively (Figure 5.5). These 

same trends were observed when normalized to cell density. Strain BY4741MΔFAA2ΔPXA1 and strain 
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BY4741MΔFAA2ΔPXA1ΔPOX1 produced 410 and 470 mg/L intracellular fatty acids at 48 h, compared 

to 300 mg/L from parent strain BY4741. Furthermore, although the error bars are large, the general 

trend of increasing fatty acid concentration with sequential gene knockouts (faa2Δ to faa2Δpxa1Δ to 

Δfaa2Δpxa1Δpox1) was observed in each of the independent experiments. The cumulative fatty acid 

increase may be due to the sequential removal of various degradation pathways available to yeast 

for both saturated and unsaturated fatty acids.  

 

Figure 5.5. Effect of β-oxidation disruption on intracellular fatty acid titers. Intracellular fatty acid levels produced 
using parent strain BY4741 (White bars), BY4741ΔFAA2 (grey slashed bars), BY4741MΔFAA2ΔPXA1 (light grey bars), 
and BY4741MΔFAA2ΔPXA1ΔPOX1 (dark grey bars) at 10 h, 24 h, and 48 h harvest points. ** p < 0.05 compared to 
control (BY4741). *** p < 0.01 compared to control (BY4741). Error bars represent ± standard deviation between 
three independent experiments.  

 

 Independent disruption of acyl-CoA synthetase and β-oxidation activity both led to an 

increase in fatty acid production. Therefore, a strain disrupted in both processes was constructed. A 

sextuple knockout strain, BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 (denoted 6KO), was 

cultured for 48 h and extracellular free fatty acid levels and growth were compared to the acyl-CoA 

synthetase triple knockout strain BY4741ΔFAA1ΔFAA4ΔFAT1 (denoted 3KO) (Figure 5.6). Both strains 
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had all markers excised. The addition of the β-oxidation knockouts resulted in 2.7-fold higher levels 

of extracellular free fatty acids: 1300 mg/L for the 6KO strain relative to 490 mg/L for the 3KO strain. 

Yield also increased from 7% to 18% of the maximum theoretical value (that assumes no glucose is 

used for growth or intracellular fatty acids), and productivities of FFAs increased from 10 to 27 

mg/L·h. Parent strain, BY4741, was unable to produce any detectable levels of extracellular FFAs.   

 

Figure 5.6. Effect of interrupting acyl-CoA synthetase and β-oxidation activities. Extracellular free fatty acid titer 
(mg/L), productivity (mg/L·h) and theoretical yield (%) on glucose for parent strain (BY4741), 3KO strain 
(BY4741ΔFAA1ΔFAA4ΔFAT1) and 6KO strain (BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1) at 48 h. N.D. is not 
detected. Values are reported as average ± standard deviation from at least three independent experiments. 
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By combining unique gene disruptions in acyl-CoA synthetase and β-oxidation activity in our 

sextuple knockout strain, we were able to produce 1300 mg/L extracellular FFAs, nearly 2.5-fold 

higher than what has previously been reported for S. cerevisiae. These results demonstrate the 

benefit of combining disrupted acyl-CoA synthetase activity with an inefficient β-oxidation pathway 

for maximizing free fatty acid pools.  

 

Overexpression of the native neutral lipid pathway in a disrupted fatty acid recycle host 

Lipid droplets (LD) serve as a storage compartment for nonpolar lipids and are primarily 

composed of triacylglycerols (TAG) and steryl esters (SE) (Sandager et al., 2002). LDs utilize lipases to 

break down TAGs and SEs into free fatty acids. In this study, we overexpressed native lipid forming 

enzymes to increase carbon flux into the neutral lipid pathway, and overexpressed native lipases to 

increase the formation of FFAs. The triple knockout strain (BY4741ΔFAA1ΔFAA4ΔFAT1) and sextuple 

knockout strain (BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1) were used as hosts to prevent the 

reactivation and the reuse of free fatty acids.  

For expression, we utilized the pBTEF1 vector that is capable of expressing two genes 

simultaneously, each under the strong constitutive pTEF1 promoter (in opposite orientations) (Figure 

5.2). pBTEF1 has a 2µ origin and contains the KanMX selection cassette. The empty pBTEF1 vector 

was transformed into the 3KO strain (BY4741ΔFAA1ΔFAA4ΔFAT1) and the 6KO strain 

(BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1), and extracellular free fatty acid titer and cell 

density decreased in both strains (Figure 5.7). The reduction in FFA titer may be due in part to the 

decreased final cell density and higher metabolic burden. To determine if there was a deleterious 

effect from G418 (200 mg/L), we grew the plasmid-containing strain in medium lacking G418. G418 
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was determined to have a negligible effect on the extracellular fatty acid levels (data not shown). 

Therefore, the 6KO strain carrying pBTEF1 will be considered the control strain, and the 6KO strain 

will be designated the parent strain. 

 

Figure 5.7. Extracellular free fatty acid levels (mg/L) (blue bars) and final cell densities (gDCW/L) (orange line) of 
parent strain (BY4741), 3KO (BY4741ΔFAA1ΔFAA4ΔFAT1) and 6KO (BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1) 
with and without the expression of empty vector pBTEF1. Optical densities were taken on a Shimadzu UV-2450 
spectrophotometer (Columbia, MD) and free fatty acids were harvested after 48 h. A correlation factor was used to 
convert OD to dry cell weight per liter (1 OD = 0.43 gDCW/L). Extracellular free fatty acid error bars represent ± 
standard deviation between three independent experiments.  

 

To improve free fatty acid production, we redirected carbon flux into LD formation and 

degradation. Acyl-transferases DGA1 and ARE1 were utilized for TAG and SE formation, respectively. 

Among the numerous lipases available we chose to focus on TGL1, TGL3 and TGL5. TGL1 is a steryl 

ester hydrolase, converting SEs to FFAs and sterols. TGL3 has been identified as a major TAG lipase 

and TGL4 and TGL5 are paralogs (Athenstaedt and Daum, 2005). All enzymes except AreI are found 

in the lipid droplets, allowing compartmentalization of enzyme activity. Genes DGA1, ARE1, TGL1, 
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TGL3, and TGL5 were cloned into the expression vector pBTEF1. A total of nine expression vectors 

(carrying single genes or a combination of two genes) were assembled (Table 5.2). The highest 

extracellular FFA producer (strain BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1), with disruptions 

in acyl-CoA synthetase and β-oxidation activity, was used in the expression studies. When 

overexpressing just a lipase gene (TGL1, TGL3 or TGL5), extracellular FFAs fell after 48 h when 

compared to the control strain (6KO carrying the pBTEF1 empty vector) (Figure 5.8), reaching a 

maximum of only 340 mg/L after 48 h of growth. These findings indicate that merely overexpressing 

a lipase is not sufficient to successfully divert carbon flux into the neutral lipid-forming pathway in 

our engineered host. Furthermore, overexpression of just an acyl-transferase, using genes ARE1 

(pBTEF1-ARE1) or DGA1 (pBTEF1-DGA1), almost completely arrested extracellular FFA production 

with only 2 mg/L and 50 mg/L produced, respectively. This may be due to an increase in intracellular 

lipid accumulation. The overexpression of DGA1, lacking a complimentary lipase, increased 

intracellular fatty acid levels by nearly 60% when normalized to cell dry weight relative to the control. 

These results are not surprising as the combination of both an acyl-transferase and a lipase is likely 

required for the enhanced production of extracellular FFAs.   

We created three dual expression vectors (pBTEF1-ARE1-TGL1, pBTEF1-DGA1-TGL3 and 

pBTEF1-DGA1-TGL5) to co-express both an acyl-transferase and a lipase and transformed them into 

the 6KO strain. Surprisingly, the ARE1-TGL1 combination produced nearly undetectable levels of 

extracellular FFAs (Figure 5.8). Further studies could investigate extracellular free fatty acid 

production under anaerobic conditions where ARE1 was found to contribute the most to SE synthesis 

(Kohlwein et al., 2013). However, the overexpression of the TAG acyl-transferase, DGA1, with the co-

expression of a lipase, TLG3 or TGL5, both increased extracellular FFAs (Figure 5.8).  With vector 
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pBTEF1-DGA1-TGL5, extracellular FFA titers increased to over 600 mg/L after 48 h. Markedly, when 

TGL3 was substituted for TGL5, extracellular FFAs increased substantially.  

 

Figure 5.8. Effect of overexpressing and disrupting the neutral lipid recycle pathway in a host with limited acyl-CoA 
synthetase and β-oxidation activity. Extracellular free fatty acid levels were measured in strain 
BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 (6KO) overexpressing acyltransferase genes DGA1 and ARE1 and 
lipase genes TGL1, TGL3, and TGL5 alone or in combination. The control strain is 6KO strain carrying empty vector 
pBTEF1 (labeled pBTEF1). Top panel displays titer (mg/L), middle panel displays specific FA levels (mg/g DCW) and 
bottom panel displays final cell densities (g DCW/L) after 48 h of growth. Error bars represent ± standard deviation 
between at least two independent experiments.  
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Overexpression of DGA1 and TGL3 (pBTEF1-DGA1-TGL3) increased extracellular free fatty acid 

titers to over 2200 mg/L after 48 h. With this strain, 80-90% of total detected fatty acids (intracellular 

plus extracellular) were secreted from the cell as FFAs. This corresponds to a 4.3-fold increase in 

extracellular FFAs over the control strain, 6KO carrying empty vector pBTEF1. When normalized to 

optical density, overexpression of pBTEF1-DGA1-TGL3 increased extracellular FFAs 4.3-fold over the 

control and 2.1-fold over the parent 6KO strain. This combination of pathway interventions yielded 

nearly 32% of the maximum theoretical yield on glucose with a free fatty acid productivity of 46 

mg/L·h after 48 h of growth. To our knowledge, 2200 mg/L FFA is the highest level reported and is a 

4.2-fold increase over recently reported results for S. cerevisiae. 

The chain length distribution of the extracellular free fatty acids in the 6KO control strain and 

in 6KO overexpressing DGA1 and TGL3 are shown in Figure 5.9. Only C16 and C18 FFAs were detected, 

and the distribution of FA chain lengths was similar in both cases, likely due to the broad substrate 

activities of Dga1 and Tgl3 (Athenstaedt and Daum, 2003; Athenstaedt and Daum, 2005; Sandager et 

al., 2002). Previously, Dga1, Are1 and Are2 were shown to have different substrate specificities in 

vitro (Oelkers et al., 2002; Yang et al., 1997). Alternating either the acyl-transferase or lipase with one 

that has a different substrate preference could potentially affect the FA chain length profile. 
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Figure 5.9. Extracellular free fatty acid chain length distribution profile for strain 
BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 carrying pBTEF1 DGA1-TGL3 (white bars) and empty vector pBTEF1 
(gray bars). Error bars represent ± standard deviation between three independent experiments.  

 

The high levels of extracellular free fatty acids in our engineered strain were clearly visible 

(Figure 5.10). After spinning out the cells, the spent medium is clear for strain BY4741, translucent 

for the 3KO strain (BY4741ΔFAA1ΔFAA4ΔFAT1), and opaque for the 6KO strain 

(BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1) overexpressing DGA1 and TGL3 from plasmid 

pBTEF1-DGA1-TGL3. Markedly, no visible fatty acid precipitation was observed, although this was 

reported in a previous yeast study at lower titers (Runguphan and Keasling, 2014). Former studies 

using E. coli to produce high levels of free fatty acids did not report free fatty acid precipitation (Liu 

et al., 2012; Zhang et al., 2011). Media components and strain attributes could have a large effect on 

whether precipitation is observed. Further confirmation of free fatty acid production was verified 

using negative ion LC-MS. Only free fatty acids were observed. 



 

178 
 

 

Figure 5.10. Visualization of extracellular free fatty acids. After centrifugation and removal of cells, the spent media 
after 48 h of growth from wild type (strain BY4741) is clear, 3KO (strain BY4741ΔFAA1ΔFAA4ΔFAT1) is translucent 
and 6KO (strain BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1 ΔPOX1) overexpressing pBTEF1-DGA1-TGL3 is opaque.   

 

Overexpression of acetyl-CoA carboxylase (Acc1) to increase malonyl-CoA availability 

 Malonyl-CoA is the extender unit for fatty acid and polyketide elongation, and the synthesis 

of this substrate is considered a critical limiting step (Liu et al., 2010). Conversion of acetyl-CoA to 

malonyl-CoA is catalyzed by the native yeast 250 kDA acetyl-CoA carboxylase (Acc1) and requires ATP 

(Roggenkamp et al., 1980). Thus, strategies have focused on increasing Acc1 levels to produce fatty 

acids and fatty acid derived-products in multiple published studies (d Espaux et al., 2017; Guo et al., 

2016; de Jong et al., 2015; Runguphan and Keasling, 2014; Shin et al., 2012). The Acc1 protein is 

negatively regulated by Snf1 in S. cerevisiae. Activation of Snf1 is triggered by glucose depletion 

leading to partial deactivation of Acc1 via phosphorylation at one or more serine residues (Woods et 

al., 1994). The decrease in active acetyl-CoA carboxylase when glucose is depleted thus leads to a 

drop in the pool of cytosolic malonyl-CoA. Site-directed mutagenesis of specific serine residues has 

been shown to diminish Snf1 deactivation of Acc1 in three independent studies (Choi and Da Silva, 

2014; Hofbauer et al., 2014; Shi et al., 2014).  
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Figure 5.11. Effect of overexpressing ACC1 or ACC1m in BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 (6KO) with 
or without the pBTEF1 DGA1-TGL3 plasmid in extracellular free fatty acid levels. Cells were grown for 48h in 2% YPD 
(cells expressing no plasmid) or 2% YPD+G418 for cell expressing plasmids. Control is 6KO strain expressing empty 
vector pBTEF1 (labeled pBTEF1). Results are presented as relative (%) to the 6KO + pBTEF1 DGA1-TGL3 extracellular 
LCFA levels. Error bars represent ± standard deviation between at least two independent experiments. 

 

 In this study, we tested if either the integration of an extra copy of the native ACC1 gene or 

ACC1S1157A gene under the PGK1 promoter increased the production and secretion of LCFA to the 

media (Figure 5.11). Expression of ACC1 or ACC1m in the 6KO strain increased LCFA production by 

19-20%; thus, deactivation of ACC1 after glucose depletion was not a critical factor in this strain. The 

same interventions to the 6KO strain expressing the pBTEF1 DGA1-TGL3 plasmid led to a different 

outcome. Overexpression of ACC1 or ACC1m decreased the measured LCFA by 5% and 20%, 

respectively. Surprisingly, the flasks with strain 6KO pgk1 ACC1m accumulated chunks of white 

precipitate at the bottom (Figure 5.12). We saw that same phenomenon when the cells were cultured 

in a fed-batch bioreactor. 
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Figure 5.12. Visualization of white precipitates at the bottom of flasks and bioreactor, and the wall of bioreactors. 
Strain grown was 6KO pgk1 Acc1m (strain BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 with one copy of the 
ACC1m gene integrated under the PGK1 promoter). (A) White precipitate at the bottom of the flask after 48h (B) 
White precipitate on the fermenter walls after 96h of growing in a fed-batch bioreactor. 

 
 

To test if the white precipitate was indeed fatty acids that had precipitated due to hitting the 

saturation limit, we first tested its solubility in different solvents (Figure 5.13-A). Solubility in water 

(WB1) was extremely low. A thin layer of white sediment was observed at the bottom of the glass 

A) 

B) 
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vial when hexane (WB2) was used. We found that the mix of organic solvents chloroform and 

methanol (1:1) (WB3), used in the first step of the FA extraction, was the solvent with the highest 

solubility for the white solid; however, the solution never became totally transparent. Water + 

detergent tween 20 (WB4) solubilized the white solid to levels similar to hexane. To determine if 

there were any fatty acids, we performed a fatty acid extraction with a chloroform/methanol solution 

of the white precipitate, and measured the fatty acid composition via GC-MS (Figure 5.13-B). 90% of 

the fatty acids in the white precipitate were stearic acid (saturated C18), which has the lowest 

solubility in water for the C16, C16:1, C18, C18:1 subgroup; and 10% of the fatty acids were palmitic 

acid (saturated C16). This result was expected since we have shown in previous studies that 

overexpression of Acc1m pushes the native yeast FA profile to longer average chain length, 

specifically an increase in C18 species (Choi and Da Silva, 2014). Also, saturated FA species have a 

lower solubility limit than the unsaturated species with same number of carbon molecules. 

 

Figure 5.13. Analysis of white precipitates at the bottom of flasks and bioreactor, and the wall of bioreactors. Strain 
grown was 6KO (strain BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1) with one copy of the ACC1m gene integrated 
under the PGK1 promoter. (A) WB1=water, WB2=hexane, WB3=chloroform/methanol (1:1), WB4= water+tween20 
(detergent) (B) White precipitate analysis in the GC-MS after performing a fatty acid extraction. 

 

A) B) 



 

182 
 

These results suggest that the lower concentration of fatty acids in the media in the 6KO pgk1 

ACC1M strain expressing pBTEF1 DGA1-TGL3 is likely a consequence of the limitation of our 

extraction procedure and analysis, which did not include the white precipitate formed at the bottom 

and walls of the flask. A potential approach to fix this issue would be to add a 10% dodecane overlay 

(d Espaux et al., 2017) to extract the secreted fatty acids in situ by the organic phase. 

 

Increasing fatty acid synthase expression levels 

 S. cerevisiae has a cytosolic type I FAS that produces the majority of FAs. The yeast FAS is a 

large multifunction α6β6 heterododecamer encoded by two genes: FAS1 (for the β subunit) and FAS2 

(for the α subunit). Equimolar amounts of Fas1 and Fas2 subunits are found in the yeast FAS, but 

regulation of the two genes is not identical (Chirala 1992; Schüller et al. 1994). Cytoplasmic FAS levels 

are determined primarily by the amount of Fas1 protein (Wenz et al. 2001). A downstream regulatory 

site for the FAS2 gene is positively regulated by Fas1. Overexpression of only FAS1 led to an increase 

in the specific activity of FAS, while overexpression of only FAS2 did not. When both genes were 

overexpressed, FAS-specific activity was even higher than for FAS1 alone. Overexpression of FAS1 and 

FAS2 has been shown to increase levels of fatty acids and sterols in yeast (Runguphan and Keasling, 

2014; Shin et al., 2012; Zhou et al., 2016).  

To test if the enzyme cytosolic levels of the fatty acid synthase are limiting in our 6KO 

engineered strain, we swapped the native FAS1 and FAS2 promoters to the strong constitutive TEF1 

promoter using CRISPR/Cas9. Strains overexpressing only FAS1, only FAS2, or both were constructed 

and tested for LCFA production and secretion (Figure 5.14). As expected, total free fatty acid 

concentration in the medium increased approximately 25% for the 6KO strain overexpressing FAS1 
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or both genes, compared to the 6KO strain. Overexpression of only FAS2 had no effect on the total 

FFA produced and or on the profile. 

 
Figure 5.14. Effect of overexpressing FAS1, FAS2 or both in BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 (6KO) in 
extracellular free fatty acid levels. Cells were grown in 2% YPD for 48h. Results are presented as mg/L of extracellular 
free fatty acids. Error bars represent ± standard deviation between at least two independent experiments. 

 

 These results align with previous published insights that the levels of Fas1 protein control 

expression of the FAS2 gene, but not vice versa. An interesting observation is that the profile for 6KO 

pTEF1-FAS1 and 6KO pTEF1-FAS1/2 is clearly different than the 6KO control and 6KO pTEF1-FAS2. 

Levels of C16 species increased (particularly C16:1) and levels of C18 species decreased (particularly 

C18). One possible explanation is that when levels of FAS complex increase, the ratio of enzyme to 

malonyl-CoA increases and therefore there are fewer building blocks per enzyme and the average 

chain length gets reduced. Combination of the overexpression of FAS1, FAS2, and ACC1m with a 10% 

dodecane overlay layer would thus be interesting to try to increase the LCFA productivity in S. 

cerevisiae further. 
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CONCLUSIONS 

S. cerevisiae was engineered to overproduce extracellular free fatty acids (FFAs) by targeting 

three non-essential intracellular processes. A disrupted β-oxidation host (faa2Δpxa1Δpox1Δ) 

increased intracellular fatty acids levels up to 55% higher than that of the control strain BY4741. 

Disruptions in the acyl-CoA synthetase genes FAA1, FAA4 and FAT1 resulted in extracellular FFA 

concentration of 490 mg/L. A sextuple mutant (faa1Δfaa4Δfat1Δfaa2Δpxa1Δpox1Δ), defective in 

both pathways, was able to produce approximately 1.3 g/L of extracellular FFAs. By increasing carbon 

flux into neutral lipid droplet formation and degradation by overexpressing DGA1 and a compatible 

lipase (TGL3 or TGL5), extracellular FFAs were further increased. Overexpression of DGA1 with TGL3 

(pBTEF1-DGA1-TGL3) in the sextuple mutant produced extracellular FFAs at a titer of 2.2 g/L after 48 

h, and 32% of maximum theoretical yield. This titer is 4.2-fold greater than the highest level of 

extracellular FFAs reported for S. cerevisiae. These metabolic engineering strategies should also prove 

useful for the increased production of other fatty acid derived biomolecules in yeast. This approach 

provides a large pool of extracellular FFAs, which can be used directly or as precursors for further 

conversion into alkanes, alkenes, fatty alcohols, and fatty acid esters. 
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INTRODUCTION 

 The overall goal of this thesis was to engineer yeast to produce high-levels of acetyl-CoA 

derived products, mainly free fatty acids. Most chapters in this dissertation focused on exploring 

strategies to optimize downstream pathways (after acetyl-CoA or malonyl-CoA biosynthesis) to 

produce medium-chain and long-chain free fatty acids. An additional approach to increase acetyl-CoA 

derived products is to increase the pool of acetyl-CoA or malonyl-CoA. To accomplish this, it is 

necessary to rewire Saccharomyces cerevisiae central carbon metabolism and remove or 

downregulate, when possible, acetyl-CoA consuming pathways to increase flux to fatty acids and 

polyketides. Native cytosolic fluxes to acetyl-CoA in Crabtree-positive yeast species cannot support 

high yields of acetyl-CoA derived products. Also, the fact that acetyl-CoA is found not only in the 

cytosol but also in the nucleus, the mitochondria, and the peroxisomes, makes it challenging to 

optimize. In this chapter, we show preliminary work on strategies to increase the production of 6-

MSA and TAL polyketides, which require acetyl-CoA and malonyl-CoA.  

Native cytosolic fluxes to acetyl-CoA in Crabtree-positive yeast species (like S. cerevisiae) are 

lower than in other strictly aerobic yeast species (Christen and Sauer, 2011) (Figure 6.1). In yeast, 

cytosolic acetyl-CoA is produced from pyruvate by three reactions in the pyruvate dehydrogenase 

bypass (PDH-bypass). The limiting step in engineering the pyruvate dehydrogenase (PDH)-bypass was 

determined to be the formation of acetyl-CoA from acetate by ACS, due to its high energy 

requirements and product inhibition (Shiba et al., 2007). The very energy-consuming activation of 

acetate in the PDH-bypass triggered the search for alternatives that would help to reduce the ATP 

requirements and therefore increase the yield of acetyl-CoA derived products from glucose, since less 

glucose needs to be oxidized by the TCA cycle to provide ATP. The most straight forward approach 
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was to find an enzyme that could catalyze the synthesis of acetyl-CoA from acetaldehyde. Acetylating 

aldehyde dehydrogenases are found in many prokaryotes and catalyze the formation of acetyl-CoA 

from acetaldehyde without the need of ATP molecules (Kozak et al., 2014). This type of enzyme can 

complement growth of yeast strains devoid of all aldehyde dehydrogenases or all the acetyl-CoA 

synthetases. It has been determined by metabolic flux analysis that the combination of EutE and 

phosphoketolase + phosphotransacetylase pathways was the most favorable when considering the 

energetics and CO2 molecules lost (Meadows et al., 2016). 

 

Figure 6.1. 13C flux distribution of central carbon metabolism (A) four Crabtree-positive yeast species and (B) three 
strictly aerobic species. Cells were grown in glucose minimal media. From Christen and Sauer, (2011). 
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A complementary approach to increase acetyl-CoA pools is to delete or downregulate 

competing pathways. The main challenge of this strategy is that most acetyl-CoA consuming 

pathways in yeast are essential for cell survival. The main pathway that uses cytosolic acetyl-CoA is 

the glyoxylate shunt (Chen et al., 2012; Ghosh et al., 2016). This cycle converts acetyl-CoA to succinate 

and isocitrate which enter the tricarboxylic acid cycle (TCA), allowing cells to generate energy. In 

addition, it produces malate and oxaloacetate that can be converted into phosphoenolpyruvate, 

which leads to gluconeogenesis (Duntze et al., 1969). This pathway is essential for yeast growth on 

ethanol, acetate and fatty acids. There are two reactions within the glyoxylate shunt that consume 

acetyl-CoA; citrate synthase (CIT2) catalyzes the condensation of acetyl-CoA and oxaloacetate to 

produce citrate, and malate synthase (MLS1) forms malate from acetyl-CoA and glyoxylate. The effect 

of deleting one of the genes (either MLS1 or CIT2) has had mixed results within the literature. 

Examples where it increased product formation are the production of α-santalene (Chen et al., 2013), 

3-hydroxypropionic acid (Chen et al., 2014), and n-butanol (Krivoruchko et al., 2013); all 

improvements were between 1.2- and 2.3-fold. Another study found that deleting either of these 

genes reduced the production of polyhydroxybutyrate (Kocharin et al., 2012). In addition, it was 

shown in our lab that deletion of MLS1 decreased the production of the TAL polyketide (Cardenas 

and Da Silva, 2014).  
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OPTIMIZATION OF UPSTREAM PATHWAYS 

Rewiring PDH-bypass by combining PDHm and EutE 

In collaboration with the Maranas lab (Chowdhury et al., 2014), our lab has shown that by 

changing the redox cofactor requirement of the E. coli PDH from NADH to NADPH, and expressing 

this enzyme in a strain with the main NADPH producing pathway eliminated (pentose phosphate 

pathway), the carbon flux towards acetyl-CoA could be successfully increased (Cardenas and Da Silva, 

2016). This resulted in a 4.4-fold increase in polyketide production. 

In a preliminary study, we wanted to test if the co-expression of the NADP+-dependent PDH 

mutant and acetylating aldehyde dehydrogenase EutE from E. coli could increase the production of 

TAL in yeast cells growing in synthetic media. We created a trigenic (three gene expression cassettes) 

plasmid carrying the three PDH subunits. Through computational analysis of the different pathway 

options using the COBRA toolbox (Schellenberger et al., 2011), we determined that the combination 

of PDHm and EutE could lead to a 3-5% higher yield than EutE alone. To force the flux through the 

new acetyl-CoA pathways, deletion of the native acetaldehyde dehydrogenase (ALD) activity in yeast 

is necessary. We deleted the most active ALDs in the mitochondria and cytosol, ALD4 and ALD6, 

respectively (Boubekeur et al., 2001). This not only prevents yeast from transforming acetaldehyde 

to acetate, but also decreases the production of cytosolic NADPH, since ALD6 generates NADPH. A 

push and pull strategy was thus implemented, since the flux through the PDHm enzyme can replenish 

that drop in cytosolic NADPH. 

Growth of the ald4∆ald6∆ strain in liquid medium without acetate was very poor (< OD 2 after 

48h of growth), indicating that the other aldehyde dehydrogenases left intact do not allow healthy 

growth of cells. After transformation of EutE, PDHm or both, we determined that cells expressing 
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EutE were able to growth well in minimal liquid medium lacking acetate. PDHm alone was unable to 

complement the Ald gene deletions, even though we were feeding lipoic acid required for PDH 

activity (Stephens et al., 1983). 

These preliminary results show a promising approach to rewiring the central carbon 

metabolism of S. cerevisiae. Cells with the native PDH-bypass eliminated recovered growth when EutE 

from E. coli was expressed. Metabolic flux analysis of the ald4∆ald6∆ strain, and measurement of 

mRNA levels for the genes coding for the PDHm could help to determine why PDHm expression was 

ineffective. Future work should also focus on TAL production of engineered strains. 
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DOWNREGULATION OF COMPETING PATHWAYS 

Downregulation of FAS2 by promoter swapping 

The biosynthetic pathways with greatest demand for cytosolic acetyl-CoA in yeast are fatty 

acid synthesis and the glyoxylate shunt. To drive the acetyl-CoA flux toward the desired product (e.g., 

polyketides, MCFA from heterologous eFAS system), downregulation of the native fatty acid synthesis 

machinery is needed. When glucose is depleted, S. cerevisiae cells utilize the ethanol they have 

accumulated and produce acetyl-CoA that can then be directed to the synthesis of the desired 

product. We thus constructed a library of integration plasmids carrying the TDH3 (Mumberg et al., 

1995), full ADH1 (Ammerer, 1983), TEF1-mut4, and TEF1-mut7 (Nevoigt et al., 2006) promoters. 

These plasmids were used to insert the different promoters in front of the FAS2 gene in S. cerevisiae 

strains expressing the human FAS for MCFA production, the 2-PS for TAL synthesis, or the 6-methyl 

salicylic acid synthase (6-MSAS) for 6-MSA production. 

Preliminary studies included a TAL production screening of the different promoters driving 

the expression of FAS2. All promoters resulted in higher levels of TAL than the native FAS2 promoter 

(Figure 6.2). The ADH1 promoter was the most effective (Figure 6.2); final TAL titer after 72h was >3-

fold higher than for BY4741 (WT). With these results, we showed that downregulation of the fatty 

acid biosynthesis pathway is a promising approach to increase pools of acetyl-CoA, and therefore an 

approach to test and optimize to produce other acetyl-CoA-derived products. Design of synthetic 

promoters that completely turn off when cell mass reaches a certain concentration might be needed 

to stop competing pathways that are essential for growth.  
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Figure 6.2. TAL profile after 72h of growing in 1% glucose YPD. Error bars represent ± standard deviation for at 
least three independent experiments. 

 

Downregulation of FAS1 and FAS2 using CRISPRi (dCas9) 

Recent advances in genetic tools have enabled modulation of gene expression in a novel way 

for metabolic engineering. Cas9 is a RNA-guided nuclease originally from bacteria (Doudna and 

Charpentier, 2014). It attaches to the specific complementary genomic DNA of the guiding RNA and 

creates a double stranded break. Many mutants have been published in the literature, from nickases 

to regulators (Dominguez et al., 2016). When the two nucleases subunits of the Cas9 protein are 

deactivated by two-point mutations, the protein retains the binding activity but loses the cleaving 

activity. New subunits with known repression or activation activities can be linked to this deactivated 

Cas9 protein (dCas9) to provide new dCas9 mutants with new functionalities. Gilbert et al., (2013) 

showed that a dCas9 targeting the native yeast TEF1 promoter was able to repress gene expression 

by-18-fold in S. cerevisiae. In the same study, the authors were able repress the tetON promoter by 



 

200 
 

115-fold. The authors also fused dCas9 to Mxi1, a mammalian transcriptional repressor domain that 

is reported to interact with the histone deacetylase Sin3 homolog in yeast. The fused dCas9-Mxi1 

repressed gene expression under the TEF1 promoter by 53-fold.  

To redirect malonyl-CoA from fatty acid biosynthesis to our products of interest, we need to 

downregulate fatty acid production in a timely manner. We want the cells to produce fatty acids until 

they reach a certain OD to assure fitness, and then stop fatty acid production and start expression of 

the heterologous synthase. In this preliminary study, we used CRISPR-dCas9 as a gene expression 

interference system (CRISPRi). We used a dCas9 with and without the repressor domain Mxi1. We 

targeted regions close to the start codon of the yeast genes FAS1 and FAS2 using a plasmid with two 

guide RNA expression cassettes. The ADH2 promoter controlled expression of the nucleases and the 

polyketide synthases, forcing the downregulation of the fatty acid biosynthesis and the upregulation 

of polyketide synthase expression at the same time. This occurs in early stationary phase when 

glucose in the culture is depleted and ethanol utilization begins (Lee and DaSilva, 2005).  

A strain with the polyketide synthase 6-MSAS and the NpgA gene from Aspergillus nidulans 

(a PPT to activate 6-MSAS) integrated into the genome was transformed with the plasmids shown in 

Table 6.1. The three strains were grown in 1% glucose YPD and 1% glucose SD(-ura,-leu)+dropout for 

72h in 5mL tubes (Figure 6.3). Final ODs were similar among the three strains in the same medium, 

although the Mxi1-expressing strain seemed to flocculate in the minimal medium. 

Table 6.1. Description of the plasmids expressed by each of the strains in Figure 6.3. 

Strain Plasmid 1 Plasmid 2 

Control pADH2-dCas9 pXP318 

dCas9 pADH2-dCas9 dgRNA-FAS1/FAS2 

Mxi1 pADH2-dCas9 dgRNA-FAS1/FAS2 
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Figure 6.3. BY4741 trp1Δ with 6-MSAS and PPT integrated was transformed with the plasmids in Table 6.2. Cells 
were grown either in 1% glucose SD(-leu,-ura)+dropout or 1% glucose YPD for 72h. The culture was spun down and 
6-MSA in the supernatant was measured by HPLC. Results are shown in mg/L. Error bars represent ± standard 
deviation for at least two independent experiments. 

 

6-MSA levels in the supernatant increased in both minimal and complex media when dCas9 

was expressed (Figure 6.3). The titers were significantly higher in complex media than in minimal 

media as expected for ADH2 promoter control. When dCas9 and dgRNA with target sequences for 

FAS1 and FAS2 were expressed, the 6-MSA titer in minimal media increase 86% (from 2.6 to 4.7 mg/L) 

compared to the strain not expressing the dgRNA-FAS1/FAS2 plasmid. In complex media, the titer 

increased 67%, from 31.9 to 53.2 mg/L. Surprisingly, the 6-MSA final titer was lower when using 

dCas9-Mxi1 than dCas9, and similar to the control strain. This could indicate that the dCas9-Mxi1 was 

unable to bind efficiently to the target genomic DNA, or that a strong downregulation of FAS1 and 

FAS2 is detrimental for 6-MSA production (cells flocculated in the minimal medium). To determine 

the correct hypothesis, we would need to measure FAS1 and FAS2 mRNA levels. 
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These results show that using CRISPRi is very powerful tool in metabolic engineering to 

downregulate pathways in a timely manner. New target sequences with better efficiencies for 

downregulation might optimize the system presented in this preliminary study. Recently, an article 

was published on the efficacy of the target sequence position with respect to the transcription start 

site (TSS) of the gene to downregulate gene expression using CRISPRi in S. cerevisiae (Smith et al., 

2016). The authors found that gRNA targeted to a region between the TSS and -200 bp after the TSS 

was more likely to be effective. We based our the target sequences used in our preliminary work on 

previous reports on CRISPRi in Escherichia coli, where the most effective targeting spot was reported 

to be within the gene start codon (Larson et al., 2013). It is important to note that these rules might 

change from species to species, since for example, the most effective region to target dCas9-KRAB in 

human myeloid leukemia cells for gene downregulation purposes was between -50 bp and +300 bp 

relative to the TSS (Gilbert et al., 2014). 
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SUMMARY 

 Higher acetyl-CoA pools or fluxes are essential to increase yields of fatty acids, polyketides, 

and other products synthesized from acetyl-CoA in yeast, and, thus help meet the requirements to 

turn the biochemical industry into an economically competitive market. We completed preliminary 

work aimed at increasing the efficiency of pathways leading to acetyl-CoA production. Expression of 

the E. coli acetylating aldehyde dehydrogenase EutE complemented growth of a S. cerevisiae strain 

with the two most active native aldehyde dehydrogenases ALD4 and ALD6 deleted. However, 

preliminary results on expression of a NADP+-dependent PDH enzyme in this strain did not 

complement growth of the strain with the Ald genes deleted. This indicates that the PDHm expression 

in yeast needs to be optimized.  

In addition, we showed that the downregulation of the fatty acid synthesis gene FAS2 by 

swapping the native promoter with the ADH1 promoter increased TAL titers >3-fold. This suggests 

that downregulation of the fatty acid synthase is a promising approach to increase acetyl-CoA 

products; however, fine-tuning is necessary to decouple growth from production. We also showed 

how CRISPRi can be a successful alternative method to downregulate competing pathways. The RNA-

guided deactivated Cas9 targeted to the FAS1 and FAS2 promoters increased the 6-MSA levels 86% 

and 67% in minimal medium and complex medium, respectively. 
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ABSTRACT 

 

Biorenewable chemicals such as short and medium chain fatty acids enable functional or 

direct substitution of petroleum-derived building blocks, allowing reduction of anthropogenic 

greenhouse gases while meeting market needs of high-demand products like aliphatic alcohols and 

alpha olefins. However, producing these fatty acids in microorganisms can be challenging due to 

toxicity issues. Octanoic acid (C8) can disrupt the integrity of the cell membrane in yeast, and 

exogenous supplementation of oleic acid has been shown to help alleviate this. We recently 

engineered the Saccharomyces cerevisiae enzyme acetyl-CoA carboxylase by replacing serine residue 

1157 with alanine to prevent deactivation by phosphorylation. Expression of Acc1S1157A in S. cerevisiae 

resulted in an increase in total fatty acid production, with the largest increase for oleic acid. In this 

study, we evaluated the effect of this modified lipid profile on C8 toxicity to the yeast. Expression of 

Acc1S1157A in S. cerevisiae BY4741 increased the percentage of oleic acid 3.1-fold and 1.6-fold in the 

absence and presence of octanoic acid challenge, respectively. Following exposure to 0.9 mM of C8 

for 24 h, the engineered yeast had a 10-fold higher cell density relative to the baseline strain. 

Moreover, overexpressing Acc1S1157A allowed survival at C8 concentrations that were lethal for the 

baseline strain. This marked reduction of toxicity was shown to be due to higher membrane integrity 

as an 11-fold decrease in leakage of intracellular magnesium was observed. Due to the increase in 

oleic acid, this approach has the potential to reduce toxicity of other valuable bioproducts such as 

shorter chain aliphatic acids and alcohols and other membrane stressors. In an initial screen, 

increased resistance to n-butanol, 2-propanol and hexanoic acid was demonstrated with cell densities 

3.2-fold, 1.8-fold, and 29-fold higher than the baseline strain, respectively. 
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INTRODUCTION 

 

The use of renewable raw materials in lieu of petroleum-based feedstocks has become 

increasingly important not only for political, energetic, and economic reasons but also due to 

environmental concerns (Carlson, 2011; Demski et al., 2014; Lopes, 2015; Perlack et al., 2005).  Higher 

levels of greenhouse gases derived from fossil fuel consumption have been related to climate change, 

affecting sea levels, thermohaline circulation and coral reefs (Liao et al., 2016). Moreover, the 

extraction process and utilization of fossil fuels can contaminate water and air (Chen et al., 2015). In 

response to these threats, there is an increasing incentive for the production of biofuels and biobased 

chemicals (Schwartz et al., 2016). Microbial production of short and medium chain fatty acids, such 

as octanoic acid, has the potential to functionally replace molecules derived from petroleum for 

synthesis of aliphatic alcohols (Gunukula et al., 2016) and high-demand monomers for synthesis of 

polyolefins (Polyolefin Comonomers-World Markets, 2005-2015). However biological production of 

fatty acids such as octanoic acid (C8) is hindered by the toxic effects on the microbial cell factories 

(Jarboe et al., 2013; Sandoval and Papoutsakis, 2016). 

Inhibition of cell growth by fatty acids is the consequence of multiple factors including 

triggering of oxidative stress, dysfunctional regulation of internal turgor pressure, lipid peroxidation, 

membrane trafficking, and disruption of mitochondrial, vacuolar, and plasma membrane organization 

(Casal et al., 2008; Mira et al., 2010; Piper et al., 2001; Wojtczak and Wiȩckowski, 1999). For octanoic 

acid, the effects on the plasma membrane are considered the main mechanism of microbial growth 

inhibition. When the yeast Saccharomyces cerevisiae was challenged with octanoic acid, 

transcriptome analysis showed activation of genes related to regulation of iron and phosphate 

starvation (Liu et al., 2013). Supplementation of the medium with Fe2+, Fe3+ or KH2PO4 did not mitigate 
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the toxicity of C8 and had no impact on cell growth, suggesting that membrane integrity had been 

compromised, causing leakage of these essential nutrients and triggering the observed starvation 

transcriptional response (Liu et al., 2013). Cabral et al. (2001) reported that disruption of the S. 

cerevisiae cell membrane organization by octanoic acid dissipated the trans-membrane proton 

motive force, triggering activation of H+-ATPase to restore pH homeostasis. The negative effects on 

the cell membrane are likely due to octanoic acid retention; nearly 80% of the carboxylic acid remains 

in the cell wall fraction after 3h of exposure, dropping to values between 30% and 50% after 12 h 

(Borrull et al., 2015).  

To cope with membrane-related stresses such as changes in temperature, osmotic stress and 

exposure to membrane-damaging substances, microorganisms can modulate their membrane 

composition to maintain function, integrity, stability and fluidity (Arneborg et al., 1995; Bui et al., 

2015; Hazel and Eugene Williams, 1990; Prashar et al., 2003; Rodríguez-Vargas et al., 2007; You et al., 

2003). In general, an increase in saturated fatty acids promotes membrane stability to solvents and 

high temperatures due to the establishment of more van der Waals interactions, while introduction 

of a cis-unsaturation impacts membrane fluidity. Longer chain length can provide higher stability and 

rigidity (Sandoval and Papoutsakis, 2016). Adding exogenous oleic acid (C18:1) to the media was 

shown to mitigate the toxic effects of octanoic acid (Liu et al., 2013) and acetaldehyde (Matsufuji et 

al., 2008) on the yeast cells. Expressing the enzymes insect acyl coenzyme A ∆9 Z-desaturase 

(TniNPVE) and rat elongase 2 (rELO2) increased the fraction of oleic acid from 14.9% to 32% and from 

29% to 44%, respectively (Yazawa et al., 2011; You et al., 2003). This resulted in improved tolerance 

when cells were challenged with ethanol, n-butanol, n-propanol, and 2-propanol. However, in the 

study by Liu et al. (2013), expression of TniNPVE failed to increase oleic acid levels enough to provide 

tolerance against octanoic acid. In two recently published studies, overexpression of the native ∆9-
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fatty acid desaturase Ole1 increased the fraction of oleic acid from 23% to approximately 30%, and 

increased membrane stability (Fang et al., 2017; Nasutution et al., 2017). Based on the changes in 

fatty acid composition, it was hypothesized that modification of membrane rigidity activates the cell’s 

stress response mechanism leading to increased proton efflux, diminished membrane damage and 

lower levels of ROS (Nasutution et al., 2017). Higher oleic acid levels were also found to ameliorate 

cadmium-related stresses by promoting cytoplasmatic membrane stability via inhibition of lipid 

peroxidation (Fang et al., 2017). These studies demonstrate that modulation of fatty acid composition 

results in increased membrane stability.  

Our laboratory recently engineered the S. cerevisiae acetyl-CoA carboxylase enzyme to 

prevent Snf1-mediated deactivation, and thus increase the synthesis of polyketides following glucose 

depletion (Choi and Da Silva, 2014). This entailed identifying a critical serine residue (1157) and 

replacing it with alanine (Acc1S1157A). In addition to improving polyketide titers, this strain showed a 

3-fold increase in production of total fatty acids. Interestingly oleic acid was the predominant acyl 

chain with levels 7.3-fold higher than the baseline strain (representing a 2.3-fold increase in the 

percentage of oleic acid). In the current study, we evaluated how the increased proportion of oleic 

acid due to expression of Acc1S1157A mitigates the toxic effects of octanoic acid. The fatty acid profiles 

of the baseline and engineered strain in the presence and absence of octanoic acid were measured. 

We then determined the viability of the cells at increasing concentrations of C8, and studied the 

effects of the increased synthesis of oleic acid on membrane integrity upon exposure to lethal C8 

concentrations. This is the first report where endogenous synthesis of oleic acid was able to provide 

tolerance against octanoic acid. The results will be important for increasing titers of octanoic acid 

produced in S. cerevisiae (Leber and Da Silva, 2014). The increased tolerance to n-butanol, 2-
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propanol, and hexanoic acid observed demonstrates potential application when producing other 

toxic biobased chemicals that disrupt the yeast membrane. 
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MATERIALS AND METHODS 

Yeast and bacterial strains 

Saccharomyces cerevisiae BY4741 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) (Brachmann et al., 

1998) was used as the base yeast strain. A copy of the gene for Acc1S1157A ( acetyl-CoA carboxylase 

with the mutation S1157A) under transcriptional control of the S. cerevisiae PGK1 promoter and CYC1 

terminator, was integrated into the genome as described by Choi and Da Silva (2014).  This new strain 

is designated BY4741-ACC1m. 

Media and cultivation 

Cells were inoculated from -80°C stock and grown in 5 ml of YPD non-selective complex 

medium (20 g/L dextrose, 20 g/L peptone, 10 g/L yeast extract) for 14 to 16 h. The cells were then 

transferred (initial OD600=0.05) to 5 ml of SDC-A,U medium (20 g/L dextrose, 5 g/L casamino acids, 5 

g/L ammonium sulfate, 1.7 g/L yeast nitrogen base without amino acids, 50 mg/L adenine, 20 mg/L 

uracil) and incubated for 10-12 h. This culture was used as the inoculum for the subsequent tube and 

flask cultures (initial OD600=0.05) in SDC-A,U supplemented with either octanoic acid (from a 100 mM 

stock in 70 % ethanol, as previously described (Liu et al., 2013)) or an equivalent amount of 70 % 

ethanol for the control cultures. Maximum concentration of ethanol did not exceed 1% (v/v), a 

concentration at which there is no detectable effect on yeast growth (Cabral et al., 2001). For all 

conditions studied, media was buffered using 100 mM MES (2-(4-Morpholino)ethane Sulfonic Acid) 

and pH was adjusted to 5.5 before inoculation in order to prevent the effect of pH variations due to 

addition of octanoic acid. All cells were cultivated at 30°C in a 250 rpm agitated shaker, and growth 

was monitored by optical density measurements at 600 nm in a Shimadzu UV-2450 

spectrophotometer (Columbia, MD). For the other stressors, buffered media was supplemented with 
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hexanoic or decanoic acid using 2 M and 100 mM stock solutions in 70% ethanol, respectively. 

Ethanol, n-butanol and 2-propanol were directly supplemented to the media.  

Determination of octanoic acid Minimal Inhibitory Concentration (MIC) was performed using 

the broth macrodilution method described by Narendranath et al. (2001). Biological triplicates were 

exposed to concentrations of 3 mM, 2.5 mM, 1.5 mM, 1.25 mM and 0.75 mM at pH=5.5. The octanoic 

acid stock in 70% ethanol was prepared at 300 mM to maintain final ethanol concentration below 

1%. MIC was defined as the smallest concentration of acid that inhibited growth for a period of 72 h.  

Fatty acid extraction analysis  

Yeast cells were grown in 250 ml of media buffered with 100 mM MES in the absence or 

presence of 0.7 mM and 1.5 mM octanoic acid at pH=5.50. At OD600=1, the cells were harvested by 

centrifugation (2000g, 4°C, 10 min) to obtain the same cell mass for each culture. Fatty acid 

extraction, methylation, and quantification via GC-MS were performed as described by Leber et al. 

(2015) using nonadecanoic acid as an internal standard. Fatty acid percentages are given on a mass 

basis.  

Membrane leakage quantification  

The membrane leakage protocol was based on previously described work by Prashar et al. 

(2003) and Liu et al. (2013). Cells were grown in 25 ml of SDC-A,U medium in 150 mL Erlenmeyer 

flasks at 30°C and 250 rpm. When OD600 reached 1.0, cells were harvested by centrifugation and 

washed twice with NaCl solution (0.9% w/v, pH=5.5). The cells were then resuspended in 4 ml of the 

same NaCl solution and supplemented with either 1 ml of a 7.5 mM octanoic acid solution (prepared 

from the 100 mM octanoic acid stock solution in 70% ethanol) to achieve a final concentration of 1.5 

mM while maintaining pH at 5.5, or the equivalent amount of ethanol solution (for the controls). In 
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all cases, ethanol concentration was kept at <1% (v/v). After incubation in the presence of the acid 

for 25 min at 30°C, the cells were centrifuged at 17,000g for 5 min at 4°C and the magnesium content 

of the supernatant was determined via fluorescence using the cell impermeable pentapotassium salt 

of the molecular probe Magnesium Green™ (M3733, ThermoFisher Scientific, Eugene, OR). 

Fluorescence at λem=531 nm was measured by excitation at λex=506 nm in Costar Black 384-well or 

Nunc 96-well plates using a fluorometer with temperature control at 25°C (SpectraMax M2, 

Molecular Devices, Sunnyvale, CA). The concentration of magnesium was determined using the 

equation below (Szmacinski and Lakowicz, 1996) by running standards for calculation of KD and Fmax 

at each experimental condition (0.9% NaCl pH=5.50 with and without 1.5 mM octanoic acid). 

Reported values correspond to the difference in measured Mg2+ concentration per cell between 

exposed and unexposed, as previously reported by Prashar et al. (2003). Mg2+ concentration was 

determined by the change in fluorescence observed at t=25 min with respect to t=0 min upon 

exposure to octanoic acid. A minimum of 6 biological replicates (with 3 readings per replicate) were 

performed for each condition.  

[𝐴] = 𝐾𝐷
𝐹 − 𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥 − 𝐹
 

Statistical analysis 

Statistical analysis consisted of either t-test or a two-way ANOVA followed by t-test using 

Bonferroni corrections to account for multiple comparisons (Rice, 1989). 
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RESULTS AND DISCUSSION 

Effects of expression of Acc1 mutant on cell lipid composition 

The enzyme Acc1 catalyzes the conversion of acetyl-CoA to malonyl-CoA, a key step in the 

synthesis of polyketides and fatty acids. In prior work, we engineered the yeast Acc1 to prevent 

deactivation via phosphorylation of the serine residue 1157 (Choi and Da Silva, 2014). The prolonged 

and higher activity of the Acc1S1157A enzyme led to approximately 3-fold increases in both the 

polyketide 6-methylsalicylic acid and native fatty acids, with the most dramatic change in fatty acid 

composition observed for oleic acid. We thus integrated a copy of this mutant ACC1 gene into S. 

cerevisiae strain BY4741 (BY4741-ACC1m) and the fatty acid composition was compared to the 

original baseline strain.  

 Strains BY4741 and BY4741-ACC1m were cultivated in buffered SDC-AU medium, and 

collected in early exponential phase. Intracellular fatty acid levels were then measured via GC-MS 

following methylation. The most abundant fatty acids in S. cerevisiae are palmitic (C16:0), palmitoleic 

(C16:1), stearic (C18:0) and oleic (C18:1) acids, comprising more than 96% of total fatty acids 

(Augustyn, 1989; Liu et al., 2013; Prashar et al., 2003).  The fatty acid profile of the baseline BY4741 

strain was consistent with these reports, with 57% palmitoleic acid, 15% palmitic acid, 26% oleic acid 

and 2% stearic acid (Figure A.1-A). The engineered BY4741-ACC1m strain had a significantly different 

lipid profile, consisting of 8% palmitoleic acid, 3% palmitic acid, 79% oleic acid and 10% stearic acid. 

Comparison of the two shows a 3.1-fold increase in the oleic acid fraction for strain BY4741-ACC1m, 

with a simultaneous 7.6-fold decrease in the palmitoleic acid fraction. This trend is also observed for 

saturated palmitic and stearic acids, where C16 fraction decreases while C18 increases. The increase 

in the percentage of oleic acid was significantly greater than that observed for the strain used in our 
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initial Acc1S1157A study. Overall, the changes in fatty acid composition resulted in a 7.8% increase in 

the average length of the fatty acid chains (Figure A.1-B). This has been linked to increased stability 

and rigidity of the membrane in bacteria (Sandoval and Papoutsakis, 2016) and has been reported in 

octanoic-acid adapted S. cerevisiae cells (Liu et al., 2013). This increase in average lipid length was 

accompanied by an increase in total fatty acid content, as previously observed (Choi and Da Silva, 

2014). 

 

Figure A.1. Fatty acid profiles. (A) Fatty acid percentages of C16:1, C16, C18:1 and C18 for S. cerevisiae strains BY4741 
(open bars) and BY4741-ACC1m (filled bars) and (B) average lipid length of both strains. Results show average and 
SEM of biological triplicates (*p <0.05 and ***p <0.001, relative to baseline strain). 
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Longer average fatty acid chain length has also been observed in other studies expressing 

Acc1S1157A. Hofbauer et al. (2014) showed that a higher activity resulting from the serine mutation 

leads to an increased production of malonyl-CoA and higher ratio of C18 to C16 fatty acids. 

Interestingly, when the Acc1-specific inhibitor Soraphen A was added, this trend was reversed. 

Moreover, Zhou et. al (2016) observed increased synthesis of longer chain fatty acids when 

Acc1S1157A,S659A was overexpressed. In in vitro studies on the S. cerevisiae fatty acid synthase (Hori et 

al., 1987), fatty acids with longer average lipid lengths were obtained when acetyl-CoA is limiting and 

there is an excess of malonyl-CoA. 

Resistance against octanoic acid toxicity 

Supplementation of oleic acid to the media has been reported by Liu et al. (2013) to alleviate 

octanoic acid toxicity in S. cerevisiae by incorporation into the cell’s membrane as a defense 

mechanism against this membrane-damaging compound. However, engineering the yeast to increase 

endogenous oleic acid levels (by expressing TniNPVE) only increased the C18:1 fraction by 9%, 

insufficient to mitigate membrane damage. Our strain BY4741-ACC1m expressing the modified Acc1 

enzyme substantially altered the fatty acid profile in the cell and increased the percentage of oleic 

acid by more than 3-fold to 79% percent of total fatty acids. Thus, we examined whether this increase 

is able to provide resistance against octanoic acid toxicity. 

Strains BY4741-ACC1m and BY4741 (control) were cultured in buffered SDC-A,U medium 

supplemented with increasing concentrations of octanoic acid. Cell optical density (OD) was 

measured at 24 h and 36 h (Figure A.2). At 24 h, the greatest difference in cell growth was observed 

in the medium containing 0.9 mM C8, with a 10-fold higher OD when Acc1S1157A was expressed. The 

concentration of 0.7 mM C8 was not completely inhibitory for the base strain, and a 3.2-fold increase 
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in cell growth was observed for the engineered BY4741-ACC1m. The highest concentration screened 

(1.5 mM C8) showed similar inhibitory effects for both strains, with no significant difference in 

growth. At 36 h (Figure A.2-B), the greatest difference in cell density was observed at 1.2 mM C8, 

with a 19-fold improvement for the strain expressing Acc1S1157A. At the highest concentration 

screened (1.5 mM), cell density was augmented 3.7-fold. 

These results demonstrate that the strain expressing Acc1S1157A can survive at concentrations 

up to 1.5 mM (Figure A.2-C), while the maximum tolerance of the baseline strain is 0.7-0.9 mM. 

Exposing the cells to higher concentration of octanoic acid allowed determination of a Minimal 

Inhibitory Concentration (MIC). The resulting MIC for the baseline strain was 1.25 mM, while for the 

engineered strain it was 2.5 mM (where MIC was defined as the smallest concentration of acid that 

inhibited growth for a period of 72 h). Liu et. al (2013) reported growth rates lower than 0.025 h-1 at 

0.8 mM and 1 mM for BY4741, an observation that is consistent with these results. Moreover, Figure 

A.2 shows that expression of Acc1S1157A does not have a detrimental effect on cell growth, with cell 

density of the engineered strain only 10% lower than the base strain at 24h in C8-free medium and 

with no statistically significant difference at 36 h. This indicates that there is no significant metabolic 

burden with our approach. 
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Figure A.2. Effect of 0.7 mM, 0.9 mM, 1.2 mM and 1.5 mM octanoic acid on cell density (OD600) of BY4741 (open 
bars) and BY4741-ACC1m (filled bars) at (A) 24 h and (B) 36 h. Results represent average and SEM of three biological 
replicates. C) Tube cultures (after 80 h) of BY4741 and BY4741-ACC1m exposed to 1.5 mM octanoic acid (*p <0.05, 
**p <0.01, ***p <0.001, relative to baseline strain).  

 

Fatty acid composition and cell growth for cells exposed to octanoic acid 

Expression of the enzyme Acc1S1157A resulted in a 3.1-fold increase in the percentage of oleic 

acid relative to the baseline strain in the absence of an octanoic challenge (Figure A.1-A). It has been 

reported that S. cerevisiae modifies its membrane composition upon exposure to octanoic acid. Thus, 

we compared the lipid profile and cell growth rate for BY4741 and BY4741-ACC1m in the presence of 

octanoic acid. We chose the level of supplemented C8 to have a significant effect on cell survival, but 

still allow enough growth for sufficient cell harvesting for fatty acid analysis. Using this rationale, we 
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exposed the cells to 0.7 mM octanoic acid. Three independent colonies of the baseline and 

engineered strains were grown in buffered SDC-A,U medium containing 0.7 mM octanoic acid. Cells 

were collected by centrifugation in early exponential phase, intracellular fatty acids were extracted 

and methylated, and fatty acid content was analyzed via GC-MS. 

The fatty acid profiles in the presence of 0.7 mM octanoic acid are shown in Figure A.3-A. 

Comparison of the two strains shows that the C18:1 fraction is 1.6-fold higher in BY4741-ACC1m, 

while the C16:1 fraction is 5.6-fold greater in BY4741. For saturated fatty acids, the percentage of C18 

is 9.6 times higher in the engineered strain, while differences in C16 are not significant. A comparison 

of Figure A.3-A with Figure A.1-A shows that for the base strain BY4741, upon exposure to 0.7 mM of 

octanoic acid, the percentage of palmitoleic acid decreased by 17% (p<0.01), while the oleic acid 

increased by 14% (p<0.01), reaching 40% of total fatty acids. Changes in individual saturated fatty 

acid fractions were not significant. This is in accordance with Liu et. al (2013), where cells pre-exposed 

to 0.8 mM octanoic acid and then challenged again with 0.8 mM C8 showed a significant drop in 

palmitoleic content, while oleic acid levels increased. These adapted cells showed improved 

membrane integrity, indicating that this change in membrane composition could be an adaptation 

mechanism to cope with membrane-associated octanoic acid stress. For the engineered strain 

BY4741-ACC1m, there is a 15% reduction in the fraction of oleic acid upon exposure (p<0.001) and a 

higher proportion of palmitic and stearic acids, shifting from 2% to 11% and from 10% to 18% (p<0.05) 

respectively.  

We measured growth rates for the two strains to assess the effect of the changes in 

membrane composition on cell resistance to C8 toxicity. In the absence of C8, cell growth rate for 

BY4741-ACC1m was only 7% lower than that for BY4741, indicating that there is no significant 

metabolic burden associated with expression of Acc1S1157A (Figure A.3-B). During cultivation in the 
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presence of 0.7 mM C8, growth rate was 84% higher for the engineered strain, demonstrating 

increased tolerance to the octanoic acid.  

 

Figure A.3. Fatty acid percentages and growth rates for BY4741 and BY4741-ACC1m in the presence of 0.7 mM 
octanoic acid. (A) Fatty acid fractions in early exponential phase and (B) Cell growth rates for BY4741 and BY4741-
ACC1m in the presence of 0.7 mM octanoic acid. Results show average for biological replicates (n=3 for fatty acid 
profile and n=4 for growth rate). Error bars represent SEM (*p <0.05, **p <0.01, ***p <0.001, relative to baseline 
strain). 
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As seen in Figure A.2, cells expressing Acc1S1157A were able to grow (albeit poorly) in octanoic 

acid at concentrations of up to 1.5 mM. To determine whether there is further modification of cell 

lipid composition at increasing levels of C8, BY4741-ACC1m were grown in the presence of 1.5 mM 

octanoic acid and the fatty acid profile was analyzed (Figure A.4). Membrane composition remained 

constant with increasing C8 concentration. This finding, along with the decreased viability of cells at 

1.5 mM C8, shows that our approach to control the homeoviscous response to counteract membrane 

damage is limited, processes such as oxidative stress (Legras et al., 2010) are simultaneously taking 

place and inducing octanoic acid toxicity. 

 

Figure A.4. Fatty acid composition of BY4741-ACC1m at OD600=1 during cultivation in medium containing 0.7 mM C8 
(n=3 biological replicates, filled) and 1.5 mM C8 (n=2, hatched bars). Error bars represent SEM. 
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Analysis of changes in average lipid length and percentage of saturated fatty acids  

The biophysical properties of the membrane bilayer depend on the structure of the fatty acid 

chains (Zhang and Rock, 2008) and their interactions (Marguet et al., 2006), and analysis of average 

lipid length and percentage of saturated fatty acids provides a general assessment of membrane 

properties. Our experiments show that the average lipid length of the baseline strain increased 1.6% 

when grown in 0.7 mM octanoic acid, shifting from 16.5 to 16.8 (Figure A.5-A). Changes in BY4741 

are in accordance with Liu et al. (2013), where increasing doses of octanoic acid resulted in increased 

average lipid length, indicating that this is one of the cell’s mechanisms to cope with C8 stress. In 

contrast, no significant change was observed for BY4741-ACC1m in the C8-containing medium; a 

higher average lipid length of 17.6 was observed in both media relative to the baseline strain. 

Exposure to octanoic acid also resulted in no significant change in the percentage of saturated 

fatty acids for BY4741 (Figure A.5-B). However, addition of 0.7 mM C8 increased the proportion of 

saturated acyl chains by 16% in BY4741-ACC1m. This was due to an increase in levels of saturated 

stearic acid and palmitic acid with a simultaneous decrease in oleic acid (palmitoleic acid levels 

remain constant). In the absence of the octanoic acid, the engineered strain had 3.8% less saturated 

fatty acids than the baseline, while exposure to C8 reversed this trend, making the saturated content 

9.7% higher for BY4741-ACC1 relative to BY4741. 
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Figure A.5. Average lipid length and percent of saturated fatty acid chains in absence and presence of 0.7 mM 
octanoic acid for S. cerevisiae strains BY4741 (open bars) and BY4741-ACC1m (filled bars). Results show average and 
SEM of biological triplicates (**p <0.01, ***p <0.001, relative to baseline strain). 
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Overall, overexpression of Acc1S1157A increased average lipid length and percent of saturated 

fatty acids upon exposure to 0.7 mM of octanoic acid. Generally, short acyl chains provide higher 

fluidity to the membrane, while an increasing proportion of longer chains results in stability and 

rigidity by increasing the tendency of the aliphatic tails to interact with each other (Sandoval and 

Papoutsakis, 2016). Introduction of a cis-unsaturation results in local decrease of membrane order at 

the vicinity of the double bond. This decrease in order is accompanied by the insertion of a rigid 

element that diminishes the range of conformations available to an otherwise flexible chain, resulting 

in a bend in the aliphatic chain (Hazel and Williams, 1990; Marguet et al., 2006). In contrast, saturated 

fatty acids tend to form ordered structures with low permeability by packing tightly together through 

van der Waals interactions (Sandoval and Papoutsakis, 2016; Zhang and Rock, 2008). Therefore, an 

increase in the proportion of saturated fatty acid is expected to lead to higher stability and lower 

permeability of the membrane in the presence of octanoic acid. Based on the increased membrane 

stability and lower permeability derived from the combination of these changes, we speculate that 

they are responsible for mitigation of octanoic acid toxicity in the present approach. This is 

attributable not only to higher levels of oleic acid but also stearic acid. Increased stearic acid levels in 

S. cerevisiae have been observed in previous studies that aimed to increase oleic acid levels to cope 

with membrane stress caused by with aliphatic alcohols (Yazawa et al., 2011; You et al., 2003), as well 

as exposure to 0.5 mM and 0.8 mM octanoic acid (Liu et al., 2013) and 35 µM of decanoic acid 

(Alexandre et al., 1996). However, it is important to note that this is a simplified analysis of lipid 

composition effects on the cell that does not consider the impact of lipids on membrane proteins, 

the presence of microdomains on cell membrane organization and dynamics (Marguet et al., 2006; 

Rest et al., 1995), as well as other regulatory mechanisms involved in the cell response to stress (Fang 

et al., 2017; Legras et al., 2010; Nasutution et al., 2017). 
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Analysis of membrane integrity 

In prior work, octanoic aid was shown to increase membrane permeability (Liu et al., 2013) 

due to its retention in the cell membrane (Borrull et al., 2015). Liu et al. (2013) used magnesium 

leakage as a measure of membrane permeability. Magnesium plays an essential role in many 

physiological cell functions such as cell growth, cell division, enzyme activity, repression of stress 

protein biosynthesis and stabilization of the plasma membrane via interaction with phospholipids 

(Birch and Walker, 2000). It is thus a suitable model ion to evaluate membrane integrity. 

To investigate whether the increased proportion of oleic acid resulting from Acc1S1157A 

expression reduces membrane permeability, we performed a magnesium leakage assay. Strains 

BY4741 and BY4741-ACC1m were cultivated in SDC-AU medium to OD600=1, and then exposed to 1.5 

mM octanoic acid for 25 minutes at 30°C. Extracellular magnesium was then measured via 

fluorescence by addition of a molecular probe. Reported values correspond to the difference in 

measured magnesium concentration between exposed and unexposed conditions, as previously 

reported (Liu et al., 2013; Prashar et al., 2003) and normalized by cell density prior to exposure. As 

seen in Figure A.6, the strain expressing Acc1S1157A had an 11-fold decrease in extracellular magnesium 

concentration relative to baseline BY4741. This result supports that the observed changes in fatty 

acid profile are linked to improved membrane integrity, and thus reduced C8 toxicity.  



 

227 
 

 

Figure A.6. Concentration of extracellular magnesium (mM Mg2+ per OD600) for BY4741 (n=6, open bar) and BY4741-
ACC1m (n=6, filled bar) after exposure to 1.5 mM octanoic acid. Error bars represent SEM (*p <0.05, relative to 
baseline strain).  

 

Resistance against other stressors 

Increased synthesis of oleic acid has been associated with enhanced tolerance to short-chain 

alcohols such as ethanol, n-butanol and 2-propanol (Yazawa et al., 2011; You et al., 2003). This 

increase has also been observed as a response to exogenous addition of decanoic acid in complex 

media, where oleic acid levels shifted from 15.8% to 44.1% (Alexandre et al., 1996). Moreover, early 

studies have shown that exogenous addition of oleic acid partially alleviated toxicity of hexanoic acid 

(Nordström, 1964).  

To determine whether the increase in oleic acid observed due to the Acc1S1157A mutant is 

capable of alleviating toxicity of these stressors, strains BY4741-ACC1m and BY4741 (control) were 

cultured in buffered SDC-A,U medium supplemented with either 8.75 mM hexanoic acid (C6), 0.3 mM 

decanoic acid (C10), 8% ethanol, 1.3% n-butanol, or 6% 2-propanol. Alcohol concentrations and time 

intervals were chosen based on values reported by Yazawa et al. (2011). Carboxylic acid 
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concentrations were determined by screening and selecting the most inhibitory concentrations at 24 

h and 48 h. 

Following cultivation for 48h in the presence of the various stressors, cell density (OD) was 

measured and compared for BY4741-ACC1m and BY4741 (Figure A.7). Expression of Acc1S1157A and 

the higher oleic acid content in the membrane increased resistance to hexanoic acid, 2-propanol, and 

n-butanol. This resulted in cell densities 29-fold, 1.8-fold, and 3.2-fold higher than the baseline strain, 

respectively. The results for octanoic acid at 1.25mM (MIC) are shown for comparison. That no effect 

was observed for decanoic acid is likely a consequence of the different mechanisms that yeast 

employs to overcome octanoic and decanoic acids stress. While decanoic acid penetrates the cell and 

is esterified, octanoic acid remains in the membrane (Borrull et al., 2015; Legras et al., 2010). 

Interestingly, there was no improvement in ethanol resistance and significant drops in cell growth 

were observed at 24 h and 36 h; this contrasts with prior reports in the literature at lower oleic acid 

levels (Yazawa et al., 2011; You et al., 2003; Zheng et al., 2013). Even so, the improved resistance to 

hexanoic acid, octanoic acid, 2-propanol, and n-butanol demonstrates the general applicability of 

increasing oleic acid content via Acc1S1157A expression. 
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Figure 7. Cell density (OD600) at 48 h for baseline strain (BY4741) and engineered strain (BY4741-ACC1m) upon 
exposure to 8.75 mM hexanoic acid (C6), 0.3 mM decanoic acid (C10), 8% ethanol, 6% 2-propanol and 1.3% n-
butanol. The results for 1.25 mM octanoic acid (C8) have been included for comparison. Results show average and 
SEM of biological duplicates (*p <0.05, *** p <0.001, relative to baseline strain). 
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CONCLUSIONS 

We have ameliorated the toxicity of octanoic acid on Saccharomyces cerevisiae by increasing 

the fraction of oleic acid through expression of the Acc1S1157A mutant of the native acetyl-CoA 

carboxylase. To our knowledge, this is the highest fraction of oleic acid (79 % without C8 challenge, 

64 % with C8 challenge) reported to date. The engineered strain showed an optical density 19-fold 

higher upon exposure to 1.2 mM octanoic acid for 36 h and an increase in growth rate of 84% when 

cells were exposed to 0.7 mM C8. The minimal inhibitory concentration was 2.5 mM for the 

engineered strain and 1.25 mM for the baseline strain. We attribute this decrease in toxicity to 

changes in membrane composition, as we observed higher average lipid chain length and percentage 

of saturated fatty acids in the Acc1S1157A expressing cells exposed to 0.7 mM C8, indicators of 

increased membrane stability and lowered permeability. These changes resulted in enhanced 

membrane integrity, based on the 11-fold decrease in magnesium leakage observed. We have also 

shown that our approach can be applicable to other stressors and increases the tolerance to hexanoic 

acid, n-butanol and 2-propanol.  
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