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ABSTRACT OF THE DISSERTATION 

 

Metabolic Engineering of Saccharomyces cerevisiae for the Enhanced Production 
of Biorenewable Fuels and Platform Chemicals 

 

By 

 

Christopher Tyler Leber 

 

Doctor of Philosophy in Chemical and Biochemical Engineering  

University of California, Irvine, 2014 

 

Professor Nancy A. Da Silva, Chair  

 

 

The production of fuels and chemicals from biorenewable resources is important to 

alleviate the instability in supply costs, growing environmental concerns and competing policy 

agendas associated with the use of petroleum feedstock. Many of these petroleum-derived fuels 

and chemicals can be directly or functionally substituted with bio-produced molecules. Among 

these compounds, short (SCFAs) and long chain fatty acids (LCFAs) can be utilized as free fatty 

acids or can fulfill a role as platform molecules using their functional group as a target for 

chemical catalysis. We have designed Saccharomyces cerevisiae strains to overproduce long and 

short chain fatty acids by combining novel enzyme and metabolic engineering strategies. LCFAs 

were increased by targeting three native intracellular processes: β-oxidation, activation (via acyl-

CoA synthetases), and neutral lipid recycle. A sextuple mutant (Δfaa1 Δfaa4 Δfat1 Δfaa2 Δpxa1 



 

xviii 
 

Δpox1) overexpressing the diacylglycerol acyltransferase, DGA1, and the triacylglycerol lipase, 

TGL3, yielded 2.2 g/L extracellular free fatty acids. SCFAs were overproduced by linking a Rattus 

norvegicus derived TEII to the Homo sapiens derived fatty acid synthase (hFAS). With the use of 

a Bacillus subtilis derived Sfp phosphopantetheine transferase, extracellular caprylic (C8) and 

total SCFA acid levels reached 63 mg/L and 68 mg/L, respectively. Combined over-expression of 

the phosphopantetheine transferase with the hFAS mutant resulted in C8 titers of up to 82 mg/L 

and total SCFA titers of up to 111 mg/L. Further enzyme and pathway engineering strategies were 

employed to increase SCFA production. By codon optimizing hFAS and targeting the specific 

degradation pathways for SCFAs in an engineered strain (Δfaa2 Δant1 Δpex11), we were able to 

increase hexanoic, octanoic, decanoic and total extracellular short chain fatty acids more than 

75-, 220-, 120-, and 400-fold, respectively, relative to parent strain BY4741. Our novel 

combinations of pathway interventions have led to the highest extracellular SCFAs and LCFAs 

reported for S. cerevisiae. These engineering strategies should also prove useful for the increased 

production of other fatty acid derived biomolecules in yeast. 
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CHAPTER 1: 

 

Introduction 
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Motivation 

In 2013, the United States consumed a total of 6.89 billion barrels (289 billion gallons) of 

petroleum, of which approximately 96% or 6.61 billion barrels (277 billion gallons) were used for 

the production of chemicals or fuels (www.eia.gov). Petroleum is currently used for the 

production of gasoline, diesel fuel, heating fuel, jet fuel, chemical feedstocks and other products. 

In 2013, about 50% of the crude oil processed in the United States was imported from foreign 

countries (www.eia.gov). Unfortunately, this vital industry is not self-sustaining. Although 

innovative technologies in petroleum discovery, such as hydraulic fracturing, have temporarily 

met some of our demand, these appear to provide only short term solutions for the increasing 

hydrocarbon demand (Beld et al., 2014). The world’s supply of petroleum hydrocarbons are being 

rapidly depleted due to rising demand for energy, industrial and personal applications. Studies 

out of the Association for the Study of Peak Oil and Gas are predicting that the world’s demands 

will reach peak oil, the maximum rate of global petroleum extraction, as soon as 2018 (Carlson, 

2011). In response to this increasing demand and limited supply, the cost of petroleum rose to 

over $100 per barrel in 2012, a 10-fold increase compared to prices in the late 1990s and is 

estimated to continue climbing to over $150 per barrel within the next ten to twenty years 

(www.eia.gov and Ruffing, 2013). As petroleum-derived hydrocarbons are nonrenewable 

resources, the price of oil is only expected to increase in the future. With escalation and instability 

in supply costs, growing environmental concerns, competing policy agendas, and increasing 

foreign dependency, this unavoidable reality necessitates the development of renewable sources 

in order to maintain our current standard of living. Our future requires renewable sources not 

only to replace liquid fuels, but also to provide renewable feedstock for chemicals and personal 

http://www.eia.gov/
http://www.eia.gov/
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consumables. Among the alternative options under development, biologically derived chemicals 

and fuels have gained tremendous interest and are anticipated to supplement and eventually 

replace current petroleum-based industries. The chemical and fuels industry’s long term future 

is largely dependent on the successful transition from a non-renewable petroleum feedstock to 

a renewable bio-based feedstock. 

The chemical and fuels industry has relied on petroleum-based carbon feedstock for over 

150 years (Nikolau et al., 2008). This feedstock generates a small collection of platform chemicals 

from which highly efficient chemical conversions lead to the manufacture of a large variety of 

chemical and fuel products.  A flow-chart example of this manufacturing of consumer goods from 

petroleum-based feedstock is shown in Figure 1.1 (Werpy and Peterson, 2004).  

 

 

Figure 1.1: A flow-chart example of manufacturing consumer goods from petroleum-based feedstock 

(Werpy and Peterson, 2004). 
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With the vast majority of current capital investments focused on utilizing petroleum-derived 

chemical and fuel processes, a direct petroleum replacement, or a ‘drop-in’ solution, would prove 

most attractive (Beld et al., 2014). Accordingly, two primary pathways have been identified in 

microorganisms which have the capability to produce molecules that have the ability to ‘drop-in’ 

to our current industrial and personal infrastructure, the fatty acid and isoprenoid biosynthesis 

pathway (Figure 1.2).  This thesis will focus on metabolic and enzymatic engineering of the fatty 

acid pathway to increase hydrocarbons for chemical and fuel production.  

Fatty acids can be utilized in multiple ways in the chemical and fuels industry. They can 

be utilized as free fatty acids (FFAs) for the manufacturing of detergents, soaps, lubricants, 

cosmetics and pharmaceutical ingredients or they can be used as platform molecules using their 

functional group as a target for chemical catalysis (Tee et al., 2014). Fatty acids can serve as 

precursors for the production of alkanes, alkenes, fatty acid methyl esters, fatty acid ethyl esters 

or fatty alcohols, all molecules which have been identified to be ‘drop-in’ usable within the 

chemical and fuels industries, Figure 1.3 (Peralta-Yahya et al., 2012 and Ruffing, 2013). Though 

microorganisms have been identified which are capable of producing high levels of fatty acids, 

namely bacteria and yeast, their natural rates of microbial synthesis are typically too low to 

support industrial-scale production. In order to compete with petrochemical production, any 

microbial alternative must meet challenging demands in terms of product yield, productivity and 

robustness. Such demands will require significant engineering of our microbial host strain. 

Improvements in the metabolic pathways are mandatory for the successful design and 

optimization of any microbial alternative in replacing conventional petroleum-based processes.  

Metabolic and enzymatic engineering are powerful tools to improve microbial fatty acid 
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production, either through optimizing the native metabolic pathways within the host organism 

or though transferring heterologous pathways into the host for increased fatty acid production.  

 

 

Figure 1.2: Hydrocarbon biosynthesis pathways for the production of biologically derived fuels and 

chemicals, with the fatty acid biosynthesis pathway in blue and isoprenoid pathway in red. Target 

molecules and precursors are highlighted in the colored boxes (Ruffing, 2013). 
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Figure 1.3: Chemical structures of hydrocarbon-based biologically derived fuels and chemicals derived 

from fatty acid biosynthesis. Free fatty acids (FFA), fatty acid ethyl esters (FAEE), triacylglycerides (TAG), 

fatty alcohols and alkanes are shown (Ruffing, 2013).  

 

 

Microorganisms produce fatty acids for biological scaffolding found in cell walls and cell 

membranes, as energy storage found in triacylglycerides (TAG) and steryl esters (SE), and as 

building blocks for primary and secondary metabolites including biotin and lipoid acid (Beld et 

al., 2014). Recently, there have been many studies utilizing Escherichia coli as a workhorse for 

the production of fatty acids through fermentation (Handke et al., 2011, Steen et al., 2010, Lu et 

al., 2008). E. coli has shown promising initial results; however, additional pathway detail, 

thermodynamic information, enzymatic parameters and carbon/energy balances are needed to 

determine commercial feasibility (Handke et al., 2011). Since the biorenewable fuel and chemical 
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industries are still developing, other organisms including eukaryotic yeast, need to be explored 

and evaluated for their biocatalyst potential.  

Investigations using yeast, and specifically Saccharomyces cerevisiae, for biorenewable 

fuel and chemical production are far more limited. Saccharomyces cerevisiae is a well-studied 

model microorganism that is particularly suited for commercial scale processes due to its 

robustness and tolerance toward industrial conditions, the capability of high-density 

fermentations, and insusceptibility toward phage contamination (Zhou et al., 2014). Oleaginous 

yeast, yeast with extremely high levels of lipid bodies, include species belonging to the genus 

Candida, Cryptococcus, Rhodotorula and Yarrowia (Ratledge, 1991 and Lee et al., 2015). Many of 

these species accumulate significant amount of lipids, up to 72% w/w in Rhodotorula glutinis, in 

the form of TAGs and SEs (Ratledge, 1991 and Lee et al., 2015). However, TAGs and SEs cannot 

be used ‘as is’ and need further downstream modifications. For example, TAGs are often 

harvested in batch processes and then converted to diesel by in vitro transesterification (Lee et 

al., 2015). Such additional in vitro processes, including intracellular extraction and separation, 

inevitably reduce the cost-effectiveness and overall production efficiencies. Consequently, 

sizeable effort has been exerted to develop yeast that can accumulate and secrete fatty acids 

and fatty acid derived products into the extracellular medium. 

Wild-type Saccharomyces cerevisiae strains typically do not accumulate storage lipids to 

more than 10% dry cell weight (Zhou et al., 2014). Although S. cerevisiae does not naturally 

produce fatty acids in large quantities, its robustness, pH tolerance, simple nutrient 

requirements, fully sequenced genome, vast array of expression tools and long history as an 

industrial workhorse make it an excellent host candidate for further enzymatic and metabolic 
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engineering. In this thesis, we focus on using Saccharomyces cerevisiae as a recombinant host 

for the production of short and long chain fatty acids, which can be secreted into the extracellular 

medium. Fatty acids were chosen as a target biologically-derived platform molecule, due to the 

relatively simplistic polyketide/fatty acid biosynthesis pathway and their feasibility and reliability 

of conversion into other secondary chemicals or fuels (Figure 1.4) (Nikolau et al., 2008 and Werpy 

and Peterson, 2004). Engineering strategies are needed to increase fatty acid production and 

other target molecules by eliminating degradation pathways, overexpressing substrate and co-

factor molecules and by investigating the up- and down-regulation of key control elements. This 

technology, optimized through genetic and protein engineering, can help foster the development 

of a biorenewable chemical and fuels industry.  
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Figure 1.4: An outline of chemical production utilizing renewable carbon feedstock and microorganisms 

that produce platform chemicals; which through chemical catalysis, can replace the necessity to rely on 

traditional petroleum feedstock (www.cbirc.iastate.edu). 

 

 

 

 

 

http://www.cbirc.iastate.edu/
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Objectives 

The overall aim was to design and create an optimized S. cerevisiae strain utilizing the 

polyketide/fatty acid biosynthesis pathway for the high-level production of short and long chain 

fatty acids. This technology, optimized through genetic and protein engineering, can help foster 

the development of a biorenewable chemical and fuels industry. In this thesis, S. cerevisiae was 

investigated for the production of short chain fatty acids from glucose using the Homo sapiens 

type I fatty acid synthase (hFAS). Partial work was completed using the Escherichia coli fatty acid 

discrete system for producing short chain fatty acids, that work is listed in the Appendix. 

Phosphopantetheine transferases, AcpS from Escherichia coli and SFP from Bacillus subtilis were 

investigated for their ability to transform hFAS into its active holo form. Additional strain and 

enzyme engineering was implemented to further improve product yield, product selectivity and 

product sequestration of the short chain fatty acids. Specifically, we strove to increase short chain 

fatty acid production by eliminating degradation pathways and by overexpressing substrate and 

co-factor molecules along with the up- and down-regulation of key control elements. 

Additionally, the overproduction and secretion of long chain fatty acids through disrupted neutral 

lipid recycle was investigated. The goal was to provide a large pool of extracellular free fatty acids, 

which can be used directly or as precursors for further conversion into alkanes, alkenes, fatty 

alcohols, and fatty acid esters. Our overall objective was to harness this yeast for the high-level 

synthesis of short and long chain fatty acids. 
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Objective 1: 

The first aim was to overproduce and secrete long chain fatty acids through disrupted neutral 

lipid recycle in Saccharomyces cerevisiae. Specific objectives included: 

 Removal of acyl-CoA synthetase genes involved in fatty acid activation and transportation 

 Removal of the fatty acid degradation pathway (β-oxidation)  

 Increase carbon flux into neutral lipid droplet formation and degradation by the 

overexpression of native acyl transferase and lipase genes 

 Combine pathway interventions into a single yeast host for the increased production and 

secretion of long chain fatty acids 

Objective 2: 

The second aim was the heterologous expression of the Homo sapiens fatty acid synthase for the 

production of short chain fatty acids in yeast. Specific objectives included: 

 Examination of in vitro and in vivo activity of the Homo sapiens fatty acid synthase 

produced in S. cerevisiae  

 Elimination of the thioesterase domain and implementation of novel short chain 

thioesterases 

 Fusion of short chain thioesterases onto the mutant Homo sapiens fatty acid synthase  

 Production and detection of short chain fatty acids 
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Objective 3: 

The third aim was to incorporate additional strain and enzyme engineering for the enhanced 

production and secretion of short chain fatty acids. Specific objectives included: 

 Removal of short chain specific fatty acid degradation  

 Native cytosolic fatty acid synthase down-regulation 

 Up-regulation of acetyl-CoA and malonyl-CoA substrate pools  

 Codon optimization of the Homo sapiens fatty acid synthase for increased in vivo activity 
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Literature Overview  

Native Yeast Fatty Acid Synthase 

Fatty acids are key components of the cell and are essential for cell growth and function. 

They are major constituents of cellular membranes, store metabolic energy, harbor signaling 

functions, and are involved in post-translational protein modifications (Tehlivets et al., 2007). In 

yeast, these fatty acids are primarily C16 and C18 in length and are mainly produced by the large 

2.6 MDa type I cytosolic fatty acid synthase (FAS) (Tehlivets et al., 2007 and Leibundgut et al., 

2008). Octanoyl-ACP, which serves as a precursor to lipoic acid, is produced in the mitochondrial 

type II FAS system, where fatty acids are produced by interacting with distinct polypeptides 

(Tehlivets et al., 2007). Yeast cytosolic FAS consists of two subunits, encoded by FAS1 (β-subunit) 

and FAS2 (α-subunit) that organize as a barrel-shaped α6β6 complex, Figure 1.5.  

Instead of a thioesterase, the yeast FAS harbors a malonyl/palmitoyl transacylase (MPT) 

domain, located at the C terminus of the β-subunit, which is responsible for releasing the 

elongated fatty acid as an acyl-CoA ester (Tehlivets et al., 2007). This synthase, albeit very 

efficient in producing fatty acids, is not optimal for the production of short chain (C12 and lower) 

fatty acids. The yeast FAS invests nearly 50% of its total sequence length into building a rigid non-

catalytic scaffold, forming numerous intra- and inter- domain links that result in a very inflexible 

and non-porous outside wall structure (Lomakin et al., 2007, Tehlivets et al., 2007, and 

Leibundgut et al., 2008). The yeast FAS crystal structure, solved with 4 Å resolution, does not 

allow either an acyl carrier protein, of approximately 9 kDa, or a phosphopantetheine 

transferase, of approximately 13 kDa, to passively diffuse into the fatty acid elongation chambers 
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due to their large size (White et al., 2005, Mootz et al., 2001, and Lomakin et al., 2007). Because 

many short chain thioesterases are larger than 9 kDa, it is unlikely that passive diffusion of a 

heterologous thioesterases will suffice.  

 

 

Figure 1.5: A. Structural organization of yeast FAS. Nearly 50% of its total sequence length is invested into 

building a rigid non-catalytic scaffold (Leibundgut et al., 2008).  B. Side view of the pathway traversed by 

the acyl carrier protein in the reaction chambers of yeast FAS (Lomakin et al., 2007). 

 

In order to produce short chain fatty acids we have to either 1) mutate the MPT domain 

to cleave the elongating fatty acid earlier or 2) introduce a heterologous short chain fatty acid 

thioesterase. Because the structure and organization of the yeast FAS is very complex and highly 

organized, the successful mutation of the MPT domain, while maintaining the native FAS 

structure and function, would be difficult. Each domain is precisely arranged within the FAS 

complex to allow successful catalytic domain interaction with the growing fatty acid molecule; 

 

 
 

A. B. 
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accordingly, any deviation in these locations could render the FAS inactive. Because of the 

aforementioned difficulties, we decided to introduce a heterologous type I fatty acid synthase in 

conjunction with short chain fatty acid thioesterases in an effort to create short chain fatty acids.  

Homo sapiens Fatty Acid Synthase 

The Homo sapiens type I fatty acid synthase, a eukaryotic FAS, is structurally very different 

from its yeast counterpart, even though the underlying chemistry is conserved between these 

two systems. The human FAS (hFAS) is a 540 kDa type I cytosolic fatty acid synthase (Maier et al., 

2010). hFAS is encoded by a single α-unit that folds into a α2 X-shaped homodimer, Figure 1.6. 

Unlike the rigid yeast FAS, hFAS has only ~9% of its total sequence length in non-catalytic 

linkage/scaffolding (Maier et al., 2010). Because of this, hFAS is not constrained by a scaffolding 

structure and displays a remarkable degree of flexibility, which allows rotation between the 

upper and lower halves of the molecule. By using single-particle electron microscopy this 

flexibility was observed and quantified (Brignole et al., 2009). Figure 1.6 (B) shows a 25° rotation 

along the Z-axis, 35° rotation along the X-axis, and a full 180° rotation along the Y-axis confirming 

the incredible flexibility of the FAS molecule. By crystallographic analysis, it was found that this 

homodimer had 72 Å and 87 Å openings on the left and right hand, respectively (Maier et al., 

2006 and Smith and Tsai, 2007). The lack of structural scaffolding, large pockets with access to 

the growing acyl-chain and the C-terminus end of arm thioesterase domain location makes the 

human FAS an ideal candidate for short chain fatty acid production.   
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Figure 1.6: A. Structural organization of the mammalian FAS (Maier et al., 2010). B. Remarkable flexibility 

of the mammalian FAS along the X, Y and Z axis. This flexibility facilitates interactions amongst the growing 

ACP bound acyl-chain and catalytic domains (Brignole et al., 2009). 

 

Acyl-CoA Synthetases 

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. S. cerevisiae has six known acyl-CoA 

synthetases encoded by FAA1, FAA2, FAA3, FAA4, FAT1 and FAT2 (Table 1.1) (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). By simply 

removing FAA1 and FAA4, it was shown that yeast begin to secrete fatty acids, primarily C16 and 

C18 lengths, into the growth medium, (Scharnewski et al., 2008). Interestingly, after about 48hrs 

of growth the double knockout strain started to re-import the secreted fatty acids. It was 
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determined that fatty acids were continuously secreted in early exponential phase and were re-

imported in late exponential phase and stationary phase. This was directly correlated to the 

metabolic state of the cell which continually adapted the membrane parameters to cellular 

needs. 

 

Table 1.1: The six known acyl-CoA synthetases found in Saccharomyces cerevisiae. 

Gene Description 

FAA1 Encodes acyl-CoA synthetases involved in the activation of imported fatty acids 

FAA2 Encodes acyl-CoA synthetase activity in peroxisome for β-oxidation scheduled fatty acids 

FAA3 Long chain fatty acid acyl-CoA synthetase 

FAA4 Encodes acyl-CoA synthetases involved in the activation of imported fatty acids 

FAT1 Fatty acid transporter and acyl-CoA synthetase 

FAT2 Function still unclear, but localizes around peroxisome 

 

 

Fatty Acid Degradation Pathway (β-Oxidation) 

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). S. cerevisiae constantly undergoes lipid 

turnover through β-oxidation. Throughout exponential and stationary growth phases, β-

oxidation is a major contributor to the loss of fatty acids. It is imperative to identify and remove 

critical genes contributing to the degradation of fatty acids, in any microorganism that acts as a 

biocatalyst for the enhanced production of fatty acid derived biofuels or biochemicals. 

In yeast, β-oxidation is restricted to the peroxisome whereas in mammalian cells it is 

augmented by an additional mitochondrial pathway (Hiltunen et al., 2003). The confinement of 
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β-oxidation in yeast to a single organelle makes S. cerevisiae an attractive and relatively simple 

organism for the removal of this degradation pathway. β-oxidation of fatty acids involves three 

stages: activation of fatty acids in the cytosol, transport of fatty acids into the peroxisome and 

degradation of fatty acids within the peroxisome (Hiltunen et al., 2003). Fat1, a long chain fatty 

acyl-CoA synthetase, is the primary protein involved with activating free fatty acids destined for 

β-oxidation in the cytosol. Pxa1, a subunit of the heterodimeric peroxisomal ATP-binding cassette 

transporter complex Pxa1-Pxa2, serves as the active transporter of fatty acids into the 

peroxisome. Finally, Pox1, a fatty-acyl coenzyme A oxidase, is responsible for the first committed 

degradation step of β-oxidation (Figure 1.7). Interestingly, long and short chain fatty acids (SCFA) 

are transported into the peroxisome via different pathway enzymes. Transport of SCFAs occur as 

free fatty acids and requires the active involvement of Pex11 (Roermund et al., 2001). After 

transport, the fatty acid is activated by the peroxisomal acyl-CoA synthetase Faa2. This process 

requires ATP, which is imported into the organelle by the adenine nucleotide transporter Ant1 

(Kohlwein et al., 2013). Previously, it has been suggested that Faa2 produces AMP and 

pyrophosphate and most likely exchanges AMP for ATP across the peroxisomal membrane using 

Ant1 (Kohlwein et al., 2013).  Both Pex11, Ant1 and Faa2 are located at the periphery of the 

peroxisomal membrane.  

Many previous studies have used both modeling and experimental approaches to identify 

important genes for manipulation in the β-oxidation pathway. However, most studies have 

focused on disrupting β-oxidation by deleting the gene for Pox1, the initial enzyme involved in 

the degradation of fatty acids (Valle-Rodriguez et al., 2014; Li et al., 2014; Runguphan and 

Keasling, 2013). However, unsaturated fatty acids in S. cerevisiae, such as oleic acid, can be fully 
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oxidized in the presence of auxiliary enzymes, Eci1, Dci1 and Sps19 (Kohlwein et al., 2013). 

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, which bypass Pox1 completely and instead get shuttled directly to Fox2, the 

second-step enzyme involved in FA degradation (Hiltunen et al., 2003).  

 

 

 

Figure 1.7: Overview of metabolic pathways involved in β-oxidation. Gene names are emphasized in 

purple with final and intermediate products boxed in black. FFA is abbreviated for free fatty acid and VLC 

is abbreviated for very long chain (Kohlwein et al., 2013).    
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Yeast Neutral Lipid Droplet Pathway 

Lipid droplets (LD) serve as a storage compartment for nonpolar lipids and are primarily 

composed of triacylglycerols (TAG) and sterol esters (SE) (Sandager et al., 2002). LDs utilize lipases 

to break down TAGs and SEs into free fatty acids. Lipid droplet formation and utilization is a non-

essential process in S. cerevisiae (Sandager et al., 2002). 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 (Figure 1.8) (Koch et al., 2014; Schmidt et al., 2013).  

Dga1 has been identified as the primary protein involved in TAG formation with Lro1 being 

recognized as a lesser contributor (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).  

Many recent studies have investigated the use of lipid droplet enzymes for increased 

intracellular lipid accumulation (Kamisaka et al., 2013; Runguphan and Keasling, 2013; Valle-

Rodriguez et al., 2014). In order for S. cerevisiae to convert TAGs or SEs to free fatty acids, lipases 

are required. Lipases are abundant in yeast, with over fourteen enzymes currently identified, 

including: Ayr1, Eht1, Ldh1, Lpx1, Tgl1, Tgl3, Tgl4, Tgl5, Tsc10, Ybr056w, Yeh1, Yeh2, Yju3, and 

Ykl050c (Athenstaedt and Daum, 2003; Athenstaedt and Daum, 2005; Henry et al., 2012; 

Jandrositz et al., 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.  
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Figure 1.8: Schematic overview of lipid droplet (LD) formation and degradation. Lipid droplets are formed 

in the endoplasmic reticulum and are surrounded by a phospholipid monolayer. The LD core is highly 

hydrophobic composed of roughly 50% triacylglycerols (TAG) and 50% sterol esters (SE). Free fatty acids 

are formed after the degradation of TAGs or SEs and can be recycled after re-activation by an acyl-CoA 

synthetase. Gene names are italicized in bold. 
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Abstract 

The production of fuels and chemicals from biorenewable resources is important to 

alleviate the growing 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.  
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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, 2013; 

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 2.1).  

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, 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 (2013) 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 
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(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 (2013) 

found that by 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 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 sterol 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 
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acid levels (Blazeck et al., 2014; Kamisaka et al, 2013; Runguphan and Keasling, 2013). 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 (2013) 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., 2005; Koffel et al., 2005; 

Ploier et al., 2013). Among these, Tgl1, Yeh1, and Yeh2 have been identified as the only SE 

hydrolases, and with 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 2.1).  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 
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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. 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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Figure 2.1: 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.  
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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).  

pBTEF1 was assembled from three gBlocks (IDT DNA, 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. 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 cassesttes, set 

in opposite directions (Figure 2.2). 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 
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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 inserted into pBTEF1 using the Gibson Method to give pBTEF1-ARE1, pBTEF1-DGA1, 

pBTEF1-TGL1, pBTEF1-TGL3, and pBTEF1-TGL5, respectively. Primer sequences are givien in Table 

2.3. 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 2.2). 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).  

Escherichia 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 2.1). 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 
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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. 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. The selection 

markers were removed from strains BY4741ΔFAA2, BY4741ΔFAA1ΔFAA4ΔFAT1, and 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 as previously described (Fang et al., 2011). 

Strains with selection markers present are denoted with a capital ‘M’ in the strain name (Table 

2.1).  
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Table 2.1: 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   
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 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1   
BY4741 faa1Δ; faa4Δ; fat1Δ; faa2Δ; 
pxa1Δ; pox1Δ 

This Study 
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Table 2.2: 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 2.3: List of primer sequences 

Cloning Primers Sequence 

gBlock1-F 5' gttccgcgcacatttccccgaaaagtgccacctgacCATATGACCGCGAATCCTTACATC 3' 

gBlock1-R 5' CCTTTTATATTTCTCTACAGGGGCGCGGCGTGGGGACAATTCAACGCGTCTGTGAGGGGA 3' 

KanMX-F 5' TTAATTTGGCTAGCCCCGGGGGATCCGACATGGAGGCCCAGAATACCCTC 3' 

KanMX-R 5' AATTTGTTAATTAACCCGGGGTTAACCAGTATAGCGACCAGCATTCACAT 3' 

ARE1-F 5' AGTTTTAATTACAAAACTAGTGTTTAAAACAATGACGGAGACTAAGGATTTGTTG 3' 

ARE1-R 5' GAATGTAAGCGTGACATAACTAATCTCGAGCGTCATAAGGTCAGGTACAACGTCATA 3' 

DGA1-F 5' AGTTTTAATTACAAAACTAGTGTTTAAAACAATGTCAGGAACATTCAATGATATAA 3' 

DGA1-R 5' GAATGTAAGCGTGACATAACTAATCTCGAGCGTTACCCAACTATCTTCAATTCTGCA 3' 

TGL1-F 5' TAAGTTTTAATTACAAAcacgtggcAAAACAATGTACTTCCCCTTTTTAGGCAG 3' 

TGL1-R 5' GAATGTAAGCGTGACATAACTAATccgcggaTCATTCTTTATTTAGAGCATCC 3' 

TGL3-F 5' TAAGTTTTAATTACAAAcacgtggcAAAACAATGAAGGAAACGGCGCAGGAAT 3' 

TGL3-R 5' GAATGTAAGCGTGACATAACTAATccgcggaCTACCTACTCCGTCTTGCTCTT 3' 

TGL5-F 5' TAAGTTTTAATTACAAAcacgtggcAAAACAATGTCTAATACCTTGCCAGTAAC 3' 

TGL5-R 5' GAATGTAAGCGTGACATAACTAATccgcggaTCAATTTTGAAAAATGTCTGAA 3' 

Knockout Primers Sequence 

KO-FAA1-F 5' CTAGAACAAACACAAAAGACAAAAAAAGACAACAATggtcgactctagaggatcCCCGGG 3' 

KO-FAA1-R 5' ATGATGAGGCTTTCCTATCATGGAAATGTTGATCCAGAATTCgagctcggtaCCCGGGat 3' 

KO-FAA1-FN 5' CTTGTTGTTAAAAAACTCGTTAGGATACAATAAAAACTAGAACAAACACAAAAGACAAAA 3' 

KO-FAA1-RN 5' CAGTTCTAAAGCAAAAAACTGAAAAAGTGCTTTAGTATGATGAGGCTTTCCTATCATGGA 3' 

KO-FAA4-F 5' CACTATTTCTTGAAAAACTAAGAAGTACGCATCAAAggtcgactctagaggatcCCCGGG 3' 

KO-FAA4-R 5' AAGGGCAGGGGGGAAAGTAAAAAACTATGTCTTCCTGAATTCgagctcggtaCCCGGGat 3' 

KO-FAA4-FN 5' CAGCATTAGTAACACATCATTTTTTTCTCTGTTCTTCACTATTTCTTGAAAAACTAAGAA 3' 

KO-FAA4-RN 5' ATTGATGCTCTTAGAAAATGAAACGTAGTGTTTATGAAGGGCAGGGGGGAAAGTAAAAAA 3' 

KO-FAT1-F 5' TATCGTTGAACTTTTAATAGGCTGCGAATACCGACTggtcgactctagaggatcCCCGGG 3' 

KO-FAT1-R 5' AGGAAAAATACTTTATCCTAATTCAGGAACATCAAAGAATTCgagctcggtaCCCGGGat 3' 

KO-FAT1-FN 5' AAACTAAATTGAAAAGCCCAAATCATTCAAATTCTATATCGTTGAACTTTTAATAGGCTG 3' 

KO-FAT1-RN 5' TTATCAATATTACGTTTACATACGTACTCTCGTGCAAGGAAAAATACTTTATCCTAATTC 3' 

KO-FAA2-F 5' TACAAAAAACGGATAAGAACAAACTTGTTTCGAAATggtcgactctagaggatcCCCGGG 3' 

KO-FAA2-R 5' TTCTAGTTTGAATGTGTTCCAAATCGTCATAAGTACGAATTCgagctcggtaCCCGGGat 3' 

KO-FAA2-FN 5' GAAACGCATGGCTAAGGGAAGTGGAAGAATGCAGGTTACAAAAAACGGATAAGAACAAAC 3' 

KO-FAA2-RN 5' ATGGATGTGCATAGGGATATCCTACATCAAAGTTTTTTCTAGTTTGAATGTGTTCCAAAT 3' 

KO-PXA1-F 5' AGACAATCTGGAAGTCTTAGAACGCATAACACAGAAggtcgactctagaggatcCCCGGG 3' 

KO-PXA1-R 5' ATTCGCTAAATAAAATCTCTCCCTTTCTAGGGTGTTGAATTCgagctcggtaCCCGGGat 3' 

KO-PXA1-FN 5' TCTCTAAGAAGTGAGACTAACAATGAAACCCGTTTCAGACAATCTGGAAGTCTTAGAACG 3' 

KO-PXA1-RN 5' GTACAAATTCAGTTACGGAAATAATATATAAATTATATTCGCTAAATAAAATCTCTCCCT 3' 

KO-POX1-F 5' AGAAAAAAAGAAAATATAATAAATTAGTATTGCGATggtcgactctagaggatcCCCGGG 3' 

KO-POX1-R 5' AAACAGAGGGTTCGAAGGAAAACAGGAAACCTCTACGAATTCgagctcggtaCCCGGGat 3' 

KO-POX1-FN 5' GTTTTTGAATACACACTTGACACTAATAAGTATCACAGAAAAAAAGAAAATATAATAAAT 3' 

KO-POX1-RN 5' CTTGGCGACACTAGTTGAATTGAAACAAAAGTCGCAAAACAGAGGGTTCGAAGGAAAACA 3' 



 

40 
 

Table 2.4: List of gBlock sequences 
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Figure 2.2: 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 

2 micron 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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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 20 mL or 60 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).    

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 
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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 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 
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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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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 begin 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 (Δfaa1, Δfaa2, Δfaa3, Δfaa4, Δfat1) 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, BY4741MΔFAA1ΔFAA4 

ΔFAT1. 
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The parent (BY4741), double knockout (Δfaa1Δfaa4), and triple knockout 

(Δfaa1Δfaa4Δfat1) strains were cultivated in complex medium and the intracellular, extracellular 

and total fatty acid levels were compared at 24, 48, and 72 h (Figure 2.3). All three strains had 

similar growth rates and final cell densities (Figures 2.4), 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 Δfaa1Δfaa4 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 (Δfaa1Δfaa4Δfat1) increased 

extracellular FFA levels 60% over the double knockout (Δfaa1Δfaa4) 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, all further studies utilized the triple knockout 

(Δfaa1Δfaa4Δfat1) strain. 
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Figure 2.3: 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 (grey slashed bars), and BY4741MΔFAA1ΔFAA4ΔFAT1 

(dark grey bars) at 24 h, 48 h, and 72 h harvest points. Error bars represent ± standard deviation between 

three independent experiments.  

 

 

Figure 2.4: Characteristic growth curve of wild type BY4741 (blue line), BY4741MΔFAA1ΔFAA4 (red line) 

and BY4741MΔFAA1ΔFAA4ΔFAT1 (green line). Optical densities (OD) were taken on a Shimadzu UV-2450 
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spectrophotometer (Columbia, MD) at 24, 48 and 72 h time points. A correlation factor was used to 

convert OD to dry cell weight per liter (1 OD = 0.43 gDCW/L). Error bars represent ± standard deviation 

between three independent measurements.  

 

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 2.6). 

Consequently, two additional combinatorial mutant strains were created. The double knockout 

(Δfaa2Δpxa1) disrupts import and activation of fatty acids; this combination was chosen as Faa2 

and Pxa1 act prior to Pox1. The triple knockout (Δfaa2Δpxa1Δpox1) was then created to disrupt 

the initial degradation step as well. The strains were screened for intracellular fatty acid levels at 
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10, 24 and 48 h of growth (Figure 2.5). 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 2.5). These same trends were observed when normalized to 

cell density (Figure 2.7). Strain BY4741MΔFAA2ΔPXA1 and strain 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 (Δfaa2 to Δfaa2Δpxa1 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.  
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Figure 2.5: 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.  
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Figure 2.6: 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.  
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Figure 2.7: Effect of β-oxidation disruption on specific intracellular fatty acid titers (mg/gDCW) when 

normalized to final cell density (gDCW/L). Intracellular fatty acid levels produced using wild type BY4741 

(white bars), BY4741ΔFAA2 (grey slashed bars), BY4741MΔFAA2ΔPXA1 (light grey bars), and 

BY4741MΔFAA2ΔPXA1ΔPOX1 (dark grey bars) at 24 h, 48 h, and 72 h harvest points. 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 2.8). 

Both strains had all markers excised and their characteristic growth curves are shown in Figure 

2.9. 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 
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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.   

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.  
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Figure 2.8: 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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Figure 2.9: Characteristic growth curve of wild type BY4741 (grey line), BY4741ΔFAA1ΔFAA4ΔFAT1 (black 

line), BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 (black dotted line), 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 overexpressing pBTEF1 DGA1-TGL3 (purple line), 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 overexpressing pBTEF1 DGA1-TGL5 (blue line), and 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 overexpressing pBTEF1-DGA1 (orange line). Optical 

densities (OD) were taken on a Shimadzu UV-2450 spectrophotometer (Columbia, MD) at 600 nm. A 

correlation factor was used to convert OD to dry cell weight per liter (1 OD = 0.43 gDCW/L). 

 

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 sterol 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 
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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 2.2). 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 2.11). 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 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. 

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, 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 
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(Table 2.2). 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 2.10), 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 (Table 2.5). 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 2.10). 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 

2.10; growth curves shown in Figure S.9).  Overexpression of pBTEF1-DGA1-TGL5, increased 
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extracellular FFA titers to over 600 mg/L after 48 h. Markedly, when TGL3 was substituted for 

TGL5, extracellular FFAs increased substantially. 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 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. 
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Figure 2.10: 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 with overexpression of nine expression cassettes, 

including acyltransferase genes DGA1 and ARE1 and lipase genes TGL1, TGL3, and TGL5. 6KO is strain 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 grown in 2% YPD with no expression cassette (labeled 

6KO). Control is 6KO strain expressing 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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Figure 2.11: Extracellular free fatty acid levels (mg/L) (blue bars) and final cell densities (gDCW/L) (red 

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.  
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Table 2.5: Intracellular, extracellular and total specific fatty acid levels (mg/gDCW) when normalized to 

final cell density (gDCW/L) after 48 h of growth for select strains. N.D. is not detected. Values are reported 

as average ± standard deviation from three independent experiments. 

 

Strain 
Intracellular Fatty 
Acids (mg/gDCW) 

Extracellular FFA 
Titer (mg/gDCW) 

Total Fatty Acids 
(mg/gDCW) 

BY4741 pBTEF1 23 ± 5 N.D. 23 ± 5 

BY4741 ΔFAA1 ΔFAA4 ΔFAT1 pBTEF1 37 ± 9 26 ± 7 63 ± 16 

BY4741 ΔFAA1 ΔFAA4 ΔFAT1 ΔFAA2 
ΔPXA1 ΔPOX1 pBTEF1 30 ± 2 37 ± 5 67 ± 5 

BY4741 ΔFAA1 ΔFAA4 ΔFAT1 ΔFAA2 
ΔPXA1 ΔPOX1 pBTEF1-DGA1 40 ± 2 7 ± 0 47 ± 2 

 

 

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 2.12. 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 2.12: Extracellular free fatty acid chain length distribution profile for strain 

BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1 carrying pBTEF1 DGA1-TGL3 (white bars) and empty 

vector pBTEF1 (grey 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 2.13). 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, 2013). 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 (Figure 2.14). 
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Figure 2.13: 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.   
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B. 

 

 

 

Figure 2.14: Confirmation of free fatty acid production using negative ion LC-MS. Media was spun down 

after 48 h of growth, cells removed, and the supernatant analyzed using LC-MS for wild-type (BY4741) and 

the 6KO strain (BY4741ΔFAA1ΔFAA4ΔFAT1ΔFAA2ΔPXA1ΔPOX1) expressing pBTEF1-DGA1-TGL3. A. 

Chromatogram of LC-MS mass range 100-300 m/z. Peaks 253, 281, and 283 correspond to C16:1, C16 and 

C18:1 free fatty acids, respectively. B. LC-MS mass range of 200-1000 m/z. No detectable TAG or SE was 

observed. 
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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 

(Δfaa2Δpxa1Δpox1) 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 

(Δfaa1Δfaa4Δfat1Δfaa2Δpxa1Δpox1), 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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Abstract 

Carbon feedstocks from fossilized sources are being rapidly depleted due to rising 

demand for industrial and commercial applications. Many petroleum-derived chemicals can be 

directly or functionally substituted with chemicals derived from renewable feedstocks. Several 

short chain organic acids may fulfill this role using their functional groups as a target for chemical 

catalysis. Saccharomyces cerevisiae was engineered to produce short chain carboxylic acids (C6 

to C10) from glucose using the heterologous Homo sapiens type I fatty acid synthase (hFAS). This 

synthase was activated by phosphopantetheine transfereases AcpS and Sfp from Escherichia coli 

and Bacillus subtilis, respectively, both in vitro and in vivo. hFAS was produced in the holo-form 

and produced carboxylic acids in vitro, confirmed by NADPH and ADIFAB assays. Overexpression 

of hFAS in a yeast FAS2 knockout strain, deficient in de novo fatty acid synthesis, demonstrated 

the full functional replacement of the native fungal FAS by hFAS. Two active heterologous short 

chain thioesterases (TEs) from Cuphea palustris (CpFatB1) and Rattus norvegicus (TEII) were 

evaluated for short-chain fatty acid (SCFA) synthesis in vitro and in vivo. Three hFAS mutants were 

constructed: a mutant deficient in the native thioesterase domain, a mutant with a linked 

CpFatB1 thioesterase and a mutant with a linked TEII thioesterase. Using the native yeast fatty 

acid synthase for growth, the overexpression of the hFAS mutants and the short-chain TEs (linked 

or plasmid-based) increased in vivo caprylic acid and total SCFA production up to 33-fold (63 

mg/L) and 26-fold (68 mg/L), respectively, over the native yeast levels. Combined over-expression 

of the phosphopantetheine transferase with the hFAS mutant resulted in C8 titers of up to 82 

mg/L and total SCFA titers of up to 111 mg/L. 
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Introduction 

The production of chemicals in the United States is a $700 billion industry (annually), and 

continues to grow at an increasing rate each year (American Chemistry Council (ACC), 2012). 

There are over 70,000 different chemical products that are used throughout all parts of society 

ranging from personal products to agriculture, manufacturing, and construction (ACC, 2012). 

Unfortunately, this vital industry is not self-sustaining. Carbon feedstocks from fossilized sources 

are being rapidly depleted due to rising demand for industrial and commercial applications 

(Carlson, 2011). With escalation and instability in supply costs, growing environmental concerns, 

competing policy agendas, and increasing foreign dependency, the need to shift to a renewable-

based industry is increasingly important. For the production of industrial chemicals, the 

successful transition from a non-renewable petroleum feedstock to a renewable bio-based 

feedstock is desirable.  

Many petroleum-derived chemicals can be directly or functionally substituted with 

chemicals from renewable feedstocks (Werpy and Peterson, 2004, Nikolau et al., 2008).  Among 

these compounds, several organic acids may fulfill a role as platform molecules using their 

functional groups as a target for chemical catalysis. Due to the relatively simplistic and well-

studied fatty acid biosynthesis pathway, free fatty acids (FFAs) are of particular interest (Nikolau 

et al., 2008, Lennen and Pfleger 2012). FFAs can be reduced and decarboxylated to yield α-olefins, 

a top 30 industrial organic chemical by weight produced in the United States (McCoy et al., 2007). 

FFAs also serve as precursors to soaps, surfactants and lubricants and can be derived into fatty 

alcohols, fatty acid ethyl esters or fatty acid methyl esters (Polyolefin Comonomers – World 
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Markets, 1999, Lennen and Pfleger 2012, Peralta-Yahya et al., 2012). There have been numerous 

studies focusing on the overproduction of FFAs; most current work has used Escherichia coli as a 

host (Lu et al., 2008, Lennen et al., 2010, Zhang et al. 2011, Lennen and Pfleger, 2012, Jang et al., 

2012). Liu et al. (2012) was able to produce 4.8 g/L extracellular fatty acid (primarily C16), Zhang 

et al. (2011) achieved upwards of 2 g/L (primarily C14) and Lennen et al. (2010) reported nearly 

600 mg/L C12 using a plant thioesterase (BTE). Jing et al. (2011) screened 31 heterologous acyl-

acyl carrier protein thioesterases expressed in E. coli and reported the ability to produce FFAs 

ranging from C4-C16 in length. Additionally, Jiang et al. (2011) and Liu et al. (2006) have reported 

the overproduction of butyric acid, up to 86.9 g/L, using Clostridium tyrobutyricum as a host.  

Investigations using yeast and, specifically, Saccharomyces cerevisiae for fatty acid 

production are far more limited. S. cerevisiae has recently been engineered for increased 

production of long chain fatty acids, a 1.92-fold increase in C16:1 and 1.77-fold increase in C18:1, by 

disrupting citrate turnover and overexpressing a heterologous ATP-citrate lyase (Tang et al., 

2013). Oleaginous yeast are known to produce extremely high levels of lipid bodies, e.g., upwards 

of 72% w/w in Rhodotorula glutinis (Ratledge, 1991). Recently, S. cerevisiae was transformed into 

an oleaginous yeast by overexpression of the yeast diacylglycerol acyltransferase Dga1p 

(Kamisaka et al., 2013). Furthermore, the yeast species Candida Krusei was engineered to 

improve acid tolerance, a potential challenge when using microorganisms to produce short chain 

fatty acids (SCFAs) (Wei et al., 2008). However, to our knowledge, no studies have been published 

focusing on the production of FFAs between C6 and C10 in length in Saccharomyces cerevisiae. 

Although S. cerevisiae does not naturally produce fatty acids in large quantities, its robustness, 

pH tolerance, simple nutrient requirements, fully sequenced genome and molecular tools, and 
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long history as an industrial workhorse make it an excellent candidate biocatalyst for such 

purposes.  

Short chain free fatty acids, fatty acids that are less than 10 carbons long, are of particular 

interest due to their high demand in polyolefin production. Over 50% of all α-olefin consumption 

is for the production of polyolefins, which are predominantly produced from C6-C8 linear alpha 

olefins (Lappin, 1989). Nearly 65% of all polyolefins are produced from hexene (35%) and octene 

(30%) monomers (Polyolefin Comonomers – World Markets, 1999). In this study, we 

demonstrate the ability to overproduce caprylic acid (C8 FFA), a precursor to octene.      

Fatty acids are key components of the cell and essential for cell growth and function. They 

are major constituents of cellular membranes, store metabolic energy, harbor signaling 

functions, and are involved in post-translational protein modifications (Tehlivets et al., 2007). In 

yeast, these fatty acids are primarily C16 and C18 in length and produced by the large 2.6 MDa 

type I cytosolic fatty acid synthase (FAS) (Tehlivets et al., 2007, Leibundgut et al., 2008). This FAS 

consists of two subunits, encoded by FAS1 (β-subunit) and FAS2 (α-subunit) that organize as a 

barrel-shaped α6β6 complex. Type I fatty acid synthases are generally considered to be kinetically 

more efficient, with their coordinated synthesis more readily controlled than dissociated type II 

fatty acid synthases (Schweizer et al., 2004). The yeast FAS, while very efficient in producing fatty 

acids, is not optimal for the production of SCFAs. The FAS structure, solved with 4 Å resolution, 

does not allow either an acyl carrier protein (approximately 9 kDa) or a phosphopantetheine 

transferase (approximately 13 kDa) to passively diffuse into the fatty acid elongation chambers 

due to their large size (Mootz et al., 2001, White et al., 2005, Lomakin et al., 2007). Short chain 

thioesterases are typically larger than 9 kDa (Buchbinder et al., 1995, Dehesh et al., 1996), making 
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it unlikely that passive diffusion of a heterologous thioesterases will suffice. Therefore, to 

produce short chain fatty acids with yeast FAS, the malonyl-palmitoyl transferase (MPT) domain 

would need to be mutated for early cleavage of the elongating fatty acid. Given the complex and 

highly organized structure of the yeast FAS, the successful mutation of the MPT domain, while 

maintaining the native FAS structure and function, would be challenging. Introduction of a 

heterologous FAS in conjunction with a short chain thioesterase is a promising alternative for 

creating SCFAs.  

The Homo sapiens type I fatty acid synthase is structurally very different from its yeast 

counterpart, even though the underlying chemistry is conserved between these two systems. 

The cytosolic human FAS (hFAS) is an α2 X-shaped homodimer of a 540 kDa (Maier et al., 2010). 

hFAS is not constrained by a scaffolding structure and displays a remarkable degree of flexibility, 

which allows rotation between the upper and lower halves of the molecule (Brignole et al., 2009). 

The thioesterase domain, responsible for cleaving the elongating fatty acid, is on the C-terminus 

and isolated from the core scaffold (Leibundgut et al., 2008). The lack of structural scaffolding, in 

addition to the large pockets with access to the growing acyl-chain, makes the human FAS an 

ideal candidate for short chain fatty acid production.  

In this study, we engineered Saccharomyces cerevisiae to produce short chain fatty acids 

by introducing the hFAS and heterologous short chain thioesterase genes. Exogenous 

phosphopantetheine transfereases (PPT) were expressed to create the active holo-hFAS form, 

and in vitro and in vivo activity of the hFAS was confirmed. The thioesterase domain was removed 

from hFAS to allow the premature cleaving of the elongating fatty acids by independent or linked 

exogeneous short chain thioesterases and the production of SCFAs was demonstrated. To our 
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knowledge, this is the first report of an active mammalian FAS expressed in yeast and the first 

report of the in vivo production of short chain fatty acids in S. cerevisiae. 
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Materials and Methods 

Yeast and Bacterial Strains  

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 

studies. S. cerevisiae host strain BJ5464 (Jones, 1991) was used for in vivo studies. S. cerevisiae 

diploid BY4743 (EUROSCARF, Frankfurt, Germany) was sporulated to obtain a ΔFAS2 haploid. 

Table 3.1 provides a description of the strains used and constructed in this study. 

 

Table 3.1: List of strains 

Strain Relevant Description  Reference / Source 

XL-1 Blue (E. coli) 
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 
[F’ proAB lacIqZΔM15 Tn10 (Tetr)] 

Stratagene 

BY4741 (S. cerevisiae) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Open Biosystems 

BJ5464 (S. cerevisiae) 
MATα ura3-52 his3Δ200 leu2Δ1 trp1 pep4::HIS3 
prb1Δ1.6R can1 GAL 

Jones, 1991 

BY4741/2-FAS2 MATa/MATα his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0/met15Δ0 EUROSCARF 

BYΔFAS2 MATα his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 met15Δ0 This Study 

BYPACPS BY4741 ura3::PPGK1-ACPS-LoxP-HIS3-LoxP This Study 

BYPSFP BY4741 ura3::PPGK1-SFP-LoxP-HIS3-LoxP This Study 

BYAACPS BY4741 ura3::PADH2-ACPS-LoxP-HIS3-LoxP This Study 

BYASFP BY4741 ura3::PADH2-SFP-LoxP-HIS3-LoxP This Study 

BJAACPS BJ5464 ura3::PADH2-ACPS-LoxP-TRP1-LoxP This Study 

BJASFP BJ5464 ura3::PADH2-SFP-LoxP-TRP1-LoxP This Study 
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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. 

For expression studies using the ADH2 promoter, YPD with 10 g/L dextrose was used. For 

expression studies using the PGK1 promoter, selective SDC-A medium was used. In these media, 

glucose is exhausted before 20 h. For the FAS2 knockout strain, the medium contained 2mM 

myristic acid with tween 40 (5 g/L) to supplement growth (Chirala et al., 1987). The fatty acid 

supplement was heated to 55°C for 30 minutes to increase solubility and then filter-sterilized. 

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 used 50 mL or 200 mL medium and protein purification 

studies used 5 mL or 250 mL medium. Cell growth was initiated at an optical density (600nm) of 

0.2 (Shimadzu UV-2450 spectrophotometer; Columbia, MD) and grown for 10 h (PPGK1 regulation) 

or 48 h (PADH2 regulation).  
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Vector and Strain Construction 

Standard molecular biology procedures were carried out as described in Sambrook et al. 

(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). Vector pCMV-SPORT6-FASN, carrying the gene for H. sapiens fatty acid synthase, 

was obtained from Open Biosystems (Huntsville, AL). Plasmid pKOS12-128a, carrying sfp from B. 

subtilis, was obtained from Kosan Biosciences (Kealey et al., 1998). pUC57-CpFatB1, carrying the 

CpFatB1 thioesterase gene from Cuphea palustris (Dehesh et al., 1996) codon-optimized for 

expression in E. coli, was obtained from Dr. Basil Nikolau’s lab at Iowa State University. pJLA502-

TEII, carrying the TEII thioesterase gene from Rattus norvegicus (Libertini and Smith, 1978, 

Naggert et al., 1991), was obtained from Dr. Stuart Smith at the Oakland Children’s Hospital.  

All primers are shown in Table 3.3. acpS was amplified from E. coli XL1-Blue using primers 

ACPSF and ACPSR. FAS2 was amplified from S. cerevisiae using primers FAS2F and FAS2R. FASN, 

sfp, TEII and CpFatB1 were amplified using primers FASNF/FASNR, SFPF/SFPR, TEII F/ TEII R and 

CpFatB1F/ CpFatB1R from pCMV-SPORT6-FASN, pKOS12-128a, pJLA502-TEII and pUC57-

CpFatB1, respectively. FASNΔTE was created using PCR primers FASMF and FASMR eliminating 

the 807bp thioesterase domain. FASN-TEII was created using PCR primers FASLinkF and FASLinkR 

on the pCMV-SPORT6-FASN backbone and nested PCR primers TEIILinkF/TEIILinkR and 

TELinkNestF/TEIILinkR on the pJLA502-TEII backbone; this mutated the alanine codon located in 

the ACP linker sequence from GCC to GCT, creating an Nhe1 cut site (GCTAGC) (Joshi et al., 2005). 

Similarly, FASN-CpFatB1 was created using FASLinkF and FASLinkR on the pCMV-SPORT6-FASN 



 

82 
 

backbone and nested PCR primers CpFatB1LinkF/CpFatB1LinkR and TELinkNestF/CpFatB1LinkR 

on the pUC57-CpFatB1 backbone. PCR fragments were digested with restriction enzymes Xho1 

and Spe1 (and Nhe1 for FASN-TEII and FASN-CpFatB1) 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 20 minutes at room temperature using a Thermo 

Scientific Fermentas Rapid DNA Ligation Kit (Thermo Fisher, San Jose, CA). 

TRP1 was excised from pXP216 (Fang et al., 2011) using restriction enzymes BamHI and 

KpnI and inserted into pXP842 (Shen et al., 2012), replacing the URA3 marker, to create pXP843. 

acpS was amplified from E. coli XL1-Blue and inserted into the two 2µ backbone vectors pXP222 

and pXP842 (Fang et al., 2011, Shen et al., 2012) to give pXP222-ACPS and pXP842-ACPS. FAS2 

was amplified from S. cerevisiae and inserted into the CEN/ARS vector pXP100 (Fang et al., 2011) 

to give pXP100-FAS2. FASN (for human FAS), sfp, TEII and CpFatB1 were amplified and cloned 

into 2µ backbone vectors (Fang et al., 2011, Shen et al., 2012) to give pXP218-hFAS, pXP841-

hFAS, pXP842-hFAS, pXP222-SFP, pXP842-SFP, pXP843-SFP, pXP842-TEII and pXP842-CpFatB1 

(Table 3.2). FASNΔTE was created using PCR primers to remove the C-terminal thioesterase 

domain. Using PCR, an Nhe1 restriction cut site was added in the linker for attachment of the TE 

sequences to obtain FASN-TEII and FASN-CpFatB1. 6x-histidine tags were placed on the C-

terminus of FASN, FASNΔTE, FASN-TEII, FASN-CpFatB1, TEII and CpFatB1 for downstream 

purification. 

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 in E. coli competent cells was done 
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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). 

acpS and sfp under the control of PPGK1 or PADH2 were integrated at one copy into the 

genome of strain BY4741 and BJ5464; creating strains BYAACPS, BYPACPS, BYASFP, BYPSFP, 

BJAACPS and BJASFP (Table 3.1). PCR was used to generate four fragments PADH2-ACPS-TCYC1, 

PPGK1-ACPS-TCYC, PADH2-SFP-TCYC1 and PPGK1-SFP-TCYC1 from vectors pXP842-ACPS, pXP222-ACPS, 

pXP842-SFP and pXP222-SFP, respectively. Primers URA3-ADH2-F and CYC-marker-R were used 

for the ADH2 promoter set and primers URA3-PGK1-F and CYC-marker-R for the PGK1 promoter 

set. The second fragment, loxP-HIS3-loxP or loxP-TRP1-loxP, was PCR amplified from vector 

pXP220 or pXP216, respectively, using primers CYC-marker-F and URA3-marker-R. The four 

fragments had 50 bp homologous sequences on the 3’ end to fragment loxP-HIS3-loxP or loxP-

TRP1-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. Two-fragment 

transformation was used as described previously (Nielsen et al., 2007, Fang et al., 2011).  acpS 

and sfp integrations into the URA3 locus were confirmed by PCR analysis using primers that 

annealed upstream and downstream of the chromosomal site.  

The FAS2/fas2 S. cerevisiae diploid (BY4743) was sporulated to create BY∆FAS2 haploids. 

To obtain haploids, pXP100-FAS2 was transformed into BY4743 and selected on synthetic (SD) 

plates. Single colonies were selected and grown in 5 mL SD medium overnight at 30°C. 200 µL of 

overnight culture was washed with 5 mL sterile ddH2O two times. Cell pellets were re-suspended 
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in 2 mL minimal media with 0.5% KOAc (pH 7.0). Cultures were placed in a tube roller and grown 

for seven days at room temperature. Cell supernatant was removed and re-suspended in 50 µL 

1M sorbitol and 5 µL Zymolyase (0.5 mg/mL dissolved in 1 M sorbitol). The mixture was incubated 

at room temperature for five minutes followed by the addition of 300 µL cold sterile ddH2O. 5 µL 

of cells were spread onto YPD plates and grown for three days. Colonies were streaked onto G418 

antibiotic, SD-Ura and YPD plates. Individual colonies were then streaked with Mata and  

strains to determine mating type (Julius et al., 1983). Genotypes were determined by testing on 

SD medium plates containing supplements to determine the auxotrophic markers obtained from 

the parent strain. The ΔFAS2 haploid had the genotype MATα his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 

met15Δ0.  

Table 3.2: List of plasmids 

Plasmid Promoter  Selection Marker Origin 

pXP100-FAS2 PPGK1 LEU2 CEN/ARS 

pXP218-hFAS PPGK1 URA3 2µ 

pXP222-ACPS PPGK1 LEU2 2µ 

pXP222-SFP PPGK1 LEU2 2µ 

pXP841-hFAS PADH2 LEU2 2µ 

pXP841-hFASΔTE PADH2 LEU2 2µ 

pXP842-ACPS PADH2 URA3 2µ 

pXP842-CpFatB1 PADH2 URA3 2µ 

pXP842-hFAS PADH2 URA3 2µ 

pXP842-hFAS-CpFatB1 PADH2 URA3 2µ 

pXP842-hFAS-TEII PADH2 URA3 2µ 

pXP842-hFASΔTE PADH2 URA3 2µ 

pXP842-SFP PADH2 URA3 2µ 

pXP842-TEII PADH2 URA3 2µ 

pXP843-SFP PADH2 TRP1 2µ 
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Table 3.3: List of primer sequences 

Integrating 
Primers 

Sequence 

URA3-marker-R 
5'CCAATTTTTTTTTTTTCGTCATTATAGAAATCATTACGACCGAGATTCCCGGGAATTCGA
GCTCGGTACCCGGG3' 

URA3-ADH2-F 
5'GTTTTGACCATCAAAGAAGGTTAATGTGGCTGTGGTTTCAGGGTCCATAAAAACGTAG
GGGCAAACAAACGGA3' 

URA3-PGK1-F 
5'GTTTTGACCATCAAAGAAGGTTAATGTGGCTGTGGTTTCAGGGTCCATAAGGCATTTGC
AAGAATTACTCGTG3' 

CYC-marker-F 5'CGCTCGAAGGCTTTAATTTGCGGCCGGTCGACTCTAGAGGATCCCCGGG3' 

CYC-marker-R 5'CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTTCGAGCG3' 

Cloning Primers Sequence 

ACPSF 5'GACCTCCCACTAGTAAAAAAATGGCAATATTAGGTTTAGG3' 

ACPSR 5'TGGTAATCCTCGAGTTAACTTTCAATAATTACCG3' 

FAS2F 5'GACCTCCCACTAGTAAAAAAATGAAGCCGGAAGTTGAGCAAGAA3' 

FAS2R 5'TGGTAATCCTCGAGCTATTTCTTAGTAGAAACGGCGAC3' 

FASLinkF 5'TCCCACTAGTAAAAAAATGGAGGAGGTGGTGATTGCCGGC3' 

FASLinkR 5'GGGAGCTAGCCTCATCCGCCTTTGAGGACAGCTC3' 

FASMF 5'TCCCACTAGTAAAAAAATGGAGGAGGTGGTGATTGCCGGCA3' 

FASMR 5'GGGACTCGAGCTAATGATGATGATGATGATGCCGCTCCGAGCTCTGCACGGAGTT3' 

FASNF 5'GACCTCCCACTAGTAAAAAAATGGAGGAGGTGGTGATTGCCGG3' 

FASNR 5'TGGTAATCCTCGAGCTAATGATGATGATGATGATGGCCCTCCCGCACGCTCACGC3' 

SFPF 5'GACCTCCCACTAGTAAAAAAATGAAGATTTACGGAATTTATATG3' 

SFPR 5'TGGTAATCCTCGAGTTATAAAAGCTCTTCGTACGAGAC3' 

CpFatB1F 5'TCCCACTAGTAAAAAAATGGTCGCCGCCGCCGCCTCATCCGCT3' 

CpFatB1R 5'GGGACTCGAGTTAATGATGATGATGATGATGGGTTTTGCCCGTGGAGATAGCGCC3' 

CpFatB1LinkF 
5'GAGGATGGTCTGGCCCAGCAGCAGACTCAGCTGAACATGGTCGCCGCCGCCGCCTCA
TCC3' 

CpFatB1LinkR 5'GGGACTCGAGCTAATGATGATGATGATGATGGGTTTTGCCCGTGGAGATAGCGCC3' 

TEIIF 
5'GACCTCCCACTAGTAAAAAAATGGAGACAGCAGTCAATGCTAAGAGTCCCAGGAATG
AAAAGGTTTTGAACTGT3' 

TEIIR 5'TGGTAATCCTCGAGTCAATGATGATGATGATGATGAGTGAGTGACGAGAGTTCCAA3' 

TEIILinkF 
5'AGGATGGTCTGGCCCAGCAGCAGACTCAGCTGAACATGGAGACAGCAGTCAATGCTA
AGA3' 

TEIILinkR 5'GGGACTCGAGTCAATGATGATGATGATGATGAGTGAGTGACGAGAGTTCCAAGCA3' 

TELinkNestF 
5'TCCCGCTAGCGAGCTGGCATGCCCCACGCCCAAGGAGGATGGTCTGGCCCAGCAGCA
GA3' 

 

 



 

86 
 

Protein Purification 

Protease inhibitor cocktail S8830 (Sigma-Aldrich, Saint Louis, MO), designed specifically 

for histidine-tagged proteins, was used for both small (5 mL) and large scale (250 mL) histidine-

tagged purification.  All protein concentrations were determined by a Coomassie-Bradford 

protein assay (Thermo Fisher, San Jose, CA) and all samples were stored at -20°C.  

Large scale (250 mL) cultures were spun down and supernatant removed. For each 1.5 g 

of wet cells, 1 mL of cell lysis buffer (50 mM sodium phosphate, 300 mM sodium chloride and 20 

mM imidazole pH 7.4) was added. Cell pellets were lysed using a French Press Cell Disrupter 

(Thermo Fisher, San Jose, CA) at 16,000 psi. Cell suspensions were passed through the French 

Press four consecutive times to ensure complete disruption. After centrifugation at 20,000 rpm 

for 20 minutes at 4°C in an Optima LE-80k ultracentrifuge (Beckman Coulter, Brea, CA), the 

supernatant was isolated and passed through a histidine purification column (1 mL of His60 Ni 

Superflow Resin (Clontech, Mountain View, CA) in a 2 mL capacity gravity flow column (Thermo 

Fisher, San Jose, CA)). Purification steps followed those recommended by the manufacturer.   

Small scale (5 mL) cultures were centrifuged and the supernatants removed. Cell pellets 

were re-suspended in 700 µL of cell lysis buffer (50 mM sodium phosphate, 300 mM sodium 

chloride and 10 mM imidazole pH 8.0) and vortexed with 0.3 g acid-washed glass beads for 5 

minutes at 4°C. After centrifugation for 10 minutes at 13,000 rpm in a Microfuge 18 centrifuge 

(Beckman Coulter, Brea, CA) at 4°C, the supernatant was isolated and passed through a 1 mL Ni-

NTA spin column (Qiagen, Germantown, MD). Purification steps followed those recommended 

by the manufacturer. 
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Acrylodan-labeled Intestinal Fatty Acid Binding (ADIFAB) Protein Assay 

ADIFAB assay procedures were modified from Richieri et al. (1993 and 1999). 0.2 mg of 

lyophilized ADIFAB was purchased from FFA Sciences (FFA Sciences, San Diego, CA) and 

suspended in storage buffer (50 mM TRIS, 1 mM EDTA, 0.5 mM PMSF and 0.05% Na Azide pH 8). 

500 µL of purified fatty acid synthase (20-100 µg) in 50 mM Na2HPO4, 300 mM NaCl, and 300 mM 

imidazole (pH 7.4) was combined with acetyl-CoA (50 µM final conc.), malonyl-CoA (500 µM final 

conc.) and NADPH (150 µM final conc.). The solution was placed on a microfuge tube rotator for 

one hour at room temperature. 500 µL of 0.2 µM ADIFAB suspended in measuring buffer (20 mM 

HEPES, 140 mM NaCl, 5 mM KCl, and 1 mM Na2HPO4 pH 7.4) was added and the 1 mL mixture 

was incubated for 20 minutes at 37°C. The solution was transferred to a disposable polysterene 

cuvette and readings were taken using a Bowman Series 2 luminescence spectrometer at 

wavelengths 432 ηm and 505 ηm (Thermo Fisher, San Jose, CA). Fatty acid concentration 

calculations followed those recommended by the manufacturer.  

5,5’-Dithio-bis(2-nitrobenzoic acid) (DTNB) Assay 

DTNB assay procedures were modified from Knudsen et al. (1981) and Kim and Bang 

(1988). The reduction of DTNB was measured by following an increase in absorbance at 412 ηm 

for 15 minutes using the UV-VIS spectrophotometer. Thioesterase activity was determined by 

adding purified thioesterase enzyme (20-100 µg) to 1 mL of DTNB assay mixture (working 

concentrations of 0.4 M tris-HCL buffer pH 7.4, 1 mM EDTA and 0.2 mM DTNB) in disposable 

polysterene cuvettes. The mixture was pre-incubated at 37°C for 3 minutes. The reaction was 

started by adding the substrate, fatty acid bound to CoA, to a working concentration of 56 µM. 
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Fatty acid substrates included: caprylic acid-CoA (C8), capric acid-CoA (C10), lauric acid-CoA (C12) 

and palmitic acid-CoA (C16) (Sigma-Aldrich, Saint Louis, MO).  

NADPH Absorbance Assay 

NADPH assay procedures were modified from Bays et al. (2009). FAS activity was 

determined by adding purified FAS enzyme to the NADPH activity buffer (0.075 M potassium 

phosphate buffer pH 6.5, 5 mM DTT, 25 µM acetyl-CoA and 150 µM NADPH). Enzyme sample (20-

100 µg protein) was added to 1 mL of solution and incubated at 37°C for 5 minutes. The reaction 

was started by the addition of malonyl-CoA to a working concentration of 250 µM. NADPH 

conversion to NADP+ was monitored by loss of absorbance at 340 ηm using the UV-VIS 

spectrophotometer.  

Fatty Acid Extraction and Quantification 

Fatty acid extraction procedures were modified from Bligh and Dyer (1959). Heptanoic, 

undecanoic and nonadecanoic acids were used as internal standards (Sigma-Aldrich, Saint Louis, 

MO). 1.5 mL of a 2:1 methanol:chloroform mixture was added to 0.1 g wet cell mass and vortexed 

for 10 minutes with glass beads. 500 µL chloroform was added and vortexed for 30 seconds (2-

3x). 500 µL of ddH20 was added and vortexed for an additional 30 seconds (2-3x). The lysed cells 

were then centrifuged for 4 minutes at 1000g. The lower chloroform layer was recovered and 

evaporated with nitrogen gas.  

Extracellular fatty acids were extracted from 20 mL culture broth by adding 2 mL 1M HCL 

and 5 mL of a 1:1 methanol:chloroform mixture. The solution was vortexed for 5 minutes then 
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centrifuged for 4 minutes at 1000g. The lower chloroform layer was recovered and evaporated 

with nitrogen gas.  

For methylation, the dried sample was added to 2 mL of 1N HCL in methanol. This solution 

was heated at 80°C for 1 hr and allowed to cool to room temperature. 2 mL of 0.9% NaCl was 

then added with 1.5 mL of hexane and vortexed for 1 minute followed by centrifugation for 5 

minutes at 1000g. The upper hexane layer was removed and placed in a GC-MS vial. 1.5 mL of 

additional hexane was added to the HCL solution, vortexed for 3 minutes, and centrifuged for 3 

minutes at 1000g. The hexane layer was removed and combined in the same GC-MS vial. The 

hexane was then evaporated and the sample stored at 4°C. 

Fatty acids were measured at the W.M. Keck Metabolomics Research Laboratory at Iowa 

State University and the Mass Spectrometry Facility at the University of California Irvine. Fatty 

acids were detected by gas-chromatography mass spectrometry (GC-MS) and by gas-

chromatography gas-chromatography mass spectrometry (GC-GC-MS) for the increased 

resolution of short chain fatty acids. 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. GC-GC-MS used an Agilent LTM (Low Thermal Mass) fast GC system model 6890 with 

an Agilent GC-MSD model 5975C (Santa Clara, CA). Different independently heated temperature 

zones for multidimensional chromatography using Agilent Capillary Flow Technology Deans 

Switches were utilized with fast heating/cooling rates. Fatty acids were separated on a 30 m long, 

0.250 mm i.d. fused silica capillary column (HP-5MSI) with Helium carrier gas. The primary oven 
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was held at 100°C for 1 minute then heated at a rate of 20°C min-1 to 250°C; this temperature 

was maintained for 5 minutes. The LTM oven temperature was held at 100°C for 14 min then 

increased at 200°C min-1 to 250°C to flush out undesired sample. The method included a cut step 

at 9.7 min to 12.5 min in the runtime, where activation of a switch valve allowed for unwanted 

sample to be diverted, amplifying the detection of the desired product. 

Relative amounts and distribution of short chain fatty acids were determined by using 

total ion chromatogram and were normalized to the internal standards. The shorter chain fatty 

acids (C6-C8) were particularly sensitive to evaporation and drying procedures, which contributed 

to an increase in variability during GC-MS measurements. 
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Results and Discussion 

hFAS Activation by Phosphopantetheinyl Transferases 

Fatty acid synthesis is initiated when an acetyl moiety from acetyl coenzyme A (CoA) is 

transferred to the thiol group of the phosphopantetheine arm of the acyl carrier protein (ACP) 

by the phosphopantetheine transferase (PPT). In the case of yeast FAS, this reaction is carried 

out by the PPT domain before the folding of the α- and β-chains into a heterododecamer 

(Lomakin et al., 2007). However, human FAS (hFAS) lacks a PPT domain, thus requiring an external 

PPT activator. In H. sapiens, this functionality is provided by an independently expressed mono-

functional enzyme, the holo ACP synthase (Bunkoczi et al., 2007, Leibundgut et al., 2008, 

Tehlivets et al., 2007). 

To address this we evaluated two PPTs, a group I PPT, acyl carrier protein synthase (AcpS) 

from E. coli, and a group II PPT, Sfp phosphopantetheinyl transferase from B. subtilis (Nakano et 

al., 1992, Mootz et al., 2001 and White et al., 2005). Previously, rat ACP expressed in E. coli was 

shown to be slightly active and increased five-fold by the co-expression of acpS; highlighting the 

similarities between the type I and type II ACP (Tropf et al., 1998 and Reed et al., 2003). 

Additionally, Sfp has shown the ability to activate heterologous polyketide synthases in yeast and 

is the closest structurally characterized enzyme to holo ACP synthase from H. sapiens (Kealey et 

al., 1998, Bunkoczi et al., 2007, Lee et al., 2009). Both PPT genes were cloned under the PGK1 

promoter and integrated at one copy into the URA3 locus via homologous recombination. The 

resulting strains are designated, BYPACPS for the acps integrant and BYPSFP for the sfp integrant 

(Table 3.1).  
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To assess the activity of the PPTs to modify hFAS, both were evaluated with the DTNB in 

vitro assay. The DTNB (5,5’-Dithio-bis(2-nirtobenzoic acid)) assay measures the reduction of 

DTNB to the TNB2- anion in the presence of free thiols. Only the holo-form of hFAS can release 

coenzyme A from the fatty acid substrate, C16-CoA. Strains BYPACPS and BYPSFP were 

transformed with vector pXP218-hFAS carrying hFAS. The 6x-histidine tagged hFAS was purified 

and combined with the DTNB reaction mixture. Interestingly, similar activity profiles were 

observed, demonstrating that both AcpS and Sfp resulted in holo-hFAS formation (Figure 3.1). 

Negative controls, lacking the PPT or the hFAS showed no activity. The release of free coenzyme 

A from palmitic-CoA confirms the thioesterase domain of the holo-hFAS to be active. The results 

were confirmed with the nicotinamide adenine dinucleotide phosphate (NADPH) in vitro assay. 

Successful oxidation of NADPH to NADP+ confirms the 3-ketoacyl reductase and/or enoyl 

reductase domains of hFAS to be active. During the FAS enzymatic reaction, a 3-fold decrease in 

absorbance (due to conversion to NADP+) was observed in the holo-hFAS strain when compared 

to negative controls lacking the PPT or the hFAS (data not shown).  
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Figure 3.1: Confirmation of holo-hFAS formation by AcpS and Sfp. An in vitro DTNB assay demonstrated 

the successful transfer of the phosphopantetheine arm from coenzyme-A to the acyl carrier protein 

domain of hFAS. Strain BYPACPS expressing pXP218-hFAS (□) and strain BYPSFP expressing pXP218-hFAS 

(Δ). Negative controls consisted of strain BY4741 expressing pXP218-hFAS (○) and the host strain BY4741 

(◊). Two independent experiments showed similar profiles.  

 

In Vitro Fatty Acid Production by hFAS 

An in vitro acrylodan-labeled intestinal fatty acid binding protein (ADIFAB) assay was used 

to confirm the production of active hFAS in the yeast strain. Strain BY4741 carried two plasmids 

for expression of hFAS and AcpS (pXP842-ACPS and pXP841-hFAS) or hFAS and Sfp (pXP842-SFP 

and pXP841-hFAS) under the control of the glucose-repressed ADH2 promoter. The strains were 

incubated for 48 h in 1% glucose YPD media. The 6x-histidine tagged hFAS was then purified from 

both strains and combined with the ADIFAB reaction mixture. As shown in Figure 3.2, similar 

levels of palmitic acid were produced in vitro by hFAS/AcpS and hFAS/Sfp. The negative control 

lacking a PPT produced negligible fatty acid levels. In vitro fatty acid synthesis confirms the 
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production and functionality of all seven domains in hFAS; any inactive domain would have 

prohibited the production of fatty acids.  

 

 

Figure 3.2: Confirmation of hFAS activity by fatty acid synthesis. An in vitro ADIFAB assay demonstrated 

fatty acid synthesis using both AcpS and Sfp PPTs. Strain BY4741 carried pXP841-hFAS and pXP842-ACPS 

or pXP842-SFP. The negative control was strain BY4741 carrying pXP841-hFAS. Readings were subtracted 

from buffer fluorescence (negligible level) and calculations assumed palmitic acid (Q=6.6, Kd=21.4 nM, 

Rmax=1.16). Results were normalized per µg hFAS and are expressed as mean ± error from two 

independent experiments. 

 

hFAS In Vivo Activity via Growth Complementation 

To demonstrate hFAS activity in vivo, we used a growth complementation assay. Cell 

viability and growth characteristics were determined in a FAS2 knockout strain. The yeast FAS 

complex, composed of Fas1 and Fas2, is responsible for bulk fatty acid synthesis in the absence 
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of exogenous fatty acid supplementation (Tehlivets et al., 2007). The FAS2 knockout strain is 

deficient in the de novo synthesis of fatty acids; therefore, we supplemented the BYΔFAS2 strain 

with C14 fatty acids to enable cellular growth. Strain BYΔFAS2, was co-transformed with two 

plasmids carrying FASN and acpS under the constitutive PGK1 promoter (pXP218-hFAS and 

pXP222-ACPS). The resulting colonies were streaked on synthetic minimal plates lacking fatty 

acids. Subsequent colonies were then individually re-suspended in water and plated (roughly 100 

cells/plate) on synthetic plates lacking fatty acids. This procedure eliminated any residual fatty 

acid carryover and reduced the probability of cell cannibalization by lowering cell density. The 

co-expression of hFAS and the AcpS PPT allowed the BYΔFAS2 haploid to survive on synthetic 

minimal plates lacking fatty acids (Figure 3.3A). Colonies were small in size compared to wild type 

strain (BY4741), likely due to lower in vivo fatty acid levels. This is supported by our observation 

that colony size for strain BYΔFAS2 is directly correlated with supplemented fatty acid levels (data 

not shown). Cell growth not only confirmed that holo-hFAS is actively produced in vivo, but also 

demonstrated that hFAS activity and expression levels are sufficient to support yeast growth. 

Under a microscope, yeast cells appeared to have a standard morphology (Figure 3.3B).  
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Figure 3.3: In vivo confirmation of holo-hFAS formation by growth complementation. A. Growth 

complementation of a FAS2 knockout strain on synthetic plates lacking fatty acids by expression of hFAS 

(BYΔFAS2 carrying plasmids pXP218-hFAS and pXP222-ACPS). Transformant colonies were streaked on 

synthetic minimal plates lacking fatty acids. Subsequent colonies were then individually re-suspended in 

water and plated (roughly 100 cells/plate). The negative control was strain BYΔFAS2 carrying empty 

plasmids pXP218 and pXP222. B. Example images of yeast cells under the microscope. Cell images were 

taken with an Olympus BX-51 optical microscope at 40X magnification (Olympus, Center Valley, PA). 

 

 

Removal of hFAS Thioesterase Domain 

The cleavage of the growing fatty acid acyl chain from the acyl carrier protein is mediated 

by the thioesterase (TE) domain. The native C-terminal TE domain on hFAS cleaves primarily C16 

fatty acyl-ACP esters and is tethered to the ACP domain via a linking region (Maier et al., 2008, 

Maier et al., 2010, Leibundgut et al., 2008). In order to create short chain fatty acids, this highly 

specific TE domain was removed and complemented with a short chain specific TE. Due to the C-

terminal location and isolation from the core scaffold, the removal of the TE domain becomes 
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feasible, while maintaining the functionality and structure of adjacent domains. This also 

prevents substrate competition between the native hFAS TE and the heterologous short chain 

TE. 

Using PCR, we constructed an hFAS gene lacking the 807 base pairs coding for the 

thioesterase. This gene was inserted into a 2µ vector under the ADH2 promoter (pXP841-

hFASΔTE). A NADPH reduction assay showed equal oxidation activities of NADPH by the native 

hFAS and hFASΔTE (data not shown). This confirms the adjacent β-ketoacyl reductase and/or 

enoyl reductase domains are active even though the C-terminal TE domain has been removed. 

The DTNB assay was used to verify the successful elimination and inactivation of the TE domain 

in the mutant hFAS (Figure 3.4). Strain BY4741 co-expressing hFASΔTE and AcpS (pXP842-ACPS 

and pXP841-hFASΔTE) showed no absorption change, verifying that the hFASΔTE is unable to 

cleave the thioester-CoA bond of the substrate palmitic-CoA. The positive control, expressing 

hFAS and AcpS, exhibited a similar profile as previously observed (Figure 3.1). Shorter length acyl-

CoA substrates were also tested and no observable cleaving of the CoA molecule occurred with 

the mutant when compared to the control (data not shown). This demonstrates the successful 

removal of the TE domain of the FASΔTE mutant. 
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Figure 3.4: Confirmation of the successful removal and inactivity of the TE domain of the FASΔTE mutant. 

An in vitro DTNB assay demonstrated the inability of the thioesterase domain to cleave the coenzyme-A 

from the palmitic-CoA substrate for strain BY4741 co-expressing pXP842-ACPS and pXP841-hFASΔTE (Δ). 

The negative control was strain BY4741 (◊) and the positive control was strain BY4741 co-expressing 

pXP842-ACPS and pXP841-hFAS (□). Two independent experiments showed similar profiles.  

 

In Vitro Fatty Acid Production using hFASΔTE and Thioesterases CpFatB1 and TEII 

Short chain fatty acid production in our yeast system requires the overexpression of a 

short chain thioesterase in conjunction with the heterologous human fatty acid synthase. We 

screened fourteen thioesterases and categorized them based on their short chain fatty acid 

profile and total activity. Two of the more promising short chain thioesterases were CpFatB1 and 

TEII. CpFatB1, a free-standing thioesterase from C. palustris, has previously been shown to 

primarily produce C8 and C10 length fatty acids, with minor products including C12, C14, C16 and 

C18, when expressed and purified from E. coli (Dehesh et al., 1996). TEII, a free-standing short 

chain enzyme from rat mammary glands, has previously been shown to work with the rat FAS 
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(expressed in sf9 cells), for the in vitro production of primarily C6 and C8 length fatty acids (Joshi 

et al., 2005).  

Both TEs were cloned into a 2µ vector under the ADH2 promoter (pXP842-CpFatB1 and 

pXP842-TEII) and transformed into strain BY4741. Thioesterase activity was detected with the in 

vitro DTNB assay using a variety of short chain carbon substrates. The 6x-histidine tagged TEs 

were purified and combined with the DTNB reaction mixture containing caprylic acid-CoA (C8), 

capric acid-CoA (C10), or lauric acid-CoA (C12). CpFatB1 had similar activity on all tested substrates; 

activity was higher than that of TEII (Figure 3.5). TEII activity was highest on caprylic acid-CoA and 

yielded similar lower activities on capric acid-CoA and lauric acid-CoA.  

 

Figure 3.5: Confirmation of active short chain thioesterases expressed in yeast. In vitro DTNB assays 

demonstrated activity of short chain thioesterases CpFatB1 (strain BY4741 expressing pXP842-CpFatB1) 

(◊) and TEII (strain BY4741 expressing pXP842-TEII) (□) on short chain carbon substrates C8-CoA (solid line), 
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C10-CoA (dashed line) and C12-CoA (dotted line).  Specific activities of CpFatB1 on caprylic acid-CoA, capric 

acid-CoA and lauric acid-CoA are 40.0, 54.0 and 43.3 nmole min-1 mg-1, respectively. Specific activities of 

TEII on caprylic acid-CoA, capric acid-CoA and lauric acid-CoA are 28.0, 7.5 and 4.7 nmole min-1 mg-1, 

respectively. 

 

Fatty acid production using the mutated hFAS and independently expressed TEs was 

assessed in vitro with the ADIFAB assay. hFASΔTE was co-expressed with AcpS (pXP841-hFASΔTE 

and pXP842-ACPS) in strain BY4741. Thioesterases CpFatB1 and TEII were independently 

expressed (pXP842-CpFatB1 and pXP842-TEII) in strain BY4741. The 6x-histidine tagged hFASΔTE 

was purified and then combined with either independently purified 6x-histidine tagged TE. The 

mixture containing both hFASΔTE and TE was then added to the ADIFAB reaction mixture. Similar 

fatty acid production levels were observed for the CpFatB1 and TEII thioesterases using hFASΔTE 

(Figure 3.6). The negative control using hFASΔTE had a noticeable fluorescence. The TE domain 

of the hFASΔTE mutant was completely removed, thus this signal may stem from partial acyl-

CoA/ACP chains binding to the ADIFAB active site. It was also reported that after removal of the 

TE domain from the chicken FAS, the ketoacyl synthase domain was able to elongate up to C22 

length fatty acids, albeit at much lower rates (Singh et al., 1984). Similarly, this could be occurring 

in the hFASΔTE mutant potentially explaining the increased fluorescence. The negative control 

lacking both the hFASΔTE mutant and the TE showed negligible fatty acid production. 
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Figure 3.6: Confirmation of fatty acid production using the hFASΔTE mutant and short chain TEs using the 

in vitro ADIFAB assay. hFASΔTE was expressed in strain BY4741 carrying pXP841-hFASΔTE and pXP842-

ACPS. Thioesterases were expressed in strain BY4741 carrying pXP842-CpFatB1 or pXP842-TEII. The 

negative controls were strain BY4741 and strain BY4741 carrying pXP841-hFASΔTE with pXP842-ACPS with 

no added thioesterase. Readings were subtracted from buffer fluorescence (less than 20% of measured 

value) and calculations assumed palmitic acid (Q=6.6, Kd=21.4 nM, Rmax=1.16). Results were normalized 

per µg hFAS and are expressed as mean ± error from two independent experiments. 

 

In Vivo Short Chain Fatty Acid Production using hFASΔTE and Thioesterases CpFatB1 and TEII 

The in vitro ADIFAB assay detects total fatty acids, but cannot determine fatty acid chain 

lengths (under C16). Therefore, to conclusively demonstrate in vivo production and to determine 

the length of the fatty acids being produced, detection by GC-MS and GC-GC-MS was used. 

Two independent experiments were performed co-expressing hFASΔTE and TEII under 

the ADH2 promoter (pXP841-hFASΔTE and pXP842-TEII) in strain BJASFP. BJASFP is a pep4 prb1 
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strain, has sfp under the ADH2 promoter integrated at a single copy in the genome and contains 

the native yeast fatty acid synthase (yFAS). While the yFAS competes with the heterologous hFAS 

for the same required substrate and cofactors molecules, it was retained to supply the necessary 

C16 and C18 length fatty acids for cellular function and growth. The cell extracts and culture broth 

were washed with organic solvents and methylated before chromatography runs. Nearly all of 

the C6, C8 and C10 fatty acids were found in the culture broth (Figure 3.7). Minor products of C12 

and C14 were primarily intracellular, but amounted to less than 5% of the total short chain fatty 

acids detected. Results were similar among all strains tested.  

 

 

Figure 3.7: Intracellular and extracellular location of short chain fatty acids in S. cerevisiae. In vivo short 

chain fatty acid (SCFA, C6-C10) and medium chain fatty acid (MFCA, C12-C14) levels were determined by GC-

MS and GC-GC-MS, and are shown for strain BJAACPS expressing pXP841-hFASΔTE and pXP842-TEII. The 

fraction of short and medium chain fatty acids that are intracellular (white bars) is compared to the 

fraction of short and medium chain fatty acids that are extracellular (slashed bars). The total MCFA/SCFA 

column is the sum of C6 to C14 length fatty acids. Results are expressed as mean ± SD from three 

independent experiments. Error was approximately 1-2% of measured values and results were similar 

among all strains.  



 

103 
 

The levels of extracellular fatty acids were measured and compared for the control strain 

BJ5464 and four strains with the sfp or acps PPT gene integrated (BJASFP and BJAACPS), the TEII 

or CpFatB1 on a plasmid (pXP842-TEII or pXP842-CpFatB1) and the hFASΔTE on a plasmid 

(pXP841-hFASΔTE). Expression of all genes was under the control of the S. cerevisiae ADH2 

promoter. Extracellular fatty acid levels increased for all measurable short chain fatty acids 

(including C6, C8, and C10) relative to the BJ5464 control (Figure 3.8). The Sfp PPT was consistently 

better than AcpS for hFAS activation in vivo (2-fold higher fatty acid levels), and TEII 

outperformed CpFatB1 in the production of caprylic acid (2.5-fold increase). Strain BJASFP co-

expressing hFASΔTE and TEII had the highest titers of short chain fatty acids reaching 17 mg/L C8 

and 20 mg/L total SCFA. Caprylic acid was the major SCFA product and increased 9-fold over 

control due to the shorter chain specificity of TEII (Libertini and Smith 1978, Joshi et al., 2005). 

TEII and CpFatB1 were expressed in the absence of hFASΔTE and no change in fatty acid profile 

from wildtype was observed. All strains (expressing CpFatB1 or TEII) had similar final optical 

densities and growth rates to those of the control.  
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Figure 3.8: Extracellular short chain fatty acids produced using thioesterases TEII and CpFatB1 with 

hFASΔTE. Control strain BJ5464 (white bars) is compared to strain BJAACPS carrying pXP841-hFASΔTE and 

pXP842-CpFatB1 (light grey slashed bars), BJAACPS carrying pXP841-hFASΔTE and pXP842-TEII (light grey 

bars), BJASFP carrying pXP841-hFASΔTE and pXP842-CpFatB1 (dark grey slashed bars) and BJASFP carrying 

pXP841-hFASΔTE and pXP842-TEII (dark grey bars). Results are expressed as mean ± error from two 

independent experiments.   

 

In Vivo Short Chain Fatty Acid Production using linked hFAS-TEII and hFAS-CpFatB1 

In an in vitro study by Joshi et al. (2005), linking a short chain thioesterase directly to the 

rat fatty acid synthase maintained activity of both enzymes and shifted the fatty acid profile. To 

increase the efficiency of release by the TE and thus the SCFA levels produced by our strains, we 

created two new hFAS enzymes by replacing the native thioesterase with short chain specific 

thioesterases TEII and CpFatB1. The 26 base amino acid hFAS ACP linker was altered to create an 

Nhe1 restriction digestion site (while maintaining the native amino acid residues) and the TE 
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genes were ligated. The resulting FASN-TEII and FASN-CpFatB1 genes were inserted into a 2µ 

vector under the ADH2 promoter creating pXP842-hFAS-TEII and pXP842-hFAS-CpFatB1. 

Four strains, BJASFP (sfp integrated) and BJAACPS (acps integrated) expressing either the 

linked hFAS-TEII (pXP842-hFAS-TEII) or the linked hFAS-CpFatB1 (pXP842-hFAS-CpFatB1), were 

compared to the control strain BJ5464 (Figure 3.9). Extracellular fatty acid levels increased for all 

measurable short chain fatty acids (including C6, C8, and C10) relative to the BJ5464 control (Figure 

3.9). Linking the thioesterase improved caprylic acid production approximately 5-7 fold over the 

unlinked counterparts (Figure 3.8), indicating the importance of the thioesterase proximity to the 

fatty acid synthase. Strain BJASFP expressing linked hFAS-TEII produced the highest short chain 

fatty acid titers, reaching 63 mg/L C8 and 68 mg/L total SCFA. Increasing SFP synthesis using a 2µ 

vector increased C8 and SCFA levels by roughly an additional 30% to 82 mg/L and 111 mg/L, 

respectively. All strains had similar final optical densities and growth rates to those of the control. 

Caprylic acid (C8) levels varied from 8-15 mass % or 15-28 mol % of all fatty acids produced 

in strain BJASFP carrying pXP842-TEII. The results were obtained in S. cerevisiae strains expressing 

the native yFAS. Higher levels are expected if native yFAS expression is downregulated during 

SCFA synthesis. The results also correlate with the expected activities of CpFatB1 and TEII on 

short chain carbon substrates, and verify the ability to utilize hFAS and exogenous thioesterases 

for in vivo short chain fatty acid production in S. cerevisiae. 
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Figure 3.9: Extracellular short chain fatty acids produced using linked hFAS-TEII and linked hFAS-CpFatB1. 

Control strain BJ5464 (white bars) is compared to strain BJAACPS carrying pXP842-hFAS-CpFatB1 (light 

grey slashed bars), BJAACPS carrying pXP842-hFAS-TEII (light grey bars), BJASFP carrying pXP842-hFAS-

CpFatB1 (dark grey slashed bars) and BJASFP carrying pXP842-hFAS-TEII (dark grey bars). Results are 

expressed as mean ± error from two independent experiments.   
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Conclusions 

Many petroleum-derived chemicals can be directly or functionally substituted with 

chemicals produced from renewable feedstocks. Among these compounds, short chain fatty 

acids may fulfill a role as platform molecules using their functional group as a target for chemical 

catalysis. In this study, S. cerevisiae was engineered to produce short chain fatty acids from 

glucose using the hFAS type I fatty acid synthase. This synthase was shown to be activated by 

PPTs AcpS and SFP from E. coli and B. subtilis, respectively. Overexpression of hFAS in a yeast 

FAS2 knockout strain, deficient in de novo fatty acid synthesis, demonstrated the full functional 

replacement of the native fungal FAS by hFAS. Yeast strains expressing the native yeast FAS (for 

C16 and C18 production), an hFAS mutant deficient in the thioesterase domain and short chain 

thioesterases were constructed. This resulted in a 9-fold increase in C8 levels compared to the 

wild type strain in vivo.  Linking the short chain thioesterases to the hFAS resulted in a 5-7 fold 

increase in C8 levels over the unlinked counterparts and a 33-fold increase over the wild type 

strain. Combined over-expression of the phosphopantetheine transferase with the hFAS mutant 

resulted in C8 titers up to 82 mg/L and total SCFA titers up to 111 mg/L. Additional strain and 

enzyme engineering can now be implemented to further improve product yield, product 

selectivity and product sequestration of the short chain fatty acids.  
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Metabolic Pathway and Enzyme Engineering for the Improved Biosynthesis of 

Short Chain Fatty Acids in Saccharomyces cerevisiae 
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Abstract 

The chemical and fuels industries have relied on petroleum-based carbon feedstock for 

over 150 years. However, due to recent escalation and instability in supply costs, growing 

environmental concerns and competing policy agendas, its long-term use is in question. This 

unavoidable reality necessitates the development of a substitute, preferably one derived from 

renewable sources. Among the alternative options under development, biologically derived fatty 

acids have gained tremendous interest. In this study, we sought to improve short chain fatty acid 

production by combining a variety of novel enzyme and metabolic engineering strategies, 

utilizing a Homo sapiens fatty acid synthase (hFAS) in Saccharomyces cerevisiae. First, various 

gene expression techniques were evaluated. A single two-gene expression vector containing a 

ubi-tagged auxotrophic selection marker alleviated the need for genomic integration, and also 

reduced the necessity of a two plasmid expression system. In addition, strains were metabolically 

engineered to remove the short chain β-oxidation pathway, by deleting genes FAA2, ANT1 and 

PEX11. These mutations increased hexanoic and octanoic production 400% and 100% 

respectively when compared to a strain deficient in full β-oxidation activity. In addition, removal 

of vacuolar proteases PRB1 and PEP4, and codon optimization of the hFAS mutant were also 

investigated. A gene variant, containing the first 834 bp optimized for S. cerevisiae expression, 

increased hexanoic, octanoic, decanoic and total short chain fatty acid levels by 190%, 100%, 

130% and 120%, respectively, over the non-optimized counterpart. Further, when a mutant 

acetyl-CoA carboxylase was integrated to increase the available malonyl-CoA pools, an additional 

160% increase in total intracellular fatty acid levels was observed. Finally, initial FAS2 down-

regulation studies appear promising for directing excess carbon flux to the heterologous hFAS. A 
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strain which contains the tet-off promoter in front of the FAS2 gene was successfully able to 

down-regulate native fatty acid synthase activity, by reducing intracellular fatty acid levels up to 

75% less than the control. By combining these unique enzyme and metabolic engineering 

strategies in a single host, we demonstrated the ability to overproduce octanoic acid more than 

400-fold higher than that in parent strain, BY4741.  
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Introduction 

In 2013, the United States consumed a total of 289 billion gallons of petroleum, of which 

approximately 96% or 277 billion gallons were used in the chemical or fuel industries 

(www.eia.gov). Unfortunately, these vital industries are not self-sustaining. Although innovative 

technologies in petroleum discovery, such as hydraulic fracturing, have temporarily met some of 

our demand, these appear to provide only short-term solutions for the increasing hydrocarbon 

demand (Beld et al., 2014). The escalation and instability in supply costs, growing environmental 

concerns and competing policy agendas, necessitates the development of renewable sources. 

Among the alternative options under development, biologically derived chemicals and fuels have 

gained tremendous interest and are anticipated to supplement and eventually replace current 

petroleum-based products. With the vast majority of current capital investments focused on 

utilizing petroleum-derived chemical and fuel processes, a direct petroleum replacement, or a 

‘drop-in’ solution, would prove most attractive (Beld et al., 2014). Accordingly, fatty acids which 

are readily produced in microorganisms and can further be derived into compounds that are 

‘drop-in’ ready, have gained tremendous interest.  

Fatty acids can be utilized in multiple ways in the chemical and fuels industry. They can 

be utilized as free fatty acids (FFAs) for the manufacturing of detergents, soaps, lubricants, 

cosmetics and pharmaceutical ingredients or they can be used as platform molecules using their 

functional group as a target for chemical catalysis (Tee et al., 2014). Fatty acids can serve as 

precursors for the production of alkanes, alkenes, fatty acid methyl esters, fatty acid ethyl esters 

or fatty alcohols, all molecules which have been identified to be ‘drop-in’ usable within the 
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chemical and fuels industries (Ruffing, 2013; Lennen et al., 2010; Lian and Zhao, 2014; Runguphan 

and Keasling, 2013; Schirmer et al., 2010; Steen et al., 2010). Microorganisms produce fatty acids 

for biological scaffolding found in cell walls and cell membranes, as energy storage found in 

triacylglycerides (TAG) and steryl esters (SE), and as building blocks for primary and secondary 

metabolites including biotin and lipoid acid (Beld et al., 2014). Recently, there have been many 

studies utilizing Escherichia coli and Saccharomyces cerevisiae as workhorses for the production 

of fatty acids through fermentation (Handke et al., 2011; Steen et al., 2010; Lu et al., 2008; Cheon 

et al., 2014; Lian and Zhao, 2014). Liu et al. (2012) was able to produce 4.8 g/L extracellular fatty 

acid (primarily C16), Zhang et al. (2011) achieved upwards of 2 g/L (primarily C14) and Lennen et 

al. (2010) reported nearly 600 mg/L C12 using a plant thioesterase (BTE). Recently, S. cerevisiae 

was transformed into an oleaginous yeast by overexpression of the yeast diacylglycerol 

acyltransferase Dga1p (Kamisaka et al., 2013). Furthermore, Tang et al. (2013) increased 

production of long chain fatty acids, a 1.92-fold increase in C16:1 and 1.77-fold increase in C18:1, by 

disrupting citrate turnover and overexpressing a heterologous ATP-citrate lyase. 

There have been a number of studies on microbial-based production of long-chain fatty 

acids. However, studies focusing on the production of shorter chain fatty acids (C4-C10) are far 

fewer. Short chain fatty acids are more attractive as gasoline and jet fuel precursors, as well as 

for the production of alkenes, than their longer chain fatty acid counterparts (Peralta-Yahya et 

al., 2012). As an example, short chain fatty acids (SCFAs) have high demand in polyolefin 

production. Over 50% of all α-olefin consumption is for the production of polyolefins, which are 

predominantly produced from C6-C8 linear alpha olefins (Lappin, 1989). Nearly 65% of all 

polyolefins are produced from hexene (35%) and octene (30%) monomers that could be 



 

119 
 

substituted with bio-produced caproic and caprylic acid (Polyolefin Comonomers – World 

Markets, 1999). However, the biological production of short chain fatty acids is inherently 

difficult since most biological hosts do not natively produce these shorter chain lengths. Instead, 

most biological hosts produce C14-C18 length fatty acids which are in turn used for cellular 

membranes, lipid bodies and other components (Beld et al., 2014). In addition, short chain fatty 

acids are particularly challenging due to their inherent cytotoxicity in their microbial host (Jarboe 

et al., 2013). 

Using various cell and enzyme engineering strategies, scientists have been able to 

successfully shorten the fatty acid chain length, albeit at much lower titers and rates then their 

naturally produced long chain counterparts. Jing et al. (2011) screened 31 heterologous acyl 

carrier protein thioesterases expressed in E. coli and reported the ability to produce free fatty 

acids ranging from C4-C16 in length. Additionally, Torella et al. (2013) were able to produce C4 to 

C13 length fatty acids in E. coli by engineering the ketoacyl synthase to degrade itself in response 

to a chemical inducer. Previously in our lab, we engineered Saccharomyces cerevisiae to produce 

short chain carboxylic acids (C6 to C10) from glucose using the heterologous Homo sapiens type I 

fatty acid synthase (hFAS) (Leber and Da Silva, 2014). An hFAS mutant with a linked thioesterase 

II from Rattus norvegicus was able to produce caprylic acid and total SCFA production (C6, C8 and 

C10 total fatty acid levels) up to 63 mg/L and 68 mg/L, respectively. Combined overexpression of 

the phosphopantetheine transferase with the hFAS mutant resulted in C8 titers of up to 82 mg/L 

and total SCFA titers of up to 111 mg/L. Recently, Lian and Zhao (2014) were able to reverse the 

β-oxidation cycle in S. cerevisiae and increased C8 production 6.1-fold over their control. Finally, 
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Cheon et al. (2014) successfully integrated a hexanoic acid producing pathway in Kluyveromyces 

marxianus, by utilizing a combination of seven genes, and achieved C6 titers up to 154 mg/L.  

Although S. cerevisiae does not naturally produce fatty acids in large quantities, its 

robustness, pH tolerance, simple nutrient requirements, fully sequenced genome, vast array of 

expression tools and long history as an industrial workhorse make it an excellent host candidate 

for further enzyme and metabolic engineering. In this study, we further improved SCFA 

production in S. cerevisiae by utilizing a variety of novel enzymatic and metabolic engineering 

strategies. First, gene expression was optimized by utilizing a single two-gene expression vector 

containing a ubi-tagged auxotrophic selection marker. In addition, a H. sapiens derived 

thioesterase II and H. sapiens derived phosphopantetheine transferase were evaluated. Further, 

strains were engineered for the removal of the β-oxidation pathway, removal of a short chain 

specific β-oxidation pathway, removal of vacuolar proteases, over-expression of an acetyl-CoA 

carboxylase, and down-regulation of the native yeast fatty acid synthase. Finally, fatty acid 

synthase genes were codon optimized and evaluated in vivo utilizing our engineered strains.  
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Materials and Methods 

Yeast and Bacterial Strains  

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) and S. cerevisiae host 

strain BJ5464 (Jones, 1991) were used for in vivo studies. Strain R1158-Tet07FAS2, containing the 

tetracycline-off promoter in front of the FAS2 gene, was obtained from the Hughes laboratory 

(Toronto, ON). Strain BJASFP (BJ5464 containing the PADH2 SFP gene at the URA3 locus) and strain 

BY4741ΔFAA2 (BY4741 with the ORF of gene FAA2 removed) were described in Chapters 2 and 

3, respectively and in Leber and Da Silva (2014).  

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. 

For short chain fatty acid production studies, the late phase ADH2 promoter was used 

with YPD media containing 10 g/L dextrose. Yeast strains were grown at 30°C in an air shaker 
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(New Brunswick Scientific, Enfield, CT) 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 used 30 

mL medium and cell growth was initiated at an optical density (600nm) of 0.2 (Shimadzu UV-2450 

spectrophotometer, Columbia, MD) and grown for 48 h.  

Vector and Strain Construction 

Standard molecular biology procedures were carried out as described in Sambrook et al. 

(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).  

Vector Construction 

Vector pCMV-SPORT6-OLAH, carrying the gene for H. sapiens oleoyl-ACP hydrolase (HTEII) 

was obtained from Open Biosystems (Huntsville, AL). Vector pCMV-SPORT6-AASDHPPT, carrying 

the gene for H. sapiens aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl 

transferase (hPPT) was obtained from Open Biosystems (Huntsville, AL). Vector PKEX2-Ubi-R-URA3 

(pXP842U) contains the ubiquitin-tagged URA3 marker (Choi and Da Silva, 2014). Backbone 

vectors pXP842 and pXP843, containing URA3 and TRP1 selection markers, respectively, are 

described in Shen et al. (2012). Vector pXP843-SFP, carrying the expression cassette PADH2-SFP-

TCYC1, and vector pXP842-hFAS-TEII, carrying the expression cassette PADH2-FASN-TEII-TCYC1, were 

described in Chapter 3 and in Leber and Da Silva (2014).  
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PCR fragments were digested with restriction enzymes and isolated on a 0.6% agar gel. 

DNA was extracted using a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). For 

ligation, backbone DNA and genes were ligated at a 1:3 molar ratio for 20 minutes at room 

temperature using a Thermo Scientific Fermentas Rapid DNA Ligation Kit (Thermo Fisher, San 

Jose, CA). Gibson reactions were done at 1:1 molar ratios for 1 h at 50°C (Gibson et al., 2009). 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). 

Genomic yeast DNA was prepared using a Yeast Lytic Enzyme as described by the manufacture 

(Zymo Research, Irvine, CA).   

All primers are shown in Tables 4.3 and 4.4. Vector pXP842U was linearized with 

restriction enzymes Spe1 and Xho1. Gene FASN-TEII was excised from pXP842-hFAS-TEII using 

Spe1 and Xho1 and ligated into the linearized pXP842U vector creating pXP842U-hFAS-TEII. Gene 

FASN-TEII has a mutated alanine codon located in the ACP linker sequence from GCC to GCT, 

creating a Nhe1 cut site (Leber and Da Silva, 2014). The H. sapiens TEII (HTEII) was amplified from 

vector pCMV-SPORT6-OLAH using primers HTEII-Gib-F and HTEII-Gib-R. Vector pXP842U-hFAS-

TEII had the C-terminus TEII domain removed by digestion with Nhe1 and Xho1 and inserted the 

amplified HTEII using the Gibson Method creating vector pXP842U-hFAS-HTEII. hPPT (gene 

AASDHPPT) was amplified from vector pCMV-SPORT6-AASDHPPT using primers HPPT-F and 

HPPT-R then digested with flanking restriction enzymes Pme1 and Xho1. Vector pXP843 was 
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linearized with restriction enzymes Pme1 and Xho1 and inserted the amplified hPPT cassette, 

creating vector pXP843-hPPT. 

A bigenic expression system, which contain two independent expression cassettes on the 

same vector, was used for co-expression of the fatty acid synthase and phosphopantetheine 

transferase. The plasmid contains two ADH2 promoters and two CYC1 terminators, in opposite 

directions (Figure 4.1). The PADH2-TCYC1 expression cassette was amplified from pXP842 using 

primers Bigenic-F and Bigenic-R and assembled into pXP842 and pXP842U, linearized with 

restriction enzyme Kpn1, creating pXP842-Bi and pXP842U-Bi, respectively using the Gibson 

Method (Gibson et al., 2009). pXP842-Bi and pXP842U-Bi contain two expression cassettes in the 

opposite direction. The PADH2-SFP-TCYC1 expression cassette was amplified from pXP843-SFP using 

primers Bigenic-F and Bigenic-R and assembled into pXP842-hFAS-TEII, pXP842U-hFAS-TEII and 

pXP842U-hFAS-HTEII, linearized with Kpn1, creating pXP842-Bi-hFAS-TEII-SFP, pXP842U-Bi-hFAS-

TEII-SFP and pXP842U-Bi-hFAS-HTEII-SFP, respectively, using the Gibson Method.  
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Figure 4.1: Schematic representation of vector pXP842U-Bi. pXP842U-Bi includes two pADH2 promoters 

(dark purple) and two CYC1 terminators (black), each set in opposite directions. P842U-Bi uses a ubi-

tagged URA3 marker (orange) and a 2 micron origin for yeast replication (gray).  

 

Codon optimization was done using algorithms from Integrated DNA Technologies 

(Coralville, IA) and GenScript (Piscataway, NJ). Three codon optimized genes were constructed 

PChFAS-TEII, FChFAS-TEII and FChFAS-HTEII. Gene PChFAS has 834 base pairs on the N-terminus 

codon optimized using the Integrated DNA Technologies (IDT DNA) algorithm which used the 

codons from the top 25% expressed genes in S. cerevisiae. The 834 base pair optimized sequence 

was purchased from IDT DNA as a single gBlock, the nucleotide sequence is shown in Figure A.3. 

First, PCR assembly was used to join the ADH2 promoter to the 834 base pair gBlock. The ADH2 
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promoter was amplified from vector pXP842 using primers ADH2-F and ADH2-R and the gBlock 

was amplified using primers PChFAS-F and PChFAS-R. These primer sets have 38 base pair 

homology to each other and were joined together with PCR assembly. The joint piece, PADH2-

PChFAS, was then amplified with primers PChFAS-Gib-F and PChFAS-Gib-R. pXP842U-Bi-hFAS-

TEII-SFP was used as the backbone cloning vector and was linearized with unique restriction 

enzymes SacII and NotI. The FASN gene was amplified with primers hFAS-Gib-F and hFAS-Gib-R 

from vector pXP842-hFAS-TEII.  These three pieces (PADH2-PChFAS, FASN, pXP842U-Bi-hFAS-TEII-

SFP) were then assembled using a 3-piece Gibson Reaction forming vector pXP842U-Bi-PChFAS-

TEII-SFP.  

Two genes, FChFAS-TEII and FChFAS-HTEII, were fully codon optimized for S. cerevisiae 

expression using the GenScript codon optimization algorithm. Both FChFAS-TEII and FChFAS-

HTEII nucleotide sequences are shown in Figures A.4 and A.5. Both genes are identical except for 

the C-terminus thioesterase domain. Gene FChFAS-TEII has a linked codon optimized 792 base 

pair Rattus norvegicus thioesterase and gene FChFAS-HTEII has a linked codon optimized 798 

base pair Homo sapiens thioesterase. Both genes were assembled using nine linear gBlocks from 

IDT DNA. Three holding vectors were assembled, gBlock1-2-3, gBlock4-5-6 and gBlock7-

HTEII/RTEII as shown in Figure 4.2. Vector gBlock1-2-3 was assembled from gBlock1, gBlock2, 

gBlock3 and pXP842U linearized with SpeI and XhoI using a 4-piece Gibson Reaction. Vector 

gBlock4-5-6 was assembled from gBlock4, gBlock5, gBlock6 and pXP842U linearized with SpeI and 

XhoI using a 4-piece Gibson Reaction. Vector gBlock7-HTEII was assembled from gBlock7, HTEII 

(H. sapiens TEII) and pXP842U linearized with SpeI and XhoI using a 3-piece Gibson Reaction. 

Vector gBlock7-RTEII was assembled from gBlock7, RTEII (R. norvegicus TEII) and pXP842U 
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linearized with SpeI and XhoI using a 3-piece Gibson Reaction. All gBlock nucleotide sequences 

are shown in Figure A.6. To combine all gene fragments into a single holding vector, PCR 

amplification with primers containing unique sequence homology was used to ensure proper 

assembly, Figure 4.3. PCR fragment1-2-3 was created by amplifying vector gBlock1-2-3 with 

primers OptB1-F and OptB1-R. PCR fragment4-5-6 was created by amplifying vector gBlock4-5-6 

with primers OptB2-F and OptB2-R. PCR fragment7-HTEII was created by amplifying vector 

gBlock7-HTEII with primers OptB3-F and OptHTEII-R. pXP842U backbone vector was linearized 

with restriction enzymes SpeI and XhoI. All fragments were combined in a single 4-piece Gibson 

Reaction to form vector pXP842U-FChFAS-HTEII as shown in Figure 4.3. Similarly, substituting 

gBlock7-HTEII for gBlock7-RTEII and using primers OptB3-F and OptRTEII-R created the R. 

norvegicus thioesterase variant, PCR fragment7-RTEII. By combining PCR fragment1-2-3, PCR 

fragment4-5-6, PCR fragment7-RTEII and linearized vector pXP842U, vector pXP842U-FChFAS-

RTEII was created in a single 4-piece Gibson Reaction. To create the bigenic variants, the SFP 

phosphopantetheine transferase was excised from vector pXP842U-Bi-PChFAS-TEII-SFP using 

restriction enzyme XbaI and cloned into vectors pXP842U-FChFAS-HTEII and pXP842U-FChFAS-

RTEII, linearized with XbaI, forming expression vectors pXP842U-Bi-FChFAS-HTEII-SFP and 

pXP842U-Bi-FChFAS-TEII-SFP, respectively.   
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Figure 4.2: Full codon optimized genes (FChFAS-HTEII and FChFAS-TEII) were assembled using nine linear 

gBlocks from IDT DNA. Three holding vectors were assembled, gBlock1-2-3, gBlock4-5-6 and gBlock7-

HTEII/RTEII. Vector gBlock1-2-3 was assembled from gBlock1, gBlock2, gBlock3 and pXP842U linearized 

with SpeI and XhoI. Vector gBlock4-5-6 was assembled from gBlock4, gBlock5, gBlock6 and pXP842U 

linearized with SpeI and XhoI. Vector gBlock7-HTEII was assembled from gBlock7, HTEII (H. sapiens TEII) 

and pXP842U linearized with SpeI and XhoI. Vector gBlock7-RTEII was assembled from gBlock7, RTEII (R. 

norvegicus TEII) and pXP842U linearized with SpeI and XhoI. 
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Figure 4.3: PCR amplification was used to combine all gene fragments and to insure proper assembly. PCR 

fragment1-2-3 was created by amplifying vector gBlock1-2-3 with primers OptB1-F and OptB1-R (primers 

are indicated as black arrows on figure). PCR fragment4-5-6 was created by amplifying vector gBlock4-5-

6 with primers OptB2-F and OptB2-R. PCR fragment7-HTEII was created by amplifying vector gBlock7-

HTEII with primers OptB3-F and OptHTEII-R. PCR fragment7-RTEII was created by amplifying vector 

gBlock7-RTEII with primers OptB3-F and OptRTEII-R. pXP842U backbone vector was linearized with 

restriction enzymes SpeI and XhoI. All fragments were combined in two 4-piece Gibson Reactions to form 

vectors pXP842U-FChFAS-HTEII and pXP842U-FChFAS-TEII.  
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Table 4.1: List of plasmids  

Name Description Reference/Source 

pXP842 
2µ vector, ADH2 promoter, CYC1 terminator, 
URA3 selectable marker 

Leber and Da Silva 
(2013) 

pXP843 
2µ vector, ADH2 promoter, CYC1 terminator, 
TRP1 selectable marker 

Leber and Da Silva 
(2013) 

pXP842U 
2µ vector, ADH2 promoter, CYC1 terminator, 
ubi-tagged URA3 selectable marker 

Jin 

pXP842-Bi 
2µ vector, two ADH2 promoters, two CYC1 
terminators, URA3 selectable marker 

This Study 

pXP842U-Bi 

2µ vector, two ADH2 promoters, two CYC1 
terminators, ubi-tagged URA3 selectable 
marker 

This Study 

pXP843-SFP pXP843 harboring gene SFP 
Leber and Da Silva 

(2013) 

pXP843-hPPT pXP843 harboring gene AASDHPPT This Study 

pXP842-hFAS-TEII pXP842 harboring gene hFAS-TEII 
Leber and Da Silva 

(2013) 

pXP842U-hFAS-TEII pXP842U harboring gene hFAS-TEII This Study 

pXP842U-hFAS-HTEII pXP842U harboring gene hFAS-HTEII This Study 

pXP842U-FChFAS-TEII 
pXP842U harboring gene hFAS-TEII (full ORF 
is codon optimized) 

This Study 

pXP842U-FChFAS-HTEII 
pXP842U harboring gene hFAS-HTEII (full 
ORF is codon optimized with Human TEII) 

This Study 

pXP842-Bi-hFAS-TEII-SFP 
pXP842-Bi harboring genes hFAS-TEII and 
SFP 

This Study 

pXP842U-Bi-hFAS-TEII-SFP 
pXP842U-Bi harboring genes hFAS-TEII and 
SFP 

This Study 

pXP842U-Bi-hFAS-HTEII-SFP 
pXP842U-Bi harboring genes hFAS-HTEII 
(Human TEII) and SFP 

This Study 

pXP842U-Bi-PChFAS-TEII-SFP 

pXP842U-Bi harboring genes hFAS-TEII (first 
834 bp on N-terminus are codon optimized) 
and SFP 

This Study 

pXP842U-Bi-FChFAS-TEII-SFP 
pXP842U-Bi harboring genes hFAS-TEII (full 
ORF is codon optimized) and SFP 

This Study 

pXP842U-Bi-FChFAS-HTEII-
SFP 

pXP842U-Bi harboring genes hFAS-HTEII (full 
ORF is codon optimized with Human TEII) 
and SFP 

This Study 
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Strain Construction 

Gene AASDHPPT (hPPT) under the control of PADH2 was integrated at one copy into the 

genome of strain BJ5464; creating strain BJAHPPT. PCR was used to create two fragments PADH2-

AASDHPPT-TCYC1 and loxP-TRP1-loxP. PADH2-AASDHPPT-TCYC1 was created from backbone pXP843-

hPPT using primers URA3-ADH2-F and CYC-marker-R. loxP-TRP1-loxP was created from backbone 

pXP216 using primers CYC-marker-F and URA3-marker-R (Fang et al., 2011). The two fragments 

had 50 bp homologous sequences on the 3’ end to fragment loxP-TRP1-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. Two-fragment transformation was used as described previously 

(Nielsen et al., 2007, Fang et al., 2011).   

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, loxP-LEU2-loxP and loxP-MET15-loxP from vectors pXP218, 

pXP220, pXP222 and pXP214 (Fang et al., 2011). Strain BY4741ΔFAA2ΔPOX1ΔPXA1 (3KO) was 

created as previously described (Leber et al., 2014). The reusable selection markers were 

removed as previously described (Fang et al., 2011). FAA2 knockout PCR used backbone pXP220 

and primer sets FAA2-KO-F/R and nested primer set FAA2-KO-FN/RN. ANT1 knockout PCR used 

backbone pXP220 and primer sets ANT1-KO-F/R and nested primer set ANT1-KO-FN/RN. PEX11 

knockout PCR used backbone pXP214 and primer sets PEX11-KO-F/R and nested primer set 
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PEX11-KO-FN/RN. PCR fragments for FAA2, ANT1 and PEX11 were used to create strain 

BY4741ΔANT1ΔFAA2ΔPEX11  (S3KO). PRB1 knockout PCR used backbone pXP222 and primer sets 

PRB1-KO-F/R and nested primer set PRB1-KO-FN/RN to create strain S3KOΔPRB1. PEP4 knockout 

PCR used backbone pXP214 and primer sets PEP4-KO-F/R and nested primer set PEP4-KO-FN/RN 

to create strain S3KOΔPEP4ΔPRB1. Strain 3KO was transformed with knockout PCR fragments for 

ANT1 and PEX11 to create strain S3KOΔ3KO. Similarly, PRB1 and PEP4 were knocked out as 

described above to create strains S3KOΔ3KOΔPRB1, S3KOΔ3KOΔPEP4 and 

S3KOΔ3KOΔPEP4ΔPRB1. An integration plasmid was used to integrate PPGK1-ACC1S1157A into the 

MET15 locus using a LEU2 selection marker to create strain S3KO-PACC1ΔPRB1, as previously 

described (Choi and Da Silva, 2014). Primers ADH2-ACC1M-F and ADH2-ACC1M-R were used with 

vector pXP843 to swap PPGK1 with PADH2 on the mutant ACC1S1157A integration plasmid linearized 

with Bsu36I and RsrII. This variant was used to integrate a PADH2- ACC1S1157A into the MET15 locus 

using a LEU2 selection marker to create strain S3KO-AACC1ΔPRB1. A PADH1-FAS2 integration 

plasmid was created using primers ADH1-FAS2-F and ADH1-FAS2-R that amplified the ADH1 

promoter, and was cloned into pXP100-FAS2 using restriction enzymes NotI and SpeI (Leber and 

Da Silva, 2014). The PADH1-FAS2 integration plasmid was used to create strains S3KO-

A1FAS2ΔPRB1, S3KO-A1FAS2-PACC1ΔPRB1 and S3KO-A1FAS2-AACC1ΔPRB1. Table 4.2 provides 

a description of the strains used and constructed in this study. 
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Table 4.2: List of strains 

Strain Relevant Description  
Reference / 

Source 

XL-1 Blue (E. coli) 
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 
lac [F’ proAB lacIqZΔM15 Tn10 (Tetr)] 

Stratagene 

BY4741 (S. cerevisiae) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
Open 

Biosystems 

BJ5464 (S. cerevisiae) 
MATα ura3-52 his3Δ200 leu2Δ1 trp1 pep4::HIS3 
prb1Δ1.6R can1 GAL 

Jones, 1991 

R1158-Tet07FAS2 
FAS2::PTET07-FAS2; URA3::CMV-tTA MATa his3-1 
leu2-0 met15-0 

Mnaimneh, 
et al. (2004) 

BJASFP BJ5464 ura3::PADH2-SFP-LoxP-TRP1-LoxP 
Leber and 
Da Silva 
(2014) 

BJAHPPT BJ5464 ura3::PADH2-AASDHPPT-LoxP-TRP1-LoxP This Study 

BY4741ΔFAA2   BY4741 faa2Δ 
Leber, et al. 

(2014) 

BY4741ΔFAA2ΔPOX1ΔPXA1 (3KO)  BY4741 faa2Δ; pox1Δ; pxa1Δ This Study 

BY4741ΔANT1ΔFAA2ΔPEX11  
(S3KO) 

BY4741 ant1Δ; faa2Δ; pex11Δ This Study 

S3KOΔPRB1 BY4741 ant1Δ; faa2Δ; pex11Δ; prb1Δ This Study 

S3KOΔPEP4ΔPRB1 
BY4741 ant1Δ; faa2Δ; pep4Δ::loxP-MET15-loxP; 
pex11Δ; prb1Δ 

This Study 

S3KOΔ3KO BY4741 ant1Δ; faa2Δ; pex11Δ; pox1Δ; pxa1Δ This Study 

S3KOΔ3KOΔPRB1 
BY4741 ant1Δ; faa2Δ; pex11Δ; prb1Δ; pox1Δ; 
pxa1Δ 

This Study 

S3KOΔ3KOΔPEP4 
BY4741 ant1Δ; faa2Δ; pep4Δ::loxP-MET15-loxP; 
pex11Δ; pox1Δ; pxa1Δ 

This Study 

S3KOΔ3KOΔPEP4ΔPRB1 
BY4741 ant1Δ; faa2Δ; pep4Δ::loxP-MET15-loxP; 
pex11Δ; prb1Δ; pox1Δ; pxa1Δ 

This Study 

S3KO-PACC1ΔPRB1 
BY4741 ant1Δ; faa2Δ; met15::PPGK1- ACC1S1157A-

loxP-LEU2-loxP; pex11Δ; prb1Δ 
This Study 

S3KO-AACC1ΔPRB1 
BY4741 ant1Δ; faa2Δ; met15::PADH2- ACC1S1157A-
loxP-LEU2-loxP; pex11Δ; prb1Δ 

This Study 

S3KO-A1FAS2ΔPRB1 
BY4741 ant1Δ; faa2Δ; FAS2::PADH1-FAS2; pex11Δ; 
prb1Δ 

This Study 

S3KO-A1FAS2-PACC1ΔPRB1 

BY4741 ant1Δ; faa2Δ; FAS2::PADH1-FAS2; 

met15::PPGK1- ACC1S1157A-loxP-LEU2-loxP; 
pex11Δ; prb1Δ 

This Study 

S3KO-A1FAS2-AACC1ΔPRB1 

BY4741 ant1Δ; faa2Δ; FAS2::PADH1-FAS2; 

met15::PADH2- ACC1S1157A-loxP-LEU2-loxP; 
pex11Δ; prb1Δ 

This Study 
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Table 4.3: List of integrating primers 

Name Sequence 

Integrating Primers 

URA3-marker-R 
5'CCAATTTTTTTTTTTTCGTCATTATAGAAATCATTACGACCGAGATTCCCGGGAATTCGAGCTCG
GTACCCGGG3' 

URA3-ADH2-F 
5'GTTTTGACCATCAAAGAAGGTTAATGTGGCTGTGGTTTCAGGGTCCATAAAAACGTAGGGGCA
AACAAACGGA3' 

CYC-marker-F 5'CGCTCGAAGGCTTTAATTTGCGGCCGGTCGACTCTAGAGGATCCCCGGG3' 

CYC-marker-R 5'CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTTCGAGCG3' 

FAA2-KO-F 5'TACAAAAAACGGATAAGAACAAACTTGTTTCGAAATggtcgactctagaggatcCCCGGG3' 

FAA2-KO-R 5'TTCTAGTTTGAATGTGTTCCAAATCGTCATAAGTACGAATTCgagctcggtaCCCGGGat3' 

FAA2-KO-NF 5'GAAACGCATGGCTAAGGGAAGTGGAAGAATGCAGGTTACAAAAAACGGATAAGAACAAAC3' 

FAA2-KO-NR 5'ATGGATGTGCATAGGGATATCCTACATCAAAGTTTTTTCTAGTTTGAATGTGTTCCAAAT3' 

ANT1-KO-F 5'GGAAGCTAGGCCAAGATTGTTACGAGCATATCATCAggtcgactctagaggatcCCCGGG3' 

ANT1-KO-R 5'AACGCAATGTGCTTATTTCAGTAATAGTAAGGATTCacGAATTCgagctcggtaCCCGGG3' 

ANT1-KO-NF 5'ATAGAGAAAATATGATGCTGCGTAAAAGTACAGACACCCTGGAAGCTAGGCCAAGATTGT3' 

ANT1-KO-NR 5'TTGTTTATATAAATTTTAAATTTGATATGTAAAGATTCTAAACGCAATGTGCTTATTTCA3' 

PEX11-KO-F 5'ACTTCAAAGACTTCATCAAGTAATAGTATAATCAATggtcgactctagaggatcCCCGGG3' 

PEX11-KO-R 5'AGAATAGCCAAATAAAAAAAAAAGATGAAAAGAAAGacGAATTCgagctcggtaCCCGGG3' 

PEX11-KO-NF 5'AGTGACTCCAACAACTGAAAAACCGTTGTCTCCATCTACTACTTCAAAGACTTCATCAAG3' 

PEX11-KO-NR 5'GAAATAAATTATAAAGAAGGGTCGAATCAAACATAAGCGGAGAATAGCCAAATAAAAAAA3' 

PRB1-KO-F 5'AAAAAAACAAACTAAACCTAATTCTAACAAGCAAAGggtcgactctagaggatcCCCGGG3' 

PRB1-KO-R 5'AAAAAAAAAAGCAGCTGAAATTTTTCTAAATGAAGAGAATTCgagctcggtaCCCGGGat3' 

PRB1-KO-NF 5'TACAAACTTAAGAGTCCAATTAGCTTCATCGCCAATAAAAAAACAAACTAAACCTAATTC3' 

PRB1-KO-NR 5'GACTTGTAACCTCGAGACGCCTAAGGAAAGAAAAAGAAAAAAAAAAGCAGCTGAAATTTT3' 

PEP4-KO-F 5'AATCCAAATAAAATTCAAACAAAAACCAAAACTAACggtcgactctagaggatcCCCGGG3' 

PEP4-KO-R 5'GAAAAGGATAGGGCGGAGAAGTAAGAAAAGTTTAGCGAATTCgagctcggtaCCCGGGat3' 

PEP4-KO-NF 5'GAAAAGAAAAAAAAAAAGCCTAGTGACCTAGTATTTAATCCAAATAAAATTCAAACAAAA3' 

PEP4-KO-NR 5'TATTGTTATCTACTTATAAAAGCTCTCTAGATGGCAGAAAAGGATAGGGCGGAGAAGTAA3' 
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Table 4.4: List of cloning primers 

 

Name Sequence 

Cloning Primers 

Bigenic-F 5'tacgaagttatcccgggtaccGGCCGCAAATTAAAGCCTTCG3' 

Bigenic-R 5'gttgaattcgagctcggtaccAAAACGTAGGGGCAAACAAACG3' 

HTEII-Gib-F 5'caaaggcggatgaggctagcgagctggcatgccccacgcccaagGAGGATGGTCTGGCCCAG3' 

HTEII-Gib-R 5'acataactaattacatgactcgagTCAAAAATTGGATATCGATGATACTTCTAGACACTTG3' 

HPPT-F 5’TCCCGTTTAAACAAAAAAATGgttttccctgccaaacggttctgcttggtgccatccatg3'  

HPPT-R 5’GGGACTCGAGCTAtgactttgtaccatttcgtattggaatttcttctgtgaagcaaaaac3’ 

ADH2-F 5'Gcggccgcaaaacgtaggggcaaa3' 

ADH2-R 5'CAACCTCTTCCATTTTTTTACTAGTattacgatatagttaatagttgat3' 

PChFAS-F 5'actatatcgtaatACTAGTAAAAAAATGGAAGAGGTTGTCATTGCCGGT3' 

PChFAS-R 5'ggccactccggccgaTTGATATAA3' 

PChFAS-Gib-F 5'gattgtactgagagtgcaccatatgatttaGcggccgcaaaacgtagggg3' 

PChFAS-Gib-R 5'gtgggcttcgatgtattcaaatgactcaggggccactccggccgaTTGAT3' 

hFAS-Gib-F 5'AGATCCTTATATCAAtcggccggagtggcccctgagtcatttgaatacatcgaa3' 

hFAS-Gib-R 5'caggatgggcacctgctgctcctgctgccgccgcggggccgactcagtgt3' 

OptB1-F 5'atcaactattaactatatcgtaatacacaactagtAAAAAAATGGAAGAAGTAGTAATAG3' 

OptB1-R 5'agcttctaacaatcttacttCTAAAGAGACTGTACCAGTTTTTG3' 

OptB2-F 5'aactggtacagtctctttagAAGTAAGATTGTTAGAAGCTAGTAGAGC3' 

OptB2-R 5'ccctttaatacagcttcaggTTCTTCGGCCAAGACTTG3' 

OptB3-F 5'tccaagtcttggccgaagaaCCTGAAGCTGTATTAAAGGGTG3' 

OptHTEII-R 5'atgtaagcgtgacataactaattacatgactcgagTTAAAAGTTTGAGATTGATGATAC3' 

OptRTEII-R 5'atgtaagcgtgacataactaattacatgactcgagTCAGGTCAAGGAGGACAATTC3' 

ADH2-ACC1M-F 5'gctgtcgatattggggaactgtggtggttggcacctcaggAAAACGTAGGGGCAAACA3' 

ADH2-ACC1M-R 5'aagctttcttcgctcatttttttcggtccgATTACGATATAGTTAATAGTTGATAGTTG3' 

ADH1-FAS2-F 5'TATGCtatacgaagttatCCCGGGtaccGCGGCCGCTAAAACAAGAAGAGGGTTGACTAC3' 

ADH1-FAS2-R 5'TGCTCAACTTCCGGCTTCATTTTTTTACTAGTTGTATATGAGATAGTTGATTGTAT3' 

 

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, 2014). Extracellular fatty acids (free fatty acids) were extracted from 10 mL culture broth 
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by adding 1 mL of 1M HCL and 10 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, 2014). 

Fatty acids were measured at the Mass Spectrometry Facility at the University of 

California Irvine. Fatty acids were detected and quantified by gas-chromatography mass 

spectrometry (GC-MS). 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).  

Plasmid Stability  

Yeast strains were cultivated in 1% glucose YPD medium for 48 h, diluted with sterile 

water, and plated onto YPD plates. Approximately 100 colonies were transferred to selective 

plates and to complex YPD plates as a positive control.  The fraction of plasmid-containing cells   

was determined by dividing the number of viable colonies on selective plates by the number of 

viable colonies on the complex YPD plates.  
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Results and Discussion 

Initial Expression System and Culture Conditions 

 Short chain fatty acid production using the Homo sapiens type 1 fatty acid synthase (hFAS) 

requires the additional expression of a phosphopantetheine transferase (PPT) and a short chain 

thioesterase. Previous work from our lab focused on producing SCFAs in a strain with a single-

copy integration of the PPT, either AcpS from Escherichia coli or Sfp from Bacillus subtilis, and a 

high-copy 2µ-based plasmid carrying the hFAS (Leber and Da Silva, 2014). The engineered strain 

BJASFP (with a single integration of Sfp) transformed with pXP842-hFAS-TEII (with a linked R. 

norvegicus TEII) was able to produce 63 mg/L and 68 mg/L of caprylic acid and total SCFAs, 

respectively. However, to expedite, simplify and streamline the screening process of numerous 

strain variants, a plasmid-based expression system that does not require genomic integration 

was desired. To this end, a two-plasmid system and a single bigenic plasmid (with two genes 

expressed on a single plasmid) were evaluated. Both expression systems were assessed with and 

without a ubiquitin tagged selection marker for increased plasmid stability and copy number 

(Chen et al., 2012).  

An initial objective was to evaluate the co-expression of the PPT with the hFAS, both from 

a high-copy 2µ plasmids. pXP843-SFP was transformed with pXP842-hFAS-TEII into parent strain 

BJ5464 and compared to strain BJASFP overexpressing pXP842-hFAS-TEII (Figure 4.4).  Octanoic 

(C8), Decanoic (C10) and total (C8 plus C10) short chain fatty acids fell 37%, 58%, and 41%, 

respectively, when using a two-plasmid expression system. This reduction could be due to the 

difficulty of maintaining two plasmids in a single host. Plasmids pXP842 and pXP843 both utilize 
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the pADH2 promoter, where complex media is used and auxotrophic marker selection is not 

utilized. A plasmid stability study revealed that roughly 17% of cells had lost pXP842-hFAS-TEII 

and roughly 6% of cells had lost pXP843-SFP. These cells are unable to produce SCFAs after 48 h 

of expression (Table 4.5). Additionally, copy number (CN) for either plasmid is likely reduced, due 

to the increased metabolic burden of maintaining two 2µ origins. If hFAS expression is limiting, a 

lower CN could negatively affect fatty acid levels. A previous study found that combining 

destabilization of the marker protein (using a ubiquitin/N-degron tag) and decreased marker 

gene transcription level (using the pHXT1, pKEX2 or pURA3-d promoter) significantly improved 

plasmid copy number and gene expression levels when the URA3 selection marker was used 

(Chen et al., 2012). Similarly, Choi and Da Silva (2014) previously utilized a URA3 selection marker 

with the KEX2 promoter and part of UBI4 followed by an arginine codon (with a 10 amino acid 

linker sequence between Arg and Ura3) and cloned these pieces into pXP842 creating pXP842U. 

hFAS-TEII was cloned into pXP842U creating pXP842U-hFAS-TEII and was co-transformed with 

pXP843-SFP into parent strain BJ5464. The use of the new plasmid, pXP842U-hFAS-TEII with 

pXP843-SFP, increased C8, C10, and total SCFA levels by 50%, 23% and 46%, respectively when 

compared to BJ5464 expressing pXP842-hFAS-TEII and pXP843-SFP. This two-plasmid expression 

system produced similar SCFA levels to BJASFP overexpressing pXP842-hFAS-TEII, Figure 4.4.   

 To further simplify and accelerate the screening process, both the PPT and hFAS were 

combined into a single plasmid, with transcription occurring in opposite directions (Figure 4.1). 

By reducing our plasmid expression to a single vector, the cell no longer needs to maintain two 

independent plasmids for SCFA production. The Sfp PPT and hFAS-TEII were cloned into pXP842 

creating plasmid pXP842-Bi-hFAS-TEII-SFP. Parent strain BJ5464 expressing pXP842-Bi-hFASTEII-
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SFP had slightly reduced levels of C8 and total SCFAs (19% and 14%, respectively), when compared 

to the two independent plasmid expression system. pXP842-Bi-hFAS-TEII-SFP is a very large 

plasmid (14.82 kbp) which may contribute to an increases in metabolic burden and reduction in 

plasmid stability due to plasmid maintenance. A plasmid stability assay revealed that nearly 59% 

of cells had lost pXP842-Bi-hFAS-TEII-SFP after 48 h of expression (Table 4.5). This increased 

instability would certainly affect fatty acid production levels. Using the same strategy described 

above, the modified URA3 selection marker was used to increase plasmid stability and copy 

number. Sfp and hFAS-TEII were cloned into pXP842U creating bigenic plasmid pXP842U-Bi-hFAS-

TEII-SFP. Utilizing pXP842U-Bi-hFAS-TEII-SFP with the ubi-tagged marker dramatically improved 

plasmid stability, with only 10% of cells losing the plasmid after 48 h of expression (Table 4.5). 

Likely due to the increased stability, C8, C10 and total SCFA levels improved by 67%, 64% and 66%, 

respectively over pXP842-Bi-hFAS-TEII-SFP (Figure 4.4). Due to the simplicity of using a single 

plasmid, dramatic improvement in plasmid stability and the relatively similar fatty acid levels, all 

further studies utilized pXP842U-Bi-hFAS-TEII-SFP unless otherwise noted.  
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Figure 4.4: Initial expression system evaluation. A two-plasmid based system and a single bigenic plasmid, 

with two genes expressed on a single plasmid, were evaluated. Both expression systems were assessed 

with and without a ubiquitin tagged marker. Extracellular free fatty acids were harvested after 48 h of 

growth. Octanoic acid (green bars), decanoic acid (purple bars) and total short chain fatty acids (blue bars) 

are shown. Error bars represent ± standard deviation for at least three independent experiments.  

 

Table 4.5: Percentage of plasmid-containing cells  

 Plasmid Stability (%) 

Vector Expressed  URA3 Stability TRP1 Stability 

pXP842-hFAS-TEII (URA3) with pXP843-SFP (TRP1) 83 94 

pXP842-Bi-hFAS-TEII-SFP (URA3) 41 N/A 

pXP842U-Bi-hFAS-TEII-SFP (URA3) 90 N/A 

  N/A: not applicable 
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Enzyme Engineering 

Homo sapiens Thioesterase  

SCFA production in our yeast system requires the co-overexpression of a short chain 

thioesterase (TE) in conjunction with the heterologous hFAS and PPT. Previously, we found TEII 

(from Rattus norvegicus), a free-standing short chain enzyme from rat mammary glands worked 

well with hFAS, for the primary in vivo production of octanoic acid, with minor products hexanoic 

and decanioc acid (Chapter 3; Leber and Da Silva, 2014). H. sapiens has a free standing 

thioesterase (hTEII) similar to that of R. norvegicus, with a primary chain length specificity to 

octanoic acid (Zhang et al., 2013).  Through amino acid sequence alignment, hTEII was found to 

have 74% sequence similarity with 56% sequence identity to the R. norvegicus TEII, using the 

Smith and Waterman algorithm (Figure 4.5) (Smith and Waterman, 1981). The H. sapiens TE and 

hFAS are derived from the same organism, where intrinsic synergies exist for the production of 

breast milk. These cooperative interactions, between hTEII and hFAS, may contribute to an 

increase in SCFA production in our host organism, S. cerevisiae. Therefore, to further increase 

SCFA titer and yield, we explored the expression of both the H. sapiens fatty acid synthase and 

TE, and compared the results to those when the R. norvegicus TE was used.  

To increase the likelihood of the hTEII cleaving the growing acyl-chain, we fused the hTEII 

to the fatty acid synthase. hTEII was linked to hFAS through a 26 base amino acid ACP linker, as 

previously described for the R. norvegicus TE (Chapter 3; Leber and Da Silva, 2014). This construct 

was cloned into pXP842U creating pXP842U-hFAS-hTEII and co-transformed with pXP843-SFP 

into parent strain BJ5464. Surprisingly, strain BJ5464 co-expressing pXP842U-hFAS-hTEII and 
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pXP843-SFP had 53%, 56% and 54% lower octanoic, decanoic, and total short chain fatty acid 

levels, respectively, when compared to strain BJ5464 co-expressing pXP842U-hFAS-TEII (rat TE) 

and pXP843-SFP (Figure 4.7). Similarly, strain BJASFP (Sfp integrated) expressing pXP842U-hFAS-

hTEII yielded 56%, 37%, and 53% lower octanoic, decanoic, and total short chain fatty acid levels, 

respectively, when compared to strain BJASFP expressing pXP842U-hFAS-TEII. The reduction in 

SCFA levels could be due to a variety of issues, including but not limited to transcriptional 

efficiency, translational efficiency and 3D structural inhibitions.  

 

 

Figure 4.5: H. sapiens have a free standing short chain thioesterase (hTEII) similar to that of R. norvegicus 

(RTEII), with a primary chain length specificity to octanoic acid (Zhang et al., 2013). Through amino acid 

sequence alignment, hTEII was found to have 74% sequence similarity with 56% sequence identity to the 

R. norvegicus TEII, using the Smith and Waterman algorithm (Smith and Waterman, 1981). 
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Homo sapiens Phosphopantetheine Transferase 

Fatty acid synthesis is initiated when an acetyl moiety from acetyl coenzyme A is 

transferred to the thiol group of the phosphopantetheine arm of the acyl carrier protein by the 

PPT (Tehlivets et al., 2007). The H. sapiens type 1 fatty acid synthase lacks a PPT domain, thus 

requiring an external PPT activator. Previously, our lab has shown that AcpS from Escherichia coli 

or Sfp from Bacillus subtilis are able to act as an external PPT activating hFAS, thus converting it 

from the inactive apo form to the active holo form (Chapter 3; Leber and Da Silva, 2014). In H. 

sapiens, this functionality is provided by an independently expressed mono-functional enzyme, 

the holo-ACP synthase (hPPT) (Bunkoczi et al., 2007; Leibundgut et al., 2008; Tehlivets et al., 

2007). Through amino acid sequence alignment, hPPT was found to have 43% sequence similarity 

with 27% sequence identity to the B. subtilis Sfp, using the Smith and Waterman algorithm (Figure 

4.6) (Smith and Waterman, 1981). To increase SCFA titer and yield, we explored the use of hPPT 

to activate hFAS and compared that to Sfp from B. subtilis.  

Strain BJ5464 co-expressing pXP842U-hFAS-hTEII and pXP843-hPPT was compared to 

strain BJ5464 co-expressing pXP842U-hFAS-hTEII and pXP843-SFP (Figure 4.7).  Similarly, strains 

with integrated PPTs: BJAHPPT expressing pXP842U-hFAS-hTEII and BJASFP expressing pXP842U-

hFAS-hTEII, were compared. No statistical difference was observed in octanoic, decanoic or total 

short chain fatty acid levels (Figure 4.7). Likely, the activity and expression level of the PPT is not 

a critical bottleneck for SCFA production. Consequently, the translational optimization of the 

fatty acid synthase, cofactor and substrate up-regulation, and elimination of degradation 

pathways could have larger impacts on SCFA titer and yield.    
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Figure 4.6: Homo sapiens utilize an independently expressed mono-functional enzyme, the holo-ACP 

synthase (hPPT) to activate the native fatty acid synthase to the holo form from the apo form (Bunkoczi 

et al., 2007; Leibundgut et al., 2008; Tehlivets et al., 2007). Through amino acid sequence alignment, hPPT 

was found to have 43% sequence similarity with 27% sequence identity to the B. subtilis Sfp, using the 

Smith and Waterman algorithm (Smith and Waterman, 1981). 
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Figure 4.7: Extracellular short chain fatty acid production using the R. norvegicus derived thioesterase or 

H. sapiens derived thioesterase with co-expression of Sfp from B. subtilis or hPPT from H. sapiens. Fatty 

acids were harvested from the extracellular media after 48 h of growth. Octanoic acid (green bars), 

decanoic acid (purple bars) and total short chain fatty acids (blue bars) are shown. Error bars represent ± 

standard deviation for at least three independent experiments. 
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Strain Engineering  

FAA2 Knockout 

In S. cerevisiae, the native fatty acid synthase produces acyl-CoA bound products. 

However, in neutral lipid droplet turnover and exogenous importation, free fatty acids are 

created and imported, respectively (Black and DiRusso, 2007; Sandager et al., 2002). Free fatty 

acids cannot be directly utilized in S. cerevisiae, and instead are converted and ‘activated’ to an 

acyl-CoA ester by acyl-CoA synthetases (Black and DiRusso, 2007). Acyl-CoA synthetases activate 

fatty acids by undergoing an energy-dependent process requiring ATP and CoA forming Acyl-CoA 

and AMP products (Black and DiRusso, 2007).  S. cerevisiae has six known acyl-CoA synthetases 

encoded by FAA1, FAA2, FAA3, FAA4, FAT1 and FAT2 (Black and DiRusso, 2007). FAA2, a medium 

chain fatty acyl-CoA synthetase, is the primary protein involved with activating free fatty acids 

inside the peroxisome. In addition, previous studies have identified Faa2 as a short chain specific 

acyl-CoA synthetase (Knoll et al., 1994, Roermund et al., 2001). Due to its short chain length 

specificity and requirement in short chain fatty acid β-oxidation, the removal of FAA2 was chosen 

as an initial disruption target.  

The construction of the FAA2 knockout strain, BY4741ΔFAA2, was described in Chapter 3 

(Leber et al., 2014). Strains BY4741 and BY4741ΔFAA2 were transformed with expression plasmid 

pXP842U-Bi-hFAS-TEII-SFP. After 48 h of growth, host strain BY4741 expressing pXP842U-Bi-

hFAS-TEII-SFP produced barely detectable levels of extracellular octanoic acid and no other chain 

lengths were detected (Figure 4.8). When using strain BY4741ΔFAA2, however, extracellular free 

fatty acid levels increased substantially for all detected chain lengths including hexanoic, octanoic 
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and decanoic acid.  Total short chain fatty acids (the sum of all hexanoic, octanoic and decanoic 

fatty acids) increased nearly 132-fold in strain BY4741ΔFAA2 over parent strain, BY4741. This 

dramatic increase in SCFA production reinforces the necessity of using a biological host with a 

disrupted β-oxidation process to maximize SCFA titer and yield.   

B-oxidation Knockout 

S. cerevisiae constantly undergoes lipid turnover through β-oxidation. Throughout 

exponential and stationary growth phases, β-oxidation is a major contributor to the loss of fatty 

acids. β-oxidation of fatty acids involves three stages: activation of fatty acids in the cytosol, 

transport of fatty acids into the peroxisome, and degradation of fatty acids within the peroxisome 

(Hiltunen et al., 2003). In Chapter 3, we targeted three critical genes involved in β-oxidation, 

FAA2, PXA1 and POX1 (Leber et al., 2014). Pxa1, is a subunit of the heterodimeric peroxisomal 

ATP-binding cassette transporter complex Pxa1-Pxa2, and serves as the active transporter of fatty 

acids into the peroxisome. Additionally, Pox1, a fatty-acyl coenzyme A oxidase, is responsible for 

the first committed step of β-oxidation (Hiltunen et al., 2003). The removal of these three genes 

(strain BY4741ΔFAA2ΔPXA1ΔPOX1 designated 3KO) increased intracellular fatty acid levels by up 

to 58% after 48 h (Chapter 3; Leber et al., 2014).  

In the current study, strain 3KO, a fully disrupted β-oxidation host, was transformed with 

our bigenic expression vector pXP842U-Bi-hFAS-TEII-SFP. Fatty acid production was compared to 

strain BY4741ΔFAA2 (Figure 4.8).  For extracellular free fatty acids after 48 h of growth, no 

statistical difference in levels was observed for hexanoic, octanoic or decanoic acids between 
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strains BY4741ΔFAA2 and 3KO. Therefore, the addition of the PXA1 and POX1 knockouts did not 

further increase SCFA levels in our recombinant host.  

Short Chain Specific B-oxidation Disruption 

β-oxidation is not only the process through which fatty acids are broken down; this 

pathway is also how acetyl-CoA is recycled in the cell via the glyoxylate cycle or carnitine-

dependent acetyl-CoA transport (Kohlwein et al., 2013). The glyoxylate cycle allows cells to 

convert two acetyl-CoA molecules into succinate, which can be used to replenish the citric acid 

cycle or to function as precursors for amino acid or carbohydrate biosynthesis. In yeast, this cycle 

is essential for growth on oleate or C2 substrates such as ethanol or acetate (Kohlwein et al., 

2013, Kunze et al., 2006). When using the heterologous hFAS for SCFA production, it may be 

beneficial to maintain native glyoxylate and carnitine-dependent acetyl-CoA transport 

functionality. The recycled carbon, in the form of acetyl-CoA, could then be utilized for the de 

novo production of short chain fatty acids. For this to be practical, it is necessary to target the 

degradation of only long chain fatty acids within the peroxisome.  

Interestingly, long and short chain fatty acids are transported into the peroxisome via 

different pathway enzymes. Transport of SCFAs occur as free fatty acids and requires the active 

involvement of Pex11 (Roermund et al., 2001). After transport, the fatty acid is activated by the 

peroxisomal acyl-CoA synthetase Faa2. This process requires ATP, which is imported into the 

organelle by the adenine nucleotide transporter Ant1 (Kohlwein et al., 2013). Previously, it has 

been suggested that Faa2 produces AMP and pyrophosphate and most likely exchanges AMP for 

ATP across the peroxisomal membrane using Ant1 (Kohlwein et al., 2013).  Both Pex11, Ant1 and 
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Faa2 are located at the periphery of the peroxisomal membrane. Unlike SCFAs, long chain fatty 

acids are first activated outside the peroxisome by Fat1 and then taken up as CoA esters via the 

heterodimeric ABC transporter consisting of Pxa1 and Pxa2 (Kohlwein et al., 2013). These unique 

importation mechanisms make the targeted degradation of only long chain fatty acids possible.  

In order to evaluate a short chain β-oxidation deficient host, genes FAA2, ANT1 and PEX11 

were removed creating strain S3KO. SCFA production was compared for strains 3KO (ΔFAA2 

ΔPXA1 ΔPOX1) and S3KO (ΔFAA2 ΔANT1 ΔPEX11) carrying plasmid pXP842U-Bi-hFAS-TEII-SFP 

after 48 h of growth (Figure 4.8). Hexanoic, octanoic and decanoic free fatty acid levels increased 

by 400%, 100% and 0%, respectively, for strain S3KO when compared to strain 3KO. Larger 

differences in fatty acid levels were observed as the chain length shortened, possibly due to the 

specific disruptions in short chain β-oxidation. Furthermore, when the strain mutations were 

combined in strain S3KOΔ3KO (ΔFAA2 ΔPXA1 ΔPOX1 ΔANT1 ΔPEX11) all detected fatty acid levels 

fell to the levels observed for strain 3KO. There was no statistically significant difference in 

hexanoic, octanoic or decanoic free fatty acid levels between strains 3KO and S3KOΔ3KO (Figure 

4.8). This finding strengthens the strategy to preserve native glyoxylate cycle and carnitine-

dependent acetyl-CoA transport activity. By maintaining acetyl-CoA recycle, the reused carbon is 

likely being shuttled to our heterologous hFAS, contributing to the increase in SCFA titer. In 

addition, strain S3KO increased hexanoic, octanoic and decanoic free fatty acid levels by 300%, 

80% and 40%, respectively, over strain BY4741ΔFAA2. This notable increase in extracellular fatty 

acid levels could be due to a variety of factors. Fat1, an acyl-CoA synthetase, could have residual 

activity on shorter chain fatty acids; therefore, disrupting only Faa2 is insufficient. Furthermore, 

short chain fatty acids could be transported into the peroxisome via Pex11 and then get trapped 
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in strain BY4741ΔFAA2, since the active acyl-CoA bound form is required to proceed in β-

oxidation. In contrast, our engineered strain S3KO prohibits the transport and activation of short 

chain fatty acids into and inside the peroxisome, respectively.  

Protease Deficiencies  

Proteases are enzymes that perform proteolysis, the hydrolysis of peptide bonds that link 

amino acids together. Previous studies have shown that disrupting vacuolar proteases, PEP4 or 

PRB1, were critical for increased polyketide production (Cardenas and Da Silva, 2014, Lee et al., 

2009). Our initial expression studies were conducted in strain BJ5464, which is PEP4 and PRB1 

deficient. However, strain BY4741 has these native genes present. Therefore, PRB1 and PEP4 

were deleted in our engineered strains S3KO and S3KO3KO, and extracellular SCFA production 

was evaluated (Figure 4.8). 

Although the error bars are large, octanoic and total short chain fatty acid levels increased 

by an average of 20% and 15%, respectively, for strain S3KOΔPRB1 relative to control strain S3KO. 

There were no statistically significant changes in hexanoic or decanoic acid levels. Similarly, 

though the error bars are large, octanoic and total short chain fatty acid levels had a similar 

increasing trend with strain S3KO3KOΔPRB1 compared to the control strain, S3KO3KO. 

Consequently, removal of PRB1 proved to only have a minor effect on extracellular SCFA 

production. These findings were similar to those found by Cardenas and Da Silva (2014). 

Furthermore, the additional removal of protease PEP4 was evaluated. In strain S3KOΔPEP4ΔPRB1 

total short chain fatty acid levels fell nearly 35% when compared to strain S3KOΔPRB1. 

Additionally, in strain S3KOΔ3KOΔPEP4ΔPRB1 total short chain fatty acid levels were statistically 
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unchanged from control strain S3KOΔ3KOΔPRB1. Since the highest SCFA producing parent strain 

is S3KO, and the additional knockout of PEP4 was either detrimental or insignificant to total SCFA 

levels, only strain S3KOΔPRB1 is used going forward.  

 

 

 

 

Figure 4.8: Extracellular short chain free fatty acid production using engineered strains expressing vector 

pXP842U-Bi-hFAS-TEII-SFP after 48 h. Hexanoic acid (white bars), octanoic acid (blue bars), decanoic acid 

(pink bars) and total short chain fatty acids (purple bars) are shown. Error bars represent ± standard 

deviation for at least three independent experiments. 
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Codon Optimization 

Codon optimization is a widely used strategy to improve recombinant protein expression 

(Jing et al., 2011; Lian et al., 2014; Zhou et al., 2014). With recent advances in gene synthesis and 

gene assembly, de novo gene design has become significantly cheaper and more readily available 

than before. De novo gene design allows for more frequently used codons to be substituted for 

less used codons, while considering numerous transcriptional and translational elements 

connected with gene expression. In this study, three partially or fully codon optimized genes were 

designed and constructed for S. cerevisiae expression. Gene PChFAS-TEII was partially codon 

optimized (the first 834 base pairs on the N-terminus) using the Integrated DNA Technologies 

(IDT DNA) algorithm. The IDT DNA algorithm only uses the codons from the top 25% expressed 

genes in S. cerevisiae. Full gene optimization (entire ORF) of both genes FChFAS-TEII and FChFAS-

HTEII, carrying hFAS fused to the rat TEII and the human TEII, respectively, was done using the 

OptimumGene algorithm by GenScript. The OptimumGene algorithm takes into consideration a 

variety of critical factors involved in different stages of protein expression, such as codon 

adaptability, mRNA structure, and various cis- elements in transcription and translation 

regulation. Schematic representations of the Codon Adaptation Index (CAI) and Codon Frequency 

Distribution (CFD) of genes hFAS-TEII, PChFAS-hFAS-TEII and FChFAS-TEII are shown in Figure 

4.10, Figure 4.11 and Figure 4.12, respectively. High protein expression level is correlated to the 

value of CAI. A CAI value of 1.0 is considered to be ideal while a CAI value greater than 0.8 is rated 

as good expression. CFD is the percentage distribution of codons in computed codon quality 

groups. Codons with values lower than 30% are likely to hamper expression efficiency.  
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Figure 4.9: Schematic representation of the Codon Adaptation Index (CAI) and Codon Frequency 

Distribution (CFD) of gene hFAS-TEII (with native codons). High protein expression level is correlated to 

the value of CAI – a CAI of 1.0 is considered to be idea while a CAI > 0.8 is rated as good expression. CFD 

is the percentage distribution of codons in computed codon quality groups. Codons with values lower 

than 30% are likely to hamper expression efficiency. Image derived from GenScript (www.genscript.com).  

 

hFAS-TEII 

(native sequence) 

http://www.genscript.com/
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Figure 4.10: Schematic representation of the Codon Adaptation Index (CAI) and Codon Frequency 

Distribution (CFD) of gene PChFAS-TEII (with first 834 bp on N-terminus codon optimized). High protein 

expression level is correlated to the value of CAI – a CAI of 1.0 is considered to be idea while a CAI > 0.8 is 

rated as good expression. CFD is the percentage distribution of codons in computed codon quality groups. 

Codons with values lower than 30% are likely to hamper expression efficiency. Image derived from 

GenScript (www.genscript.com). 

PChFAS-TEII 

(first 834 bp on N-terminus optimized) 

http://www.genscript.com/
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Figure 4.11: Schematic representation of the Codon Adaptation Index (CAI) and Codon Frequency 

Distribution (CFD) of gene FChFAS-TEII (full ORF codon optimized). High protein expression level is 

correlated to the value of CAI – a CAI of 1.0 is considered to be idea while a CAI > 0.8 is rated as good 

expression. CFD is the percentage distribution of codons in computed codon quality groups. Codons with 

values lower than 30% are likely to hamper expression efficiency. Image derived from GenScript 

(www.genscript.com). 

FChFAS-TEII 

(full ORF codon optimized) 

http://www.genscript.com/
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Partially codon optimized gene, PChFAS-TEII, was initially constructed and evaluated, due 

to its low cost and rather straightforward assembly procedure. Gene PChFAS-TEII, has the first 

834 bp codon optimized, but still maintains a 0.0 CAI value for S. cerevisiae expression (Figure 

4.10). Vector pXP842U-Bi-PChFAS-TEII-SFP, containing PChFAS-TEII, was transformed into strains 

BY4741, 3KO, S3KO, S3KOΔPRB1 and S3KOΔ3KO and short chain fatty acid levels were compared 

to the strains carrying the non-optimized counterpart, vector pXP842U-Bi-hFAS-TEII-SFP after 48 

h of growth (Figure 4.12). For strain 3KO, no statistical difference in short chain fatty acid levels 

were observed with the partially codon optimized hFAS-TEII gene relative to the non-optimized 

gene. It’s plausible that a critical bottleneck of SCFA production was not the translational 

efficiency of hFAS in this particular strain. Notably, for strain S3KO (short chain β-oxidation 

disruption mutant), dramatic changes in short chain fatty acid levels were observed (Figure 4.12). 

Strain S3KO carrying vector pXP842U-Bi-PChFAS-TEII-SFP produced 190%, 100%, 130% and 120% 

higher hexanoic, octanoic, decanoic and total short chain free fatty acids, respectively, relative 

to strain S3KO carrying the non-codon optimized counterpart, vector pXP842U-Bi-hFAS-TEII-SFP. 

These surprising and encouraging results indicate that only 834 bp of optimization was needed 

(of a roughly 7,500 bp gene) to significantly improve in vivo SCFA production.  

The partially optimized hFAS-TEII results are very pomising. Therefore, the two full ORF 

codon optimized genes, FChFAS-TEII and FChFAS-HTEII, have been assembled and sequence 

verified. The genes have each been cloned into bigenic vector pXP842U-Bi, creating vectors 

pXP842U-Bi-PChFAS-TEII-SFP and pXP842U-Bi-PChFAS-HTEII-SFP. Future work will determine if 

this full ORF codon optimization further increases SCFA production. 
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Figure 4.12: Extracellular short chain free fatty acid production using engineered strains carrying vector 

pXP842U-Bi-hFAS-TEII-SFP or the partially codon optimized vector pXP842U-Bi-PChFAS-TEII-SFP, after 48 

h of growth. Hexanoic acid (white bars), octanoic acid (blue bars), decanoic acid (pink bars) and total short 

chain fatty acids (purple bars) are shown. Error bars represent ± standard deviation for at least three 

independent experiments. 

 

 

FAS2 Down-regulation 

The native fatty acid synthase is the primary consumer of both acetyl-CoA, the initiator 

for fatty acid synthesis, and malonyl-CoA, the C2 carbon donor for fatty acid elongation (Tehlivets 

et al., 2007). Typically, fatty acids in S. cerevisiae are C16 to C18 in length; these consume one 
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acetyl-CoA and seven or eight malonyl-CoA, respectively. When looking to conserve acetyl- and 

malonyl-CoA pools, it may be beneficial to down-regulate the native fatty acid synthase to direct 

carbon to our heterologous system. The H. sapiens fatty acid synthase has very similar fatty acid 

synthesis mechanisms to the yeast FAS, albeit with a vastly different structural organizations 

(Maier et al., 2010). Both synthases consume acetyl- and malonyl-CoA in the synthesis of fatty 

acids. By down-regulating the native yeast FAS, carbon flux can be re-directed to the 

heterologous hFAS to increase production of short chain fatty acids. In this study we chose to 

focus on the down-regulation of FAS2, one of two genes mandatory for native FAS activity. 

The timing of the native FAS down regulation is critical. Ideally, a high cell density should 

be achieved to maximize total protein levels. To accomplish this, we evaluated a tetracycline-off 

promoter and the weak constitutive ADH1 promoter for controlling FAS2 gene expression. The 

tetracycline-off promoter (tet-off) can be turned off using doxycycline supplementation and has 

previously been developed for S. cerevisiae (Belli et al., 1998, Gari et al., 1997). The tet-off 

promoter is regulated by the tTA transactivator and contains tetR fused to the activator domain 

of herpes simplex virus VP16. The tet-off system is relatively simple, and the mechanism on how 

it functions has been described (Gari et al., 1997). 

Strain R1158-Tet07FAS2, which contains the tet-off promoter in front of the FAS2 gene, 

was obtained from Mnaimneh et al. (2004). To determine if this promoter system could 

effectively reduce intracellular fatty acid levels, we tested growth and measured specific fatty 

acid levels using various doxycycline concentrations, as shown in Figure 4.13. Doxycycline was 

added at two separate time points, late exponential phase (8 h) and early stationary phase (15 

h). Characteristic growth curves of strain R1158-Tet07FAS2 in varying doxycycline concentrations 
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are shown in the Appendix, Figure A.11. Ideally, a harvest point with high final cell optical 

densities and low intracellular fatty acid levels should be used. Generally, specific fatty acid levels 

scaled proportionately to final cell densities (Figure 4.13). However, the 10 and 100 ug/mL 

doxycycline concentrations, added after 15 h, appeared promising. Both concentrations were 

high enough to fully inhibit FAS2 gene synthesis. Additionally, adding doxycycline at 15 h allowed 

fairly high final cellular optical densities. More importantly, the specific fatty acid levels were 

significantly lower than that of the control, in some cases up to 20% lower (data not shown). 

These results will be useful in determining optimal doxycycline concentrations and 

supplementation times when using our SCFA producing host. Currently, many variants of the tet-

off system in front of FAS2 have been constructed in our engineered SCFA producing strains. 

However, after initial screens, it appears the FAS2 gene is not completely inhibited, even at 

doxycycline concentrations of 100 ug/mL. Future work will consider alternate constructs for 

better control. 
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Figure 4.13: Specific intracellular fatty acid levels of Strain R1158-Tet07FAS2 using various concentrations 

of doxycycline. Doxycycline was added at 8 h (top figure) and 15 h (bottom figure) after seed inoculation 

at an optical density of 0.2. Cells were grown in 1% YPD media. Specific fatty acid levels (blue bars) and 

final optical densities (red line) are shown. Doxycycline concentrations are noted on the x-axis.  

 

In a parallel effort to the tet-off system, the weak constitutive ADH1 promoter was also 

investigated for FAS2 down-regulation. ADH1 encodes an alcohol dehydrogenase that is required 

for the reduction of acetaldehyde to ethanol (Hitzeman et al., 1981; Denis et al., 1983). The ADH1 

promoter was shown to have 20%, 17% and 10% the strength of the strong constitutive TEF1 
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promoter at 8 h, 24 h and 48 h, respectively, when grown in 2% glucose medium (Partow et al., 

2010). The ADH1 promoter was integrated upstream of the FAS2 ORF using parent strain 

S3KOΔPRB1, creating strain S3KO-A1FAS2ΔPRB1. Strains S3KOΔPRB1 and S3KO-A1FAS2ΔPRB1 

were transformed with vector pXP842U-Bi-PChFAS-TEII-SFP and extracellular free fatty acid and 

intracellular fatty acid levels were measured after 48 h of growth in 1% glucose YPD medium, 

Figure 4.14. Extracellular short chain free fatty acids fell roughly 50% for both octanoic and 

decanoic acid in the FAS2 down-regulated strain (S3KO-A1FAS2ΔPRB1), when compared to 

control strain S3KOΔPRB1. The reduction in SCFA levels could be due to a decrease in intracellular 

cofactor and substrate pools. FAS2 down-regulation is possibly disturbing acetyl-CoA, malonyl-

CoA and NADPH intracellular pool levels, since the normal regulatory environment has been 

disrupted (Schweizer and Hofmann, 2004). Surprisingly, there was no statistically significant 

difference in intracellular fatty acid levels for all detected chain lengths between the two strains. 

This may be due in part to the long growth period (48 h harvest). Though strain S3KO-

A1FAS2ΔPRB1 has a slower doubling time than control strain S3KOΔPRB1, the prolonged growth 

period allowed final cell densities that were similar.  
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Figure 4.14: Extracellular short chain free fatty acid production (top graph) and intracellular fatty acid 

production (bottom graph) using engineered strains S3KOΔPRB1 and S3KO-A1FAS2ΔPRB1 carrying vector 

pXP842U-Bi-PChFAS-TEII-SFP. Fatty acids were harvested after 48 h of growth. Top graph: octanoic acid 

(white bars), decanoic acid (gray bars) and total short chain fatty acids (blue bars) are shown. Bottom 

graph: palmitic acid (white bars), stearic acid (gray bars) and total long chain fatty acids (purple bars) are 

shown. Error bars represent ± standard deviation for at least two independent experiments. 
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ACC1 Overexpression 

Another approach to increase short chain fatty acid production is to ensure the availability 

of precursors. Acetyl-CoA is derived from the precursor pyruvate, where pyruvate is converted 

to acetate through ALD6 (aldehyde dehydrogenase) (Meaden et al., 1997). Acetate is then 

converted to acetyl-CoA through the ACS1 (acetyl-CoA synthetase) and ACS2 genes (Wang et al., 

2010). Previously, acetyl-CoA carboxylase (Acc1), which is required to convert acetyl-CoA to 

malonyl-CoA, has been identified as a critical bottleneck for fatty acids synthesis in S. cerevisiae 

with a cell-free system (Li et al. 2014). Additionally, Choi and Da Silva (2014) showed that 

overexpressing Acc1, with a mutation of serine to alanine at position 1157 (S1157A), increased 

in vivo fatty acid production nearly 3-fold. It is essential to have abundant malonyl-CoA available 

to maximize in vivo fatty acid production.  

Currently in our lab, ACC1S1157A has been shown to be a promising candidate for fatty acid 

production. Acc1S1157A contains a mutation at amino acid position 1157, converting the native 

serine residue to alanine. This mutation was shown to prevent deactivation of the enzyme by the 

AMP-activated serine/threonine protein kinase, Snf1 during the shift in carbon source from 

glucose to ethanol (Choi and Da Silva, 2014). Acc1S1157A was integrated under the control of the 

strong constitutive PGK1 promoter into strain S3KOΔPRB1, creating strain S3KO-PACC1ΔPRB1. 

Strain S3KO-PACC1ΔPRB1 carrying vector pXP842U-Bi-PChFAS-TEII-SFP increased intracellular 

stearic and total fatty acid levels 280% and 160%, respectively over control strain S3KOΔPRB1. 

However, the integration of Acc1S1157A in strain S3KO-PACC1ΔPRB1 carrying vector pXP842U-Bi-

PChFAS-TEII-SFP reduced hexanoic, octanoic and total short chain fatty acid levels by 60%, 27% 

and 16%, respectively, relative to control strain, S3KOΔPRB1 (Figure 4.15). Notably, decanoic acid 
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levels increased 125% over control strain S3KOΔPRB1, likely due to the increase availability of 

malonyl-CoA. The expression of Acc1S1157A increases the bioavailability of the malonyl-CoA; 

however, it appears little of this increase is being shuttled to the heterologous hFAS. One 

potential issue could be the timing of the independent promoters. hFAS is expressed using a late 

phase glucose-repressed ADH2 promoter, where Acc1S1157A is expressed using a strong 

constitutive promoter, PPGK1. Additionally, PPGK1 has been shown to become weaker as glucose 

runs out; PPGK1 had 52% and 45% the activity at 24 and 48 h, respectively, than it did at 8 h of 

growth, when grown in 2% glucose-containing medium (Partow et al., 2010). Both proteins, hFAS 

and Acc1S1157A, are expressed together, but their maximum in vivo concentrations are likely found 

during different periods of cellular growth.  
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Figure 4.15: Extracellular short chain free fatty acid production (top graph) and intracellular fatty acid 

production (bottom graph) using strains BY4741, S3KO, S3KOΔPRB1 and S3KO-PACC1ΔPRB1 carrying 

vector pXP842U-Bi-PChFAS-TEII-SFP. Fatty acids were harvested after 48 h of growth. Top graph: hexanoic 

acid (white bars), octanoic acid (blue bars), decanoic acid (pink bars) and total short chain fatty acids 

(orange bars) are shown. Bottom graph: palmitic acid (white bars), stearic acid (blue bars), cerotic acid 

(pink bars) and total long chain fatty acids (orange bars) are shown. Error bars represent ± standard 

deviation for at least two independent experiments. 

 

To match the timing of both systems, the Acc1S1157A promoter was changed to the 

glucose-repressed ADH2 promoter. In strain S3KO-AACC1ΔPRB1, carrying vector pXP842U-Bi-
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PChFAS-TEII-SFP, both genes, hFAS-TEII and ACC1S1157A are under the control of the late-phase 

ADH2 promoter. Extracellular free fatty acids and intracellular total fatty acids for strains 

S3KOΔPRB1, S3KO-PACC1ΔPRB1 and S3KO-AACC1ΔPRB1 carrying vector pXP842U-Bi-PChFAS-

TEII-SFP are compared after 48 h of growth in Figure 4.16. The change of promoter to PADH2 in 

strain S3KO-AACC1ΔPRB1 did not result in statistically significant differences in extracellular free 

fatty acid levels, for all SCFAs detected (Figure 4.16). Intracellular fatty acid levels were also 

unchanged between the two strains. Similarly, strain S3KO-AACC1ΔPRB1 produced 150% higher 

total intracellular fatty acid levels relative to control strain S3KOΔPRB1, which is comparable to 

strain S3KO-PACC1ΔPRB1 under the PGK1 promoter. Though the timing of the promoters for 

hFAS and Acc1S1157A are now the same, this failed to further improve SCFA production - only 

intracellular long chain fatty acids increased. Therefore, combining the down-regulation of FAS2 

with the overexpression of Acc1S1157A, could mitigate the native FAS malonyl-CoA consumption, 

as well as further divert carbon flux to the heterologous hFAS.  
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Figure 4.16: Extracellular short chain free fatty acid production (top graph) and intracellular fatty acid 

production (bottom graph) using engineered strains S3KOΔPRB1, S3KO-PACC1ΔPRB1 and S3KO-

AACC1ΔPRB1 carrying vector pXP842U-Bi-PChFAS-TEII-SFP. Fatty acids were harvested after 48 h of 

growth. Top graph: octanoic acid (white bars), decanoic acid (gray bars) and total short chain fatty acids 

(blue bars) are shown. Bottom graph: palmitic acid (white bars), stearic acid (gray bars), cerotic acid (blue 

bars) and total long chain fatty acids (purple bars) are shown. Error bars represent ± standard deviation 

for at least two independent experiments. 
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Combined Pathway Interventions with Enzyme and Expression Engineering 

 

The down-regulation of FAS2 and ACC1S1157A overexpression were combined to see if 

higher levels of SCFAs could be obtained. Strain S3KO-A1FAS2-PACC1ΔPRB1 has FAS2 regulated 

by PADH1 and ACC1S1157A regulated by PPGK1. Similarly, strain S3KO-A1FAS2-AACC1ΔPRB1 has FAS2 

regulated by PADH1 but ACC1S1157A regulated by PADH2. Both strains were transformed with vector 

pXP842U-Bi-PChFAS-TEII-SFP and extracellular free fatty acid and intracellular fatty acid levels 

were compared to control strain S3KOΔPRB1 after 48 h (Figure 4.17). 

Intracellular levels increased 80% in strain S3KO-A1FAS2-PACC1ΔPRB1 (PPGK1 regulating 

ACC1S1157A) relative to control strain S3KOΔPRB1, a similar increase to that for strain S3KO-

A1FAS2ΔPRB1 without the ACC1S1157A gene.  However, extracellular total short chain fatty acid 

levels were 70% lower in strain S3KO-A1FAS2-PACC1ΔPRB1 when compared to the control, strain 

S3KOΔPRB1. Notably, when the promoter for ACC1S1157A was switched from PPGK1 to PADH2, 

extracellular free fatty acid levels (SCFAs) doubled and intracellular fatty acid levels improved by 

nearly 50% (Figure 4.17). This could be due to the relative strengths of the PPGK1 and PADH2 

promoters. When the cell densities are highest and glucose is depleting, PADH2 begins expression; 

and is strongest during the ethanol consumption growth phase. Consequently, this is likely when 

the native FAS is at higher intracellular levels. Additionally, the late phase increase in malonyl-

CoA pool, from the PADH2 ACC1S1157A expression, is preferred by the heterologous hFAS (which is 

also under the ADH2 promoter).  

These results suggest that when FAS2 is down-regulated and ACC1S1157A is overexpressed, 

the cell is using all available malonyl-CoA for native fatty acid production, further increasing 
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competition between hFAS. This is reinforced by the fact that when PPGK1 is replaced by PADH2 for 

ACC1S1157A regulation, both intracellular and extracellular fatty acid levels increase. This implies 

that it’s beneficial to have a healthy cell, with an active native fatty acid synthase that can later 

be switched off, when the late-phase expression of ACC1S1157A and hFAS-TEII are strongest. 

Additionally, this will likely maximize cell health and density, as well as precursor and substrate 

availability for the heterologous hFAS. In this case, the use of the tet-off promoter for FAS2 down-

regulation is particularly appealing.  
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Figure 4.17: Extracellular short chain free fatty acid production (top graph) and intracellular fatty acid 

production (bottom graph) using engineered strains S3KOΔPRB1, S3KO—A1FAS2-PACC1ΔPRB1 and S3KO-

A1FAS2-AACC1ΔPRB1 carrying vector pXP842U-Bi-PChFAS-TEII-SFP. Fatty acids were harvested after 48 h 

of growth. Top graph: octanoic acid (white bars), decanoic acid (gray bars) and total short chain fatty acids 

(blue bars) are shown. Bottom graph: palmitic acid (white bars), stearic acid (gray bars), cerotic acid (blue 

bars) and total long chain fatty acids (purple bars) are shown. Error bars represent ± standard deviation 

for at least two independent experiments. 
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Conclusions 

Biologically derived fatty acids can be utilized multiple ways in the chemical and fuels 

industry. They can be used as free fatty acids or be used as platform molecules with their 

functional group a target for chemical catalysis. Short chain fatty acids (C4-C10) (SCFA) are 

particularly attractive for their use in various fuel products as well as in the production of alkenes. 

However, short chain fatty acid production is inherently difficult, in part due to their much higher 

cytotoxicity. In this study, we further improved SCFA production in a S. cerevisiae host by utilizing 

a variety of novel enzyme and metabolic engineering strategies. First, gene expression was 

optimized by utilizing a single two-gene expression vector containing a ubiquitin-tagged 

auxotrophic selection marker. This process not only alleviated the need for genomic integration, 

but also combined the phosphopantetheine transferase and fatty acid synthase to a single 

bigenic plasmid. In addition, a H. sapiens derived thioesterase II and H. sapiens derived 

phosphopantetheine transferase (hPPT) were evaluated. The H. sapiens thioesterase, when 

fused to the hFAS via a linker sequence, lowered SCFA production levels nearly 50% when 

compared to the R. norvegicus derived TE counterpart. The hPPT, with the use of hFAS-TEII or 

hFAS-HTEII, yielded similar SCFA extracellular levels to that of the B. subtilis derived Sfp.  Further, 

production strains were engineered to remove the short chain specific β-oxidation pathway, by 

removing genes FAA2, ANT1 and PEX11. These mutations (strain S3KO) increased hexanoic and 

octanoic production 400% and 100%, respectively, when compared to a strain deficient in long 

chain β-oxidation activity (strain 3KO). In addition, removal of vacuolar proteases PRB1 and PEP4 

were evaluated. The removal of PRB1 slightly increased SCFA production levels and the additional 

removal of PEP4 failed to further increase SCFA levels. Codon optimization of hFAS expression 
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was also investigated by creating three different codon optimized variants. Gene PChFAS-TEII, 

containing the first 834 bp optimized for S. cerevisiae expression, increased hexanoic, octanoic, 

decanoic and total short chain fatty acid levels by 190%, 100%, 130% and 120%, respectively, 

over its non-optimized counterpart in strain S3KO. Full ORF codon optimization was used on 

genes FChFAS-TEII and FChFAS-HTEII. Both genes are fully assembled and sequenced verified, 

future work will determine if full ORF optimization further increases SCFA production. Further, a 

mutant acetyl-CoA carboxylase was overexpressed and showed a 125% increase in decanoic acid 

production with a 160% increase in total intracellular fatty acid levels in strain S3KO-PACC1ΔPRB1 

carrying vector pXP842U-Bi-PChFAS-TEII-SFP when compared to the control (S3KOΔPRB1). 

Finally, FAS2 down-regulation, one of two mandatory genes for native fatty acid synthase 

expression, was investigated by utilizing a tet-off and PADH1 promoter system. The tet-off in front 

of FAS2 was successfully able to reduce native fatty acid production levels by nearly 75%. 

However, when this system was introduced into our SCFA producing host (S3KOΔPRB1), the FAS2 

gene was not completely inhibited. Future work will consider alternate constructs for better 

control. By combining these unique enzyme and metabolic strategies within in a single S. 

cerevisiae host (strain S3KO carrying vector pXP842U-Bi-hFAS-TEII-SFP), we were able to increase 

hexanoic, octanoic, decanoic, and total extracellular short chain fatty acids more than 75-, 220-, 

120-, and 400-fold, respectively, relative to the parent strain BY4741.  
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Appendix 

Select Gene Sequence Information 

Figure A.1: Native hFAS-TEII gene sequence 

atggaggaggtggtgattgccggcatgtccgggaagctgccagagtcggagaacttgcaggagttctgggacaacctcatcggcggtgtggacatggtcacggacga
tgaccgtcgctggaaggcggggctctacggcctgccccggcggtccggcaagctgaaggacctgtctaggtttgatgcctccttcttcggagtccaccccaagcaggc
acacacgatggaccctcagctgcggctgctgctggaagtcacctatgaagccatcgtggacggaggcatcaacccagattcactccgaggaacacacactggcgtct
gggtgggcgtgagcggctctgagacctcggaggccctgagccgagaccccgagacactcgtgggctacagcatggtgggctgccagcgagcgatgatggccaaccg
gctctccttcttcttcgacttcagagggcccagcatcgcactggacacagcctgctcctccagcctgatggccctgcagaacgcctaccaggccatccacagcgggcag
tgccctgccgccatcgtggggggcatcaatgtcctgctgaagcccaacacctccgtgcagttcttgaggctggggatgctcagccccgagggcacctgcaaggccttc
gacacagcggggaatgggtactgccgctcggagggtgtggtggccgtcctgctgaccaagaagtccctggcccggcgggtgtacgccaccatcctgaacgccggcac
caatacagatggcttcaaggagcaaggcgtgaccttcccctcaggggatatccaggagcagctcatccgctcgttgtaccagtcggccggagtggcccctgagtcatt
tgaatacatcgaagcccacggcacaggcaccaaggtgggcgacccccaggagctgaatggcatcacccgagccctgtgcgccacccgccaggagccgctgctcatc
ggctccaccaagtccaacatggggcacccggagccagcctcggggctggcagccctggccaaggtgctgctgtccctggagcacgggctctgggcccccaacctgca
cttccatagccccaaccctgagatcccagcgctgttggatgggcggctgcaggtggtggaccagcccctgcccgtccgtggcggcaacgtgggcatcaactcctttggc
ttcgggggctccaacgtgcacatcatcctgaggcccaacacgcagccgccccccgcacccgccccacatgccaccctgccccgtctgctgcgggccagcggacgcac
ccctgaggccgtgcagaagctgctggagcagggcctccggcacagccaggacctggctttcctgagcatgctgaacgacatcgcggctgtccccgccaccgccatgc
ccttccgtggctacgctgtgctgggtggtgagcgcggtggcccagaggtgcagcaggtgcccgctggcgagcgcccgctctggttcatctgctctgggatgggcacac
agtggcgcgggatggggctgagcctcatgcgcctggaccgcttccgagattccatcctacgctccgatgaggctgtgaagccattcggcctgaaggtgtcacagctgc
tgctgagcacagacgagagcacctttgatgacatcgtccattcgtttgtgagcctgactgccatccagataggcctcatagacctgctgagctgcatggggctgaggcc
agatggcatcgtcggccactccctgggggaggtggcctgtggctacgccgacggctgcctgtcccaggaggaggccgtcctcgctgcctactggaggggacagtgca
tcaaagaagcccatctcccgccgggcgccatggcagccgtgggcttgtcctgggaggagtgtaaacagcgctgccccccgggcgtggtgcccgcctgccacaactcc
aaggacacagtcaccatctcgggacctcaggccccggtgtttgagttcgtggagcagctgaggaaggagggtgtgtttgccaaggaggtgcggaccggcggtatggc
cttccactcctacttcatggaggccatcgcacccccactgctgcaggagctcaagaaggtgatccgggagccgaagccacgttcagcccgctggctcagcacctctat
ccccgaggcccagtggcacagcagcctggcacgcacgtcctccgccgagtacaatgtcaacaacctggtgagccctgtgctgttccaggaggccctgtggcacgtgcc
tgagcacgcggtggtgctggagatcgcgccccacgccctgctgcaggctgtcctgaagcgtggcctgaagccgagctgcaccatcatccccctgatgaagaaggatc
acagggacaacctggagttcttcctggccggcatcggcaggctgcacctctcaggcatcgacgccaaccccaatgccttgttcccacctgtggagttcccagctccccg
aggaactcccctcatctccccactcatcaagtgggaccacagcctggcctgggacgtgccggccgccgaggacttccccaacggttcaggttccccctcagccgccat
ctacaacatcgacaccagctccgagtctcctgaccactacctggtggaccacaccctcgacggtcgcgtcctcttccccgccactggctacctgagcatagtgtggaag
acgctggcccgcgccctgggcctgggcgtcgagcagctgcctgtggtgtttgaggatgtggtgctgcaccaggccaccatcctgcccaagactgggacagtgtccctg
gaggtacggctcctggaggcctcccgtgccttcgaggtgtcagagaacggcaacctggtagtgagtgggaaggtgtaccagtgggatgaccctgaccccaggctcttc
gaccacccggaaagccccacccccaaccccacggagcccctcttcctggcccaggctgaagtttacaaggagctgcgtctgcgtggctacgactacggccctcatttc
cagggcatcctggaggccagcctggaaggtgactcggggaggctgctgtggaaggataactgggtgagcttcatggacaccatgctgcagatgtccatcctgggctc
ggccaagcacggcctgtacctgcccacccgtgtcaccgccatccacatcgaccctgccacccacaggcagaagctgtacacactgcaggacaaggcccaagtggctg
acgtggtggtgagcaggtggctgagggtcacagtggccggaggcgtccacatctccgggctccacactgagtcggccccgcggcggcagcaggagcagcaggtgcc
catcctggagaagttttgcttcactccccacacggaggaggggtgcctgtctgagcgcgctgccctgcaggaggagctgcaactgtgcaaggggctggtgcaggcact
gcagaccacggtgacccagcaggggctgaagatggtggtgcccggactggatggggcccagatcccccgggacccctcacagcaggaactgccccggctgttgtcg
gctgcctgcaggcttcagctcaacgggaacctgcagctggagctggcgcaggtgctggcccaggagaggcccaagctgccagaggaccctctgctcagcggcctcct
ggactccccggcactcaaggcctgcctggacactgccgtggagaacatgcccagcctgaagatgaaggtggtggaggtgctggctggccacggtcacctgtattccc
gcatcccaggcctgctcagcccccatcccctgctgcagctgagctacacggccaccgaccgccacccccaggccctggaggctgcccaggccgagctgcagcagcac
gacgttgcccagggccagtgggatcccgcagaccctgcccccagcgccctgggcagcgccgacctcctggtgtgcaactgtgctgtggctgccctcggggacccggcc
tcagctctcagcaacatggtggctgccctgagagaagggggctttctgctcctgcacacactgctccgggggcaccccctcggggacatcgtggccttcctcacctcca
ctgagccgcagtatggccagggcatcctgagccaggacgcgtgggagagcctcttctccagggtgtcgctgcgcctggtgggcctgaagaagtccttctacggctcca
cgctcttcctgtgccgccggcccaccccgcaggacagccccatcttcctgccggtggacgataccagcttccgctgggtggagtctctgaagggcatcctggctgacga
agactcttcccggcctgtgtggctgaaggccatcaactgtgccacctcgggcgtggtgggcttggtgaactgtctccgccgagagcccggcgggaaccgcctccggtgt
gtgctgctctccaacctcagcagcacctcccacgtcccggaggtggacccgggctccgcagaactgcagaaggtgttgcagggagacctggtgatgaacgtctaccg
cgacggggcctggggggctttccgccacttcctgctggaggaggacaagcctgaggagccgacggcacatgcctttgtgagcaccctcacccggggggacctgtcct
ccatccgctgggtctgctcctcgctgcgccatgcccagcccacctgccctggcgcccagctctgcacggtctactacgcctccctcaacttccgcgacatcatgctggcc



 

180 
 

actggcaagctgtcccctgatgccatcccagggaagtggacctcccaggacagcctgctaggtatggagttctcgggccgagacgccagcggcaagcgtgtgatggg
actggtgcctgccaagggcctggccacctctgtcctgctgtcaccggacttcctctgggatgtgccttccaactggacgctggaggaggcggcctcggtgcctgtcgtct
acagcacggcctactacgcgctggtggtgcgtgggcgggtgcgccccggggagacgctgctcatccactcgggctcgggcggcgtgggccaggccgccatcgccatc
gccctcagtctgggctgccgcgtcttcaccaccgtggggtcggctgagaagcgggcgtacctccaggccaggttcccccagctcgacagcaccagcttcgccaactcc
cgggacacatccttcgagcagcatgtgctgtggcacacgggcgggaagggcgttgacctggtcttgaactccttggcggaagagaagctgcaggccagcgtgaggtg
cttggctacgcacggtcgcttcctggaaattggcaaattcgacctttctcagaaccacccgctcggcatggctatcttcctgaagaacgtgacattccacggggtcctac
tggatgcgttcttcaacgagagcagtgctgactggcgggaggtgtgggcgcttgtgcaggccggcatccgggatggggtggtacggcccctcaagtgcacggtgttcc
atggggcccaggtggaggacgccttccgctacatggcccaagggaagcacattggcaaagtcgtcgtgcaggtgcttgcggaggagccggaggcagtgttgaaggg
ggccaaacccaagctgatgtcggccatctccaagaccttctgcccggcccacaagagctacatcatcgctggtggtctgggtggcttcggcctggagttggcgcagtg
gctgatacagcgtggggtgcagaagctcgtgttgacttctcgctccgggatccggacaggctaccaggccaagcaggtccgccggtggaggcgccagggcgtacagg
tgcaggtgtccaccagcaacatcagctcactggagggggcccggggcctcattgccgaggcggcgcagcttgggcccgtgggcggcgtcttcaacctggccgtggtct
tgagagatggcttgctggagaaccagaccccagagttcttccaggacgtctgcaagcccaagtacagcggcaccctgaacctggacagggtgacccgagaggcgtg
ccctgagctggactactttgtggtcttctcctctgtgagctgcgggcgtggcaatgcgggacagagcaactacggctttgccaattccgccatggagcgtatctgtgaga
aacgccggcacgaaggcctcccaggcctggccgtgcagtggggcgccatcggcgacgtgggcattttggtggagacgatgagcaccaacgacacgatcgtcagtgg
cacgctgccccagcgcatggcgtcctgcctggaggtgctggacctcttcctgaaccagccccacatggtcctgagcagctttgtgctggctgagaaggctgcggcctat
agggacagggacagccagcgggacctggtggaggccgtggcacacatcctgggcatccgcgacttggctgctgtcaacctggacagctcactggcggacctgggcct
ggactcgctcatgagcgtggaggtgcgccagacgctggagcgtgagctcaacctggtgctgtccgtgcgcgaggtgcggcaactcacgctccggaaactgcaggagc
tgtcctcaaaggcggatgaggctagcgagctggcatgccccacgcccaaggaggatggtctggcccagcagcagactcagctgaacatggagacagcagtcaatgc
taagagtcccaggaatgaaaaggttttgaactgtttgtatcaaaatcctgatgcagttttcaagctgatctgcttcccttgggcaggaggcggctccatccattttgcca
agtggggccaaaagattaacgactctctggaagtgcatgctgtaagactggctggaagagaaacccgacttggagaacctttcgcaaatgacatctaccagatagct
gatgaaatcgtgaccgccctgttgcccatcattcaggataaagcttttgcgttttttggccacagttttggatcctacattgctcttattactgctctgctcctaaaggaga
aatacaaaatggagccgctgcatatttttgtatccggtgcatccgcccctcactcaacatcccggcctcaagttcctgatcttaacgaattgacagaagaacaagtcag
acatcaccttctggatttcggaggcacgcccaagcatctcatagaagaccaggatgttctgaggatgttcattcctttgctgaaggcagatgctggcgttgtgaaaaaa
ttcatctttgacaagccctccaaagctcttctctctctggacataacgggcttccttggatctgaagatacaataaaggacatagaaggctggcaagacctaaccagtg
ggaagtttgatgtccacatgctgccaggcgaccacttttatctgatgaagcccgacaacgagaactttatcaagaactacatagccaagtgcttggaactctcgtcact
cacttga 

 

Figure A.2: Native hFAS-HTEII gene sequence 

atggaggaggtggtgattgccggcatgtccgggaagctgccagagtcggagaacttgcaggagttctgggacaacctcatcggcggtgtggacatggtcacggacga
tgaccgtcgctggaaggcggggctctacggcctgccccggcggtccggcaagctgaaggacctgtctaggtttgatgcctccttcttcggagtccaccccaagcaggc
acacacgatggaccctcagctgcggctgctgctggaagtcacctatgaagccatcgtggacggaggcatcaacccagattcactccgaggaacacacactggcgtct
gggtgggcgtgagcggctctgagacctcggaggccctgagccgagaccccgagacactcgtgggctacagcatggtgggctgccagcgagcgatgatggccaaccg
gctctccttcttcttcgacttcagagggcccagcatcgcactggacacagcctgctcctccagcctgatggccctgcagaacgcctaccaggccatccacagcgggcag
tgccctgccgccatcgtggggggcatcaatgtcctgctgaagcccaacacctccgtgcagttcttgaggctggggatgctcagccccgagggcacctgcaaggccttc
gacacagcggggaatgggtactgccgctcggagggtgtggtggccgtcctgctgaccaagaagtccctggcccggcgggtgtacgccaccatcctgaacgccggcac
caatacagatggcttcaaggagcaaggcgtgaccttcccctcaggggatatccaggagcagctcatccgctcgttgtaccagtcggccggagtggcccctgagtcatt
tgaatacatcgaagcccacggcacaggcaccaaggtgggcgacccccaggagctgaatggcatcacccgagccctgtgcgccacccgccaggagccgctgctcatc
ggctccaccaagtccaacatggggcacccggagccagcctcggggctggcagccctggccaaggtgctgctgtccctggagcacgggctctgggcccccaacctgca
cttccatagccccaaccctgagatcccagcgctgttggatgggcggctgcaggtggtggaccagcccctgcccgtccgtggcggcaacgtgggcatcaactcctttggc
ttcgggggctccaacgtgcacatcatcctgaggcccaacacgcagccgccccccgcacccgccccacatgccaccctgccccgtctgctgcgggccagcggacgcac
ccctgaggccgtgcagaagctgctggagcagggcctccggcacagccaggacctggctttcctgagcatgctgaacgacatcgcggctgtccccgccaccgccatgc
ccttccgtggctacgctgtgctgggtggtgagcgcggtggcccagaggtgcagcaggtgcccgctggcgagcgcccgctctggttcatctgctctgggatgggcacac
agtggcgcgggatggggctgagcctcatgcgcctggaccgcttccgagattccatcctacgctccgatgaggctgtgaagccattcggcctgaaggtgtcacagctgc
tgctgagcacagacgagagcacctttgatgacatcgtccattcgtttgtgagcctgactgccatccagataggcctcatagacctgctgagctgcatggggctgaggcc
agatggcatcgtcggccactccctgggggaggtggcctgtggctacgccgacggctgcctgtcccaggaggaggccgtcctcgctgcctactggaggggacagtgca
tcaaagaagcccatctcccgccgggcgccatggcagccgtgggcttgtcctgggaggagtgtaaacagcgctgccccccgggcgtggtgcccgcctgccacaactcc
aaggacacagtcaccatctcgggacctcaggccccggtgtttgagttcgtggagcagctgaggaaggagggtgtgtttgccaaggaggtgcggaccggcggtatggc
cttccactcctacttcatggaggccatcgcacccccactgctgcaggagctcaagaaggtgatccgggagccgaagccacgttcagcccgctggctcagcacctctat
ccccgaggcccagtggcacagcagcctggcacgcacgtcctccgccgagtacaatgtcaacaacctggtgagccctgtgctgttccaggaggccctgtggcacgtgcc
tgagcacgcggtggtgctggagatcgcgccccacgccctgctgcaggctgtcctgaagcgtggcctgaagccgagctgcaccatcatccccctgatgaagaaggatc
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acagggacaacctggagttcttcctggccggcatcggcaggctgcacctctcaggcatcgacgccaaccccaatgccttgttcccacctgtggagttcccagctccccg
aggaactcccctcatctccccactcatcaagtgggaccacagcctggcctgggacgtgccggccgccgaggacttccccaacggttcaggttccccctcagccgccat
ctacaacatcgacaccagctccgagtctcctgaccactacctggtggaccacaccctcgacggtcgcgtcctcttccccgccactggctacctgagcatagtgtggaag
acgctggcccgcgccctgggcctgggcgtcgagcagctgcctgtggtgtttgaggatgtggtgctgcaccaggccaccatcctgcccaagactgggacagtgtccctg
gaggtacggctcctggaggcctcccgtgccttcgaggtgtcagagaacggcaacctggtagtgagtgggaaggtgtaccagtgggatgaccctgaccccaggctcttc
gaccacccggaaagccccacccccaaccccacggagcccctcttcctggcccaggctgaagtttacaaggagctgcgtctgcgtggctacgactacggccctcatttc
cagggcatcctggaggccagcctggaaggtgactcggggaggctgctgtggaaggataactgggtgagcttcatggacaccatgctgcagatgtccatcctgggctc
ggccaagcacggcctgtacctgcccacccgtgtcaccgccatccacatcgaccctgccacccacaggcagaagctgtacacactgcaggacaaggcccaagtggctg
acgtggtggtgagcaggtggctgagggtcacagtggccggaggcgtccacatctccgggctccacactgagtcggccccgcggcggcagcaggagcagcaggtgcc
catcctggagaagttttgcttcactccccacacggaggaggggtgcctgtctgagcgcgctgccctgcaggaggagctgcaactgtgcaaggggctggtgcaggcact
gcagaccacggtgacccagcaggggctgaagatggtggtgcccggactggatggggcccagatcccccgggacccctcacagcaggaactgccccggctgttgtcg
gctgcctgcaggcttcagctcaacgggaacctgcagctggagctggcgcaggtgctggcccaggagaggcccaagctgccagaggaccctctgctcagcggcctcct
ggactccccggcactcaaggcctgcctggacactgccgtggagaacatgcccagcctgaagatgaaggtggtggaggtgctggctggccacggtcacctgtattccc
gcatcccaggcctgctcagcccccatcccctgctgcagctgagctacacggccaccgaccgccacccccaggccctggaggctgcccaggccgagctgcagcagcac
gacgttgcccagggccagtgggatcccgcagaccctgcccccagcgccctgggcagcgccgacctcctggtgtgcaactgtgctgtggctgccctcggggacccggcc
tcagctctcagcaacatggtggctgccctgagagaagggggctttctgctcctgcacacactgctccgggggcaccccctcggggacatcgtggccttcctcacctcca
ctgagccgcagtatggccagggcatcctgagccaggacgcgtgggagagcctcttctccagggtgtcgctgcgcctggtgggcctgaagaagtccttctacggctcca
cgctcttcctgtgccgccggcccaccccgcaggacagccccatcttcctgccggtggacgataccagcttccgctgggtggagtctctgaagggcatcctggctgacga
agactcttcccggcctgtgtggctgaaggccatcaactgtgccacctcgggcgtggtgggcttggtgaactgtctccgccgagagcccggcgggaaccgcctccggtgt
gtgctgctctccaacctcagcagcacctcccacgtcccggaggtggacccgggctccgcagaactgcagaaggtgttgcagggagacctggtgatgaacgtctaccg
cgacggggcctggggggctttccgccacttcctgctggaggaggacaagcctgaggagccgacggcacatgcctttgtgagcaccctcacccggggggacctgtcct
ccatccgctgggtctgctcctcgctgcgccatgcccagcccacctgccctggcgcccagctctgcacggtctactacgcctccctcaacttccgcgacatcatgctggcc
actggcaagctgtcccctgatgccatcccagggaagtggacctcccaggacagcctgctaggtatggagttctcgggccgagacgccagcggcaagcgtgtgatggg
actggtgcctgccaagggcctggccacctctgtcctgctgtcaccggacttcctctgggatgtgccttccaactggacgctggaggaggcggcctcggtgcctgtcgtct
acagcacggcctactacgcgctggtggtgcgtgggcgggtgcgccccggggagacgctgctcatccactcgggctcgggcggcgtgggccaggccgccatcgccatc
gccctcagtctgggctgccgcgtcttcaccaccgtggggtcggctgagaagcgggcgtacctccaggccaggttcccccagctcgacagcaccagcttcgccaactcc
cgggacacatccttcgagcagcatgtgctgtggcacacgggcgggaagggcgttgacctggtcttgaactccttggcggaagagaagctgcaggccagcgtgaggtg
cttggctacgcacggtcgcttcctggaaattggcaaattcgacctttctcagaaccacccgctcggcatggctatcttcctgaagaacgtgacattccacggggtcctac
tggatgcgttcttcaacgagagcagtgctgactggcgggaggtgtgggcgcttgtgcaggccggcatccgggatggggtggtacggcccctcaagtgcacggtgttcc
atggggcccaggtggaggacgccttccgctacatggcccaagggaagcacattggcaaagtcgtcgtgcaggtgcttgcggaggagccggaggcagtgttgaaggg
ggccaaacccaagctgatgtcggccatctccaagaccttctgcccggcccacaagagctacatcatcgctggtggtctgggtggcttcggcctggagttggcgcagtg
gctgatacagcgtggggtgcagaagctcgtgttgacttctcgctccgggatccggacaggctaccaggccaagcaggtccgccggtggaggcgccagggcgtacagg
tgcaggtgtccaccagcaacatcagctcactggagggggcccggggcctcattgccgaggcggcgcagcttgggcccgtgggcggcgtcttcaacctggccgtggtct
tgagagatggcttgctggagaaccagaccccagagttcttccaggacgtctgcaagcccaagtacagcggcaccctgaacctggacagggtgacccgagaggcgtg
ccctgagctggactactttgtggtcttctcctctgtgagctgcgggcgtggcaatgcgggacagagcaactacggctttgccaattccgccatggagcgtatctgtgaga
aacgccggcacgaaggcctcccaggcctggccgtgcagtggggcgccatcggcgacgtgggcattttggtggagacgatgagcaccaacgacacgatcgtcagtgg
cacgctgccccagcgcatggcgtcctgcctggaggtgctggacctcttcctgaaccagccccacatggtcctgagcagctttgtgctggctgagaaggctgcggcctat
agggacagggacagccagcgggacctggtggaggccgtggcacacatcctgggcatccgcgacttggctgctgtcaacctggacagctcactggcggacctgggcct
ggactcgctcatgagcgtggaggtgcgccagacgctggagcgtgagctcaacctggtgctgtccgtgcgcgaggtgcggcaactcacgctccggaaactgcaggagc
tgtcctcaaaggcggatgaggctagcgagctggcatgccccacgcccaaggaggatggtctggcccagcagcagactcagctgaacatggagagaggagaccaac
ctaagagaaccaggaatgaaaacattttcaactgcttatacaaaaaccctgaggcaacttttaagctgatttgctttccctggatgggaggtggctccactcattttgcc
aaatggggccaagatactcatgatttgctggaagtgcactccttaaggcttcctggaagagaaagcagagttgaagaacctcttgaaaatgacatctcccagttagtt
gatgaagttgtttgtgctctgcagccagtcatccaggataaaccatttgcattttttggccacagtatgggatcctacattgcttttaggactgcactaggtctaaaagaa
aacaatcaaccagaaccattgcatttatttttgtcaagtgcaactcctgtacattcaaaggcctggcatcgcattcccaaagatgatgaattgtcagaagaacaaataa
gtcattaccttatggaatttggaggcacccccaagcattttgctgaagccaaggaatttgtgaaacaatgtagtcccatcataagggcagatctgaacattgttagaag
ttgcacctctaacgtaccatctaaggctgttctttcctgtgacttgacatgttttgttggatctgaagacatagcaaaggacatggaagcctggaaagatgtaaccagtg
gaaatgctaaaatttaccagcttccagggggtcacttttatcttctggatcctgcgaacgagaaattaatcaagaactacataatcaagtgtctagaagtatcatcgat
atccaatttttga 
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Figure A.3: First 834 bp codon optimized hFAS-TEII gene sequence (N-terminus) 

ATGGAAGAGGTTGTCATTGCCGGTATGTCTGGTAAATTGCCAGAATCCGAAAACTTGCAAGAATTCTGGGATAACTTGATTGG
TGGTGTTGATATGGTTACTGACGATGATAGACGTTGGAAGGCTGGTTTGTACGGTTTGCCAAGAAGATCCGGTAAGTTGAAG
GATTTATCCAGATTTGACGCTTCTTTCTTCGGTGTTCACCCAAAGCAAGCTCACACTATGGACCCACAATTGAGATTGTTATTAG
AAGTCACTTATGAAGCTATTGTCGATGGTGGTATTAACCCAGATTCTTTGAGAGGTACTCATACTGGTGTCTGGGTTGGTGTTT
CCGGTTCTGAAACCTCTGAAGCTTTGTCTAGAGATCCAGAAACTTTGGTTGGTTACTCTATGGTCGGTTGTCAAAGAGCTATGA
TGGCTAACAGATTATCCTTTTTCTTTGATTTTAGAGGTCCTTCTATTGCTTTAGATACCGCCTGTTCCTCTTCTTTGATGGCCTTGC
AAAACGCTTATCAAGCTATTCATTCCGGTCAATGTCCAGCCGCTATCGTTGGTGGTATCAACGTCTTGTTAAAGCCAAACACTTC
CGTCCAATTCTTAAGATTGGGTATGTTGTCTCCAGAAGGTACCTGTAAAGCTTTCGATACCGCTGGTAATGGTTACTGTAGATC
CGAAGGTGTCGTTGCTGTCTTGTTGACCAAGAAGTCCTTGGCCAGAAGAGTTTACGCTACTATCTTGAACGCCGGTACCAACAC
TGACGGTTTCAAGGAACAAGGTGTTACTTTTCCATCCGGTGACATCCAAGAACAATTGATCAGATCCTTATATCAA 

 

 

Figure A.4: Full ORF codon optimized hFAS-HTEII gene sequence 

ATGGAAGAAGTAGTAATAGCCGGTATGAGTGGTAAATTGCCAGAATCAGAAAACTTACAAGAATTTTGGGACAACTTAATCG
GTGGTGTTGATATGGTCACTGATGACGATAGAAGATGGAAGGCTGGTTTATACGGTTTGCCAAGAAGATCAGGTAAATTAAA
GGACTTGAGTAGATTTGATGCTTCTTTCTTTGGTGTTCATCCAAAACAAGCCCACACTATGGACCCACAATTGAGATTGTTATTG
GAAGTAACTTATGAAGCAATCGTTGACGGTGGTATCAATCCTGATTCTTTAAGAGGTACACATACCGGTGTATGGGTTGGTGT
CTCAGGTTCCGAAACCTCAGAAGCATTGTCAAGAGATCCAGAAACTTTAGTCGGTTACTCAATGGTAGGCTGTCAAAGAGCCA
TGATGGCTAACAGATTGTCATTTTTCTTTGACTTCAGAGGTCCATCCATCGCATTAGATACCGCCTGTTCTTCATCCTTAATGGCT
TTGCAAAATGCATATCAAGCCATTCATTCAGGTCAATGCCCTGCTGCAATAGTTGGTGGTATAAATGTCTTGTTGAAGCCAAAC
ACTTCTGTTCAATTCTTGAGATTGGGCATGTTGTCTCCAGAAGGTACATGTAAAGCATTTGATACCGCAGGTAATGGTTATTGT
AGATCAGAAGGTGTTGTCGCTGTCTTATTGACTAAGAAATCTTTGGCTAGAAGAGTATATGCAACCATTTTAAATGCCGGTACT
AACACAGATGGTTTCAAAGAACAAGGTGTTACATTTCCTTCAGGTGACATTCAAGAACAATTGATCAGAAGTTTATACCAATCT
GCTGGTGTTGCACCAGAATCCTTTGAATACATTGAAGCTCATGGTACTGGTACTAAAGTTGGTGACCCACAAGAATTGAACGG
TATCACTAGAGCCTTATGTGCTACAAGACAAGAACCATTGTTGATAGGTTCCACTAAGAGTAACATGGGTCATCCTGAACCAGC
CTCAGGTTTAGCCGCTTTGGCTAAAGTTTTATTGTCCTTGGAACACGGTTTATGGGCACCTAATTTGCATTTTCACTCACCTAAC
CCAGAAATACCAGCTTTATTGGATGGTAGATTGCAAGTAGTTGACCAACCTTTACCAGTAAGAGGTGGTAATGTTGGTATCAA
CTCATTCGGTTTCGGTGGTTCCAACGTTCATATCATCTTGAGACCAAACACTCAACCACCTCCAGCCCCTGCTCCACACGCAACA
TTACCTAGATTATTGAGAGCATCTGGTAGAACCCCAGAAGCCGTTCAAAAATTATTGGAACAAGGTTTGAGACATTCACAAGA
CTTAGCATTTTTGTCCATGTTGAACGATATTGCAGCCGTACCTGCAACAGCCATGCCATTCAGAGGTTATGCAGTTTTGGGTGG
TGAAAGAGGTGGTCCAGAAGTACAACAAGTTCCTGCTGGTGAAAGACCATTATGGTTTATTTGTTCAGGCATGGGTACTCAAT
GGCGTGGTATGGGTTTGTCCTTAATGAGATTGGACAGATTCAGAGATTCAATATTAAGATCCGATGAAGCTGTTAAGCCATTC
GGTTTGAAAGTCTCTCAATTGTTGTTAAGTACTGATGAATCTACATTCGACGATATTGTTCATTCTTTTGTCTCATTGACAGCTAT
CCAAATCGGTTTGATAGACTTGTTGAGTTGTATGGGTTTGAGACCAGATGGTATCGTAGGTCACTCTTTAGGTGAAGTTGCCTG
TGGTTATGCTGATGGTTGCTTGTCACAAGAAGAAGCTGTTTTAGCTGCATACTGGAGAGGTCAATGTATTAAAGAAGCTCATTT
GCCTCCAGGTGCAATGGCCGCTGTTGGTTTATCTTGGGAAGAGTGTAAGCAAAGATGCCCTCCAGGTGTCGTACCAGCATGCC
ACAATAGTAAAGATACAGTTACCATTTCTGGTCCACAAGCTCCTGTATTCGAATTTGTTGAACAATTGAGAAAGGAAGGTGTCT
TTGCCAAAGAAGTAAGAACTGGTGGTATGGCTTTCCATTCATACTTTATGGAAGCTATTGCACCTCCATTGTTACAAGAATTGA
AGAAAGTTATTAGAGAACCTAAACCAAGATCAGCTAGATGGTTGAGTACTTCTATTCCTGAAGCACAATGGCACAGTTCTTTAG
CTAGAACATCATCCGCAGAATATAACGTTAATAACTTAGTCTCTCCAGTATTGTTTCAAGAAGCATTGTGGCATGTTCCTGAACA
CGCAGTTGTCTTGGAAATTGCACCACATGCCTTGTTACAAGCAGTTTTAAAGAGAGGTTTGAAGCCTTCTTGTACAATCATCCC
ATTGATGAAAAAGGACCATAGAGATAATTTGGAATTTTTCTTGGCTGGTATAGGTAGATTGCACTTATCTGGTATCGATGCAAA
TCCAAACGCCTTGTTCCCTCCAGTTGAATTTCCTGCACCAAGAGGTACTCCTTTGATCAGTCCATTAATTAAATGGGACCATTCTT
TAGCTTGGGATGTTCCAGCTGCTGAAGACTTTCCAAACGGTTCAGGTTCCCCTAGTGCTGCAATCTATAACATCGATACTTCTTC
TGAATCTCCTGACCATTACTTGGTTGACCACACATTAGATGGTAGAGTCTTGTTTCCAGCTACTGGTTATTTGTCAATAGTCTGG
AAGACATTAGCCAGAGCTTTGGGTTTAGGTGTAGAACAATTGCCTGTAGTTTTCGAAGATGTCGTATTACATCAAGCTACAATC
TTGCCAAAAACTGGTACAGTCTCTTTAGAAGTAAGATTGTTAGAAGCTAGTAGAGCATTTGAAGTTTCTGAAAATGGTAACTTG
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GTTGTCAGTGGTAAAGTCTACCAATGGGACGATCCTGACCCAAGATTATTTGATCATCCTGAATCTCCTACCCCAAACCCTACTG
AACCATTGTTCTTAGCACAAGCCGAAGTTTACAAGGAATTGAGATTGAGAGGTTATGATTACGGTCCACACTTTCAAGGTATTT
TGGAAGCATCATTAGAAGGTGACTCCGGTAGATTGTTATGGAAGGATAATTGGGTTTCATTCATGGACACTATGTTACAAATG
TCAATATTGGGTTCCGCTAAACATGGTTTGTACTTACCTACCAGAGTTACTGCCATACATATCGATCCAGCTACACACAGACAAA
AGTTGTACACCTTACAAGATAAGGCCCAAGTTGCTGACGTAGTTGTTTCAAGATGGTTGAGAGTAACCGTTGCAGGTGGTGTT
CATATTTCAGGTTTACACACTGAATCCGCCCCAAGAAGACAACAAGAACAACAAGTTCCTATATTGGAAAAGTTCTGTTTCACA
CCACATACCGAAGAAGGTTGCTTATCTGAAAGAGCCGCTTTGCAAGAAGAATTGCAATTGTGTAAGGGTTTGGTCCAAGCATT
ACAAACTACAGTAACACAACAAGGTTTGAAAATGGTAGTTCCTGGTTTAGATGGTGCTCAAATTCCAAGAGACCCTAGTCAAC
AAGAATTACCAAGATTGTTATCTGCTGCTTGTAGATTGCAATTGAACGGTAACTTGCAATTAGAATTGGCTCAAGTTTTGGCAC
AAGAAAGACCAAAGTTACCTGAAGACCCATTGTTAAGTGGTTTGTTAGATTCTCCTGCATTGAAAGCCTGCTTAGATACTGCTG
TTGAAAACATGCCATCTTTGAAGATGAAGGTCGTAGAAGTTTTAGCTGGTCATGGTCACTTGTATTCTAGGATTCCAGGTTTGT
TATCCCCACATCCTTTGTTACAATTATCTTACACCGCAACTGATAGACACCCACAAGCATTGGAAGCTGCACAAGCCGAATTACA
ACAACATGATGTTGCTCAAGGTCAATGGGACCCTGCTGATCCAGCACCTAGTGCCTTGGGTTCTGCCGATTTGTTAGTTTGTAA
CTGCGCTGTCGCCGCTTTGGGTGACCCAGCTTCCGCATTAAGTAATATGGTTGCAGCCTTGAGAGAAGGTGGTTTCTTGTTATT
GCATACATTATTGAGAGGTCACCCTTTAGGTGACATTGTTGCATTCTTGACAAGTACCGAACCACAATACGGTCAAGGTATCTT
GTCTCAAGATGCTTGGGAATCTTTATTTTCAAGAGTATCCTTAAGATTGGTTGGTTTGAAAAAGTCATTCTACGGTTCCACATTA
TTTTTGTGTAGAAGACCAACCCCTCAAGATTCACCTATTTTCTTACCAGTAGACGATACCAGTTTTAGATGGGTTGAATCTTTGA
AGGGTATTTTAGCTGACGAAGATTCATCCAGACCTGTTTGGTTGAAAGCCATAAACTGTGCTACTTCTGGTGTTGTCGGTTTGG
TCAATTGCTTAAGAAGAGAACCAGGTGGTAACAGATTGAGATGCGTATTGTTGTCAAATTTGTCTTCTACTTCTCATGTTCCTGA
AGTCGATCCAGGTTCAGCTGAATTGCAAAAGGTTTTACAAGGTGACTTGGTAATGAATGTTTATAGAGATGGTGCTTGGGGTG
CATTCAGACATTTCTTGTTGGAAGAAGATAAACCTGAAGAACCAACTGCCCACGCTTTTGTCTCTACTTTAACTAGAGGTGACTT
GTCTTCTATTAGATGGGTATGTAGTTCTTTAAGACATGCTCAACCTACTTGTCCAGGTGCACAATTGTGCACAGTTTACTACGCT
AGTTTAAACTTCAGAGATATTATGTTAGCAACCGGTAAATTGTCTCCTGACGCCATTCCAGGTAAATGGACTTCTCAAGATTCTT
TATTGGGTATGGAATTTTCAGGTAGAGATGCTTCCGGTAAAAGAGTTATGGGTTTAGTCCCAGCAAAAGGTTTGGCCACAAGT
GTTTTATTGTCTCCAGACTTCTTGTGGGATGTCCCTTCTAATTGGACATTAGAAGAAGCTGCAAGTGTTCCTGTAGTTTACTCTA
CCGCCTATTACGCTTTGGTCGTAAGAGGTAGAGTTAGACCAGGTGAAACTTTATTGATTCATTCTGGTTCAGGTGGTGTCGGTC
AAGCCGCTATTGCAATAGCCTTATCATTGGGTTGTAGAGTTTTTACTACTGTTGGTTCTGCTGAAAAGAGAGCATATTTGCAAG
CCAGATTCCCACAATTGGACTCCACCAGTTTTGCTAACTCAAGAGATACTTCCTTCGAACAACATGTTTTATGGCACACTGGTGG
TAAAGGTGTTGATTTGGTATTAAATTCTTTGGCTGAAGAAAAATTGCAAGCATCCGTTAGATGCTTAGCCACACATGGTAGATT
CTTGGAAATCGGTAAATTCGATTTGTCACAAAACCATCCATTGGGTATGGCTATTTTCTTGAAAAATGTCACATTTCACGGTGTA
TTATTGGACGCCTTCTTTAATGAATCATCCGCTGATTGGAGAGAAGTCTGGGCTTTGGTACAAGCAGGTATTAGAGATGGTGTT
GTCAGACCATTAAAATGTACTGTCTTTCATGGTGCCCAAGTAGAAGATGCTTTCAGATACATGGCACAAGGTAAACACATCGGT
AAAGTAGTTGTCCAAGTCTTGGCCGAAGAACCTGAAGCTGTATTAAAGGGTGCAAAACCAAAGTTGATGTCAGCTATTTCCAA
GACTTTTTGCCCAGCACATAAATCTTACATAATCGCCGGTGGTTTGGGTGGTTTCGGTTTAGAATTGGCACAATGGTTAATACA
AAGAGGTGTTCAAAAGTTAGTCTTGACTTCAAGATCAGGTATCAGAACAGGTTATCAAGCTAAACAAGTTAGAAGATGGAGAA
GACAAGGTGTCCAAGTACAAGTTTCCACAAGTAACATCAGTTCTTTGGAAGGTGCCAGAGGTTTAATTGCTGAAGCAGCCCAA
TTGGGTCCAGTTGGTGGTGTCTTTAACTTAGCTGTAGTTTTGAGAGATGGTTTATTGGAAAACCAAACTCCTGAATTTTTCCAA
GACGTTTGTAAGCCAAAGTACTCTGGTACTTTGAATTTGGATAGAGTCACTAGAGAAGCATGTCCAGAATTAGACTACTTCGTC
GTATTTTCATCCGTTTCATGCGGTAGAGGCAATGCTGGTCAAAGTAACTATGGTTTTGCAAATTCTGCTATGGAAAGAATCTGT
GAAAAGAGAAGACATGAAGGTTTGCCAGGTTTAGCAGTTCAATGGGGTGCCATCGGTGACGTAGGTATTTTGGTTGAAACTA
TGTCAACAAACGACACCATAGTATCCGGTACATTGCCTCAAAGAATGGCATCATGCTTAGAAGTTTTAGATTTGTTTTTAAACCA
ACCACACATGGTTTTAAGTTCTTTCGTCTTGGCTGAAAAAGCTGCTGCTTATAGAGACAGAGATTCTCAAAGAGATTTGGTAGA
AGCTGTTGCACACATATTAGGTATCAGAGATTTGGCTGCTGTTAACTTAGACTCATCCTTGGCTGACTTGGGTTTAGATAGTTT
GATGTCTGTCGAAGTAAGACAAACCTTAGAAAGAGAATTGAATTTGGTCTTGTCTGTAAGAGAAGTTAGACAATTGACTTTGA
GAAAGTTGCAAGAATTAAGTTCTAAAGCTGATGAAGCATCTGAATTGGCCTGTCCAACTCCTAAAGAAGACGGTTTAGCTCAA
CAACAAACCCAATTGAATATGGAAAGAGGTGACCAACCAAAGAGAACCAGAAACGAAAACATCTTTAACTGTTTGTACAAAAA
TCCTGAAGCAACTTTCAAGTTGATTTGCTTTCCTTGGATGGGTGGTGGTTCTACTCATTTCGCTAAATGGGGTCAAGACACCCAT
GATTTGTTGGAAGTTCACAGTTTGAGATTACCTGGTAGAGAATCAAGAGTTGAAGAACCATTAGAAAACGATATATCTCAATT
GGTAGACGAAGTTGTCTGTGCCTTGCAACCAGTTATCCAAGATAAACCTTTTGCTTTCTTTGGTCATTCAATGGGTTCCTACATT
GCCTTCAGAACTGCTTTGGGTTTAAAGGAAAATAACCAACCAGAACCTTTGCACTTATTTTTGTCATCCGCAACACCTGTTCATT
CTAAAGCCTGGCACAGAATCCCAAAGGACGATGAATTAAGTGAAGAACAAATTTCTCATTATTTGATGGAATTTGGTGGTACA
CCTAAACACTTCGCCGAAGCTAAAGAATTTGTCAAGCAATGTTCACCAATCATCAGAGCTGATTTGAACATAGTAAGAAGTTGC
ACTTCTAATGTTCCATCAAAGGCTGTCTTATCCTGTGATTTGACATGCTTTGTTGGTAGTGAAGACATTGCAAAAGATATGGAA
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GCCTGGAAGGATGTTACTTCTGGTAACGCAAAAATCTATCAATTGCCTGGTGGTCATTTCTATTTGTTAGATCCAGCTAACGAA
AAATTAATCAAGAACTACATCATCAAATGCTTAGAAGTATCATCAATCTCAAACTTTTAA 

 

 

Figure A.5: Full ORF codon optimized hFAS-TEII gene sequence 

ATGGAAGAAGTAGTAATAGCCGGTATGAGTGGTAAATTGCCAGAATCAGAAAACTTACAAGAATTTTGGGACAACTTAATCG
GTGGTGTTGATATGGTCACTGATGACGATAGAAGATGGAAGGCTGGTTTATACGGTTTGCCAAGAAGATCAGGTAAATTAAA
GGACTTGAGTAGATTTGATGCTTCTTTCTTTGGTGTTCATCCAAAACAAGCCCACACTATGGACCCACAATTGAGATTGTTATTG
GAAGTAACTTATGAAGCAATCGTTGACGGTGGTATCAATCCTGATTCTTTAAGAGGTACACATACCGGTGTATGGGTTGGTGT
CTCAGGTTCCGAAACCTCAGAAGCATTGTCAAGAGATCCAGAAACTTTAGTCGGTTACTCAATGGTAGGCTGTCAAAGAGCCA
TGATGGCTAACAGATTGTCATTTTTCTTTGACTTCAGAGGTCCATCCATCGCATTAGATACCGCCTGTTCTTCATCCTTAATGGCT
TTGCAAAATGCATATCAAGCCATTCATTCAGGTCAATGCCCTGCTGCAATAGTTGGTGGTATAAATGTCTTGTTGAAGCCAAAC
ACTTCTGTTCAATTCTTGAGATTGGGCATGTTGTCTCCAGAAGGTACATGTAAAGCATTTGATACCGCAGGTAATGGTTATTGT
AGATCAGAAGGTGTTGTCGCTGTCTTATTGACTAAGAAATCTTTGGCTAGAAGAGTATATGCAACCATTTTAAATGCCGGTACT
AACACAGATGGTTTCAAAGAACAAGGTGTTACATTTCCTTCAGGTGACATTCAAGAACAATTGATCAGAAGTTTATACCAATCT
GCTGGTGTTGCACCAGAATCCTTTGAATACATTGAAGCTCATGGTACTGGTACTAAAGTTGGTGACCCACAAGAATTGAACGG
TATCACTAGAGCCTTATGTGCTACAAGACAAGAACCATTGTTGATAGGTTCCACTAAGAGTAACATGGGTCATCCTGAACCAGC
CTCAGGTTTAGCCGCTTTGGCTAAAGTTTTATTGTCCTTGGAACACGGTTTATGGGCACCTAATTTGCATTTTCACTCACCTAAC
CCAGAAATACCAGCTTTATTGGATGGTAGATTGCAAGTAGTTGACCAACCTTTACCAGTAAGAGGTGGTAATGTTGGTATCAA
CTCATTCGGTTTCGGTGGTTCCAACGTTCATATCATCTTGAGACCAAACACTCAACCACCTCCAGCCCCTGCTCCACACGCAACA
TTACCTAGATTATTGAGAGCATCTGGTAGAACCCCAGAAGCCGTTCAAAAATTATTGGAACAAGGTTTGAGACATTCACAAGA
CTTAGCATTTTTGTCCATGTTGAACGATATTGCAGCCGTACCTGCAACAGCCATGCCATTCAGAGGTTATGCAGTTTTGGGTGG
TGAAAGAGGTGGTCCAGAAGTACAACAAGTTCCTGCTGGTGAAAGACCATTATGGTTTATTTGTTCAGGCATGGGTACTCAAT
GGCGTGGTATGGGTTTGTCCTTAATGAGATTGGACAGATTCAGAGATTCAATATTAAGATCCGATGAAGCTGTTAAGCCATTC
GGTTTGAAAGTCTCTCAATTGTTGTTAAGTACTGATGAATCTACATTCGACGATATTGTTCATTCTTTTGTCTCATTGACAGCTAT
CCAAATCGGTTTGATAGACTTGTTGAGTTGTATGGGTTTGAGACCAGATGGTATCGTAGGTCACTCTTTAGGTGAAGTTGCCTG
TGGTTATGCTGATGGTTGCTTGTCACAAGAAGAAGCTGTTTTAGCTGCATACTGGAGAGGTCAATGTATTAAAGAAGCTCATTT
GCCTCCAGGTGCAATGGCCGCTGTTGGTTTATCTTGGGAAGAGTGTAAGCAAAGATGCCCTCCAGGTGTCGTACCAGCATGCC
ACAATAGTAAAGATACAGTTACCATTTCTGGTCCACAAGCTCCTGTATTCGAATTTGTTGAACAATTGAGAAAGGAAGGTGTCT
TTGCCAAAGAAGTAAGAACTGGTGGTATGGCTTTCCATTCATACTTTATGGAAGCTATTGCACCTCCATTGTTACAAGAATTGA
AGAAAGTTATTAGAGAACCTAAACCAAGATCAGCTAGATGGTTGAGTACTTCTATTCCTGAAGCACAATGGCACAGTTCTTTAG
CTAGAACATCATCCGCAGAATATAACGTTAATAACTTAGTCTCTCCAGTATTGTTTCAAGAAGCATTGTGGCATGTTCCTGAACA
CGCAGTTGTCTTGGAAATTGCACCACATGCCTTGTTACAAGCAGTTTTAAAGAGAGGTTTGAAGCCTTCTTGTACAATCATCCC
ATTGATGAAAAAGGACCATAGAGATAATTTGGAATTTTTCTTGGCTGGTATAGGTAGATTGCACTTATCTGGTATCGATGCAAA
TCCAAACGCCTTGTTCCCTCCAGTTGAATTTCCTGCACCAAGAGGTACTCCTTTGATCAGTCCATTAATTAAATGGGACCATTCTT
TAGCTTGGGATGTTCCAGCTGCTGAAGACTTTCCAAACGGTTCAGGTTCCCCTAGTGCTGCAATCTATAACATCGATACTTCTTC
TGAATCTCCTGACCATTACTTGGTTGACCACACATTAGATGGTAGAGTCTTGTTTCCAGCTACTGGTTATTTGTCAATAGTCTGG
AAGACATTAGCCAGAGCTTTGGGTTTAGGTGTAGAACAATTGCCTGTAGTTTTCGAAGATGTCGTATTACATCAAGCTACAATC
TTGCCAAAAACTGGTACAGTCTCTTTAGAAGTAAGATTGTTAGAAGCTAGTAGAGCATTTGAAGTTTCTGAAAATGGTAACTTG
GTTGTCAGTGGTAAAGTCTACCAATGGGACGATCCTGACCCAAGATTATTTGATCATCCTGAATCTCCTACCCCAAACCCTACTG
AACCATTGTTCTTAGCACAAGCCGAAGTTTACAAGGAATTGAGATTGAGAGGTTATGATTACGGTCCACACTTTCAAGGTATTT
TGGAAGCATCATTAGAAGGTGACTCCGGTAGATTGTTATGGAAGGATAATTGGGTTTCATTCATGGACACTATGTTACAAATG
TCAATATTGGGTTCCGCTAAACATGGTTTGTACTTACCTACCAGAGTTACTGCCATACATATCGATCCAGCTACACACAGACAAA
AGTTGTACACCTTACAAGATAAGGCCCAAGTTGCTGACGTAGTTGTTTCAAGATGGTTGAGAGTAACCGTTGCAGGTGGTGTT
CATATTTCAGGTTTACACACTGAATCCGCCCCAAGAAGACAACAAGAACAACAAGTTCCTATATTGGAAAAGTTCTGTTTCACA
CCACATACCGAAGAAGGTTGCTTATCTGAAAGAGCCGCTTTGCAAGAAGAATTGCAATTGTGTAAGGGTTTGGTCCAAGCATT
ACAAACTACAGTAACACAACAAGGTTTGAAAATGGTAGTTCCTGGTTTAGATGGTGCTCAAATTCCAAGAGACCCTAGTCAAC
AAGAATTACCAAGATTGTTATCTGCTGCTTGTAGATTGCAATTGAACGGTAACTTGCAATTAGAATTGGCTCAAGTTTTGGCAC
AAGAAAGACCAAAGTTACCTGAAGACCCATTGTTAAGTGGTTTGTTAGATTCTCCTGCATTGAAAGCCTGCTTAGATACTGCTG
TTGAAAACATGCCATCTTTGAAGATGAAGGTCGTAGAAGTTTTAGCTGGTCATGGTCACTTGTATTCTAGGATTCCAGGTTTGT
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TATCCCCACATCCTTTGTTACAATTATCTTACACCGCAACTGATAGACACCCACAAGCATTGGAAGCTGCACAAGCCGAATTACA
ACAACATGATGTTGCTCAAGGTCAATGGGACCCTGCTGATCCAGCACCTAGTGCCTTGGGTTCTGCCGATTTGTTAGTTTGTAA
CTGCGCTGTCGCCGCTTTGGGTGACCCAGCTTCCGCATTAAGTAATATGGTTGCAGCCTTGAGAGAAGGTGGTTTCTTGTTATT
GCATACATTATTGAGAGGTCACCCTTTAGGTGACATTGTTGCATTCTTGACAAGTACCGAACCACAATACGGTCAAGGTATCTT
GTCTCAAGATGCTTGGGAATCTTTATTTTCAAGAGTATCCTTAAGATTGGTTGGTTTGAAAAAGTCATTCTACGGTTCCACATTA
TTTTTGTGTAGAAGACCAACCCCTCAAGATTCACCTATTTTCTTACCAGTAGACGATACCAGTTTTAGATGGGTTGAATCTTTGA
AGGGTATTTTAGCTGACGAAGATTCATCCAGACCTGTTTGGTTGAAAGCCATAAACTGTGCTACTTCTGGTGTTGTCGGTTTGG
TCAATTGCTTAAGAAGAGAACCAGGTGGTAACAGATTGAGATGCGTATTGTTGTCAAATTTGTCTTCTACTTCTCATGTTCCTGA
AGTCGATCCAGGTTCAGCTGAATTGCAAAAGGTTTTACAAGGTGACTTGGTAATGAATGTTTATAGAGATGGTGCTTGGGGTG
CATTCAGACATTTCTTGTTGGAAGAAGATAAACCTGAAGAACCAACTGCCCACGCTTTTGTCTCTACTTTAACTAGAGGTGACTT
GTCTTCTATTAGATGGGTATGTAGTTCTTTAAGACATGCTCAACCTACTTGTCCAGGTGCACAATTGTGCACAGTTTACTACGCT
AGTTTAAACTTCAGAGATATTATGTTAGCAACCGGTAAATTGTCTCCTGACGCCATTCCAGGTAAATGGACTTCTCAAGATTCTT
TATTGGGTATGGAATTTTCAGGTAGAGATGCTTCCGGTAAAAGAGTTATGGGTTTAGTCCCAGCAAAAGGTTTGGCCACAAGT
GTTTTATTGTCTCCAGACTTCTTGTGGGATGTCCCTTCTAATTGGACATTAGAAGAAGCTGCAAGTGTTCCTGTAGTTTACTCTA
CCGCCTATTACGCTTTGGTCGTAAGAGGTAGAGTTAGACCAGGTGAAACTTTATTGATTCATTCTGGTTCAGGTGGTGTCGGTC
AAGCCGCTATTGCAATAGCCTTATCATTGGGTTGTAGAGTTTTTACTACTGTTGGTTCTGCTGAAAAGAGAGCATATTTGCAAG
CCAGATTCCCACAATTGGACTCCACCAGTTTTGCTAACTCAAGAGATACTTCCTTCGAACAACATGTTTTATGGCACACTGGTGG
TAAAGGTGTTGATTTGGTATTAAATTCTTTGGCTGAAGAAAAATTGCAAGCATCCGTTAGATGCTTAGCCACACATGGTAGATT
CTTGGAAATCGGTAAATTCGATTTGTCACAAAACCATCCATTGGGTATGGCTATTTTCTTGAAAAATGTCACATTTCACGGTGTA
TTATTGGACGCCTTCTTTAATGAATCATCCGCTGATTGGAGAGAAGTCTGGGCTTTGGTACAAGCAGGTATTAGAGATGGTGTT
GTCAGACCATTAAAATGTACTGTCTTTCATGGTGCCCAAGTAGAAGATGCTTTCAGATACATGGCACAAGGTAAACACATCGGT
AAAGTAGTTGTCCAAGTCTTGGCCGAAGAACCTGAAGCTGTATTAAAGGGTGCAAAACCAAAGTTGATGTCAGCTATTTCCAA
GACTTTTTGCCCAGCACATAAATCTTACATAATCGCCGGTGGTTTGGGTGGTTTCGGTTTAGAATTGGCACAATGGTTAATACA
AAGAGGTGTTCAAAAGTTAGTCTTGACTTCAAGATCAGGTATCAGAACAGGTTATCAAGCTAAACAAGTTAGAAGATGGAGAA
GACAAGGTGTCCAAGTACAAGTTTCCACAAGTAACATCAGTTCTTTGGAAGGTGCCAGAGGTTTAATTGCTGAAGCAGCCCAA
TTGGGTCCAGTTGGTGGTGTCTTTAACTTAGCTGTAGTTTTGAGAGATGGTTTATTGGAAAACCAAACTCCTGAATTTTTCCAA
GACGTTTGTAAGCCAAAGTACTCTGGTACTTTGAATTTGGATAGAGTCACTAGAGAAGCATGTCCAGAATTAGACTACTTCGTC
GTATTTTCATCCGTTTCATGCGGTAGAGGCAATGCTGGTCAAAGTAACTATGGTTTTGCAAATTCTGCTATGGAAAGAATCTGT
GAAAAGAGAAGACATGAAGGTTTGCCAGGTTTAGCAGTTCAATGGGGTGCCATCGGTGACGTAGGTATTTTGGTTGAAACTA
TGTCAACAAACGACACCATAGTATCCGGTACATTGCCTCAAAGAATGGCATCATGCTTAGAAGTTTTAGATTTGTTTTTAAACCA
ACCACACATGGTTTTAAGTTCTTTCGTCTTGGCTGAAAAAGCTGCTGCTTATAGAGACAGAGATTCTCAAAGAGATTTGGTAGA
AGCTGTTGCACACATATTAGGTATCAGAGATTTGGCTGCTGTTAACTTAGACTCATCCTTGGCTGACTTGGGTTTAGATAGTTT
GATGTCTGTCGAAGTAAGACAAACCTTAGAAAGAGAATTGAATTTGGTCTTGTCTGTAAGAGAAGTTAGACAATTGACTTTGA
GAAAGTTGCAAGAATTAAGTTCTAAAGCTGATGAAGCATCTGAATTGGCCTGTCCAACTCCTAAAGAAGACGGTTTAGCTCAA
CAACAAACCCAATTGAATATGGAAACTGCCGTAAACGCTAAGTCTCCAAGAAACGAAAAGGTTTTGAACTGTTTGTACCAAAA
CCCTGATGCTGTTTTCAAGTTAATTTGCTTTCCTTGGGCTGGTGGTGGTTCTATTCATTTTGCAAAGTGGGGTCAAAAGATTAAT
GATTCCTTAGAAGTCCACGCCGTAAGATTGGCTGGTAGAGAAACAAGATTAGGTGAACCTTTCGCTAACGATATATATCAAAT
CGCTGACGAAATTGTTACCGCATTGTTGCCAATAATCCAAGATAAAGCCTTCGCTTTCTTTGGTCATTCATTTGGTTCCTATATC
GCATTGATTACAGCCTTGTTGTTGAAGGAAAAGTACAAGATGGAACCTTTACATATTTTTGTTAGTGGTGCATCTGCCCCACAC
TCTACATCAAGACCTCAAGTTCCAGATTTGAATGAATTAACCGAAGAACAAGTCAGACATCACTTGTTAGATTTTGGTGGTACT
CCTAAGCATTTGATCGAAGACCAAGATGTTTTGAGAATGTTCATCCCATTGTTGAAAGCTGACGCAGGTGTTGTCAAAAAGTTC
ATTTTCGATAAGCCAAGTAAAGCATTGTTATCTTTGGACATAACAGGTTTCTTGGGTTCAGAAGACACCATAAAGGATATTGAA
GGTTGGCAAGATTTGACTTCCGGTAAATTTGACGTTCACATGTTGCCAGGTGACCACTTCTATTTGATGAAACCAGATAACGAA
AACTTCATAAAGAACTACATCGCTAAATGCTTGGAATTGTCCTCCTTGACCTGA 
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Figure A.6: IDT DNA gBlock gene sequences 

IDT DNA gBlock1 Gene Sequence 

caatcaactatcaactattaactatatcgtaatACacaacTAGTAAAAAAATGGAAGAAGTAGTAATAGCCGGTATGAGTGGTAAATTGCCA
GAATCAGAAAACTTACAAGAATTTTGGGACAACTTAATCGGTGGTGTTGATATGGTCACTGATGACGATAGAAGATGGAAGG
CTGGTTTATACGGTTTGCCAAGAAGATCAGGTAAATTAAAGGACTTGAGTAGATTTGATGCTTCTTTCTTTGGTGTTCATCCAAA
ACAAGCCCACACTATGGACCCACAATTGAGATTGTTATTGGAAGTAACTTATGAAGCAATCGTTGACGGTGGTATCAATCCTGA
TTCTTTAAGAGGTACACATACCGGTGTATGGGTTGGTGTCTCAGGTTCCGAAACCTCAGAAGCATTGTCAAGAGATCCAGAAA
CTTTAGTCGGTTACTCAATGGTAGGCTGTCAAAGAGCCATGATGGCTAACAGATTGTCATTTTTCTTTGACTTCAGAGGTCCATC
CATCGCATTAGATACCGCCTGTTCTTCATCCTTAATGGCTTTGCAAAATGCATATCAAGCCATTCATTCAGGTCAATGCCCTGCT
GCAATAGTTGGTGGTATAAATGTCTTGTTGAAGCCAAACACTTCTGTTCAATTCTTGAGATTGGGCATGTTGTCTCCAGAAGGT
ACATGTAAAGCATTTGATACCGCAGGTAATGGTTATTGTAGATCAGAAGGTGTTGTCGCTGTCTTATTGACTAAGAAATCTTTG
GCTAGAAGAGTATATGCAACCATTTTAAATGCCGGTACTAACACAGATGGTTTCAAAGAACAAGGTGTTACATTTCCTTCAGGT
GACATTCAAGAACAATTGATCAGAAGTTTATACCAATCTGCTGGTGTTGCACCAGAATCCTTTGAATACATTGAAGCTCATGGT
ACTGGTACTAAAGTTGGTGACCCACAAGAATTGAACGGTATCACTAGAGCCTTATGTGCTACAAGACA 

IDT DNA gBlock2 Gene Sequence 

GACCCACAAGAATTGAACGGTATCACTAGAGCCTTATGTGCTACAAGACAAGAACCATTGTTGATAGGTTCCACTAAGAGTAA
CATGGGTCATCCTGAACCAGCCTCAGGTTTAGCCGCTTTGGCTAAAGTTTTATTGTCCTTGGAACACGGTTTATGGGCACCTAA
TTTGCATTTTCACTCACCTAACCCAGAAATACCAGCTTTATTGGATGGTAGATTGCAAGTAGTTGACCAACCTTTACCAGTAAGA
GGTGGTAATGTTGGTATCAACTCATTCGGTTTCGGTGGTTCCAACGTTCATATCATCTTGAGACCAAACACTCAACCACCTCCAG
CCCCTGCTCCACACGCAACATTACCTAGATTATTGAGAGCATCTGGTAGAACCCCAGAAGCCGTTCAAAAATTATTGGAACAAG
GTTTGAGACATTCACAAGACTTAGCATTTTTGTCCATGTTGAACGATATTGCAGCCGTACCTGCAACAGCCATGCCATTCAGAG
GTTATGCAGTTTTGGGTGGTGAAAGAGGTGGTCCAGAAGTACAACAAGTTCCTGCTGGTGAAAGACCATTATGGTTTATTTGT
TCAGGCATGGGTACTCAATGGCGTGGTATGGGTTTGTCCTTAATGAGATTGGACAGATTCAGAGATTCAATATTAAGATCCGA
TGAAGCTGTTAAGCCATTCGGTTTGAAAGTCTCTCAATTGTTGTTAAGTACTGATGAATCTACATTCGACGATATTGTTCATTCT
TTTGTCTCATTGACAGCTATCCAAATCGGTTTGATAGACTTGTTGAGTTGTATGGGTTTGAGACCAGATGGTATCGTAGGTCAC
TCTTTAGGTGAAGTTGCCTGTGGTTATGCTGATGGTTGCTTGTCACAAGAAGAAGCTGTTTTAGCTGCATACTGGAGAGGTCA
ATGTATTAAAGAAGCTCATTTGCCTCCAGGTGCAATGGCCGCTGTTGGTTTATCTTGGGAAGAGTGTAAGCAAAGAT 

IDT DNA gBlock3 Gene Sequence 

AGGTGCAATGGCCGCTGTTGGTTTATCTTGGGAAGAGTGTAAGCAAAGATGCCCTCCAGGTGTCGTACCAGCATGCCACAATA
GTAAAGATACAGTTACCATTTCTGGTCCACAAGCTCCTGTATTCGAATTTGTTGAACAATTGAGAAAGGAAGGTGTCTTTGCCA
AAGAAGTAAGAACTGGTGGTATGGCTTTCCATTCATACTTTATGGAAGCTATTGCACCTCCATTGTTACAAGAATTGAAGAAAG
TTATTAGAGAACCTAAACCAAGATCAGCTAGATGGTTGAGTACTTCTATTCCTGAAGCACAATGGCACAGTTCTTTAGCTAGAA
CATCATCCGCAGAATATAACGTTAATAACTTAGTCTCTCCAGTATTGTTTCAAGAAGCATTGTGGCATGTTCCTGAACACGCAGT
TGTCTTGGAAATTGCACCACATGCCTTGTTACAAGCAGTTTTAAAGAGAGGTTTGAAGCCTTCTTGTACAATCATCCCATTGATG
AAAAAGGACCATAGAGATAATTTGGAATTTTTCTTGGCTGGTATAGGTAGATTGCACTTATCTGGTATCGATGCAAATCCAAAC
GCCTTGTTCCCTCCAGTTGAATTTCCTGCACCAAGAGGTACTCCTTTGATCAGTCCATTAATTAAATGGGACCATTCTTTAGCTT
GGGATGTTCCAGCTGCTGAAGACTTTCCAAACGGTTCAGGTTCCCCTAGTGCTGCAATCTATAACATCGATACTTCTTCTGAATC
TCCTGACCATTACTTGGTTGACCACACATTAGATGGTAGAGTCTTGTTTCCAGCTACTGGTTATTTGTCAATAGTCTGGAAGACA
TTAGCCAGAGCTTTGGGTTTAGGTGTAGAACAATTGCCTGTAGTTTTCGAAGATGTCGTATTACATCAAGCTACAATCTTGCCA
AAAACTGGTACAGTCTCTTTAGCTCGAGTCATGTAATTAGTTATGTCACGCTTACATTCACGCCCTCCCCCC 

IDT DNA gBlock4 Gene Sequence 

caatcaactatcaactattaactatatcgtaatACacaacTAGTAAAAAAAAGTAAGATTGTTAGAAGCTAGTAGAGCATTTGAAGTTTCTG
AAAATGGTAACTTGGTTGTCAGTGGTAAAGTCTACCAATGGGACGATCCTGACCCAAGATTATTTGATCATCCTGAATCTCCTA
CCCCAAACCCTACTGAACCATTGTTCTTAGCACAAGCCGAAGTTTACAAGGAATTGAGATTGAGAGGTTATGATTACGGTCCAC
ACTTTCAAGGTATTTTGGAAGCATCATTAGAAGGTGACTCCGGTAGATTGTTATGGAAGGATAATTGGGTTTCATTCATGGACA
CTATGTTACAAATGTCAATATTGGGTTCCGCTAAACATGGTTTGTACTTACCTACCAGAGTTACTGCCATACATATCGATCCAGC
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TACACACAGACAAAAGTTGTACACCTTACAAGATAAGGCCCAAGTTGCTGACGTAGTTGTTTCAAGATGGTTGAGAGTAACCG
TTGCAGGTGGTGTTCATATTTCAGGTTTACACACTGAATCCGCCCCAAGAAGACAACAAGAACAACAAGTTCCTATATTGGAAA
AGTTCTGTTTCACACCACATACCGAAGAAGGTTGCTTATCTGAAAGAGCCGCTTTGCAAGAAGAATTGCAATTGTGTAAGGGTT
TGGTCCAAGCATTACAAACTACAGTAACACAACAAGGTTTGAAAATGGTAGTTCCTGGTTTAGATGGTGCTCAAATTCCAAGA
GACCCTAGTCAACAAGAATTACCAAGATTGTTATCTGCTGCTTGTAGATTGCAATTGAACGGTAACTTGCAATTAGAATTGGCT
CAAGTTTTGGCACAAGAAAGACCAAAGTTACCTGAAGACCCATTGTTAAGTGGTTTGTTAGATTCTCCTGCATTGAAAGCCTGC
TTAGATACTGCTGTTGAAAACATGCCATCTTTGAAGATGAAGGTCGTAGAAGTTTTAGCTGGTCATGGT 

IDT DNA gBlock5 Gene Sequence 

ACATGCCATCTTTGAAGATGAAGGTCGTAGAAGTTTTAGCTGGTCATGGTCACTTGTATTCTAGGATTCCAGGTTTGTTATCCCC
ACATCCTTTGTTACAATTATCTTACACCGCAACTGATAGACACCCACAAGCATTGGAAGCTGCACAAGCCGAATTACAACAACA
TGATGTTGCTCAAGGTCAATGGGACCCTGCTGATCCAGCACCTAGTGCCTTGGGTTCTGCCGATTTGTTAGTTTGTAACTGCGC
TGTCGCCGCTTTGGGTGACCCAGCTTCCGCATTAAGTAATATGGTTGCAGCCTTGAGAGAAGGTGGTTTCTTGTTATTGCATAC
ATTATTGAGAGGTCACCCTTTAGGTGACATTGTTGCATTCTTGACAAGTACCGAACCACAATACGGTCAAGGTATCTTGTCTCA
AGATGCTTGGGAATCTTTATTTTCAAGAGTATCCTTAAGATTGGTTGGTTTGAAAAAGTCATTCTACGGTTCCACATTATTTTTG
TGTAGAAGACCAACCCCTCAAGATTCACCTATTTTCTTACCAGTAGACGATACCAGTTTTAGATGGGTTGAATCTTTGAAGGGT
ATTTTAGCTGACGAAGATTCATCCAGACCTGTTTGGTTGAAAGCCATAAACTGTGCTACTTCTGGTGTTGTCGGTTTGGTCAATT
GCTTAAGAAGAGAACCAGGTGGTAACAGATTGAGATGCGTATTGTTGTCAAATTTGTCTTCTACTTCTCATGTTCCTGAAGTCG
ATCCAGGTTCAGCTGAATTGCAAAAGGTTTTACAAGGTGACTTGGTAATGAATGTTTATAGAGATGGTGCTTGGGGTGCATTC
AGACATTTCTTGTTGGAAGAAGATAAACCTGAAGAACCAACTGCCCACGCTTTTGTCTCTACTTTAACTAGAGGTGACTTGTCTT
CTATTAGATGGGTATGTAGTTCTTTAAGACATGCTCAACCTACTTGTCCAGGTGCACAATTGT 

IDT DNA gBlock6 Gene Sequence 

ATGTAGTTCTTTAAGACATGCTCAACCTACTTGTCCAGGTGCACAATTGTGCACAGTTTACTACGCTAGTTTAAACTTCAGAGAT
ATTATGTTAGCAACCGGTAAATTGTCTCCTGACGCCATTCCAGGTAAATGGACTTCTCAAGATTCTTTATTGGGTATGGAATTTT
CAGGTAGAGATGCTTCCGGTAAAAGAGTTATGGGTTTAGTCCCAGCAAAAGGTTTGGCCACAAGTGTTTTATTGTCTCCAGACT
TCTTGTGGGATGTCCCTTCTAATTGGACATTAGAAGAAGCTGCAAGTGTTCCTGTAGTTTACTCTACCGCCTATTACGCTTTGGT
CGTAAGAGGTAGAGTTAGACCAGGTGAAACTTTATTGATTCATTCTGGTTCAGGTGGTGTCGGTCAAGCCGCTATTGCAATAG
CCTTATCATTGGGTTGTAGAGTTTTTACTACTGTTGGTTCTGCTGAAAAGAGAGCATATTTGCAAGCCAGATTCCCACAATTGG
ACTCCACCAGTTTTGCTAACTCAAGAGATACTTCCTTCGAACAACATGTTTTATGGCACACTGGTGGTAAAGGTGTTGATTTGGT
ATTAAATTCTTTGGCTGAAGAAAAATTGCAAGCATCCGTTAGATGCTTAGCCACACATGGTAGATTCTTGGAAATCGGTAAATT
CGATTTGTCACAAAACCATCCATTGGGTATGGCTATTTTCTTGAAAAATGTCACATTTCACGGTGTATTATTGGACGCCTTCTTT
AATGAATCATCCGCTGATTGGAGAGAAGTCTGGGCTTTGGTACAAGCAGGTATTAGAGATGGTGTTGTCAGACCATTAAAATG
TACTGTCTTTCATGGTGCCCAAGTAGAAGATGCTTTCAGATACATGGCACAAGGTAAACACATCGGTAAAGTAGTTGTCCAAGT
CTTGGCCGAAGAACTCGAGTCATGTAATTAGTTATGTCACGCTTACATTCACGCCCTCCCCCC 

IDT DNA gBlock7 Gene Sequence 

tcaactattaactatatcgtaatACacaacTAGTAAAAAACCTGAAGCTGTATTAAAGGGTGCAAAACCAAAGTTGATGTCAGCTATTTC
CAAGACTTTTTGCCCAGCACATAAATCTTACATAATCGCCGGTGGTTTGGGTGGTTTCGGTTTAGAATTGGCACAATGGTTAAT
ACAAAGAGGTGTTCAAAAGTTAGTCTTGACTTCAAGATCAGGTATCAGAACAGGTTATCAAGCTAAACAAGTTAGAAGATGGA
GAAGACAAGGTGTCCAAGTACAAGTTTCCACAAGTAACATCAGTTCTTTGGAAGGTGCCAGAGGTTTAATTGCTGAAGCAGCC
CAATTGGGTCCAGTTGGTGGTGTCTTTAACTTAGCTGTAGTTTTGAGAGATGGTTTATTGGAAAACCAAACTCCTGAATTTTTCC
AAGACGTTTGTAAGCCAAAGTACTCTGGTACTTTGAATTTGGATAGAGTCACTAGAGAAGCATGTCCAGAATTAG 

IDT DNA gBlock HTEII Gene Sequence 

TGGTAGAAGCTGTTGCACACATATTAGGTATCAGAGATTTGGCTGCTGTTAACTTAGACTCATCCTTGGCTGACTTGGGTTTAG
ATAGTTTGATGTCTGTCGAAGTAAGACAAACCTTAGAAAGAGAATTGAATTTGGTCTTGTCTGTAAGAGAAGTTAGACAATTG
ACTTTGAGAAAGTTGCAAGAATTAAGTTCTAAAGCTGATGAAGCATCTGAATTGGCCTGTCCAACTCCTAAAGAAGACGGTTT
AGCTCAACAACAAACCCAATTGAATATGGAAAGAGGTGACCAACCAAAGAGAACCAGAAACGAAAACATCTTTAACTGTTTGT
ACAAAAATCCTGAAGCAACTTTCAAGTTGATTTGCTTTCCTTGGATGGGTGGTGGTTCTACTCATTTCGCTAAATGGGGTCAAG
ACACCCATGATTTGTTGGAAGTTCACAGTTTGAGATTACCTGGTAGAGAATCAAGAGTTGAAGAACCATTAGAAAACGATATA
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TCTCAATTGGTAGACGAAGTTGTCTGTGCCTTGCAACCAGTTATCCAAGATAAACCTTTTGCTTTCTTTGGTCATTCAATGGGTT
CCTACATTGCCTTCAGAACTGCTTTGGGTTTAAAGGAAAATAACCAACCAGAACCTTTGCACTTATTTTTGTCATCCGCAACACC
TGTTCATTCTAAAGCCTGGCACAGAATCCCAAAGGACGATGAATTAAGTGAAGAACAAATTTCTCATTATTTGATGGAATTTGG
TGGTACACCTAAACACTTCGCCGAAGCTAAAGAATTTGTCAAGCAATGTTCACCAATCATCAGAGCTGATTTGAACATAGTAAG
AAGTTGCACTTCTAATGTTCCATCAAAGGCTGTCTTATCCTGTGATTTGACATGCTTTGTTGGTAGTGAAGACATTGCAAAAGAT
ATGGAAGCCTGGAAGGATGTTACTTCTGGTAACGCAAAAATCTATCAATTGCCTGGTGGTCATTTCTATTTGTTAGATCCAGCT
AACGAAAAATTAATCAAGAACTACATCATCAAATGCTTAGAAGTATCATCAATCTCAAACTTTTAA 
CTCGAGTCATGTAATTAGTTATGTCACGCTTACATTCACG 

IDT DNA gBlock RTEII Gene Sequence 

TGGTACTTTGAATTTGGATAGAGTCACTAGAGAAGCATGTCCAGAATTAGACTACTTCGTCGTATTTTCATCCGTTTCATGCGGT
AGAGGCAATGCTGGTCAAAGTAACTATGGTTTTGCAAATTCTGCTATGGAAAGAATCTGTGAAAAGAGAAGACATGAAGGTTT
GCCAGGTTTAGCAGTTCAATGGGGTGCCATCGGTGACGTAGGTATTTTGGTTGAAACTATGTCAACAAACGACACCATAGTAT
CCGGTACATTGCCTCAAAGAATGGCATCATGCTTAGAAGTTTTAGATTTGTTTTTAAACCAACCACACATGGTTTTAAGTTCTTT
CGTCTTGGCTGAAAAAGCTGCTGCTTATAGAGACAGAGATTCTCAAAGAGATTTGGTAGAAGCTGTTGCACACATATTAGGTA
TCAGAGATTTGGCTGCTGTTAACTTAGACTCATCCTTGGCTGACTTGGGTTTAGATAGTTTGATGTCTGTCGAAGTAAGACAAA
CCTTAGAAAGAGAATTGAATTTGGTCTTGTCTGTAAGAGAAGTTAGACAATTGACTTTGAGAAAGTTGCAAGAATTAAGTTCTA
AAGCTGATGAAGCATCTGAATTGGCCTGTCCAACTCCTAAAGAAGACGGTTTAGCTCAACAACAAACCCAATTGAATATGGAA
ACTGCCGTAAACGCTAAGTCTCCAAGAAACGAAAAGGTTTTGAACTGTTTGTACCAAAACCCTGATGCTGTTTTCAAGTTAATT
TGCTTTCCTTGGGCTGGTGGTGGTTCTATTCATTTTGCAAAGTGGGGTCAAAAGATTAATGATTCCTTAGAAGTCCACGCCGTA
AGATTGGCTGGTAGAGAAACAAGATTAGGTGAACCTTTCGCTAACGATATATATCAAATCGCTGACGAAATTGTTACCGCATT
GTTGCCAATAATCCAAGATAAAGCCTTCGCTTTCTTTGGTCATTCATTTGGTTCCTATATCGCATTGATTACAGCCTTGTTGTTGA
AGGAAAAGTACAAGATGGAACCTTTACATATTTTTGTTAGTGGTGCATCTGCCCCACACTCTACATCAAGACCTCAAGTTCCAG
ATTTGAATGAATTAACCGAAGAACAAGTCAGACATCACTTGTTAGATTTTGGTGGTACTCCTAAGCATTTGATCGAAGACCAAG
ATGTTTTGAGAATGTTCATCCCATTGTTGAAAGCTGACGCAGGTGTTGTCAAAAAGTTCATTTTCGATAAGCCAAGTAAAGCAT
TGTTATCTTTGGACATAACAGGTTTCTTGGGTTCAGAAGACACCATAAAGGATATTGAAGGTTGGCAAGATTTGACTTCCGGTA
AATTTGACGTTCACATGTTGCCAGGTGACCACTTCTATTTGATGAAACCAGATAACGAAAACTTCATAAAGAACTACATCGCTA
AATGCTTGGAATTGTCCTCCTTGACCTGACTCGAGTCATGTAATTAGTTATGTCACGCTTACATTCACGCCCT 
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Figure A.7: Example of octanoic acid (C8) fatty acid methyl ester (FAME) standard curve.   

 

Figure A.8: Example of a decanoic acid (C10) fatty acid methyl ester (FAME) standard curve.   
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Figure A.9: Example of a palmitic acid (C16) fatty acid methyl ester (FAME) standard curve.   

 

Figure A.10: Example of a stearic acid (C18) fatty acid methyl ester (FAME) standard curve.   
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R1158-Tet07FAS2 characteristic growth curves in the presence of doxycycline  

 

 

Figure A.11: Characteristic growth curve of strain R1158-Tet07FAS2 grown under varying levels of 

doxycycline. Doxycycline was added after 8 h of growth. Cells were inoculated at 0.2 optical density and 

grown for 36 h in 1% YPD. Red arrow indicates when doxycycline was added to the growth medium.  

 

Figure A.12: Characteristic growth curve of strain R1158-Tet07FAS2 grown under varying levels of 

doxycycline. Doxycycline was added after 15 h of growth. Cells were inoculated at 0.2 optical density and 

grown for 36 h in 1% YPD. Red arrow indicates when doxycycline was added to the growth medium.  
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Escherichia coli Fatty Acid Synthase 

Many organisms naturally produce acyl chains as they are a primary metabolite used by 

cells for both chemical and energy storage functions. Some produce primarily long alkyl chains 

where others produce shorter alkyl chains depending on their specific metabolic purpose (Steen 

et al., 2005 and Brown et al., 1996). It is our goal to harness the unique short chain acyl synthases 

and evaluate their expression and effectiveness in Saccharomyces cerevisiae for producing short 

chain fatty acids.  

The Escherichia coli bacteria utilize a type II fatty acid synthase for the primary production 

of de novo fatty acids. The fatty acid synthetic pathway is the principal route for the production 

of membrane phospholipid acyl chains. The reaction sequence is carried out by a series of 

individual soluble proteins that are each encoded by a discrete gene, and the pathway 

intermediates are shuttled between enzymes as thioesters of an acyl carrier protein (White et 

al., 2005). The type II FAS pathway of E. coli is outlined in Figure A.13 and the genes, their 

biochemical functions, and the Protein Data bank accession codes for the respective proteins are 

summarized in Figure A.14. We determined that nine E. coli proteins are mandatory for fatty acid 

production in yeast, these are: AcpP, AcpS, FabB, FabD, FabG, FabH, FabI, FabZ and TesA. The 

acyl-carrier protein (AcpP) is converted to its active form by the ACP synthase (AcpS). AcpS 

transfers the 4’-phosphopantetheine prosthetic group from CoA to apo-ACP. The malonyl-CoA, 

can be produced by the native yeast protein Acc1, and is transferred to ACP by the malonyl-

CoA:ACP transacylase (FabD). The malonyl-ACP is then condensed with the primer, acetyl-CoA, 

by the β-Ketoacyl-ACP synthase III (FabH). This acetoacetyl-ACP formed by FabH is then 
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transferred to the elongation cycle, where it undergoes sequential malonyl-CoA condensation, 

reduction and dehydration steps (White et al., 2005).  

 The elongation cycle consists of four core enzyme activities (FabI, FabB, FabG, FabZ) that 

progressively elongate the acyl chain attached to ACP by two carbons through each revolution 

(White et al., 2005). The β-Ketoacyl-ACP reductase (FabG) reduces the acyl-chain through 

consumption of NADPH, which in turn produces β-hydroxyacyl-ACP. This intermediate is 

dehydrated by the β-Hydroxyacyl-ACP dehydratase (FabZ). The enoyl-ACP is then reduced by the 

NADH dependent enoyl-ACP reductase (FabI) to complete one C2-elongation cycle. Subsequent 

rounds of elongation are initiated by the condensing enzyme, FabB. After sufficient elongation, 

typically C16 (minor species include C14 and C18) long acyl-chains, the ACP is cleaved primarily by 

TesA forming a free saturated C16 length fatty acid (Dormann et al., 1995; Lu et al., 2008).  

 

Figure A.13: Outline of the E. coli type II FAS pathway. Fatty acids are produced by the interaction of 

independently expressed proteins with the elongating acyl-ACP chain (White et al., 2005).  
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The acetyl-CoA carboxylase genes (accA, accB, accC and accD) do not need to be 

expressed in yeast as we are using the native yeast Acc1 protein to produce malonyl-CoA. In 

addition, non-mandatory genes: acpH, fabA and fabF need not be expressed. AcpH is involved in 

the hydrolysis (removal) of the prosthetic group on ACP, thereby forming Apo-ACP which is 

detrimental to our system. FabA is involved in the dehydration of unsaturated fatty acids, 

whereas we are focused solely on the production of saturated fatty acids. Finally, FabF is a lower 

activity homolog to FabB, thereby serving a redundant purpose (White et al., 2005).  

There are many advantages to using a heterologous type II synthase system. We can 

eliminate native regulatory control elements by expressing foreign genes, allow the simple 

manipulation of specific pathway processes by the up- or down-regulation of discrete genes, and 

allow the production of a diverse set of fatty acid chain lengths by expressing independently 

expressed thioesterases. These characteristics prove promising for a fully customizable 

heterologous short chain fatty acid producing system. We have implemented the type II E. coli 

FAS in yeast by overexpressing the nine mandatory genes to produce short chain fatty acids in 

vivo.  
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Figure A.14: List of the genes, their biochemical functions and the Protein Data Bank accession codes for 

the E. coli type II fatty acid pathway (White et al., 2005).   

 

Implementation of the Escherichia coli fatty acid pathway into yeast 

In the bacterial system, we have identified and cloned the nine mandatory fatty acid 

biosynthesis (fab) genes for fatty acid production, which include: acpP, acpS, fabB, fabD, fabG, 

fabH, fabI, fabZ and tesA. These nine genes were amplified from the E. coli genome and cloned 
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into a variety of expression plasmids with varying replication origins, selection markers and 

promoters, as outlined in Figure A.15. All genes were sequenced confirmed and 6X-histagged for 

protein purification on the N- or C-terminus.  

The pXP vector series were used due to the variety of high- and low-copy plasmids marked 

with five reusable genetic markers and six yeast promoters (Fang et al., 2011). In addition, these 

vectors can serve as templates for chromosomal one- or two-piece PCR integration (Fang et al., 

2011). For integration, primers can be designed with sequences homologous to the genome and 

integration fragments can be generated by PCR from the pXP vectors. The PCR product integrates 

at the specific target locus on the S. cerevisiae genome by homologous recombination. This work 

was completed by a joint effort between Javier Cardenas, Ruben Fernandez, Max Klement and 

myself.  

Western blots were used to confirm expression in the soluble fraction of FabH, FabD, FabI, 

FabG and FabZ, as shown in Figure A.16. It is hypothesized that AcpP, AcpS and TesA were not 

readily visualized due to their small respective sizes (8.6 kDa, 14 kDa and 23.6 kDa). Blots utilizing 

higher density agar gels and less porous transfer membranes should help alleviate this detection 

problem.  
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Figure A.15: A. List of the bacterial genes that were cloned into expression plasmids, with or without a 

6X-histag and the source of the cloned gene. B. Vector descriptions of pXP 119, 219, 220, 222 and pYES2, 

including: replication origin, bacterial selection marker, yeast selection marker and yeast promoter.   

 

An initial in vitro activity assay that directly tests fabG activity and indirectly acpP, acpS, 

fabD, fabH and fabB has been completed by Javier Cardenas, Max Klement and myself (Figure 

A.16). The nicotinamide adenine dinucleotide phosphate (NADPH) assay measures the depletion 

of NADPH to NADP+. FabG, the Ketoacyl-ACP reductase converts NADPH to NADP+ in order to 

reduce the growing acyl-chain. For FabG to be active the previous enzymes involved in fatty acid 

elongation must also be active. These include the acyl-carrier protein (AcpP), the ACP synthase 

(AcpS), the malonyl-CoA:ACP transacylase (FabD), the ketoacyl-ACP synthase III (FabH) and the 

ketoacyl-ACP synthase I (FabB). Therefore successful reduction of NADPH signifies that 6 of the 9 

mandatory genes are actively expressed in vivo.  
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Figure A.16: A. Western blot of the soluble and insoluble fractions of FabH, FabD, FabI, FabG and FabZ.      

B. NADPH assay that measures direct activity of FabG and indirect activity of AcpP, AcpS, FabD and FabH.    

 

In addition, Ruben Fernandez has constructed a full fab strain (all nine genes) that can 

produce de novo fatty acids by utilizing genomic integration and plasmid expression techniques. 

He has also confirmed the full activity of all nine genes by observing in vitro fatty acid production 

utilizing the ADIFAB assay. Successful integration of all nine mandatory genes has enabled in vitro 

and in vivo detection of short chain fatty acid production from our single yeast host. Much of this 
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work was initiated by myself with later collaborations between Javier Cardenas and Max Klement. 

This work was expanded and finished by Ruben Fernandez-Moya and a publication is pending.  
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