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“Science is always wrong. It never solves  

a problem without creating ten more.”  

-George Bernard Shaw
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  ABSTRACT OF THE DISSERTATION 
 

Metabolic Engineering of Saccharomyces cerevisiae for the High-Level Synthesis of 
Polyketides 

 
By 

 
Javier Cardenas 

 
Ph.D. in Chemical and Biochemical Engineering 

 
University of California, Irvine, 2015 

 
Professor Nancy A. Da Silva, Chair 

 
 

Current advances in industrial biotechnology are expanding the breadth of what is 

possible through the use of microbial cell factories. With global resources being exhausted at 

rapid rates and a heavy reliance on nonrenewable feedstocks, there is pressure to find 

alternatives using biorenewables. Application of these products is widespread, from reducing 

petroleum-based demand in the chemical industry, to synthesizing next-generation drug 

therapeutics at low cost. At the center of this biobased innovation is the need for a workhorse 

microorganism, capable of efficiently manufacturing these target molecules. In the context of 

biorenewable compounds, there are many cases where bacteria are not an option due to host 

toxicity or lack of processing ability, for example, post-translational modification. Baker’s yeast, 

Saccharomyces cerevisiae, is an ideal candidate as it is well characterized and frequently used 

industrially. Here we report its use in producing the polyketide triacetic acid lactone (TAL), an 

important polyketide which can be readily converted to replace fossil-fuel derived counterparts. 

Due to the complexity inherent in any host cell, metabolic pathway engineering was performed 
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on central carbon metabolism to increase availability of acetyl-CoA and malonyl-CoA 

metabolites. The computational tool OptKnock in conjunction with other knockout interventions 

were used to create a strain (BY4741Δprb1Δpyc2Δnte1Δyia6) producing 2.2 g/L TAL, 26% of the 

theoretical yield on glucose, in fed-batch fermentation. In addition, enzyme engineering of the 

Gerbera hybrida 2-pyrone synthase (2-PS) catalyzing TAL formation was conducted and then 

evaluated in our strains. This effort screened 41 2-PS variants and elucidated key residues in the 

active site and the protein surface, improving catalytic efficiency and/or stability, leading to 2.5-

fold increases in TAL levels in S. cerevisiae. The surface-modified variant 2-PS (C35S, C372S) 

exhibited the highest kcat/Km, over 40 times that of the native synthase. This variant was 

introduced into an engineered strain (BJ5464Δpyc2Δnte1) and cultivated in glucose or ethanol 

fed-batch to yield 2.7 g/L and 4.2 g/L TAL, respectively. Fermentation parameters were further 

improved and feed components modified for high titer (7.6 g/L) and yield (44% of theoretical) of 

this polyketide. Enhancement of precursor availability was also achieved by using a heterologous 

pathway from Escherichia coli. A modified E. coli bacterial pyruvate dehydrogenase (PDHm) was 

introduced in a cofactor-limited (Δzwf1) strain to couple NADPH cofactor balance with the 

synthesis of the TAL precursor acetyl-CoA. To prevent loss of acetyl-CoA and pyruvate by 

transport to the mitochondria, recently elucidated pathways were disrupted 

(Δpor2Δmpc2Δpda1Δyat2). The coupling of all three approaches (Δzwf1Δpor2Δmpc2Δpda1Δyat2 

+PDHm) elevated titers to 1.6 g/L, the highest by batch cultivation (and 35% of theoretical yield). 

These strategies are directly applicable to the synthesis of other acetyl-CoA derived compounds, 

and these studies provide a framework to develop design principles for robust, industrially 

relevant yeast for the synthesis of polyketides.      
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Chapter 1: 

Introduction 
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1.1 Motivation 

 For the past two centuries, mankind has extensively relied on petroleum as a feedstock 

for both fuels and the synthesis of many different chemicals (Nikolau et al., 2008). This flexibility 

in the number of compounds and also their properties has led to the success of the petrochemical 

industry. While utilizing just over 3% by volume of a barrel of oil, the petrochemical landscape is 

valued at 375 billion (USD). This is just shy of the fuels market which uses 70% of a barrel by 

volume (Figure 1.1) (Johnson, 2012). By downstream derivatization and synthesis, over 70,000 

products can be made from the very simple starting materials found in crude oil (Vennestrøm et 

al., 2011). This relatively straightforward process with high selectivity and efficiency keeps 

production costs very low, yet the finite amount of fossil-fuel carbon in the world raises concern 

about the sustainability of this infrastructure. With a volatile supply and demand on petroleum 

(Regnier, 2007), it is clear that a renewable alternative will be required. Biobased or 

biorenewable chemicals are an attractive option for replacing or supplementing the chemical 

industry as biomass can be generated for use in biorefineries that can sustainably manufacture 

goods (Langeveld et al., 2010). This model has already been used in certain markets such as 

ethanol production capabilities in Brazil using sugarcane bagasse as a feed. Additionally, the 

National Science Foundation (NSF) Center for Biorenewable Chemicals (CBiRC) is dedicated to 

creating translational research that can serve as a framework to build a biobased industry (Figure 

1.2). Current strategies in the center seek to use both fatty acid and polyketide metabolism as 

the platform to develop biocatalysis and chemical catalysis routes toward carboxylic acid and 

pyrone derivatives. While biorenewables can transform the chemical industry, sustainable 

biobased products can do more than just replace fossil-fuel derived chemicals.   
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Figure 1.1 The value of a barrel of oil and its breakdown into product categories (Johnson, 2012). 

 

The biopharmaceutical space is also invested in adopting biobased methodologies. Just 

as the petrochemical industry has had success leveraging chemical synthesis, biotech and 

biopharma companies have relied almost solely on high throughput screening techniques since 

it was developed as a discovery method in the early 1990s for drug candidate development, 

starting the era of combinatorial chemistry in industry (Rouhi, 2003). These screening methods 

in large part facilitated the discovery of many therapeutics over the past two decades (Herper, 

2012). There are two caveats that will likely prevent similar successes using this strategy going 

forward. First, a significant number of FDA approvals granting patent protection from 2012-2019 

creates an opportunity for biosimilars to capture a significant share of the market (~25%), also 

known as the patent cliff (Calo-Fernández and Martínez-Hurtado, 2012). Additionally, while the 

combinatorial chemistry approach generates tens of thousands of compounds, it lacks the 

structural and functional diversity required for next generation drug discovery 
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Figure 1.2 Reconstructing the current petroleum industry (left) toward a biorenewable alternative 

framework (right), illustrating the biological conversion of sugars toward carboxylic acid and pyrone 

derivatives (www.cbirc.iastate.edu). 

 

(Feher and Schmidt, 2003). To date, only a single drug, Onyx and Bayer’s Nexavar (sorafenib), has 

been discovered using de novo combinatorial chemistry (Mander and Liu, 2010; Newman and 

Cragg, 2007). Centuries of evolution have shown that nature has done a superb job of creating 

high level diversity which is an opportunity for enhanced drug compound libraries. As illustrated 

(Figure 1.3), new approaches are taking a natural product (compound produced by a living 

organism) scaffold, which has stereochemistry naturally, and introducing moieties that further 

alter the chirality of the compound, a feature that is absent when attaching traditional elements 

to a core chemical scaffold. With natural products and their derivatives making up 41% of 

anticancer drugs and 65% of antibacterial drugs (Borman, 2013), biopharmaceutical companies 

will increasingly rely on these compounds for developing new therapies. Organizations that plan 

to capitalize on biosimilars or new natural product therapies will therefore rely on a biological  
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Figure 1.3 New method for construction of natural product-like compound collections exemplified for ring 

structures (Huigens et al., 2013).  

 

system for drug candidate creation as well as large-scale production.  

Polyketides are one class of natural products, and their biosynthesis illustrates a 

compound diversity that makes them an attractive platform for both biorenewables and 

biopharmaceuticals. This diversity has already been harnessed for cholesterol-lowering, 

anticancer, antifungal, antiviral, antimicrobial, and antioxidant products, stimulating the 

discovery of polyketide biosynthetic routes for large-scale production (Lussier et al., 2012; Pfeifer 

and Khosla, 2001). Recently, the polyketide triacetic acid lactone (TAL) has shown promise as a 

chemical intermediate in the biorenewables space (Chia et al., 2012; Saunders et al., 2015). TAL 

has been proposed as a platform due to the ability to readily transform it into a variety of 

products using well established chemical catalysis methods (Chia et al., 2012). It can be converted 
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to sorbic acid, currently used as a food preservative, as well as other compounds used as flavoring 

agents, resins, adhesives, and plastics, all of which are currently manufactured by non-renewable 

means (Figure 1.4).   

To consider biosynthesis of polyketides in a host organism, the supply of starting materials 

needs to be addressed. The options for substrate pool can include acetyl-CoA, propionyl-CoA, 

isobutyryl-CoA, isovaleryl-CoA, malonyl-CoA, methylmalonyl-CoA, ethylmalonyl-CoA, 

propylmalonyl-CoA, or hydroxymalonyl-CoA, many of which are not readily available or even 

native to yeast (Pfeifer and Khosla, 2001). In the case of S. cerevisiae, the simplest available 

substrates of acetyl-CoA and malonyl-CoA are produced natively for many purposes like the 

synthesis of fatty acids (Leibundgut et al., 2008). For Type III PKSs, various enzymes require 

malonyl-CoA as extender unit with a respective initiator substrate (Austin and Noel, 2003). As 

illustrated (Figure 1.5), the 2-pyrone synthase (2-PS) derived from Gerbera hybrida uses one  

 

  

 

 

 

 

 

Figure 1.4 Chemical conversion of (1) triacetic acid lactone by hydrogenation, dehydration, ring opening, 

or decarboxylation (Chia et al., 2012). These reactions lead to the following products: (2) 2,4-

pentanedione, (3) 5,6-dihydro-4-hydroxy-6-methyl-2H-pyran-2-one, (4) 3-penten-2-one, (5) 4-hydroxy-2-

pentanone, (6) 4-hydroxy-6-methyltetra-hydro-2-pyrone, (7) 6-methyl-5,6-dihydro-2-pyrone, (8) 2,4-

hexadienoic acid, (9) 1,3-pentadiene, (10) δ-hexalactone, (11) hexenoic acid, and (12) γ-caprolactone. 
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acetyl-CoA and two malonyl-CoA units to produce a single triketide before a single C5C1 

lactonization makes the final product. In S. cerevisiae, production of these metabolites proceeds 

through the pyruvate branch point node (Figure 1.6) following the catabolic process of glycolysis 

(Pronk et al., 1996). Specifically, acetate is converted to acetyl-CoA by the acetyl-CoA synthetase 

(encoded by ACS1 and ACS2), an ATP-consuming reaction. Subsequently, acetyl-CoA acts as the 

substrate for malonyl-CoA formation via the acetyl-CoA carboxylase (encoded by ACC1). While 

the presence of both acetyl-CoA and malonyl-CoA greatly simplifies polyketide biosynthesis in 

yeast relying on these substrates, the pre-existing demand for these pools will require 

engineering new avenues for increasing their availability.      

 

Figure 1.5 PKS substrates and intermediates for the Type III PKS 2-pyrone synthase (2-PS) and the final 

product triacetic acid lactone (TAL) (Austin and Noel, 2003). 

           

Introduction of a heterologous system can also bring the challenge of identifying ideal 

expression conditions. Achieving optimum expression of a protein requires a large degree of 

control over the timing and the strength of expression. This is facilitated by the use of vectors 

that dictate the copy number, promoter, and terminator for the gene of interest. For S. cerevisiae, 

a variety of plasmids are readily available to introduce expression cassettes, including a large 

library developed by our lab and colleagues (Fang et al., 2011; Shen et al., 2012). Additional 

plasmid systems are available beyond this set, although it is evident that constitutive promoters  
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Figure 1.6 Pathways for deriving pyruvate from glucose and subsequent utilization by S. cerevisiae (Pronk 

et al., 1996). 

 

are the most widely available (Da Silva and Srikrishnan, 2012). Heterologous expression can be 

difficult on the host, especially for large enzymes; therefore, having an increased flexibility in the 

expression platform can be useful in the case of polyketides and other target compounds. 

Additionally, one must take note of native processes that can target the enzyme for degradation. 

Proteases in the cell are the enzymes responsible for cleaving proteins to be recycled, and those 

found in the vacuole (e.g., Proteinase A and B) have previously been shown to affect polyketide 

synthase levels (Lee et al., 2009). Evaluating the expression of the enzyme in conjunction with 

the final product can guide appropriate strategies to increase stability of the enzyme in the 

microbial host system for maximum performance and productivity.   

malonyl-CoA 
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The evidence presented above suggests that microbial production of polyketides can be 

extremely valuable toward the biorenewables and biopharma/biotech fields. In the case of host 

selection, plants, bacteria, and fungi all are naturally capable of synthesizing polyketides. 

Nonetheless, controlling the biosynthetic machinery and forcing a host to make large product 

quantities can be difficult and deleterious. For example, strains often are unable to tolerate 

exogenous materials that nature has designed to be toxic to cells (Pfeifer and Khosla, 2001). 

Therefore, having a well-characterized organism in which pathways are known and engineering 

tools are available would aid in achieving this goal of producing polyketides. This makes S. 

cerevisiae a suitable microbial host candidate as it has been generally regarded as safe (GRAS) by 

the FDA (“Generally Recognized as Safe (GRAS),” 1986), was the first eukaryote to be fully 

sequenced in 1996 (Goffeau et al., 1996), and to date 78% of the nearly 7,000 known open 

reading frames have been verified (“Saccharomyces cerevisiae Genome Overview,” 2015). This 

expansive wealth of information has spurred metabolic engineering tools that facilitate the study 

and engineering of this yeast species. This thesis focuses on engineering S. cerevisiae for high-

level production of polyketides, specifically acetyl-CoA derived compounds. 

 

 

 

 

  



10 
 

1.2 Objectives 

 The primary goal of the research was to optimize S. cerevisiae biosynthetic pathways for 

producing polyketides, and to determine critical factors for increasing the carbon flow to the 

precursor acetyl-CoA. In addition, factors influencing the activity and stability of the polyketide 

synthase both in vitro and in vivo were determined. The knowledge gathered by our studies will 

facilitate further proliferation of microbial production platforms and create highly efficient 

processes for the synthesis of target molecules. Specifically, this thesis aimed to enhance in vivo 

synthesis of the polyketide triacetic acid lactone (TAL) in S. cerevisiae by expressing engineered 

variants of the Type III PKS 2-pyrone synthase (2-PS) from Gerbera hybrida, and engineering 

diverse yeast metabolic pathways.  

Objective 1:  

The first aim was to identify gene disruptions in S. cerevisiae pathways for improved production 

of triacetic acid lactone, and specific aims included: 

 Selection of a 2-PS expression system for improved TAL titers in vivo 

 Disruption of native yeast pathways using known features of central carbon metabolism 

and the in silico prediction algorithm OptKnock 

 Construction of an engineered strain incorporating simultaneous disruption of multiple 

pathways 

 Fed-batch fermentation of the engineered strain for increased production of TAL 
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Objective 2: 

The second aim was the design and evaluation of engineered 2-PS variants for improving 

performance in vivo as demonstrated through increased TAL biosynthesis. Specific aims included: 

 Determination of TAL-synthesizing potential of 1st generation 2-PS variants designed for 

altered active site conformation 

 Iteration of new enzyme variants (2nd / 3rd generation) incorporating design rules from 

prior generation constructs 

 Evaluation of 2-PS variants with reduced surface cysteine incorporation (4th generation) 

for isolating the mechanism of 2-PS degradation 

 Combination of engineered strain (from Objective 1) and optimal 2-PS variant, and fed-

batch glucose and ethanol cultivation for enhanced TAL production 

Objective 3: 

The third aim was to create both a resupply and a biological driving force for the synthesis of 

acetyl-CoA using an engineered S. cerevisiae strain and heterologous pyruvate dehydrogenase 

pathway from E. coli. The specific aims included: 

 Validation of an actively expressed heterologous pyruvate dehydrogenase mutant 

(PDHm) by determining the NADPH/NADP+ cofactor ratio  

 Evaluation of a yeast strain lacking its major NADPH supply to improve flux through  the 

heterologous NADPH-generating pyruvate dehydrogenase and increase acetyl-CoA pools   

 Disruption of major mitochondrial transport mechanisms of pyruvate and acetyl-CoA to 

resupply metabolite pools and increase TAL synthesis 
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 Construction of an engineered strain harboring both transport and NADPH-generating 

gene disruptions, and the overexpression of the modified NADP+-utilizing PDHm, for 

increased TAL synthesis  

1.3 Background 

1.3.1 Polyketide biosynthesis  

Polyketides are secondary metabolites, and their synthase systems are differentiated into 

three classes (Type I, Type II, and Type III), similar to fatty acid synthases (FASs). Due to this 

similarity (Figure 1.7), it is believed that PKS and FAS systems may have had an evolutionary 

divergence at an early stage (Gokhale et al., 2007; Hertweck, 2009). The biotechnology industry 

has taken advantage of polyketides; an example is statin biosynthesis for the development of 

cholesterol-lowering drugs like lovastatin, creating a market valued in the billions (Comfort, 

2013). Polyketide biosynthesis, similar to fatty acid biosynthesis, can be very complicated and 

require many reactions to make the final product. These required activities include (Figure 1.7): 

(1) acyl transferase (AT) activity for shuttling substrates, (2) ketoacyl synthase (KAS) activity for 

condensing of initiator and elongation chains, (3) dehydrogenase (DH) / reductase (ER / KR) 

activity for recycling chains in the elongation cycle, and (4) thioesterase (TE) activity for cleavage 

of the carrier molecule (Austin and Noel, 2003; White et al., 2005). This complex biological 

framework exposes the divergence of FAS versus PKS systems. First, fatty acids are confined to 

specific chain lengths and mandatory ketoreductase processing. This system is therefore severely 

limited in the product profiles it can generate relative to a PKS with additional tailoring steps 

available (Figure 1.8). Second, unlike fatty acids which are necessary for all living organisms, 
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polyketide synthesis can be introduced into heterologous organisms which do not have native 

PKS function, eliminating a level of competition for starter metabolite pools and aspects of native 

regulation. Of the three PKS types, only Type III utilizes the CoA carrier, meaning acyl transferase 

(AT) activity and a corresponding phosphopantetheinyl transferase (PPT) are not needed. 

Heterologous incorporation of a PKS system into a microbial host like S. cerevisiae can therefore 

be preferable to a FAS complex and can also be simplified significantly based on these attributes.    

 

 

Figure 1.7 Comparison of fundamental processing steps in both (A) Fatty Acid Biosynthesis and (B) 

Polyketide Biosynthesis (not including cyclization steps) (Hertweck, 2009). The various steps confer: 

ketoacyl synthase (KS) activity, acyl transferase activity (AT), dehydrogenase (DH) activity, enoyl reductase 

(ER) and ketoreductase (KR) activity. 
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Figure 1.8 Mechanisms of diversification in the biosynthesis of polyketides (Hertweck, 2009). 

1.3.2 Fine-tuning expression in S. cerevisiae  

 Apart from using well-characterized promoters to control expression, variants have been 

constructed and subject to truncation or random mutagenesis to create finely tuned expression 

profiles. As an example, a study performed error-prone PCR on the TEF1 promoter, and using a 

fluorescence reporter identified TEF1p variants ranging from 10-fold lower to 3-fold higher 

fluorescence than the native TEF1p (Alper et al., 2005). Similarly, the ADH1 promoter has been 

modified using the method of truncating segments off the promoter to identify regulatory 

elements in the promoter region (Ruohonen et al., 1995). Two fragments, the first with 1100 base 

pairs (bp) removed and the second with 800 bp deleted, were used to elucidate glucose 
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repressed and constitutive expression profiles, both drastically different from early-stage 

expression by the native promoter. Since promoters can be large (~2kb) and have many of these 

regulatory elements, researchers have attempted to further characterize synthetic promoters 

that achieve some form of a minimal set of features conferring variable expression levels. 

Specifically, this concept was proven for five yeast promoters using minimal promoter cores 

synthetically hybridized to different upstream activating sequences (UASs) (Blazeck et al., 2012). 

These synthetic promoters created varying expression levels consisting of controlled, step-wise 

increases from no detectable levels to 15% above the native promoter sequence. Once 

discovered, incorporating these features into metabolic engineering studies can be facilitated by 

having flexible yeast shuttle vectors. Recently our group constructed a vector library of ready-to-

use plasmids employing features like a flexible multiple cloning site (MCS), variable promoters 

and origin of replication sequences, and recyclable selection markers for rapid and robust strain 

engineering useful in auxotrophic lab strains (Fang et al., 2011). Additional vectors were designed 

to expand this library (Shen et al., 2012), netting a pXP library of 44 vectors (Figure 1.9). In 

addition to being a shuttle vector, the features of this library allow for rapid integration and gene 

disruption strategies as illustrated (Figure 1.10). These are brief examples of the breadth of 

flexibility in heterologous expression using S. cerevisiae (Da Silva and Srikrishnan, 2012). 

Additionally, the advent of new methods and the relative ease of PCR-based assemblies 

is expanding the way vectors are constructed for strain development studies, especially when 

using large multigene pathways. This type of gene assembly removes the dependence on  
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Figure 1.9 Complete pXP vector library (Fang et al., 2011; Shen et al., 2012). The plasmids have CEN/ARS 

or 2µ ori, CYC1 terminator, loxP-flanked selection markers (LEU2-d8, URA3, HIS3, MET15, TRP1, or CAN1), 

using one of six promoters (TEF1p, PGK1p, HXT7-391p, GAL1p, ADH2p, or CUP1p). 

 

restriction enzymes and multiple cloning sites (MCSs) when doing traditional cloning, a benefit 

which is critical to promote proper expression levels (Crook et al., 2011). First, DNA Assembler 

uses overlap-extension PCR to quickly generate long multigene cassettes, eliminating the need 

of restriction enzymes and multiple cloning sites (MCSs) (Shao et al., 2009). These fragments can 

then be reassembled in vivo using the ability of S. cerevisiae in homologous recombination (Figure 

1.11). The linearized backbone used in this strategy causes significant issues including backbone 
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recircularization (Kuijpers et al., 2013), leading to very low (10-20%) transformation efficiencies 

for an eight-gene pathway (Shao et al., 2009). In addition, chromosomal integration via single-

crossover can lead to instabilities. Poor efficiency has recently been circumvented by the 

breakdown of the backbone into smaller elements with 60-mer homology (Figure 1.12) yielding 

95% transformation efficiency for a seven-gene pathway (Kuijpers et al., 2013). Assembly of the 

gene fragments can additionally be simplified by the versatile genetic assembly system (VEGAS) 

which similarly relies on in vivo recombination in S. cerevisiae (Mitchell et al., 2015). This system, 

using a variation of the Golden Gate assembly (Engler et al., 2009, 2008) called yeast Golden Gate 

(yGG) (Agmon et al., 2015), creates overhangs by BsaI/BsmBI restriction enzymes to quickly join 

   

 

 

 

 

 

 

 

Figure 1.10 Schematic for gene integration or gene knockout, as facilitated by the pXP library. One-step 

PCR amplification of either the selection marker or gene cassette (Promoter-Gene-Terminiator-loxP-

flanked Selection Marker) introduces approximately 50bp homology upstream (red) and downstream 

(green) of (i) the locus for integration or (ii) the gene being targeting for knockout. Homologus 

recombination allows the PCR-amplified fragments to be inserted selectively into the yeast genome, 

which include loxP-flanked markers for recycling.  
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transcription units to a coding sequence without introducing any restriction site sequences 

(Figure 1.13) (Mitchell et al., 2015). 

 

 

 

Figure 1.11 DNA Assembler method (Shao et al., 2009) creating one-step assembly of both (A) high-copy 

based expression and (B) delta-integration chromosomal-based expression, as illustrated for n number of 

DNA fragments using homologous recombination events (cross) in S. cerevisiae.   

 

 

Figure 1.12 Plasmid construction using maximum available 60-mer homologous sequences (A-I) and 

backbone elements (Kuijpers et al., 2013). Two survival elements (Yeast replicon, Marker) are 

reassembled using homologous recombination (dashed crosses) in S. cerevisiae, reconstructing the full 

vector with a pathway of interest, with up to 7 genes.    

A. B. 
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Figure 1.13 Vector assembly by the versatile genetic assembly system (VEGAS) (Mitchell et al., 2015).       

(A) Promoter (PRO, green), gene (CDS, yellow), and terminator (TER, red) units cloned into modular 

constructs are treated by Type IIS restriction enzyme (RE) digestion/ligation using a red fluorescent 

protein (RFP) plasmid for appropriate selection of constructs by white/red screening. (B) Once each 

transcription unit (TU) is constructed, (C) all transcription units (TU1-TU5) can be digested and incubated 

with acceptor yGG backbone for recombination in vivo using VEGAS adapters (VAs) (homologous regions, 

labeled VA1-VA5). (D) A set of yGG acceptor backbone constructs have been developed with the listed 

promoters, terminators, and VAs to create plasmids with up to 17 transcription units.    

A. Promoters Terminators VEGAS Adapters

TDH3
ACS2

V1-V18

PGK1

ACT1
ENO2

RPS2

ZEO1 ASC1

IRR1

ALG7
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TIP1
SIK1

HSL1

B. 

C. 

D. 
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In parallel to these in vivo methodologies, a very successful in vitro construction method 

has been that of Gibson Assembly (Gibson et al., 2009). This method also uses PCR-amplified 

fragments, but instead of using homologous recombination for joining and circularization of all 

fragments, Gibson Assembly utilizes three enzymes for reconstruction (Figure 1.14). First, a 5’ 

exonuclease creates overhangs by chewing back the 5’ end sequences. Using 15-20 bp of 

homology between fragments for annealing, a high efficiency DNA polymerase fills in gaps in 

order for the DNA ligase to fill in the nick left behind between the final base on each end, sealing 

the entire double-stranded vector construct. Combined, these strategies are able to provide the 

building blocks for rapid construction of a seemingly endless number of plasmids for S. cerevisiae 

with improved, fine-tuned expression capabilities.    

 

 

 

 

 

 

 

 

Figure 1.14 Gibson Assembly for in vitro plasmid construction, incubated at 50°C for up to 60 min 

(modified from New England Biolabs, Ipswich, MA). Restriction enzyme digested backbone is linearized 

and incubated with fragments for recombination, shown here for fragment A (green) and B (gold) with a 

minimum 18bp overlap (red). Both the backbone and fragments have complementary sequences (orange 

and light blue) which anneal along with the fragment overlapping region, followed by 5’ exonuclease, DNA 

Polymerase, and DNA ligase activity to create the assembled DNA for transformation.        
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1.3.3 Metabolic engineering and systems biology 

 The constant evolution in metabolic engineering tools creates a new perspective to 

approaching strain development. As omics tools more readily provide information and data 

pertaining to global mechanisms, computational and mathematical modeling strategies gain 

accuracy which translates to faster metabolic engineering. Recent attempts to engineer S. 

cerevisiae for natural product synthesis using traditional metabolic engineering approaches 

illustrates the vast genetic engineering modifications available for incorporation  (Jong et al., 

2014; Krivoruchko and Nielsen, 2015; Pfleger et al., 2015; Tseng et al., 2009; Yang et al., 2015; 

Yun et al., 2015). In addition, systems biology is gaining momentum as an approach to gain global 

understanding of genetic interventions to inform better strain development and predictive 

strategies (Likic et al., 2011). This method aims to use computational and mathematical modeling 

to represent things that we know about the cell, whether it be genes that are conferring a specific 

reaction (Burgard et al., 2003; Schellenberger et al., 2011), or transcription level changes to 

expression (Kim and Reed, 2010). This strategy therefore relies heavily on the robustness of the 

description of the ‘system,’ which often times is the cell metabolic network. These genome-scale 

models (GEMs) become the full representation of cell activity in a computational framework 

(Tervo and Reed, 2014). With that in mind, these models are constantly changing to more closely 

represent the real-life observations found by experimental data (Zomorrodi and Maranas, 2010). 

The iterative nature that emerges from using both metabolic engineering and systems biology 

approaches together creates a new way of designing robust organisms (Tee et al., 2014). As flux 

data and other omics information is made available, modeling applications can tighten the 

networks to provide more accurate solutions, which in turn identifies more relevant 
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interventions that continue to guide improvements and new flux maps. This is apparent in two 

recent studies: the first using flux distributions to adjust the mathematical parameters and guide 

engineering of a microbial host for fatty acids (Ranganathan et al., 2012), and the second for 

introducing kinetic parameters into the stoichiometric genome-scale model to improve predicted 

optimizations (Chowdhury et al., 2014).  The coupling of these two disciplines highlights the 

rapidly changing landscape for strain engineering that will expedite the development of 

production platforms in S. cerevisiae.   

 For computational algorithms, a few published optimizations are available through the 

toolbox COBRA 2.0 (Schellenberger et al., 2011). Major goals of the toolbox were to include more 

functionality, but also to make the algorithms usable in order to facilitate adoption by the 

scientific community, especially researchers not devoted to writing these large models and 

complex optimization programs. This MATLAB package introduced three in silico metabolic 

engineering tools: OptKnock, OptGene, and genetic design through local search (GDLS). The 

OptKnock algorithm is a bi-level mixed-integer linear program (MILP) designed to suggest 

knockout strategies for biochemical overproduction (Burgard et al., 2003). Constraints in flux 

distributions are designed around two possible cellular objectives: maximization of biomass, and 

the minimization of metabolic adjustment (MOMA). OptGene (Patil et al., 2005) instead 

represents genes extremely simplistically, assigning binary for the presence (1) or absence (0) of 

an associated reaction. The gene assignment can be input manually or designed randomly for any 

population (each individual model network with random genes). The networks can then be 

screened for an objective function (productivity, yield, etc.) and scored (high, low). The 

individuals who score high for the objective are ‘mated’ and then mutated randomly as previously 
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done (absent/present genes). This cycle is effectively iterated until the desired criteria is met. 

One benefit of OptGene over OptKnock is that non-linear objective functions can be optimized, 

which is useful for the function of strain productivity. Lastly, the GDLS method (Figure 1.15), also 

a mixed-integer linear program (MILP) like OptKnock, relies on simplification of the model (by 

clustering genes) in order to effectively search the space for perturbations that create a desirable 

outcome (target flux, etc.) (Lun et al., 2009). Overall, these algorithms behave similarly and 

provide useful interventions for guiding in vivo manipulations.   

 

 
Figure 1.15 The overall process flow for GDLS method (Lun et al., 2009). The original ‘wildtype’ model 

(FBA model) is initially reduced to create a simplified network with fewer genes and reactions (Reduced 

FBA model) in order to initiate knockout selection. The program searches for the best manipulation 

strategies (M number of models) that differs by the parent model by k manipulations. The best perturbed 

networks get iterated for further knockout manipulations until no improvement is made or when the max 

T number of manipulations has been reached to achieve the final network.  
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 Recently, a new algorithm called OptForce was designed to identify metabolic 

interventions similar to OptKnock, but instead of disrupting reactions entirely, the optimization 

seeks to identify necessary changes in flux distributions (Ranganathan et al., 2010). Identifying 

manipulations by altered flux values allows the user to screen reactions in the network relative 

to the wildtype strain, informing the user to either eliminate flux entirely, or instead simply 

increase or reduce fluxes. The analysis therefore facilitates a solution set which requires not only 

disruption strategies, but upregulation and / or downregulation activities to achieve optimal flux 

toward a target molecule. Use of this method has been validated for succinate production in E. 

coli (Ranganathan et al., 2010) as well as overproduction of fatty acids in E. coli (Ranganathan et 

al., 2012). OptForce has recently been optimized further by introducing kinetics where available 

for reactions in central carbon metabolism; this algorithm is known as k-OptForce (Chowdhury 

et al., 2014). This modification in the model network leads to very different solution sets relative 

to the original OptForce interventions, finding similar yield improvements as OptForce with less 

interventions. Improvements are possible by eliminating previous solutions which may have 

violated the introduced kinetic constraints as well as the limitations from metabolite 

concentrations (Chowdhury et al., 2014). More importantly, the new method is constructed as a 

mixed-integer nonlinear optimization program (MINLP) which paves the way for introduction of 

other information, including the possibility of dynamic temporal modeling and use of 

transcriptional regulation.     
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2.1 Abstract 

Biobased chemicals have become attractive replacements for their fossil-fuel 

counterparts. Recent studies have shown triacetic acid lactone (TAL) to be a promising candidate, 

capable of undergoing chemical conversion to sorbic acid and other valuable intermediates. In 

this study, Saccharomyces cerevisiae was engineered for the high-level production of TAL by 

overexpression of the Gerbera hybrida 2-pyrone synthase (2-PS) and systematic engineering of 

the yeast metabolic pathways. Pathway analysis and a computational approach were employed 

to target increases in cofactor and precursor pools to improve TAL synthesis. The pathways 

engineered include those for energy storage and generation, pentose biosynthesis, 

gluconeogenesis, lipid biosynthesis and regulation, cofactor transport, and fermentative 

capacity. Seventeen genes were selected for disruption and independently screened for their 

effect on TAL production; combinations of knockouts were then evaluated. A combination of the 

pathway engineering and optimal culture parameters led to a 37-fold increase in titer to 2.2 g/L 

and a 50-fold increase in yield to 0.13 (g/g glucose). These values are the highest reported in the 

literature, and provide a 3-fold improvement in yield over previous reports using S. cerevisiae. 

Identification of these metabolic bottlenecks provides a strategy for overproduction of other 

acetyl-CoA-dependent products in yeast.  
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2.2 Introduction 

The demand for renewable, biobased products as an alternative to those of petroleum 

origin is rapidly reshaping the scope of biotechnology. To date, the chemical industry has relied 

heavily on petroleum resources and chemical catalysis for the production of a wide array of end 

products (Nikolau et al., 2008). Using microorganisms and enzymes, for example to ferment 

lignocellulosic biomass (Hamelinck et al., 2005) or to produce novel compounds (Westfall et al., 

2012), is an essential component to establishing a biorenewables infrastructure. By pulling 

together biocatalysis and chemical catalysis, valuable chemical intermediates can similarly be 

synthesized into numerous end products, with biorenewable feedstocks replacing those from 

fossil-carbon (Nikolau et al., 2008).  

Triacetic acid lactone (TAL), also known as 4-hydroxy-6-methyl-2-pyrone, can be used in 

the production of polyketide anthraquinones by deriving the tetraphenolic acid from TAL’s 

methyl ether (Evans et al., 1979). Recent efforts have uncovered novel catalysis methods 

expanding the utility of the TAL moiety. (Chia et al., 2012) illustrated that TAL can undergo 

chemical upgrading through a variety of reactions to generate attractive end products like sorbic 

acid and 1,3-pentadiene that are precursors to preservatives and plastics, respectively. The ability 

to readily convert TAL into numerous chemicals that are currently produced using petroleum 

feedstocks (Chia et al., 2012) makes TAL a relevant precursor candidate for microbial synthesis. 

While TAL is commercially available, the chemical manufacture of TAL significantly limits its 

potential for upgrading to low-cost commodity chemicals due to the presence of various 

byproducts and the requirement of a high-cost multi-stage process (Goel and Ram, 2009; 
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Taeschler, 2010). Therefore developing a biological route for converting sugars directly to TAL 

will facilitate its use industrially. 

TAL is natively produced by the plant Gerbera hybrida, where it is further modified to 

generate anti-pathogen compounds gerberin and parsorboside (Eckermann et al., 1998). The 

type III polyketide synthase (PKS) 2-pyrone synthase (2-PS) encoded by the g2ps1 gene, produces 

TAL via two iterative decarboxylation/condensation reactions using a starter acetyl-CoA and two 

extender malonyl-CoA molecules (Austin and Noel, 2003), both of which are common 

metabolites in bacteria and eukaryotes. Recently, Tang et al. (2013) reported the use of directed 

evolution to identify 2-PS mutants yielding higher expression as identified by a fluorescence 

reporter assay. TAL can also be produced from non-native synthases. A closely related type III 

PKS from Medicago sativa, the chs2-encoded chalcone synthase (CHS), was shown to produce 

TAL following three point mutations (T197L/G256L/S338I) resulting in altered specificity for 

acetyl-CoA and reduced elongations (Jez et al., 2000). The type I PKS 6-methylsalicylic acid 

synthase (6-MSA) from Penicillium patulum was modified to inactivate the ketoreductase domain 

and produce TAL in vivo (Richardson et al., 1999; Xie et al., 2006), and the Brevibacterium 

ammoniagenes fatty acid synthase B (FAS-B) was also rationally designed with an inactive 

ketoreductase domain (Y2226F) to produce TAL (Zha et al., 2004). A drawback to these latter two 

systems is that they require a phosphopantetheinyl transferase for activation, while the 2-PS and 

CHS type III PKSs do not (Austin and Noel, 2003). 

Triacetic acid lactone has been reported to have negative effects on microbial cell growth. 

Specifically, TAL is extremely toxic to Escherichia coli with an observed reduction in growth rate 
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of 25% and 90% in 10 mM and 20 mM TAL, respectively, with no viable growth detected at 50 

mM TAL (Laura Jarboe, personal communication). However, there was no effect on the growth 

rate of S. cerevisiae at concentrations of up to 200 mM TAL (the higher concentrations exceeded 

the solubility limit). In the in vivo studies on TAL biosynthesis in E. coli, concentrations were much 

lower than 50mM, and maximal levels were not achieved until after exponential growth (Xie et 

al., 2006; Tang et al., 2013). Tang et al. (2013) recently reported titers of 2.06 g/L (16.4 mM), 

corresponding to a yield of 0.102 g/g glycerol (22% of theoretical) using an engineered 2-PS 

variant (L202G/M259L/L261N) in E. coli. This was a significant increase over the previously 

reported levels achieved in E. coli (0.47 g/L, 0.6% of theoretical yield on glucose) using the 

wildtype 2-PS and under fermenter-controlled conditions (Xie et al., 2006). In this latter study S. 

cerevisiae was also evaluated and produced titers of 0.37 g/L (1.0% of theoretical) using the wild-

type 2-PS enzyme and 1.8 g/L (8.9% of theoretical) using an Y1572F variant 6-MSA synthase. In 

both cases, this was after 168 h of fed-batch fermentation. Yields thus remain relatively low 

during microbial production of TAL.  

The above studies considered the enzyme and culture conditions used for TAL synthesis. 

The current study focuses on the engineering of Saccharomyces cerevisiae to enhance TAL 

production via targeted improvements in the pyruvate, acetyl-CoA, and NAD+ pools. To our 

knowledge this is the only study to consider metabolic pathway engineering to increase the 

synthesis of triacetic acid lactone. An emphasis was placed on yeast as the host based on the TAL 

sensitivities reported in E. coli. After establishing an initial expression system, metabolic 

pathways were engineered for improved TAL biosynthesis. The computational tool OptKnock 

(Schellenberger et al., 2011) available in the COBRA Toolbox was used to aid the pathway 
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engineering by identifying additional gene deletions for improved flux toward acetyl-CoA and 

malonyl-CoA. These strain modifications were evaluated independently and in combination to 

determine their effect on TAL production in S. cerevisiae, and final cultivations were done in fed-

batch mode to increase titers. The metabolic pathway interventions shown to generate higher 

levels of TAL should prove directly applicable to the increased synthesis of other polyketide 

products. 
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2.3 Materials and Methods 

2.3.1 Strains and plasmids 

Escherichia coli strain XL1-Blue (Stratagene, Santa Clara, CA) was used for amplification of 

plasmids. S. cerevisiae strains BY4741 and BY4741∆trp1 (Open Biosystems, Huntsville, AL) and 

BJ5464 (Jones, 1991) were used as the base strains for TAL production, and subsequent 

engineered strains were derived from these (Table 2.1). A variety of additional single gene 

knockouts from the BY4741 knockout library (Open Biosystems) were also utilized for preliminary 

strain screening. Details on the strain construction can be found in the Supplementary Data. 

pXP vectors (Fang et al., 2011) were used to amplify loxP-flanked selectable markers 

LEU2-d8, TRP1, MET15, or HIS3 for gene disruption. Using the corresponding primer sets (Table 

2.2), the markers were amplified with approximately 50bp homology to the target gene location. 

Yeast cells were transformed as previously described (Gietz et al., 1992; Hill et al., 1991). Cell 

colonies were allowed to grow on selective plates for 3-5 days, and gene disruptions were verified 

following amplification of genomic DNA using Taq polymerase (New England Biolabs, Ipswich, 

MA), and confirming the presence of a loxP-flanked selection marker.  

The pXP218 and pXP842 yeast shuttle vectors (Fang et al., 2011; Shen et al., 2012) were 

used to carry the TAL-synthesizing genes. These 2µ-based vectors harbor a PGK1 or ADH2 

promoter, respectively, the CYC1 terminator, and a loxP-flanked URA3 selection marker. The 

g2ps1 gene encoding the 2-PS from Gerbera hybrida was PCR amplified from the pHIS8 cassette 

(Jez et al., 2000). Following SpeI and XhoI digestion, the gene was inserted into pXP218 and 

pXP842 using the Rapid DNA Ligation Kit (Thermo Scientific, Waltham, MA) to construct pXP218-
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Table 2.1. List of plasmids and strains  

Plasmids Description Source 

     pXP218 2µ vector, PGK1 promoter, CYC1 terminator, URA3 selectable marker F. Fang (2011) 

     pXP214 2µ vector, PGK1 promoter, CYC1 terminator, MET15 selectable marker F. Fang (2011) 

     pXP216 2µ vector, PGK1 promoter, CYC1 terminator, TRP1 selectable marker F. Fang (2011) 

     pXP220 2µ vector, PGK1 promoter, CYC1 terminator, HIS3 selectable marker F. Fang (2011) 

     pXP841 2µ vector, ADH2 promoter, CYC1 terminator, LEU2-d8 selectable marker M. Shen (2012) 

     pXP842 2µ vector, ADH2 promoter, CYC1 terminator, URA3 selectable marker M. Shen (2012) 

     pXP218-2PS pXP218 harboring the g2ps1 insertion encoding G. hybrida 2-pyrone synthase This study 

     pXP842-2PS pXP842 harboring the g2ps1 insertion encoding G. hybrida 2-pyrone synthase This study 

     pXP842-[3X]CHS 
pXP842 harboring the T197L/G256L/S338I CHS encoding the M. sativa chalcone 

synthase mutant 
This study 

     pXP842-[1X]6MSAS pXP842 harboring the Y1572F 6-MSAS encoding the P. patulum 6-MSA synthase mutant This study 

Strains Description Source 

     BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems  

     BY4741∆trp1 BY4741 trp1::KanMX Open Biosystems 

     BJ5464 MATα ura3-52 trp1 leu2∆1 his3∆200 pep4::HIS3 prb1∆1.6R can1 GAL E.W. Jones (1991) 

     BYAN BY4741 with integrated copy of Aspergillus nidulans npgA, ADH2 promoter This study 

     BY4741∆pyc1 BY4741 pyc1::KanMX Open Biosystems 

     BY4741∆pyc2 BY4741 pyc2::KanMX Open Biosystems 

     BY4741∆gpd1 BY4741 gpd1::KanMX Open Biosystems 

     BY4741∆pgm1 BY4741 pgm1::KanMX Open Biosystems 

     BY4741∆pgm2 BY4741 pgm2::KanMX Open Biosystems 

     BY4741∆nte1 BY4741 nte1::KanMX Open Biosystems 

     BY4741∆mls1 BY4741 mls1::KanMX Open Biosystems 

     BY4741∆pck1 BY4741 pck1::KanMX Open Biosystems 

     BY4741∆zwf1 BY4741 zwf1::KanMX Open Biosystems 

     BY4741∆yia6 BY4741 yia6::KanMX Open Biosystems 

     BY4741∆gsy1 BY4741 gsy1::KanMX Open Biosystems 

     BY4741∆gsy2 BY4741 gsy2::KanMX Open Biosystems 

     BY4741∆fbp1 BY4741 fbp1::KanMX Open Biosystems 

     BYt∆adh1 BY4741∆trp1 adh1::LEU2 This study 

     BYt∆pep4 BY4741∆trp1 pep4::LEU2  This study 

     BYt∆prb1 BY4741∆trp1 prb1::MET15 This study 

     BYt∆pep4∆prb1 BY4741∆trp1 pep4::LEU2 prb1::MET15 This study 

     BYt∆prb1∆pyc2 BY4741∆trp1 prb1::MET15 pyc2::LEU2 This study 

     BYt∆prb1∆pyc2∆yia6 BY4741∆trp1 prb1::MET15 pyc2::LEU2 yia6::TRP1 This study 

     BYt∆prb1∆pyc2∆nte1 BY4741∆trp1 prb1::MET15 pyc2::LEU2 nte1::TRP1 This study 

     BYt∆prb1∆pyc2∆yia6∆nte1 BY4741∆trp1 prb1::MET15 pyc2::LEU2 yia6::HIS3 nte1::TRP1 This study 

     BJ∆pyc2 BJ5464 pyc2::TRP1 This study 

     BJ∆pyc2∆nte1 BJ5464 pyc2::TRP1 nte1::LEU2 This study 
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Table 2.2 List of primers 

 

Primer Name Primer Sequence 

2PS-F TCCCACTAGTAAAAAAATGCATCATCATCATCATCATGGATCTTTACTCATCCGATGTGGAG 

2PS-R TGGTAATCCTCGAGTCAGTTTCCATTGGCAACCGCAGCAGTAACG 

3xCHS-F TCCCACTAGTAAAAAAATGCATCATCATCATCATCATGTGAGTG 

3XCHS-R TGGTAATCCTCGAGTTATATAGCCACGCTACGCAAAACAACTG 

6MSASm-F CGTCGGGTTCACTGGTCAAGCTTCCTTCGGCAGTGGTAACGCCTTCTTGG 

6MSASm-R CCAAGAAGGCGTTACCACTGCCGAAGGAAGCTTGACCAGTGAACCCGACG 

6MSASmCh-F CCTCTTGTGGAAACCTCGTCGGG 

6MSASmCH-R CCTAGGCGCGCACGGTGGGTGGC 

PRB1KO-F CAAACGATAGTGAAGAGGGACTCCGACTTGTAACCTCGAGACGCCTAAGGGGTCGACTCTAGAGGATCCCCGGG 

PRB1KO-R CGTCCCGTTATATTGGAGTTCTTCCCATACAAACTTAAGAGTCCAATTAGGTTGAATTCGAGCTCGGTACCCGGG 

PRB1Ch-F GACTTGTAACCTCGAGACGCCTAAG 

PRB1Ch-R CGTCCCGTTATATTGGAGTTCTTCC 

ADH1KO-F CGGCATGCCGGTAGAGGTGTGGTCAATAAGAGCGACCTCATGCTATACCGGTCGACTCTAGAGGATCCCCGGG 

ADH1KO-R GCACAATATTTCAAGCTATACCAAGCATACAATCAACTATCTCATATACAGTTGAATTCGAGCTCGGTACCCGGG 

ADH1Ch-F CGGCATGCCGGTAGAGGTGTGG 

ADH1-Ch-R CCAAGCATACAATCAACTATC 

PYC2KO-F GGGATGGGGGTAGGGTTTCTTCTTCTAGGACAACCAACAAATCTGATGCGGGTCGACTCTAGAGGATCCCCGGG 

PYC2KO-R GGCCGGTCTTAGGGACAATTTCAGTTTGCTCGGCGAAAAGAATAAGATCTGTTGAATTCGAGCTCGGTACCCGGG 

PYC2Ch-F CAGCTTGGTTTGGCGAGTGACATT 

PYC2Ch-R GGCGCAGGGAGTGTTAAGTAAGAAGTAC 

YIA6KO-F CAACACTGAAGGCAGCAGTCTTTAGCACAATGACACAGACTGATAATCC GGTCGACTCTAGAGGATCCCCGGG 

YIA6KO-R CTCAATGTGTGGCGTGTGTGAATTTTAAGGCTTTAAATTACCATAGTGCGTTGAATTCGAGCTCGGTACCCGGG 

YIA6Ch-F GTGAGATCAACACTGAAGGCAGCAG 

YIA6Ch-R CTCAATGTGTGGCGTGTGTG 

NTE1KO-F CGGTCACCAAGGCGTTGGAAGATAGAAATCTATCGGTCGACTCTAGAGGATCCCCGGG 

NTE1KO-R GAAAGGCTTGGCTCTAGTTTTTGCATGCGTTGAATTCGAGCTCGGTACCCGGG 

NTE1Ch-F CTGGGAAACTTGACACTTTTCTCG 

NTE1Ch-R GATAAAAGCACGCGACCGAAAAGG 

NpgA-F CACAGAGTTGTATTTGCGCTTCTGAGCGATGCTTCCGAGATTGTTGAAGCAGCAAAAACGTAGGGGCAAACAAAC 

FF2325 GATTATTGAAGAGGGATGCGTTTGGTACAATAAAAAACATAGGTTCCCAAACCGAATTCGAGCTCGGTACCCGGG 
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2PS and pXP842-2PS. Similar methods were used to introduce the altered chs2 gene encoding 

the T197L/G256L/S338I mutant of chalcone synthase (CHS) from Medicago sativa (Jez et al., 

2000) and a Y1572F mutant of 6-MSAS from Penicillium patulum into pXP842 (Figure 2.1). Plasmid 

recovery was performed using the GeneJetTM Plasmid Miniprep Kit (Thermo Scientific, Waltham, 

MA) and DNA sequence analysis confirmed the correct sequence of all PCR-amplified inserts 

(GeneWiz, South Plainfield, NJ; Eton Biosciences, San Diego, CA). 

The KOD Hot-start polymerase (EMD Chemicals, San Diego, CA) was used in PCR reactions 

for plasmid constructs and knockout strains. PCR for site-directed mutagenesis of 6-MSAS was 

performed using PfuUltra II Fusion HS DNA Polymerase (Stratagene). Restriction enzymes, T4 

DNA ligase, Taq DNA polymerase, and deoxynucleotides were purchased from New England 

Biolabs. Oligonucleotide primers were purchased from IDT DNA (San Diego, CA). 

2.3.2 Media and cultivation 

 Luria-Bertani (LB) media was used for proliferation of XL1-Blue cells with 150 mg/L 

ampicillin for selection of plasmid-containing strains (Sambrook and Russell, 2001). Complex YPD 

media (0.5%, 1%, or 2% dextrose; 1% Bacto yeast extract; 2 % Bacto peptone), selective SDC(A) 

media (1% dextrose, 0.67% yeast nitrogen base, 0.5% Bacto casamino acids, 0.5% ammonium 

sulfate and 100 mg/L adenine), selective SDC(A,T) media (SDC(A) with 100 mg/L tryptophan), and 

minimal selective SD media (2% dextrose, 0.67% yeast nitrogen base, 0.5% ammonium sulfate) 

supplemented with 100 mg/L adenine, 100 mg/L tryptophan, 100 mg/L histidine, and 150 mg/L 

leucine were used for cultivation of yeast strains. Strains harboring the pXP218-based vectors 
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SpeI / XhoI 
Digestion & Ligation 

 

PCR 

Primers:  
2PS-F 
2PS-R 

 

PCR 

Primers:  
3xCHS-F 

3xCHS-R 
 

(SDM) 
Primers  

6-MSASm-F 

6-MSASm-R 

Figure 2.1. Strategy for plasmid construction of pXP218-2PS, pXP842-2PS, pXP842-[3X]CHS, pXP842-

[1X]6MSAS. 
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(PGK1 promoter) were grown in selective media. Strains harboring the pXP842-based vectors 

(ADH2 promoter) were grown in YPD medium.  

S. cerevisiae strains were grown for 16 h overnight in 5 mL selective SDC(A) media in an 

air shaker (New Brunswick Scientific) at 250 rpm and 30°C,  and used to inoculate 5 mL tube or 

50 mL flask cultures to an initial cell density (OD600) of 0.3 (Shimadzu UV-2450 UV-VIS 

Spectrophotometer, Columbia, MD). A correlation factor was used to convert OD to dry cell 

weight per liter (1 OD = 0.43 gDCW/L). During cultivation, samples were taken at 24, 48, and/or 

72 h, cell densities were determined, and the samples were centrifuged at 3,000 rpm (2,600 g) 

for 5 min at 4°C (Beckman GS-6R Centrifuge, Brea, CA). The supernatants were stored at 4°C for 

HPLC analysis of TAL levels in the culture broth.  

2.3.3 Plasmid stability 

 The yeast strain was cultivated in 1% YPD medium for 48 h, diluted with sterile water, and 

plated onto YPD plates. Approximately 100 colonies were transferred to selective SDC-A plates 

and non-selective YPD plates (to verify viability). The percent plasmid-containing cells was 

determined as the number of colonies on the SDC-A plates divided by the number of viable 

colonies transferred. Three independent experiments were performed. 

2.3.4 Glucose-limited fed-batch fermentations 

 A New Brunswick BioFlo III system equipped with a 2.5 L working capacity vessel was 

employed for fed-batch operation. Initial 5mL overnight cultures were used to inoculate a 50mL 

shake flask culture that was used as the seed inoculum. Media was YPD containing 1% glucose. 
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Following inoculation to an OD600 of 0.3 (V=1.5L), the fermentor pH was controlled at pH 6 by 

automatic supply of either 6M sodium hydroxide or 6M hydrochloric acid. Agitation speed was 

400 rpm and sparged air was initially supplied at 0.2 vvm. To maintain the dissolved oxygen levels 

above 20%, the aeration rate was gradually increased to a maximum of 0.8 vvm. Following 12 h 

of batch cultivation in the fermentor, a glucose feed (3.6M) was initiated. The speed for the 

glucose feed pump was varied to maintain DO levels at 20% with a constant aeration rate of 0.8 

vvm and a maximum glucose pump speed of 1.5 mL/h. The fermentation was allowed to proceed 

for a total of 120 h, leading to a final culture volume of approximately 1.7 L. 

2.3.5 HPLC assay 

 The concentration of triacetic acid lactone was measured by HPLC using a Shimadzu HPLC 

system: LC-10AT pumps (Shimadzu), UV-VIS detector (SPD-10A VP, Shimadzu), Zorbax SB-C18 

reversed-phase column (2.1x150 mm, Agilent Technologies). Acetonitrile buffered in 1% acetic 

acid was used as the mobile phase, while HPLC grade water buffered in 1% acetic acid was used 

as the aqueous phase. A gradient program using a 95-85% Pump B gradient (H2O with 1% acetic 

acid) provided an elution time of approximately 12 minutes (flow rate 0.25 mL/min, column 

temperature 25°C). 

2.3.6 Yield calculations 

Actual yield was calculated as the total TAL formed divided by the total glucose supplied 

to the culture at inoculation. Maximum theoretical yield was calculated based on the metabolic 

reactions from glucose to TAL assuming all glucose was converted to product (i.e., no growth) 

and was determined to be 0.47 g/g glucose. (The theoretical maximum on glycerol was also found 
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to be 0.46 g/g glycerol.) Therefore, the percent of the theoretical yield of TAL on glucose was 

calculated as: [TAL (g/L) / Glucose Fed (g/L) / 0.47 (g/g) * 100%]. Although complex YPD medium 

was used, it does not support significant cell growth in the absence of glucose (< 6% of total 

growth). Therefore, other carbon sources in YPD should have little effect on the calculated yields. 



45 
 

2.4 Results and Discussion 

2.4.1 Resistance of Saccharomyces cerevisiae to TAL 

 Previous research has demonstrated the high tolerance of S. cerevisiae to TAL relative to 

E. coli. To further explore the sensitivity of this yeast to TAL, we determined the effects of two 

TAL concentrations on yeast growth at a pH of 5.0 and 6.0. We first supplemented with increasing 

amounts of solid TAL and determined the solubility limits at 30°C, approximately 9.0 g/L in water 

and 6.5 g/L in SDC(A) and YPD media. A significant drop in solubility was observed when 

temperature was reduced, with a TAL solubility of 2.8 g/L at 4°C in SDC(A) medium. 

 To determine the effects on growth, S. cerevisiae strain BY4741 was cultivated in SDC(A) 

or complex YPD medium containing 1% glucose and spiked with TAL at 5 or 10 g/L. Medium pH 

was then adjusted to 5.0 or 6.0. Insoluble TAL (in the 10 g/L culture) was allowed to settle prior 

to measuring cell density. Growth rates and final cell densities (48 h) were determined, and are 

shown in Table 2.3. Increasing TAL concentration reduced both growth rate and final cell density; 

this effect was more pronounced at the lower pH and in SDC(A) medium. In the complex YPD 

medium, minimal decreases were observed, particularly at pH 6.0. YPD has a natural buffering 

capacity around pH 6.5 relative to SDC(A); in SDC(A), a drop in pH (up to 1 pH unit) occurs during 

cultivation. TAL has a pKa of 4.9 (Moreno-Mañas et al., 1988), and the protonated form will 

increase at lower pH. Protonated forms of fatty acids are incorporated at higher levels in the 

membrane resulting in membrane leakage in S. cerevisiae and reduced growth rate (Liu et al., 

2013). Related lactones can  also  be  incorporated  into the  membrane  and detrimentally  affect 
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Table 2.3. Growth rates and final cell densities for strain BY4741 cultured in the presence of varying 
concentrations of TAL in two media at a pH of 5.0 or 6.0. Values are mean ± standard deviation (n=3).  
 

* 10 g/L exceeded solubility and TAL precipitated 

 

membrane fluidity and integrity (Aguedo et al., 2003). Therefore, at lower pH, the protonated 

TAL may similarly be detrimental to the membrane and thus cell growth rate.  

These results were obtained for high levels of TAL added at the start of batch culture; 

even so, the effects on growth were relatively minor in S. cerevisiae. High TAL concentrations are 

not expected until late in the cultivation, therefore S. cerevisiae is an excellent host for TAL 

production.  

2.4.2 Initial expression system and culture conditions 

Our baseline strain BY4741 expressing Gerbera hybrida 2-pyrone synthase under the 

strong glycolytic PGK1 promoter (plasmid pXP218-2PS) produced only 58 mg/L of TAL (Figure 2.2) 

with a yield on glucose of less than 1% (g/g). Therefore, we varied the promoter, the synthase 

enzyme, and culture conditions, and introduced protease knockouts to increase TAL levels prior 

to our pathway engineering. 

Media 
Starting 

pH 

Maximum Specific Growth  
Rate (h-1) 

Final Cell Density at 48 h  
( g DCW L-1 ) 

0 g/L TAL 5 g/L TAL 10 g/L TAL* 0 g/L TAL 5 g/L TAL 10 g/L TAL* 

SDC 

(A,T,U) 
5.0 0.42 ± 0.02 0.33 ± 0.01 0.28 ± 0.02 6.6 ± 0.5 4.3 ± 0.3 2.9 ± 0.5 

6.0 0.43 ± 0.01 0.38 ± 0.01 0.33 ± 0.01 6.2 ± 0.4 5.5 ± 0.1 5.1 ± 0.2 

YPD 5.0 0.42 ± 0.01 0.37 ± 0.01 0.32 ± 0.01 9.9 ± 0.4 7.9 ± 0.1 6.2 ± 0.1 

6.0 0.42 ± 0.01 0.40 ± 0.01 0.38 ± 0.01 9.9 ± 0.3 9.1 ± 0.1 8.6 ± 0.1 
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Figure 2.2. (A) Comparison of the strong glycolytic PGK1 promoter (hatched) versus the late-phase 

glucose-repressible ADH2 promoter (solid) expressing the G. hybrida 2-pyrone synthase. Values 

correspond to HPLC analysis for samples harvested at 24, 48, and 72 h. (B) Varying glucose concentration 

for 48 h batch cultures utilizing the ADH2 promoter in YPD medium containing 0.5%. 1.0%, or 2.0% 

glucose. Bars represent mean values ± one standard deviation (n=6). 

 

The late-phase ADH2 promoter has shown excellent performance for the expression of 

other polyketides and fatty acid synthases in our lab and others (Kealey et al., 1998; Leber and 

Da Silva, 2013; Lee et al., 2009; Ma et al., 2009; Mutka et al., 2006). This promoter is active when 

glucose levels fall, and optimal induction occurs in 1% glucose YPD medium (Lee and Da Silva, 

2005). Due to the late induction, plasmid stabilities remain high even in complex medium (Shen 

et al., 2012). Substitution of this promoter (plasmid pXP842-2PS) increased titers 4.5-fold over 

the PGK1 promoter to 260 mg/L (Figure 2.3). This increase is similar to that observed by Xie et al. 

(2006); they reported higher levels with the ADH2 promoter relative to the GPD1 and ADH1 

promoters. In our batch cultures, only a 10% increase in TAL was observed from 48-72 h; 

therefore a 48 h cultivation period was selected for subsequent studies. As expected, a 1% 

glucose level resulted in the best performance. 
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Figure 2.3. (A) TAL titers for S. cerevisiae strain BY4741 expressing the wildtype G. hybrida 2-pyrone 

synthase (2-PS), the triple mutant (T197L/G256L/S338I) M. sativa chalcone synthase ([3X]CHS), and the 

single mutant (Y1572F) P. patulum 6-MSAS ([1X]6-MSAS). The [1X]6-MSAS was expressed in strain BYAN 

(BY4741 with one integrated A. nidulans npgA gene for activation of the synthase). HPLC analysis was 

performed on samples collected after 48 h of cultivation in YPD (0.5% glucose). (B) Comparison of TAL 

titers in BY4741 protease knockout strains expressing the 2-PS under the control of the ADH2 promoter. 

Expression in protease deficient strain BJ5464 is shown for comparison. Bars represent mean values ± one 

standard deviation (n=6 independent experiments). 

 

The native G. hybrida 2-pyrone synthase (2-PS) is responsible for the synthesis of TAL, but 

mutant PKSs have also been shown to make TAL (Jez et al., 2000; Xie et al., 2006). These two 

mutants were briefly compared (T197L/G256L/S338I chalcone synthase from M. sativa, Y1572F 

6-MSA synthase from P. patulum) with the native 2-PS using the same promoter and backbone 

vector (pXP-842). During the 48 h cultivation, the variants produced similar or lower levels of TAL 

relative to 2-PS (Figure 2.3, Panel A). The native 2-PS enzyme was selected for use in our strain 

development studies. An additional advantage of moving forward with the 2-PS relative to the 6-

MSAS variant is that overexpression of a phosphopantetheinyl transferase (for activation) is not 

required. 
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Yeast proteases have been shown to act on heterologous enzymes produced in S. 

cerevisiae, and can negatively affect PKS levels and thus polyketide production. In our previous 

work (Lee et al., 2009), disruption of the two vacuolar protease genes (PEP4, PRB1) encoding the 

aspartyl protease and proteinase B, respectively, were shown to be critical to detect lovastatin 

nonaketide synthase (LNKS) produced in yeast. Therefore, BY4741 strains with single and double 

knockouts of these genes were evaluated, and TAL production was measured following a 48 h 

cultivation in YPD. The ∆pep4 strain resulted in an increase in titer of 50% over the base strain, 

while ∆prb1 yielded an increase of 135% (Figure 2.3, Panel B), with no added improvement when 

combining the deletions (∆pep4∆prb1). An independent strain (BJ5464) that also lacks these two 

proteases produced similar levels of TAL. Reduction of proteolytic degradation of 2-PS is thus 

important for TAL production. Titer and yield increased more than 2-fold to 580 mg/L and 12% 

of theoretical yield (g/g glucose). 

2.4.4 Identification and disruption of competing pathways to improve TAL synthesis 

 The 2-PS requires one acetyl-CoA starter and two malonyl-CoA extender units to generate 

one triacetic acid lactone product (Jez et al., 2000). These two precursors are produced naturally 

by S. cerevisiae and are in high demand for energy production, fatty acid biosynthesis, and other 

cellular activities, with malonyl-CoA pools believed to be a significant limiting factor in these 

processes (Chen et al., 2012; Wattanachaisaereekul et al., 2008). Synthesis of acetyl-CoA / 

malonyl-CoA metabolites relies on cytosolic pyruvate, a critical branch point in glycolysis (Pronk 

et al., 1996). For this reason, engineering S. cerevisiae to increase acetyl-CoA and pyruvate levels 

could alleviate flux limitations toward TAL production.  
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Enzymes participating in central carbon metabolism that are responsible for producing or 

consuming pyruvate and acetyl-CoA were analyzed to identify potential gene deletions to 

increase TAL production. The pathways illustrated in Figure 2.4 focus on the utilization of glucose-

6-phosphate (G6P) by the cell following glucose uptake from the medium. Significant byproducts 

(glycogen, pentose sugars, glycerol, and ethanol) that can be produced while generating TAL 

precursor pools are also shown. Using this pathway analysis, a variety of genes were selected for 

deletion including GSY1/2, ZWF1, PYC1/2, PCK1, FBP1, YIA6, ADH1, and MLS1 (Figure 2.4, circled 

and underlined genes). The GSY1/2 and ZWF1 genes focus on an early branch point in glycolysis; 

GSY1 and GYS2 encode glycogen synthase paralogs that produce glycogen for energy storage in 

the cell, and ZWF1 encodes the glucose-6-phosphate dehydrogenase important for driving the 

pentose phosphate pathway (Ni and LaPorte, 1995; Nogae and Johnston, 1990). The PYC1/2, 

PCK1, and FBP1 genes encode activities important in the gluconeogenic pathway that support 

increases in biomass and glycogen using non-fermentable carbon sources (Lin et al., 2001). The 

yeast mitochondrial NAD+ transporter encoded by YIA6 was recently identified to perform a 

unidirectional transport of NAD+ out of the cytoplasm and into the mitochondria (Todisco et al., 

2006). The ADH1-encoded alcohol dehydrogenase is known to convert acetaldehyde to ethanol 

and also plays an important role in redox balance by generating NAD+
 as a byproduct (Denis et 

al., 1983). Malate synthase is encoded by MLS1 and is responsible for generating malate from 

acetyl-CoA in the cytosol (Chen et al., 2012). 

In order to eliminate their native activities and thus improve precursor (acetyl-CoA and 

malonyl-CoA) pools, strains were constructed with single gene disruptions (Table 2.1) and then 

transformed with pXP842-2PS. This set of single knockout strains was cultivated in YPD  medium  
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Figure 2.4. Metabolic pathways identified for optimizing TAL precursors in S. cerevisiae. The highlighted 

metabolites (bold) identify major by-products generated in central carbon metabolism leading to reduced 

pyruvate and acetyl-CoA pools. The genes corresponding to enzymes catalyzing the reactions are shown 

in italics and were determined by pathway analysis (circled), computational predictions (boxed), or both 

(underlined). In this schematic, reactions not directly used in our analysis have been consolidated as 

dashed arrows. 

 

(1% glucose) for 48 h and TAL production was compared on both a specific (per g cell) basis 

(Figure 2.5, Panel A) and a volumetric (titer) basis (Figure 2.5, Panel B). The final cell densities of 

the cultures are shown in Figure 2.5, Panel C (growth curves can be found in Figure 2.6). 

Knockouts of GSY1/2, ZWF1, PYC1/2, or YIA6 gave greater than 2-fold increases in specific TAL 
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levels and approximately 50% increases in final biomass. In combination, this led to ca. 3-fold 

increases in TAL with titers of up to 0.81 g/L. Knockouts of PCK1, ADH1, and MLS1 did not increase 

TAL titers or specific production, with levels comparable or lower than the control strain (WT). 

The knockout of FBP1 increased titer by 2.2-fold and per cell levels by 2.4-fold, one of the highest 

specific production levels despite a slight reduction in growth. The significance of this deletion is 

that Fbp1p is responsible for conversion of fructose 1,6-biphosphate, which is the only reversible 

step (Pfk1p acts in the forward direction) of glycolysis that uses an independent enzyme (Lin et 

al., 2001). The results for the best strains (Figure 2.5) show that the most important factor was 

the effect of the gene disruptions on the TAL produced on a per cell basis. However, the highest 

titers came from strains that were also able to generate increased biomass. By exploiting the 

well-known metabolic pathways, our analysis suggested ten genes for disruption to redirect the 

metabolic flux toward TAL precursors. This strategy proved successful as six of the ten knockouts 

resulted in 3-fold higher TAL titers and >2-fold increases in specific production. 

2.4.5 In silico prediction of pathway gene knockouts via OptKnock  

An in silico metabolic engineering approach was also used to identify additional promising 

single gene disruptions, where identification could be facilitated using a genome-scale model. 

Using the iMM904 yeast metabolic network, we employed the OptKnock algorithm packaged 

within the Cobra Toolbox (Mo et al., 2009; Schellenberger et al., 2011). This algorithm has been 

designed to identify gene knockouts in an organism core model that will increase a target flux 

value as specified by the user (Burgard et al., 2003), and uses a bilevel optimization framework  
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Figure 2.5. Comparison of TAL produced in S. cerevisiae strains with single gene knockouts after 48 h of 

cultivation: (A) production on a per cell mass basis [mg/g DCW], (B) titers [g/L], and (C) final cell densities 

(FCD, g DCW/L). WT refers to the base strain BY4741. The asterisk denotes the WT strains supplemented 

with 10 µM cerulenin at 0 h (bar C0) and 12 h (bar C12). Bars represent mean values ± one standard 

deviation (n=6 independent experiments).  

 

such that maximization of the target metabolite is subject to maximizing biomass flux. In doing 

so, solutions should provide gene disruptions free of growth defects, adding a layer of robustness 

relative to the metabolic engineering approach described above. The procedure has been 

validated extensively in vivo using E. coli, and a recent report achieved nearly a 60-fold  
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Figure 2.6. Growth curves for various strains in this study, as denoted above. Single curves were chosen 

as representative data for each strain. 

 

improvement in 2, 3-butanediol titers using S. cerevisiae (Ng et al., 2012). Our optimization was 

constrained to target the flux of either acetyl-CoA or pyruvate, and limited to up to five deletions 

in any given solution set. Two solution sets were generated for acetyl-CoA and one unique set 

for pyruvate, made possible by modulating both biomass and ATP maintenance in the 

optimization constraints. The reactions and their corresponding genes identified in the 

optimization problem using these two targets are summarized in Table 2.4. The metabolic 

pathways associated with these interventions can be found in Figure 2.4. For acetyl-CoA flux, 

three reactions were identified and had genes associated with glycogen biosynthesis 

(phosphoglucomutase; PGM1/2), lipid metabolism (serine esterase; NTE1), or glycerol 

biosynthesis (glycerol-3-phosphate dehydrogenase; GPD1). Figure 2.4 illustrates how these 

disruptions benefit TAL production by increasing acetyl-CoA levels. With these deletions there 

will be a reduction in flux toward significant branch points in glycogen and pentose biosynthesis, 

as well as fatty acid  biosynthesis  that is  known to consume  large quantities of acetyl-CoA  and 
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Table 2.4. List of reactions and gene knockouts identified by the OptKnock algorithm for increased TAL 
production. 

 

 

malonyl-CoA. In the case of pyruvate flux as the target, OptKnock selected the PC reaction for 

disruption, corresponding to pyruvate carboxylase activity encoded by the PYC1/2 genes, and the 

first committed step of gluconeogenesis. These two deletions were already evaluated as 

discussed above. Strains harboring a single deletion in PGM1, PGM2, NTE1, or GPD1 were 

constructed, transformed with pXP842-2PS, cultivated for 48 h in YPD, and then screened for TAL 

biosynthesis. All six strains corresponding to interventions identified by the in silico method 

showed robust growth and gave significant improvements (Figure 2.5) with increases that 

resulted in 3-fold higher TAL titers and >2-fold increases in specific production. 

It was not surprising that interventions selected by OptKnock were in close alignment to 

those previously identified using a pathway analysis. A clear example is the identification of the 

PYC1/2 genes by both strategies. Additionally, both strategies sought to manipulate glycogen 

production by either the GSY1/2 paralog system or the PGM1/2 system. The deletion of GSY1/2 

influences the final process in glycogen synthesis (Figure 2.4), where PGM1/2 affects the pathway 

further upstream, preventing synthesis of unnecessary metabolites. A final feature of the 

OptKnock strategy is that disruptions not obvious via traditional pathway analysis can be 

Target Acetyl-CoA Pyruvate 

Reactions Identified PLBPC_Sce,  PGPPAm_Sc,  G3PD1ir PC 

Corresponding Genes NTE1,  PGM1/2, GPD1 PYC1/2 
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elucidated through the use of genome-scale analysis. Using the core model with OptKnock 

suggested the regulator of lipid metabolism (NTE1) as an avenue for increased TAL precursor 

pools in S. cerevisiae, a logical result that was not readily identified in our previous analysis. As 

shown in Figure 2.4, NTE1 encodes the serine esterase responsible for, among other things, 

repression of the OPI1-encoded Opi1p repressor protein (Fernández-Murray et al., 2009). The 

enzyme silences the yeast fatty acid synthase, helping modulate phospholipid biosynthesis in S. 

cerevisiae (Schweizer and Hofmann, 2004). Disrupting NTE1 potentially relieves the repression of 

Opi1p and reduces flux of TAL precursors toward competing products like fatty acids. With Nte1p 

participating in the global regulation of lipid metabolism, further experiments need to be 

performed to pinpoint exactly how ∆nte1 is improving TAL production.  

2.4.6 Downregulation of fatty acid synthesis via cerulenin addition 

Yeast fatty acid biosynthesis is an obvious choice for downregulation to improve the levels 

of TAL and other polyketides. The FAS1/FAS2 complex uses acetyl-CoA, malonyl-CoA, and NADPH 

for the creation of long chain fatty acids, primarily the 16-carbon palmitate (Wakil et al., 1983). 

An initial experiment was performed to determine the effect of fatty acid downregulation on TAL 

levels. Strain BY4741 (carrying pXP842-2PS) was cultivated in YPD medium containing 10 µM 

cerulenin for 48 h. Cerulenin is a known fatty acid synthase inhibitor, and at this concentration 

the strain would be subject to a significantly repressed FAS complex (Omura, 1976). The cerulenin 

was added at time zero (C0) or 12 hours post-inoculation (C12); the latter time corresponds to 

glucose depletion in the batch culture. The specific production of TAL for culture C0 was 

approximately 2-fold higher than the control (Figure 2.5, Panel A). However, due to the inhibitory 
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effects of this compound, final cell density reached only 10% of the control strain and therefore 

volumetric (titer) production was very low (Figure 2.5, Panels B and C). The outcome was very 

different when the cerulenin was spiked at a later time (C12). By postponing the inhibition of 

fatty acid biosynthesis, a normal cell density was achieved (Figure 2.5, Panel B). Specific TAL 

production was reduced only slightly relative to C0, while titers were 10-fold higher relative to 

C0. Final titer for the C12 culture was comparable to the other interventions, and 2.5-fold greater 

than the base strain. This result, and that for the NTE1 deletion, suggests that modulating fatty 

acid synthesis will be instrumental for increased production of triacetic acid lactone in S. 

cerevisiae. 

2.4.7 Combining pathway interventions 

 A total of 17 single gene deletions were identified and tested for improved TAL synthesis 

in S. cerevisiae. To determine whether further increases could be achieved by combining multiple 

deletions, a subset of the 17 genes was selected that would potentially provide the best gains, 

with minimal deleterious effects. We selected strong performers from Figure 2.5 and introduced 

the following disruptions: protease activity (PRB1), reverse glycolysis (PYC2), cofactor transport 

(YIA6), and lipid biosynthesis (NTE1). The genes were selected to affect significantly different 

pathways in order to ensure minimal overlap with the hope of producing substantial increases in 

TAL production. The strains were constructed first by sequential deletion of genes PRB1 and PYC2 

in the base strain BY4741∆trp1. YIA6 or NTE1 was then knocked out to create strains 

BYt∆prb1∆pyc2∆yia6 and BYt∆prb1∆pyc2∆nte1, respectively. Lastly, YIA6 was deleted from 

BYt∆prb1∆pyc2∆nte1 to construct the quadruple knockout strain (BYt∆prb1∆pyc2∆yia6∆nte1). 
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The ∆pyc2 and ∆pyc2∆nte1 deletions were also introduced into the alternate protease-deficient 

strain BJ5464 for comparison. All strains were then transformed with pXP842-2PS, cultivated for 

48 h in YPD (1% glucose), and TAL levels were measured (Figure 2.7). 

The TAL titer for BYt∆prb1∆pyc2 strain was 0.91 g/L, nearly three times higher than that 

of the base strain and 57% higher than for BYt∆prb1. Subsequent deletion of either YIA6 or NTE1 

further increased TAL levels, with the latter exceeding 1.0 g/L.  The combination of all four 

deletions in strain BYt∆prb1∆pyc2∆yia6∆nte1 resulted in a final titer of 1.3 g/L (29% of theoretical 

yield) corresponding to an overall 5-fold improvement over the base strain. If the increases for 

the single gene deletions were cumulative, titer would have been approximately 1.9 g/L, 

suggesting new bottlenecks might be present. The ∆pyc2 and ∆pyc2∆nte1 deletions were also 

introduced into the alternate strain BJ5464 to see if similar behavior was observed. Sequential 

gene knockouts increased TAL levels in this strain as well (Figure 2.7). Interestingly, this strain 

generally showed higher levels of TAL production relative to the comparable BY4741-based 

strains. BJ∆pyc2 produced 23% more TAL than BYt∆prb1∆pyc2, and BJ∆pyc2∆nte1 produced 29% 

more than BYt∆prb1∆pyc2∆nte1. We have observed similar results with other polyketides in our 

laboratory.  

All strains showed similar growth behaviors and final cell densities. Therefore, specific TAL 

production (per g cell basis) showed the same trend as that in Figure 2.7 (see Figure 2.8). In 

addition, although the strains were cultivated in YPD medium, plasmid stability was not an issue 

due to the late-phase induction, and was routinely measured at over 85% for all strains  
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Figure 2.7. Improvements in TAL levels following combination of protease and pathway gene knockouts. 

The open bars represent strain BY4741 and the hatched bars are for strain BJ5464 (this base strain has 

the PRB1 gene disrupted). Strains either have (+) or lack (-) the gene deletions shown. Bars represent 

means ± one standard deviation (n=6 independent experiments). 

 

tested (e.g., for strain BYt∆prb1∆pyc2∆yia6∆nte1, 87 ± 2 % of the cells retained the 2-PS plasmid 

after 48 h). 

2.4.8 Glucose fed-batch fermentations 

In order to further evaluate the engineered strain BYt∆prb1∆pyc2∆yia6∆nte1 for the high-

level production of TAL, fed-batch fermentations were performed. The seed and batch cultures 

were in YPD with 1% glucose. Based on the toxicity data (Section 3.1), we chose to maintain pH 

at 6.0. After allowing the initial glucose to be consumed for approximately 12 h, pure glucose was 

continuously fed while ensuring that glucose levels were kept low to maximize expression of the  
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Figure 2.8. Improvements for strains with combined disruptions on a per gram cell basis (g/g DCW TAL), 

corresponding directly to the volumetric basis data shown in Figure 2.7. Bars represent mean values + 

one standard deviation (n=6 independent experiments). 

 

2-PS under the PADH2 promoter. To do this, glucose feed rate was allowed to vary in order to limit 

dissolved oxygen levels to 20% throughout the fermentation. Additionally, off-line HPLC analysis 

was performed to quantify glucose levels during the fed-batch stage; glucose concentration 

never exceeded 0.35 g/L. From 24 to 48 h, triacetic acid lactone levels increased 3-fold to over 1 

g/L, and by 72 h began to level off at greater than 2 g/L (Figure 2.9). Biomass concentration and 

TAL production on a per g cell basis are shown in Figure 2.10. By 96 h, supplementation of glucose 

to maintain DO levels was minimal, and culture density was unchanged. This is likely due to other 

nutrient limitations after 48 h using a glucose-only feed. Using our engineered strain, a final titer 

of 2.2 g/L was achieved in the fed-batch culture (versus 1.3 g/L in batch). It is noteworthy that a 

similar yield was obtained (0.12 g/g glucose) as in the small scale batch cultures (0.13 g/g 

glucose). 
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Figure 2.9. TAL titers during fermentor-controlled (New Brunswick BioFlo III) glucose fed-batch 

cultivation using the engineered strain BYt∆prb1∆pyc2∆yia6∆nte1. Following inoculation, the cells were 

grown in batch culture for 12 hours. The glucose feed (3.6M) was then initiated, and feed rate was 

controlled (0-1.5 mL/h) to maintain DO at 20% with an aeration rate of 0.8 vvm. Bars represent means 

± one standard deviation (n=3 independent experiments). 

 

 

Figure 2.10. Additional characteristics of fed-batch fermentation of BYt∆prb1∆pyc2∆nte1∆yia6 (PADH2-

2PS). (A) TAL production on a per gram cell basis (g/g DCW TAL), and (B) biomass production (g/L DCW). 

Bars represent mean values + one standard deviation (n=3 independent experiments). 
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A summary of the substantial improvements in TAL titer and yield obtained with the 

various interventions is shown in Figure 2.11. The highest TAL production was observed with 

strain BYt∆prb1∆pyc2∆yia6∆nte1 reaching a maximum titer of 2.2 g/L and a maximum yield of 

0.12-0.13 g/g glucose (26-29% of theoretical). These are the highest yields and titers reported to 

date, with the yield 13-fold and 3.0-fold higher than reported by Xie et al. (2006) for S. cerevisiae 

expressing the 2-PS or 6-MSAS variant, respectively.  

 

Figure 2.11. Final titer and yield summary for TAL production in S. cerevisiae. Volumetric titer (g/L), 

specific production (cell basis; g/g DCW), and corresponding yield on glucose (g/g) with percent theoretical 

yield are shown. 
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2.5 Conclusions 

S. cerevisiae is an excellent host for the production of triacetic acid lactone due to the 

minimal toxicity. Our initial baseline strain produced very low titers (58 mg/L) of TAL with a yield 

on glucose of less than 1% (g/g). Initial changes in the expression system (e.g., promoter, media) 

increased TAL titer by approximately 4-fold to 0.25 g/L and increased yield by approximately 10-

fold. The introduction of protease knockouts to improve in vivo stability of the 2-pyrone synthase 

produced an additional 2-fold improvement in titer to 0.58 g/L and a further 2-fold increase in 

yield. Pathway engineering of central carbon metabolism, including the evaluation of 

computational predictions, identified a total of 15 potential gene knockouts. Up to 3-fold 

increases in TAL titer were observed for the single gene deletion strains. By combining multiple 

gene knockouts and performing batch and fed-batch culture, our highest titer was 2.2 g/L and 

our highest yield was 0.13 (g/g glucose), or 29% of theoretical. To our knowledge, this is the first 

study implementing metabolic pathway engineering to increase the synthesis of TAL. This study 

also provides the highest titer and yield of TAL reported to date. Overall, incorporation of optimal 

culture parameters and combined pathway gene knockouts led to a 37-fold increase in final titer 

and an approximately 50-fold increase in yield. Additional studies are underway to evaluate the 

upregulation of specific pathway genes and rational enzyme engineering approaches for 

improved TAL synthesis in S. cerevisiae. 
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Chapter 3: 

 

A combined approach for engineering a heterologous Type III PKS and 

enhancing polyketide biosynthesis 
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3.1 Abstract 

Polyketides are attractive compounds for uses ranging from biorenewable commodity 

chemicals to high-value therapeutics. In the vast majority of cases, heterologous enzyme 

production is necessitated in order to produce these compounds in industrially relevant host 

organisms. Various stages of expression engineering focus on transcription, translation, mRNA 

stability, or post translational modifications for improving biocatalyst performance. In this study, 

optimal functionality of the synthase during in vivo production by Saccharomyces cerevisiae was 

instead achieved using an iterative design by incorporating both in vitro kinetics and in vivo 

performance data. The Type III polyketide synthase (PKS) 2-pyrone synthase (2-PS) from Gerbera 

hybrida was used to produce triacetic acid lactone (TAL) as a model system. Rational design using 

steric hindrance of the active site led to initial in vitro characterization of variants with improved 

kcat and / or KM values relative to wildtype, and up to a 30-fold improvement in catalytic efficiency. 

Further evaluation in vivo suggested cysteines either proximal to the surface or CoA binding 

domain had a significant impact on enzyme performance during fermentation, and could protect 

the enzyme from proteolytic degradation mechanisms. Therefore, additional rounds of enzyme 

design were performed with incorporation of up to 6 amino acid changes, and a total of 41 

variants were evaluated. The E31 2-PS (C35S, C372S) variant was the most effective biocatalyst 

of all enzymes tested in vivo which had final product titers ranging from 40 mg/L to 1.23 g/L. This 

optimal enzyme variant was coupled to the engineered strain BJ5464Δpep4Δprb1Δpyc2Δnte1 

which led to nearly 8 g/L TAL at high yield (44% of theoretical) following fed-batch fermentation, 

both representing the highest reported values to date. Our studies therefore provide insight 

towards removing 2-PS surface cysteines for added stability in vivo and suggest a new strategy 

for improving biocatalyst performance in non-native microbial hosts including S. cerevisiae. 
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3.2. Introduction 

 Biocatalysts, or enzymes, are extremely useful and can be found readily in most 

household items like detergents, but are also relevant for more advanced purposes like 

facilitating conversion in biotechnology and biorenewable applications (Nikolau et al., 2008). 

Other materials also rely on biocatalysts, including but not limited to the microbial production of 

large volume commodity chemicals styrene and 1-4 butanediol as well as the therapeutic 

atorvastatin (Lipitor) which is a cholesterol-lowering agent (Ma et al., 2010; McKenna and 

Nielsen, 2011; Yim et al., 2011). This small sample of products which rely on enzymes for their 

manufacture contributes to the enzyme business, reported to be worth more than $7 billion 

(USD) worldwide (Sarrouh, 2012). The ability to leverage catalysts from nature has recently been 

enhanced by the advancement of directed evolution techniques (Bornscheuer et al., 2012; Esvelt 

et al., 2011). This approach expedites the iterative process by which improvements in stability or 

specificity can be screened and selected very rapidly. Nonetheless, advances in techniques 

including directed evolution, random mutagenesis, or combinations of them still create 

extremely large libraries that need to be screened for identification of novel enzyme variants. 

Once the variants are found it is difficult to construct a roadmap for rational construction. 

Therefore as the field of biocatalysis evolves, new design principles need to be established in 

order to continue advancing biocatalyst design. 

 A recent report suggests that the goal of biocatalysis will soon be to routinely employ 

enzymes in a complex fashion using multistep biocatalysis (Bornscheuer et al., 2012). This refers 

to the process by which natural products as the starting material will be converted into modified 

non-natural derivatives (both chemically and biologically) using reactions and pathways that are 
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not found naturally. This is consistent with the notion that the biocatalysis and traditional 

catalysis fields are envisioned to work cooperatively for the synthesis of chemicals from 

renewable means (Nikolau et al., 2008). On the biological side, the creation of complex non-

natural pathways for implementation in a microbial platform will require a high degree of 

understanding and characterizing of enzymes. Unfortunately, a significant amount of effort is still 

needed to achieve this level of understanding for the creation of robust platforms. Many studies 

still rely on random mutagenesis of an enzyme which may not readily specify what exact 

modification led to the desirable trait, making it difficult to engineer the protein in a rational 

manner. Also, proteins are often studied in crystalline form, that unfortunately is far removed 

from the accurate fluid protein dynamics which actually take place in the cell (Bornscheuer et al., 

2012; Steiner and Schwab, 2012). Therefore, rational approaches using known design rules allow 

for very selective and specific modifications which further expedite improved biocatalyst design. 

 In enzyme engineering and the field of biocatalysis, the natural product class of 

polyketides represents a great opportunity. Due to their diverse nature and often times 

promiscuity for various substrate metabolites, polyketide biosynthesis is the biological equivalent 

of combinatorial chemistry, denoted as ‘combinatorial biosynthesis’ (Nikolau et al., 2008). 

Polyketide synthases (PKSs), which catalyze the functions required for the biosynthesis of a 

polyketide, tend to have a wide distribution in their substrate specificity and catalytic activity as 

a whole (Hertweck, 2009). Additionally, subdivided into types similar to fatty acid synthase 

systems, PKSs are grouped into three categories as designated by differing iterative functions or 

carrier molecules used. Therefore a significant amount is known and well characterized for these 

enzymes. Nonetheless, many polyketides have no known biosynthetic pathway associated with 
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their synthesis (Shen, 2003), making it difficult to construct microbial cell factories purposed 

toward producing these particular polyketide structures. One method to reduce this complexity 

is to formulate design rules around very simple structures and systems as a starting point.  

 Type III PKSs are a good candidate for this endeavor since these enzymes are iterative 

multifunctional complexes often needing only one gene with no additional activities required 

(Hertweck, 2009). In addition, significant structural information has been gathered on these 

enzymes, leading to an opportunity for guided rational engineering (Steiner and Schwab, 2012). 

Specifically, crystallographic studies on Medicago sativa chalcone synthase (CHS2) and Gerbera 

hybrida 2-pyrone synthase (2-PS) suggest that a very simple organization of few residues can 

dictate the entire specificity and selectivity of the enzyme (Jez et al., 2002). The 2-PS in particular 

has also gained traction for the production of a useful chemical intermediate triacetic aid lactone 

(TAL) (Cardenas and Da Silva, 2014; Chia et al., 2012; Tang et al., 2013; Xie et al., 2006). Using 

novel chemical catalysis routes, TAL can act as intermediary to many useful materials including 

the food preservative sorbic acid, currently synthesized using non-renewable fossil fuel 

derivatives (Chia et al., 2012). Recent studies have made TAL biologically using wildtype 2-PS and 

2-PS variants in the microbial host Escherichia coli (Tang et al., 2013; Xie et al., 2006)  and 2-PS in 

Saccharomyces cerevisiae (Cardenas and Da Silva, 2014), as well as modified PKSs (Type I 6MSAS, 

Type III CHS) with 2-PS activity (Cardenas and Da Silva, 2014; Xie et al., 2006). In the study using 

2-PS variants, random mutagenesis and fluorescence sorting were used to identify the variants 

providing increased TAL levels in E. coli (Tang et al., 2013). After constructing the library and 

screening, selection of strong performers from high producing cultures only identified six residue 

modifications that conferred a significant change in TAL production, of which two were silent 
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mutations. This illustrates once again that while directed evolution approaches are rapid, they 

are also limited in the information gained. Therefore, having a rational approach to aid design in 

an attractive and simple platform may benefit the engineering of other related enzymes.     

 In this study, structural information on this class of PKS enzymes was employed to guide 

rational design of the 2-pyrone synthase for increased catalytic efficiency and stability. As enzyme 

variants were constructed and tested, subsequent variants were developed using the rules which 

were learned from the prior round using both in vitro and in vivo data as output. In total, four 

generations of 2-PS variants were created, and structure-function relationships relevant to 

biological conditions were elucidated. This combined approach of using in vitro and in vivo 

analysis for guided design led to the creation of many generations of 2-PS variants for evaluation 

for high level polyketide production. A high-producing variant was then selected for use in an 

engineered S. cerevisiae strain (BJ5464Δpep4Δprb1Δpyc2Δnte1) under fed-batch operation. 

Three fermentation feed strategies were evaluated and changes in productivity, yield, and titer 

were determined. This novel approach in combining in vitro and in vivo methods for biocatalyst 

design highlights the importance of a rational strategy for the development of protein design 

rules that could be applied to other enzyme systems. 
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3.3. Materials and Methods 

3.3.1 Strains and plasmids 

Escherichia coli BL21 (DE3) (EMD Millipore, Billerica, MA) cells were used to subclone G. 

hybrida 2-PS and all variants (provided by Bowman, M.; Salk Institute) into the pHIS8 expression 

vectors (Jez et al., 2000b). Heterologous expression and purification of the 2-PS and all variants 

for in vitro assays were performed as previously described (Jez et al., 2000b). E. coli strain XL1-

Blue (Stratagene, Santa Clara, CA) was used for amplification of yeast shuttle vector pXP842 (Shen 

et al., 2012). Protease-limited S. cerevisiae strain BJ5464 (Jones, 1991) was used as the base strain 

for TAL production. S. cerevisiae strain BY4741∆trp1 (Open Biosystems, Huntsville, AL) and 

related protease-limited strains were also used for comparison. 

Our pXP vector system (Shen et al., 2012) was used to carry all 2-PS enzyme variants. 

Specifically, the high copy 2µ-based pXP842 vector was used, harboring the glucose-repressed 

ADH2 promoter and CYC1 terminator with loxP-flanked URA3 selection marker. Yeast cells were 

transformed as previously described (Gietz et al., 1992; Hill et al., 1991) using selective SDC(A) 

plates. Cell colonies were allowed to grow for 3-5 days before generating inoculum cultures or 

glycerol stocks for long-term storage. A list of all strains and plasmids can be found in Table 3.1 

and Table 3.2. 

The Gerbera hybrida g2ps1 gene encoding the 2-PS and all variants were PCR amplified 

from the pHIS8 cassettes (Jez et al., 2000a). Following SpeI and XhoI digestion, the gene was 

inserted into pXP842 using the Rapid DNA Ligation Kit (Thermo Scientific, Waltham, MA) to  
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Table 3.1. List of plasmids and strains in E. coli 

Plasmids Description Source 

pHIS8-WT pET-28a(+), 8x Histag-2-PS Bowman, M. (Salk Institute) 

pHIS8-E1 pET-28a(+), 8x Histag-2-PS (C35A) Bowman, M. (Salk Institute) 

pHIS8-E2 pET-28a(+), 8x Histag-2-PS (C35S) Bowman, M. (Salk Institute) 

pHIS8-E3 pET-28a(+), 8x Histag-2-PS (C35S, L268F) Bowman, M. (Salk Institute) 

pHIS8-E4 pET-28a(+), 8x Histag-2-PS (C35S, L202M) Bowman, M. (Salk Institute) 

pHIS8-E5 pET-28a(+), 8x Histag-2-PS (C35S, L202F) Bowman, M. (Salk Institute) 

pHIS8-E6 pET-28a(+), 8x Histag-2-PS (C35S, L268M) Bowman, M. (Salk Institute) 

pHIS8-E7 pET-28a(+), 8x Histag-2-PS (C35S, L268F) Bowman, M. (Salk Institute) 

pHIS8-E8 pET-28a(+), 8x Histag-2-PS (C35S, I343M) Bowman, M. (Salk Institute) 

pHIS8-E9 pET-28a(+), 8x Histag-2-PS (C35S, I343F) Bowman, M. (Salk Institute) 

pHIS8-E10 pET-28a(+), 8x Histag-2-PS (C35S, M259F) Bowman, M. (Salk Institute) 

pHIS8-E11 pET-28a(+), 8x Histag-2-PS (C35S, T137L) Bowman, M. (Salk Institute) 

pHIS8-E12 pET-28a(+), 8x Histag-2-PS (C35S, T137M) Bowman, M. (Salk Institute) 

pHIS8-E13 pET-28a(+), 8x Histag-2-PS (C35S, T137F) Bowman, M. (Salk Institute) 

pHIS8-E14 pET-28a(+), 8x Histag-2-PS (C35S, I201L) Bowman, M. (Salk Institute) 

pHIS8-E15 pET-28a(+), 8x Histag-2-PS (C35S, I201M) Bowman, M. (Salk Institute) 

pHIS8-E16 pET-28a(+), 8x Histag-2-PS (C35S, I201F) Bowman, M. (Salk Institute) 

pHIS8-E17 pET-28a(+), 8x Histag-2-PS (C35S, L202F, L268M) Bowman, M. (Salk Institute) 

pHIS8-E18 pET-28a(+), 8x Histag-2-PS (C35S, L202F, L268F) Bowman, M. (Salk Institute) 

pHIS8-E19 pET-28a(+), 8x Histag-2-PS (C35S, L268M, I343M) Bowman, M. (Salk Institute) 

pHIS8-E20 pET-28a(+), 8x Histag-2-PS (C35S, C65A) Bowman, M. (Salk Institute) 

pHIS8-E21 pET-28a(+), 8x Histag-2-PS (C35S, C65S) Bowman, M. (Salk Institute) 

pHIS8-E22 pET-28a(+), 8x Histag-2-PS (C35S, C89A) Bowman, M. (Salk Institute) 

pHIS8-E23 pET-28a(+), 8x Histag-2-PS (C35S, C89S) Bowman, M. (Salk Institute) 

pHIS8-E24 pET-28a(+), 8x Histag-2-PS (C35S, C135A) Bowman, M. (Salk Institute) 

pHIS8-E25 pET-28a(+), 8x Histag-2-PS (C35S, C135S) Bowman, M. (Salk Institute) 

pHIS8-E26 pET-28a(+), 8x Histag-2-PS (C35S, 195A) Bowman, M. (Salk Institute) 

pHIS8-E27 pET-28a(+), 8x Histag-2-PS (C35S, 195S) Bowman, M. (Salk Institute) 

pHIS8-E28 pET-28a(+), 8x Histag-2-PS (C35S, 346A) Bowman, M. (Salk Institute) 

pHIS8-E29 pET-28a(+), 8x Histag-2-PS (C35S, 346S) Bowman, M. (Salk Institute) 

pHIS8-E30 pET-28a(+), 8x Histag-2-PS (C35S, 372A) Bowman, M. (Salk Institute) 

pHIS8-E31 pET-28a(+), 8x Histag-2-PS (C35S, 372S) Bowman, M. (Salk Institute) 

pHIS8-E32 pET-28a(+), 8x Histag-2-PS (C89S, C372S) Bowman, M. (Salk Institute) 

pHIS8-E33 pET-28a(+), 8x Histag-2-PS (C35S, C89S, C372S) Bowman, M. (Salk Institute) 

pHIS8-E34 pET-28a(+), 8x Histag-2-PS (C89S, C346A, 372S) Bowman, M. (Salk Institute) 
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Table 3.1. List of plasmids and strains in E. coli (cont.) 
 

 

 

 

Plasmids Description Source 

pHIS8-E35 pET-28a(+), 8x Histag-2-PS (C35S, C89S, C346A, 372S) Bowman, M. (Salk Institute) 

pHIS8-E36 pET-28a(+), 8x Histag-2-PS (C65, C89S, 372S) Bowman, M. (Salk Institute) 

pHIS8-E37 pET-28a(+), 8x Histag-2-PS (C35S, C65, C89S, 372S) Bowman, M. (Salk Institute) 

pHIS8-E38 pET-28a(+), 8x Histag-2-PS (C89S, C346A, C195S, 372S) Bowman, M. (Salk Institute) 

pHIS8-E39 pET-28a(+), 8x Histag-2-PS (C35S, C89S, C195S, C346A 372S) Bowman, M. (Salk Institute) 

pHIS8-E40 pET-28a(+), 8x Histag-2-PS (C65S, C89S, C195S, C346A, 372S) Bowman, M. (Salk Institute) 

pHIS8-E41 pET-28a(+), 8x Histag-2-PS (C35S, C65S, C89S, C195S, C346A, 372S) Bowman, M. (Salk Institute) 

Strains Description Source 

E. coli BL21(DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS EMD Millipore 
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Table 3.2. List of plasmids and strains in S. cerevisiae 

 

Plasmids Description Source 

pXP842 2µ vector, ADH2 promoter, CYC1 terminator, URA3 selectable marker Shen et al. (2012) 

pXP842-WT pXP842 harboring 2-PS This study 

pXP842-E1 pXP842 harboring 2-PS (C35A) This study 

pXP842-E2 pXP842 harboring 2-PS (C35S) This study 

pXP842-E3 pXP842 harboring 2-PS (C35S, L268F) This study 

pXP842-E4 pXP842 harboring 2-PS (C35S, L202M) This study 

pXP842-E5 pXP842 harboring 2-PS (C35S, L202F) This study 

pXP842-E6 pXP842 harboring 2-PS (C35S, L268M) This study 

pXP842-E7 pXP842 harboring 2-PS (C35S, L268F) This study 

pXP842-E8 pXP842 harboring 2-PS (C35S, I343M) This study 

pXP842-E9 pXP842 harboring 2-PS (C35S, I343F) This study 

pXP842-E10 pXP842 harboring 2-PS (C35S, M259F) This study 

pXP842-E11 pXP842 harboring 2-PS (C35S, T137L) This study 

pXP842-E12 pXP842 harboring 2-PS (C35S, T137M) This study 

pXP842-E13 pXP842 harboring 2-PS (C35S, T137F) This study 

pXP842-E14 pXP842 harboring 2-PS (C35S, I201L) This study 

pXP842-E15 pXP842 harboring 2-PS (C35S, I201M) This study 

pXP842-E16 pXP842 harboring 2-PS (C35S, I201F) This study 

pXP842-E17 pXP842 harboring 2-PS (C35S, L202F, L268M) This study 

pXP842-E18 pXP842 harboring 2-PS (C35S, L202F, L268F) This study 

pXP842-E19 pXP842 harboring PS (C35S, L268M, I343M) This study 

pXP842-E20 pXP842 harboring 2-PS (C35S, C65A) This study 

pXP842-E21 pXP842 harboring 2-PS (C35S, C65S) This study 

pXP842-E22 pXP842 harboring 2-PS (C35S, C89A) This study 

pXP842-E23 pXP842 harboring 2-PS (C35S, C89S) This study 

pXP842-E24 pXP842 harboring 2-PS (C35S, C135A) This study 

pXP842-E25 pXP842 harboring 2-PS (C35S, C135S) This study 

pXP842-E26 pXP842 harboring 2-PS (C35S, 195A) This study 

pXP842-E27 pXP842 harboring 2-PS (C35S, 195S) This study 

pXP842-E28 pXP842 harboring 2-PS (C35S, 346A) This study 

pXP842-E29 pXP842 harboring 2-PS (C35S, 346S) This study 

pXP842-E30 pXP842 harboring 2-PS (C35S, 372A) This study 

pXP842-E31 pXP842 harboring 2-PS (C35S, 372S) This study 

pXP842-E32 pXP842 harboring 2-PS (C89S, C372S) This study 

pXP842-E33 pXP842 harboring 2-PS (C35S, C89S, C372S) This study 

pXP842-E34 pXP842 harboring 2-PS (C89S, C346A, 372S) This study 
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Table 3.2. List of plasmids and strains in S. cerevisiae (contd.) 
 

 

 

Table 3.3. List of primers used

Plasmids Description Source 

pXP842-E35 pXP842 harboring 2-PS (C35S, C89S, C346A, 372S) This study 

pXP842-E36 pXP842 harboring 2-PS (C65, C89S, 372S) This study 

pXP842-E37 pXP842 harboring 2-PS (C35S, C65, C89S, 372S) This study 

pXP842-E38 pXP842 harboring 2-PS (C89S, C346A, C195S, 372S) This study 

pXP842-E39 pXP842 harboring 2-PS (C35S, C89S, C195S, C346A 372S) This study 

pXP842-E40 pXP842 harboring 2-PS (C65S, C89S, C195S, C346A, 372S) This study 

pXP842-E41 pXP842 harboring 2-PS (C35S, C65S, C89S, C195S, C346A, 372S) This study 

Strains Description Source 

BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems 

BY4741∆trp1 BY4741 trp1::KanMX Open Biosystems 

BJ5464 MATα ura3-52 trp1 leu2∆1 his3∆200 pep4::HIS3 prb1∆1.6R can1 GAL E.W. Jones (1991) 

BJ∆pyc2∆nte1 BJ5464 pyc2::TRP1 nte1::LEU2 Cardenas and Da Silva (2014) 

Primer Name Primer Sequence 

2PS-F TCCCACTAGTAAAAAAATGCATCATCATCATCATCATGGATCTTTACTCATCCGATGTGGAG 

2PS-R TGGTAATCCTCGAGTCAGTTTCCATTGGCAACCGCAGCAGTAACG 
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construct pXP218-2PS and pXP842-2PS. A list of primers used for plasmid construction can be 

found in Table 3.3. Plasmid recovery was performed using the GeneJetTM Plasmid Miniprep Kit 

(Thermo Scientific, Waltham, MA) and DNA sequence analysis confirmed the correct sequence 

of all PCR-amplified inserts (GeneWiz, South Plainfield, NJ; Eton Biosciences, San Diego, CA). 

The KOD Hot-start polymerase (EMD Chemicals, San Diego, CA) was used in PCR reactions 

for plasmid constructs. Restriction enzymes, T4 DNA ligase, Taq DNA polymerase, and 

deoxynucleotides (dNTPs) were purchased from New England Biolabs (Ipswich, MA). 

Oligonucleotide primers were purchased from IDT DNA (San Diego, CA). 

3.3.2 Media and cultivation 

Luria-Bertani (LB) media was used for proliferation of strain XL1-Blue with 150 mg/L 

ampicillin added for selection of plasmid-containing cells (Sambrook and Russell, 2001). For 

yeast, complex YPD media (1% dextrose; 1% Bacto yeast extract; 2% Bacto peptone) was used 

for 48h cultivations. For inoculum cultures, S. cerevisiae strains were grown for 16 h overnight in 

5 mL selective SDC(A) (1% dextrose, 0.67% yeast nitrogen base, 0.5% Bacto casamino acids, 0.5% 

ammonium sulfate and 100 mg/L adenine)  media in an air shaker (New Brunswick Scientific) at 

250 rpm and 30°C,  and used to inoculate cultures to an initial cell density (OD600) of 0.3 (Shimadzu 

UV-2450 UV-VIS Spectrophotometer, Columbia, MD). During the cultivation, a 48h sample was 

taken where cell densities were determined and the samples were centrifuged at 3,000 rpm 

(2,600 g) for 5 min at 4°C (Beckman GS-6R Centrifuge, Brea, CA). The supernatants were stored 

at 4°C for HPLC analysis of TAL levels in the culture broth. 
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3.3.3 In vitro 2-PS activity assays 

 Standard activity assay conditions for screening included 100mM potassium phosphate 

(pH 7.0), 60µM [2-14C]malonyl-CoA, 60µM acetyl-CoA, and 250 nM protein in a 500µL reaction 

volume. Reactions were quenched after 30 minutes with 5% acetic acid, and extracted with ethyl 

acetate at 25°C. Steady state kinetic parameters were determined from initial velocity 

measurements in which product formation was linear over the time periods monitored, using 

standard assay conditions with 60µM malonyl-CoA and varying acetyl-CoA from 0.5 to 64 µM. 

Reactions were similarly quenched as stated above. Quantitation and fitting of data were 

performed as previously described (Jez et al., 2000b).  

3.3.4 2-PS oxidation assays 

 Preliminary 2-PS oxidation analysis was performed in vitro on purified enzyme isolates 

from E. coli incubated with 100mM potassium phosphate (pH 7.0), in the presence or absence of 

10mM reducing agent tris (2-carboxyethyl) phosphine (TCEP). Activity assays were performed as 

above after purified enzymes were allowed to incubate at room temperature for a period 

between 0-2 h in assay buffer. The half-life (time to reach 50% activity) was determined from this 

data. Activity measurements were normalized to the percent activity at time zero (T = 0).  

For 2-PS oxidation studies using TAL-producing yeast, standard DTNB assay conditions 

included 150 mM tris buffer (pH 8.0), 4 mM DTNB, and 2nmol of purified protein. The purified 

protein was extracted from yeast cultures at 12 h intervals from 24 to 48 h using a modified 

purification scheme as described (Jez et al., 2000b). Samples were taken from cultivations done 

aerobically and anaerobically, and protein extracts were protected from further environmental 
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oxidation via nitrogen-sparging until performing the assay. No reducing agents were added 

during the purification which was terminated following elution through Ni-NTA columns. The free 

thiol levels were reported as a concentration (µM) of free thiols after converting the absorbance 

of samples at 412nm (Shimadzu UV-2450 spectrophotometer; Columbia, MD) using a standard 

curve from dithiothreitol (DTT) standards with concentrations ranging from 0-20 µM. 

3.3.5 HPLC assay 

 The concentration of triacetic acid lactone was measured by HPLC using a Shimadzu HPLC 

system: LC-10AT pumps (Shimadzu), UV-VIS detector (SPD-10A VP, Shimadzu), Zorbax SB-C18 

reversed-phase column (2.1x150 mm, Agilent Technologies). Acetonitrile buffered in 1% acetic 

acid was used as the mobile phase, while HPLC grade water buffered in 1% acetic acid was used 

as the aqueous phase. A gradient program using a 95-85% Pump B gradient (H2O with 1% acetic 

acid) provided an elution time of approximately 12 minutes (flow rate 0.25 mL/min, column 

temperature 25°C). 

3.3.6 Batch and fed-batch fermentations 

 A New Brunswick BioFlo III system equipped with a 2.5 L vessel was employed to maintain 

cultivation parameters during batch and fed-batch operation. Initial 5mL overnight cultures of 

the engineered strain were grown to inoculate a 50mL shake flask culture to be used as the seed 

inoculum. Following inoculation to an OD600 of 0.3 in YPD, the fermentor pH was controlled at pH 

6 by automatic supply of either 6M sodium hydroxide or 6M hydrochloric acid. Throughout the 

fermentation, Antifoam SE-15 (Sigma) was pumped for maintenance of foaming and controlled 

by the antifoam probe. Dissolved oxygen was initially maintained by using a 400 rpm agitation 
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speed, and supplying sparged air at a rate of 0.2 vvm in order to maintain dissolved oxygen levels 

at 20%. While agitation was kept constant, the aeration rate was allowed to increase in order to 

ensure DO levels could be maintained. No additional control was employed for batch operation. 

The cultivation was allowed to proceed under these conditions for approximately 12 h for 

glucose-fed and 24 h for ethanol-fed operation before the selected carbon source feed was 

initiated at 1.5 mL/h (glucose feed, 3.6M) and 2.5 mL/h (ethanol feed, 16% v/v). For use of a 

fortified glucose feed, nitrogen-containing amino acids were supplemented into the 3.6M 

glucose feed at a carbon-to-nitrogen ratio of 35:1 (g/g) for nitrogen-limited conditions using a 

modified amino acid profile from the literature (Albers et al., 1996; Manikandan et al., 2010) The 

amino acid supplementation was: 869 mg/L L-arginine, 960 mg/L L-aspartic acid, 12.4 mg/L L-

glutamine, 360 mg/L L-glutamic acid, 84.5 mg/L L-lysine-HCL, 100 mg/L adenine sulfate. The 

glucose feed rate varied to maintain DO levels at 20% with constant agitation (400 rpm) and 

aeration (0.8 vvm). The ethanol feed rate was kept constant throughout the fermentation; 

therefore, DO levels were maintained using an agitation-coupled DO control using a maximum 

agitation rate of 425 rpm and constant aeration rate of 0.2 vvm. 

3.3.7 Yield calculations 

Yield was calculated as the total TAL formed divided by the total carbon supplied to the 

culture. Maximum theoretical yield was calculated based on the metabolic reactions from the 

carbon source to TAL assuming all carbon was converted to product, and was determined to be 

0.47 g/g on glucose, and 0.91 g/g on ethanol. Therefore, the percent of the theoretical yield of 

TAL on glucose was calculated as: [TAL (g/L) / Carbon Fed (g/L) / X (g/g Carbon) * 100%]. 
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3.4. Results and Discussion 

3.4.1 Modulating activity of the active site  

 Prior work in our collaborator’s lab showed that modulation of a Type III PKS active site 

pocket is enough to alter final product formation (Jez et al., 2000a). Enzyme promiscuity is well-

known for PKSs in nature (Pfeifer and Khosla, 2001); therefore steric modulation was performed 

in order to improve specificity, and performance was verified by changes in enzyme activity and 

kinetic parameters. Based on the cavity conformation of the active site, specific amino acids were 

selected for modification (Figure 3.1). As a means to reduce promiscuity in substrates 

accommodated by the 2-pyrone synthase (data not shown), a constriction of the active site was 

performed by introduction of bulkier residues as substitutions. To this end, amino acids were 

modified to either a leucine, methionine, or phenylalanine residue. For amino acid residues that 

are one of these three, only larger residues if available were substituted. To perform in vitro 

assays, the highly exposed C35 cysteine was also substituted for a serine (C35S) to reduce thiol 

oxidation during execution of the assay.  

      

Figure 3.1 (A) Illustration of amino acid positions conferring size in the active site, as denoted by Greek 

symbols and (C) corresponding function. (B) Amino acid residue positions, highlighting CHS-conserved 

residues in the naringenin-producing chalcone synthase leading to 2-PS activity (Jez et al., 2000a) 

 α = 343 (CHS 338) 3X mutation site 

 β = 137 (CHS 132) 

 γ = 259 (CHS 254) 

 δ = 261 (CHS 256) 3X mutation site 

 ε = 268 (CHS 263) 

 ζ = 201 (CHS 196) 

 η = 202 (CHS 197) 3X mutation site 

Mutation Site Label Function

I201, L202 η, ζ Prevent long extensions

L268 ε Limit loading specificity

I343, M259 α , γ Reduce pocket size

T137 β Derailment pocket

C35 --- Reduce oxidation sensitivity

A) B) C) 
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 Prior to testing the enzyme performance in S. cerevisiae, preliminary in vitro assays were 

performed on a selection of variants that purified well, and steady state kinetic parameters were 

determined (Figure 3.2, Table 3.4). As discussed, variations in the active site were coupled to the 

C35S substitution. From this subset tested (Gen-1), a significant change in both kcat and KM was 

possible. Modifying at C35 to C35S drastically reduced the KM without altering the catalytic 

efficiency, suggesting that substrate binding had been altered in this variant. This was 

unexpected since C35S is not near the active site nor substrate binding region. The improvements 

in KM values were significantly larger (up to 16X) than those of the kcat (up to 1.9X), suggesting 

that turnover is not limiting, and substrate specificity is the biggest contribution to improvements 

in engineered 2-PS variants. 2-PS enzyme variant E5 had the highest change in both kcat and KM, 

resulting in a kcat / KM nearly 30-fold better than the wildtype (WT) 2-PS. Variant E15 had a 

significant reduction in kcat (15% of WT) and KM (15% of WT) which implies this I201M 

modification is severely affecting the turnover of the enzyme. These 2-PS variants were evaluated 

in order to have a baseline for comparing performance in vitro and in vivo.   

  Following these initial studies, TAL was produced in vivo in by transforming the yeast 

strain BJ5464 using yeast shuttle vectors carrying the complete Gen-1 set of 2-PS variants (Table 

3.2). The transformed strains were then cultivated in 1% YPD, and titers measured after 48 h of 

cultivation, as shown for variants E2-E19 in Figure 3.3. As a baseline for in vivo TAL levels, the 

wildtype 2-PS was expressed and was found to produce 0.48 g/L TAL. First, we compared in vivo 

data to what was observed in vitro (Figure 3.3). Changes in E2 are consistent in 
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Figure 3.2 Steady-state kinetic parameters for 2-PS and initial 2-PS variants (Data from Table 3.4). 

 
 
Table 3.4 Steady state kinetic parameters for wildtype 2-PS and 2-PS variants (Gen-1 subset) 

 kcat (s-1) KM (µM) kcat / KM (M-1s-1) 

WT 0.00148 3.15 471 

E2 [C35S] 0.00176 0.565 3108 

E5 [C35S,L202F] 0.00274 0.199 13,790 

E7 [C35S,L268F] 0.000928 2.981 311 

E9 [C35S,I343F] 0.00184 2.246 819 

E15 [C35S,I201M] 0.000209 0.488 430 

Values for kcat, KM, and kcat / KM  are s-1, µM, and M-1s-1, respectively, and represent mean values (n=3)  

both studies, where reduced thiol oxidation translated to increased TAL titer (0.85 g/L) and 

appears to support improved stability inside the cell. In E5, which was the best performer by far 

in vitro (30-fold higher kcat / KM ), a nearly 70% increase was found (0.80 g/L), although slightly 

lower than E2 (C35S alone); this suggests that in vivo, E5 no longer is an ideal candidate for TAL 

synthesis. In regards to E7, E9, and E15, in vivo data was more inconsistent with the in vitro 

results. From the data shown in Table 3.4, E7 (C35S, L268F) was found to have a slightly lower 

catalytic efficiency than wildtype, yet our in vivo data indicates that E7 is one of the best enzyme 

 



87 
 

  

 

 

 

 

 

 

 

Figure 3.3 Triacetic acid lactone titers (g/L) in vivo for 1st generation (Gen-1) variants in strain BJ5464. All 

variants have C35S in addition to one or multiple active site modifications as shown. Wildtype 2-PS is 

shown for comparison (light blue, hatched). Bars represent mean values ± standard deviation (n=6 

independent experiments).  

 

variants for TAL, with a titer increase over 2-fold that of the wildtype (1.04 g/L) and over 20% 

higher than E2 (C35S). In addition, E9 had a nearly 2-fold higher kcat / KM in vitro and only made 

~80 mg/L TAL (17% of WT) in vivo, suggesting in vivo processes have rendered this variant a poor 

performer in the cell. With respect to E15, only ~50 mg/L TAL was made in strain BJ5464 (Figure 

3.3) even though catalytic efficiency was similar to wildtype. Since E9 had a severely low turnover, 

the reduced KM appears to have had no impact in our substrate-limited cultures, causing poor in 

vivo performance.  

Analyzing the rest of Gen-1 variants provides further guidance in devising engineered 

enzyme constructs. For modifiers of L202 (E4 and E5) which is in close proximity to docking of the 

acyl chain (Figure 3.1), either M or F substitution gives similar enhancement to in vivo TAL levels. 

A similar trend was observed for the L268 variants (E6 and E7) in which both substitutions allowed 
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for increased TAL over the wildtype, although E7 was the only one able to improve beyond E2. 

Bulkier residues at I343 (E8 and E9) both performed poorly, and in conjunction with in vitro data 

for E9, suggests that there is no room for improvement at this position, and any cavity reduction 

here will render the enzyme with low activity. For changes at position M259 (E10), a reduction in 

TAL titer was found relative to E2, suggesting that bulkier residues are detrimental at this 

position. The T137 position was also interesting in that while E11 and E12 variants truncated the 

pocket further than normal, only T137F (E13) exceeded E2 TAL titers to 1.1 g/L (30% above E2). 

This result implies that the nucleophilic threonine is more accommodating of bulky aromatics 

than hydrophobic residues like leucine and methionine. In addition, since T137M was the worst 

of the E11-E13 cluster, it is likely that sulfur chemistry with neighboring side chains may cause an 

issue with TAL formation. At I201, neither leucine nor phenylalanine substitutions were capable 

of conferring increased TAL over E2, with additional poor performance in I201M in both in vitro 

kinetics and in vivo titers. This would suggest that I201 is not amenable to modification for 

improving enzyme efficiency and should be left unmodified. Further combinations of these 

substitutions were performed (E17-E19), and it appears coupling of multiple bulky residues into 

one enzyme cavity restricts the flexibility too much. From these results, it was determined that 

E2 was profoundly critical in conferring increased activity both in vitro and in vivo. Additionally, 

based on the predicted function at each residue (Figure3.1), 2-PS cavity modifications at T137, 

L202, and L268 likely favored a restricted specificity of both substrates and intermediates for 

increased activity and TAL titers in vivo.  
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3.4.2 Importance of C35 and role of C35S variant 

 In the process of evaluating the previously discussed subset of enzyme variants in vitro, 

the C35S substitution was revealed to have a significant role in 2-PS catalytic efficiency. The data 

suggests C35S is affecting KM to a greater degree than kcat, and therefore altering the amount of 

substrate required to reach half of the Vmax. Based off of the known crystal structure of 2-PS 

(Figure 3.4), C35 is not proximal to the active site, but is exposed to the surface of the enzyme. 

We therefore sought to investigate a possible mechanism for why C35 was so important. To do 

this, new variants (Gen-2) were constructed for evaluation of each E7 modification independent 

of the other (E2 versus E3), as well as using a C35A modifier (E1). The C35A substitution allows 

us to introduce a similar-sized residue to the wildtype but without a reactive side group. In 

addition to wildtype, the E1, E2, E3, and E7 variants (note that E2 and E7 were already 

  

  

Figure 3.4 Jmol representation of 2-pyrone synthase crystal structure (E.C.2.3.1.74, pdbj.org). Structure 

illustrated as active homodimer with all 14 cysteine residues (active site omitted) highlighted (yellow) 

along with side chain thiol groups (pink) and the disulfide-bonded sites (circle, white).   
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constructed previously) were expressed in S. cerevisiae using pXP842, and cultivated for 48 h 

before determining in vivo TAL levels (Figure 3.5).  In contrast to E2 and E7 which previously 

showed increased levels, we see that in vivo TAL for E1 and E3 (with C35A) were much lower than 

the wildtype 2-PS. The E1 variant made ~40 mg/L TAL and E3 produced ~320 mg/L, corresponding 

to a 90% and 50% loss in titer relative to wildtype, respectively. Kinetic parameters were also 

determined for the E1 and E3 variants (Table 3.5). Using in vitro kinetic measurements, E1 

increased 6-fold and E3 decreased 2-fold in catalytic efficiency (kcat / KM), respectively. The strong 

performance of C35S in yeast relative to C35A in conjunction with the high kcat / KM of C35A 

relative to C35S suggests a discrepancy between what determines 2-PS performance at the 

kinetics level in vitro versus in vivo. Additionally, the 2-PS crystal structure shows that C35 is fully 

exposed to the surface (Figure 3.4). Therefore substituting a polar side chain like serine at C35 is  

  

 

Figure 3.5 Triacetic acid lactone titers (g/L) in vivo for Gen-2 variants and comparison variants E2 and E7 

along with the wildtype (light blue, hatched) in strain BJ5464. Bars represent mean values ± standard 

deviation (n=6 independent experiments). 
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Table 3.5 Steady state kinetic parameters for wildtype 2-PS and 2-PS variants (Gen-2) 

 kcat KM kcat / KM 

WT 0.00148 3.15 471 

E1 [C35A] 0.000972 0.336 2891 

E3 [L268F] 0.00205 8.56 240 

Values for kcat, KM, and kcat / KM  are s-1, µM, and M-1s-1, respectively and represent mean values (n=3) 

more beneficial than a hydrophobic alanine and will be tolerant of the hydrophilic environment 

of the cytosol. With respect to E3, it appears that the reduced catalytic efficiency resulted in a 

poor performance in vivo. In addition, Gen-2 variants show that catalytic turnover is not playing 

a significant role, whereas KM shows the biggest changes. These results would suggest that C35S 

and L268F work cooperatively in vivo, likely related to their proximity to the acyl-loading site. This 

new evidence highlights the importance of C35, a residue distant to the active site and exposed 

to the enzyme’s surface. 

3.4.3 Role of surface exposed 2-PS cysteine residues in vivo 

The 2-pyrone synthase is a cysteine-rich protein, harboring 16 thiol side chains in an active 

homodimer conformation. Following the identification of the E2 variant and the robustness in 

both in vitro and in vivo environments, single cysteine residues outside of the conserved catalytic 

triad (i.e., C169 omitted) were modified by substitution with an A or S. These amino acids were 

chosen due to their comparable side chain size as well as the ability to introduce similar (serine, 

OH side group) or different (alanine, methyl group) properties. This allows determination of 
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Figure 3.6 Triacetic acid lactone titers (g/L) in vivo for Gen-3 variants as compared to wildtype (light blue, 

hatched) and E2 (C35S) in strain BJ5464. All variants have C35S in addition to one other cysteine residue 

as shown. Bars represent mean values ± standard deviation (n=6 independent experiments). 

 

interactions that are most important at the different residue positions. All variants (Gen-3) 

additionally harbored the C35S modification, and in vivo production of TAL was once again 

evaluated (Figure 3.6). The percent increase in the titer relative to the E2 variant (C35S) was also 

tabulated (Table 3.6). The C65 residue had the largest difference between any A/S substitution 

pair evaluated. This residue is also the closest cysteine residue proximal to the CoA binding 

domain. Since the hydrophobic residue had such a negative effect in vivo, it is likely that side 

chain chemistry at this residue alters substrate recruitment in our strains. Three cysteines (C65, 

C89, and C372) are exposed to the cell surface similarly to C35. In all three cases, the CS 

substitution was much more favorable (E21, E23, E31) than the alanine substitution. This parallels 

the result with the exposed C35, where the hydrophobic alanine was extremely detrimental to 

TAL formation in vivo.  
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For C135 and C195, crystal structure suggests they form a disulfide bond with each other 

on each subunit (Figure 3.4). Disruption of this disulfide bond can happen at either one of the 

two cysteines via A or S substitution (C135A, C135S, C195A, or C195S). Out of the four possible 

arrangements, the C135S/C195 conformation led to a substantial increase in TAL titer relative to 

C35S alone (Table 3.6). The C135/C195A was also able to increase performance in vivo (23% on 

titer basis).  This data therefore suggests that this disulfide bridge is not strictly needed for 

activity, and can be manipulated to improve TAL production in S. cerevisiae. Specifically, C135 is 

slightly exposed and appears to prefer the polar serine modification. Regardless, multiple 

variants with changes to the highly exposed surface cysteines increased TAL levels and therefore 

should be the focus of future modifications. For C346, neither A or S substitutions yielded any 

improvement in TAL formation in vivo (Figure 3.6). This cysteine is highly buried inside the 2-PS 

monomer, which correlates with a preference to the hydrophobic alanine as seen in the buried 

C195. From these in vivo observations, cysteine modifications are important for in vivo 

performance regardless of spatial distance from the known catalytic machinery and substrate 

recruitment domain. Careful selection of serine and alanine substitutions can be a promising 

strategy to make better biocatalysts and improve performance of heterologous PKS enzymes in 

S. cerevisiae. 
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Table 3.6 Percent increased TAL titer (g/L) for Gen-3 variants, relative to E2 (C35S). Cysteine positions 
exposed to the surface are highlighted (bold, italicized text). Colored shading implies positive (green) 
versus negative (red) improvements. Values represent mean values (n = 6). 

Exposed cysteines 
(beyond C35S) 

TAL titer (g/L) % above C35S 

--- 0.48 --- 

C65S 1.23 44% 

C372S 1.23 44% 

C135S 1.23 44% 

C89S 1.20 41% 

C195A 1.05 23% 

C89A 0.94 10% 

C346A 0.92 8% 

C195S 0.86 1% 

C135A 0.74 -13% 

C372A 0.61 -28% 

C346S 0.51 -40% 

C65A 0.31 -64% 

 

3.4.4 Combining cysteine substitutions in one 2-PS variant 

 The evaluation of cysteine residue substitutions not associated with the catalytic 

machinery of 2-PS has demonstrated that thiol side chains are instrumental in how the enzyme 

performs inside a biological environment. To understand the mechanisms that are responsible 

for this behavior, additional variants (Gen-4) were constructed. First, cysteines at varying 

positions which accommodate desired in vivo performance were selected, including C65, C89, 

C195, C346, and C372. These positions were modified in the presence or absence of the critical 

C35S substitution, and in vivo TAL levels were compared (Figure 3.7). For all variants 

incorporating C35S (E33-E41, odd only), TAL production was maintained at similar levels (0.80-

0.95 g/L), although slightly lower than E31 (C35S, C372S). In the case of the same constructs not 
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harboring C35 (E32-40, even only), subsequent introduction of favorable cysteine substitutions 

led to increasingly reduced levels of TAL in vivo (Figure 3.7). Knowing that C35S dictated whether 

or not improvements were achieved when using the L268F modification (Figure 3.5), this data 

further supports an active role of C35S on 2-PS performance. The kinetics data (Table 3.4) also 

demonstrate that C35 can have an effect on catalytic efficiency, primarily in substrate affinity. In 

addition, data from Gen-4 variants supports a concerted mechanism that selectively alters 

enzyme performance when C35S is absent. This suggests that cellular machinery native to the 

cytosol might act on the highly reactive thiol side groups, and should the C35 become a preferred 

site (i.e. when all other surface exposed cysteines are removed), TAL-synthesizing potential is 

greatly reduced.  

 

Figure 3.7 Triacetic acid lactone titers (g/L) in vivo for Gen-4 variants as compared to wildtype (light blue, 

hatched), E2 (C35S), and E31 (C35S, C372S) in strain BJ5464. Bars represent mean values ± standard 

deviation (n=6 independent experiments). 
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Many enzymes have cysteines on the surface like 2-PS, often times as a defensive 

mechanism to oxidation which might render the enzyme inactive (Requejo et al., 2010). To 

determine any role in 2-PS, oxidation of the enzyme was evaluated. First, oxidation of the enzyme 

was evaluated by an in vitro assay using E. coli purified 2-PS enzymes WT, E2 (C35S), and E31 

(C35S, C372S). In this assay, the purified enzymes were incubated in the presence or absence of 

the common reducing agent tris (2-carboxyethyl) phosphine (TCEP). Enzymes were allowed to 

undergo oxidation on the lab bench for up to 2 h, and specific activity was evaluated at different 

intervals (Figure 3.8). Relative to their starting activity, the percent activity of the enzyme as it 

was oxidized was determined and the enzyme half-life calculated. In reactions performed in the  

TCEP  Oxidation  Studies
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Figure 3.8 Percent activity levels as a function of time following incubation at room temperature (aerobic 

environment), performed on wildtype 2-PS, E2 (C35S), and E31 (C35S, C372S). Enzymes were 

simultaneously incubated in the presence or absence of reducing agent TCEP. Values shown represent 

mean values (n = 3). 
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presence of TCEP, we see that the wildtype half-life was 27 min, versus 38 min and 54 min for E2 

and E31 variants. Additionally, all three enzyme half-lives increased when TCEP was introduced. 

For wildtype and E2, half-life improved to similar levels (75 and 78 min, respectively), but E31 

increased further to 122 min. These results confirm that 2-PS is sensitive to oxidation. It also 

provides a measure for the amount of protection from oxidation that a variant might provide, as 

10mM TCEP was enough reducing power to make wildtype comparably as good as C35S. This 

assay therefore confirms 2-PS can be engineered to have reduced oxidation which has been 

found to support enhanced TAL levels in yeast. 

While this assay demonstrated 2-PS oxidation susceptibility using purified E. coli extracts 

following exposure to an oxygen rich environment (lab bench), we also chose to evaluate 

oxidation susceptibility during TAL biosynthesis by the wildtype 2-PS in S. cerevisiae. Following 

aerobic and anaerobic cultivation in 1% YPD media for 24, 36, and 48 h, 2-PS was purified out of 

the culture and assayed using Ellman’s reagent (DTNB). By exposing DTNB to 2-PS, free thiol 

groups attack DTNB and form the TNB2- anion that is readily measured by absorbance at 412nm. 

To ensure that the oxidation state of each thiol was unaltered from the time of cultivation, 

purifications proceeded using native conditions and in the absence of oxygen. Once the DTNB 

reaction was allowed to proceed completely, free thiol levels were determined (Figure 3.9). For 

aerobic cultivation of S. cerevisiae, thiol levels increased from 24 to 36 h per mg of 2-PS enzyme 

assayed. A similar trend was observed for anaerobic cultivation, although overall lower free thiols 

were present under these conditions. In all cases, the free thiol levels are extremely low relative 

to an active 2-PS homodimer having all thiol side groups available for DTNB attack. Using these 

concentrations, we can calculate that on a relative percent basis to a fully reduced 2-PS, only 2-
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30% of the available thiols are in the free, non-oxidized form. Therefore this data suggests there 

might be enzyme oxidation taking place during cultivation conditions in S. cerevisiae. One factor 

to the overall low levels could be the known oxygen-stress that happens when oxygen is absent 

during cultivation (Koc et al., 2004; Steels et al., 1994). First, the overall lifespan of a culture 

grown anaerobically is approximately half that of a fully aerobic culture (Koc et al., 2004), but 

also cells grown anaerobically are unable to tolerate heat and peroxide stresses (Steels et al., 

1994). The cultivation conditions alone will result in more oxidized proteins in general as a 

response to the accelerated aging that takes place anaerobically. The increasing / decreasing thiol 

levels (Figure 3.9) in both cultivation conditions also suggests that an oxygen-insensitive 

mechanism may be oxidizing the protein. This may be explained by reactive oxygen species (ROS) 
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Figure 3.9 Thiol concentrations in wildtype 2-PS purified following aerobic (open square) and anaerobic 

(asterisk) cultivation in S. cerevisiae at 24, 36, and 48 h. Values shown represent mean values ± one 

standard deviation (n = 6 independent experiments). 
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which trigger oxidation in later stages of growth (Costa et al., 2007). Since one of yeast’s ROS 

response systems utilizes the antioxidant glutathione to balance its reduced (GSH) and oxidized 

(GSSG) forms, it is possible that covalent attachment of glutathione to a protein thiol, like an 

exposed cysteine on the 2-PS surface, could diminish protein function (Grek et al., 2013). 

Observations therefore support a temporal change in free thiols for 2-PS cultivated in S. 

cerevisiae which could be associated with protein oxidation. 

3.4.5 Variant 2-PS enzymes produce high TAL levels in presence of endogenous proteases 

 The experimental data presented suggests that surface cysteines should be 

altered for increased performance. The E2 (C35S) variant was capable of improved catalytic 

efficiency, and necessary to maintain 2-PS activity with fewer surface cysteines (Figure 3.7). The 

initial TCEP assay results (Figure 3.8) suggest that removal of reactive thiols supports better 

stability (increased half-life) by preventing oxidation. The temporal changes in free thiol levels 

when 2-PS is expressed in yeast (Figure 3.9) also suggests eliminating cysteines could be 

advantageous. It is well known that proteolytic activity is useful for repairing or recycling 

damaged protein (Costa et al., 2007). Previous studies on wildtype 2-pyrone synthase (2-PS) 

suggested that heterologous expression of 2-PS was indeed targeted for proteolytic activities in 

the vacuole (Chapter 2). Therefore 2-PS variants were similarly tested to determine how cysteine 

modifications might affect proteolytic targeting of 2-PS. To test the impact proteases have on 2-

PS variants, E2 and E31 variants were selected for transformation into four strains with a varying 

level of disruption of the two vacuolar proteases Pep4 and Prb1 (Table 2.1). Following cultivation 

in 1% YPD after 48 h, samples were collected and TAL titer (g/L) determined (Figure 3.10). For the  
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Figure 3.10 In vivo TAL levels (g/L) in protease-limited strains expressing WT, E2 (C35S), and E31 (C35S, 

C372S) 2-PS. The BY4741-based protease deletion strains BYtΔprb1 (checkered) and BYtΔpep4Δprb1 

(hatched, white) were compared against the base strain BYt (light grey) and the independent protease-

limited BJ5464 (hatched, grey). All values reported represent mean values ± one standard deviation (n=6 

independent experiments). 

 

strains expressing WT 2-PS, the removal of vacuolar proteases improved TAL synthesis (also see 

Chapter 2). When the E2 variant was expressed, the removal of proteases still increased TAL 

levels, although the percent increase was lower. This suggests that protease activity is still limiting 

production when using the E2 variant. For E31 (C35S, C372S) titers significantly improved in all 

strains (~1.3 g/L) including over 5-fold for strain BYt with both proteases intact. Therefore, under 

these conditions the E31 variant was ideal for producing increased levels of TAL, consistent with 

screening of the 2-PS variants done previously (Figure 3.6). These cysteine residue changes 

provide an avenue for creating a stable and more active polyketide synthase in S. cerevisiae. 
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3.4.6 Coupling 2-PS variants to engineered strains and fed-batch fermentation 

 In Chapter 2, metabolic engineering of S. cerevisiae for the production of triacetic acid 

lactone used various genetic interventions in significant pathways including central carbon 

metabolism. The strains BYtΔpep4Δprb1Δnte1Δyia6 and BJ5464Δpyc2Δnte1 were able to achieve 

1.3 g/L titers, and subsequent glucose-fed batch fermentation was demonstrated using 

BYtΔpep4Δprb1Δnte1Δyia6 which elevated TAL titers to over 2 g/L. We thus decided to combine 

improved 2-PS variants with the engineered strain BJ5464Δpyc2Δnte1, followed by the 

implementation of fed-batch fermentation. The 2-PS variants were selected to have a range of 

increased TAL titers relative to WT, from 0.65 g/L to 1.2 g/L (using E13, E14, E31, E39, and E41) 

(Figures 3.3 and 3.7). By incorporating these variants in the high-producing strain 

BJ5464Δpyc2Δnte1, an increase to approximately 1.8 g/L TAL titer was achieved, corresponding 

to a 39% theoretical yield on glucose (Figure 3.11). Use of the variants in engineered BJ5464 (red 

bars, Figure 3.11) provided similar titers, in contrast to the range of levels observed in the base 

BJ5464 strain (green bars, Figure 3.11). The result suggests that the yeast strain is limiting rather 

than the enzyme. The E31 variant had the highest levels in the base strain, therefore subsequent 

fed-batch studies used this E31 variant for expression.  

For fed-batch operation, multiple carbon feeds were supplied to the cell in order to 

extend productivity further. First, an ethanol feed modeled from glucose batch fermentations 

was designed (Figure 3.12). The maximum ethanol consumption rate in microaerobic 

fermentation in our system is 0.16 g/L/h. Therefore, a similar feed rate was implemented when  
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Figure 3.11 Maximum observed in vivo TAL levels (g/L) in batch cultivation of BJ5464 and 

BJ5464Δpyc2Δnte1 using pXP842-based expression of WT and 2-PS enzymes (WT, E14, E39, E41, E13, E31). 

The base strain using WT 2-PS (blue, hatched) was compared to the use of engineered variants (green), 

the engineered strain BJ5464Δpyc2Δnte1 (orange), and the combination of both (red). Bars represent 

mean values ± one standard deviation (n=6 independent experiments). 

 

50% of endogenously formed ethanol was consumed (~24 h after inoculation, Figure 3.12) to 

ensure a constant supply of ethanol. Second, a glucose feed was modified to support an 

appropriate carbon:nitrogen ratio (C/N) (see section 3.3.6). The optimal nitrogen source was 

selected as a mixture of nitrogen-containing amino acids based on literature comparing to 
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ammonium sulfate or glutamic acid (Albers et al., 1996). To initiate the fermentations, an 

overnight shake-flask culture was inoculated in selective SDC(A) from 5mL tube cultures. This 

seed flask culture was used to inoculate the fermentor to 1.5L starting volume and a cell density 

(OD600) of 0.3. Depending on the feed strategy used, the volume was 1.7-2.0 L at the end of the 

experiment.  Following fed-batch operation for up to 144 h, maximum theoretical yield, 

productivity, and TAL titer were determined (Figure 3.13). Incorporation of the E31 2-PS variant 

led to a 20% improvement (2.6 g/L) when using glucose fed-batch operation relative to the WT 

2-PS. The titer was increased 1.6-fold to 4.2 g/L for the ethanol feed. An additional fed-batch 

fermentation using a supplemented glucose / nitrogen feed was also used to ensure the carbon 

  

 

Figure 3.12 Profiling of glucose batch cultivation (1% YPD) in BJ5464Δpyc2Δnte1 transformed with 

pXP842-E31. Polyketide formation (green, circles), lnOD (blue, squares), glucose levels (red, triangles), and 

endogenous ethanol (gold, diamonds) during stages of glucose depletion and polyketide production. All 

values reported represent mean values (n=3 independent experiments). 
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Figure 3.13 Maximum observed in vivo TAL levels (g/L) for fed-batch fermentations of 

BJ5464Δpep4Δprb1Δpyc2Δnte1 using pXP842-based expression of WT and E31 2-PS enzymes. Carbon 

feeds are denoted as glucose, ethanol, and glucose / nitrogen (for glucose feed supplemented with 

nitrogen sources). Bars not including the final value (single run) represent mean values ± one standard 

deviation (n=3 independent experiments). Units: Percent of theoretical yield [g TAL observed/g TAL 

theoretical *100%]; productivity is maximum observed [g/L/h]. 

 

feed supplied a stable control of the C/N ratio to 35:1. Using previous studies as a reference, this 

C/N ratio was implemented using an amino acid-based nitrogen source (see Materials and 

Methods) found to support high ethanol yield on glucose (Albers et al., 1996; Larsson et al., 1993; 

Manikandan et al., 2010). An additional 3-fold improvement in titer was observed relative to the 

strain using a glucose feed. This change was primarily due to the extended time during which 

glucose was consumed, and subsequent boost in biomass formation (Figure 3.14). This strain 

(BJ5464Δpep4Δprb1Δpyc2Δnte1 + pXP842-E31) achieved 30 g/L DCW biomass and 7.6 g/L TAL 
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titer, a nearly 4-fold increase relative to wildtype 2-PS expressed in the same strain by glucose 

fed- batch fermentation. From these results, further optimization could be designed to suppress 

biomass formation in favor of product formation.  

 

Figure 3.14 Biomass profiles (g/L DCW) for fed-batch fermentation using 3 feed strategies: glucose (purple 

triangles), ethanol (light blue squares), and glucose / nitrogen (red diamonds). Points not including the 

glucose / nitrogen feed (single run) represent mean values ± one standard deviation (n=3 independent 

experiments). 
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3.5 Conclusions 

 Various efforts are underway to improve enzyme efficiency and employ them in biological 

systems. In this study, a combined in vitro / in vivo approach was used to design an enzyme from 

both an activity and stability standpoint. Through in vitro characterization, novel 2-PS variants 

were constructed using steric modulation to reduce cavity size in the active site and prevent 

improper chain extensions or promiscuity in the loading moieties. For a significant set of enzyme 

variants, both in vitro and in vivo results correlated well, but various enzymes showed a 

difference between the catalytic efficiency changes and subsequent TAL titers produced in S. 

cerevisiae. Further investigation led to the identification of surface-exposed cysteine residues 

that were highly reactive in the microbial host. Specifically, C35S improved kcat / KM almost 2-fold 

relative to the wildtype, but also appeared to be critical for stability of 2-PS variants in vivo. The 

in vitro oxidation assays suggest that oxidation machinery is responsible for the perceived 

importance of cysteine elimination, and removal of cysteines at specific locations with high 

exposure to the protein surface had the largest increases in TAL formation by S. cerevisiae. 

Combining the high-performing variants with the engineered BJ5464∆pyc2∆nte1 strain provided 

an opportunity to employ a robust biocatalyst enzyme in a host designed for increased TAL 

production. Fed-batch fermentation employing this engineered strain (BJ5464∆pyc2∆nte1) with 

variant E31 (C35S, C372S) using a glucose, ethanol, or glucose/nitrogen amino acids feed, led to 

TAL titers over 2.5 g/L, 4 g/L, and 7.6 g/L at 29%, 30%, and 44% of the theoretical yield, 

respectively. These are the highest demonstrated TAL levels reported to date. The 2-PS 

modifications evaluated in this work should provide successful strategies for other proteins used 

as biocatalyst systems in S. cerevisiae.   
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Chapter 4: 

 

Engineering cofactor and transport mechanisms in Saccharomyces 
cerevisiae for enhanced acetyl-CoA and polyketide biosynthesis
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4.1 Abstract 

Industrial large-scale synthesis of polyketides at high yields is important for producing 

pharmaceuticals and biorenewable precursors. In this work, we engineered cofactor and 

transport pathways to increase acetyl-CoA in Saccharomyces cerevisiae, an important polyketide 

building block.  The highly regulated yeast pyruvate dehydrogenase bypass pathway was 

supplemented by overexpressing a modified Escherichia coli pyruvate dehydrogenase complex 

(PDHm) that accepts NADP+ for acetyl-CoA production. After 24 h of cultivation, a 3-fold increase 

in NADPH/NADP+ ratio was observed relative to the base strain, and a 2-fold increase relative to 

introduction of the native E. coli PDH. Both E. coli pathways increased acetyl-CoA levels 2-fold 

relative to the yeast base strain. Combining the modified PDH with a ZWF1 deletion to block the 

major yeast NADPH synthesis pathway resulted in a 12-fold NADPH boost and 2-fold increase in 

acetyl-CoA levels. By 48 h, only this coupled approach showed increased acetyl-CoA levels, 3-fold 

that of the base strain. The impact on polyketide synthesis was evaluated in a S. cerevisiae strain 

expressing the Gerbera hybrida 2-pyrone synthase (2-PS) for the production of triacetic acid 

lactone (TAL). Titers of TAL relative to the base strain improved only 30% when overexpressing 

the unmodified PDH, but 3-fold for expression of the modified PDH. In combination with the 

ZWF1 deletion, the modified PDH showed a further increase in TAL titer of approximately 50%. 

Carbon was further routed toward TAL production by minimizing mitochondrial transport of 

pyruvate and acetyl-CoA; deletions in POR2, MPC2, PDA1, and YAT2 genes each enhanced titer 

up to 3-fold (0.8 g/L) over the base strain, and in combination to 1.4 g/L. Combining the two 

approaches (NADPH-generating acetyl-CoA pathway with reduced metabolite flux into the 

mitochondria) resulted in a final TAL titer of 1.6 g/L, a 6-fold increase over the non-engineered 
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yeast strain, and 36% theoretical yield (0.16 g/g glucose), the highest reported to date. The 

creation of these biological driving forces for product formation presents additional avenues for 

improving high-yield production of acetyl-CoA derived compounds.   
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4.2 Introduction 

Polyketides are a diverse group of natural products with valuable properties useful for the 

manufacture of biologics and pharmaceuticals as well as replacement of fossil-fuel derived 

materials (Jeandet et al., 2013; Li and Vederas, 2009; Nikolau et al., 2008). The synthesis of these 

molecules require polyketide synthase (PKS) systems which are found in all forms of life (Nikolau 

et al., 2008), and catalyze a complex set of reactions including decarboxylation, condensation, 

cyclization, and aromatization steps (Hertweck, 2009; Jez et al., 2002). Limitations in the native 

host include biosynthesis of small quantities, and a lack of genetic tools for strain manipulations 

(Jeandet et al., 2012; Lussier et al., 2012; Santos et al., 2011); therefore, engineering of 

heterologous microbial cell factories is of high interest (Krivoruchko and Nielsen, 2015).  The 

yeast Saccharomyces cerevisiae is advantageous as it is capable of synthesizing fungal and plant 

polyketides that are toxic to or difficult to produce in bacteria (Cardenas and Da Silva, 2014; Ma 

et al., 2009), and also allow the synthesis of complex polyketides relying on cytochrome P450 

activities (Howat et al., 2014). Various types of PKSs are active in yeast, and the synthesis of fungal 

(6-methylsalicylic acid, dihydromonacolin L) and plant (triacetic acid lactone, TAL) as functional 

replacements in biologics (Ma et al., 2009; Wattanachaisaereekul et al., 2007; Xu et al., 2013) and 

biorenewable chemical precursors (Cardenas and Da Silva, 2014; Schwartz et al., 2014) 

demonstrate the promise of yeast for polyketide biosynthesis.  

Many polyketides are built from the simple building blocks acetyl-CoA and malonyl-CoA. 

These starter metabolites are in high demand in yeast, to for example make fatty acids (Jong et 

al., 2014) or energy via ATP (Pronk et al., 1996). In order to synthesize polyketides at high levels, 

it is therefore necessary to improve availability of these starter metabolites and relevant cofactor 
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pools. One of the most direct methods for improving synthesis of acetyl-CoA and malonyl-CoA is 

by overexpressing the enzymes responsible for their formation and eliminating competing 

pathways. Using various overexpression and pathway disruption strategies, several studies have 

reported interventions aimed at increasing acetyl-CoA for the synthesis of sesquiterpenes (Chen 

et al., 2010, 2013; Shiba et al., 2007), butanol (Krivoruchko et al., 2013; Lian et al., 2014), 

polyhydroxybutyrate (PHB) (Kocharin et al., 2013, 2012), as well as fatty acids (Li et al., 2014; 

Tang et al., 2013). For malonyl-CoA formation, acetyl-CoA carboxylase (Acc1) is important and 

can limit malonyl-CoA synthesis. This can be circumvented by overexpression (Runguphan and 

Keasling, 2014; Wattanachaisaereekul et al., 2008) or prevention of deactivation of the Acc1 

enzyme following glucose consumption (Choi and Da Silva, 2014; Hofbauer et al., 2014; Shi et al., 

2014). In this recent work in our lab, the overexpression of a deactivation-resistant Acc1 yielded 

a 9-fold increase in activity in vivo leading to a 3-fold increase in both fatty acid and polyketide 

levels.  

Apart from direct increases in starter metabolite pools, cofactors are also useful in driving 

carbon flow. Since redox is a significant factor in specifying flux through key metabolic nodes 

(Ying, 2008), levels of NAD+ and NADPH can be improved to increase the cell’s reducing power 

and support product formation. It has been shown in yeast that increasing cytosolic NAD+ gave 

2-fold higher polyketide levels (Cardenas and Da Silva, 2014) and overexpressing ALD6 improved 

NADPH availability and increased synthesis of fatty acid ethyl esters (Jong et al., 2014). In another 

study, overexpression of gapN-encoded NADP+-dependent glyceraldehyde-3-phosphate 

dehydrogenase increased NADPH pools which improved polyhydroxybutyrate (PHB) (Kocharin et 

al., 2013). A recent report increased NADH oxidation using heterologous expression of two 
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known oxidases (NOX, AOX1) to increase 7-dehydrocholesterol (Su et al., 2015). These studies 

demonstrate that altering cofactor levels can be beneficial toward product formation. In 

addition, by first eliminating the cell’s natural cofactor regeneration pathways, introduction of a 

novel pathway to regenerate levels through precursor synthesis can be a much more effective 

driving force. This strategy was employed recently in E. coli which saw improved butanol 

synthesis when coupled to NADH oxidation (Shen et al., 2011). It is therefore possible to envision 

a redesigned cell network where cofactors are reduced and oxidized in a manner conducive 

towards a pathway of interest.  

To engineer S. cerevisiae for increases in the starter metabolites acetyl-CoA and malonyl-

CoA in the cytosol, it is also important to focus on the availability of pyruvate in the cell. Pyruvate 

is a major branch point for carbon following glycolysis (Pronk et al., 1996), one of which is the 

synthesis of acetyl-CoA via the PDH bypass (see Figure 4.2). Pyruvate is first decarboxylated, then 

dehydrogenase activity generates acetate that acetyl-CoA synthetase (Acs1/2) uses to produce 

acetyl-CoA. Recent computational optimizations rerouted yeast flux from the PDH bypass 

through an E. coli PDH to increase TAL; this also conserves ATP by eliminating use of the ATP-

dependent Acs1/2 (Chowdhury et al., 2014). In this study, the native PDH bypass was 

downregulated, and only use of an engineered NADP+-dependent E. coli PDH predicted an 

improved yield of TAL. The redox imbalance caused by the NAD+-dependent PDH from E. coli 

resulted in no yield increase. Pyruvate can also be utilized by other pathways via its carboxylation 

or transport to the mitochondria. The yeast mitochondrial pyruvate carrier (MPC) has been 

shown to transport pyruvate into the mitochondria (see Figure 4.6) (Bricker et al., 2012; Herzig 

et al., 2012). Similarly, acetyl-CoA can be transported using the carnitine shuttle system (Figure 
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4.6) where carnitine acetyltransferases (CATs) are responsible for first priming acetyl-CoA for 

transport ( via Yat2) before facilitating movement into the mitochondria (Yat1) where acetyl-CoA 

is formed (Cat2)  (Franken et al., 2008). Pyruvate and acetyl-CoA are therefore invaluable to the 

cell, and rely on these systems for transport into the mitochondria, causing a significant drain on 

their cytosolic availability. Impeding this transport may result in larger cytosolic pools and thus 

increase polyketide synthesis in yeast.   

 The overall aim of our work was to engineer novel cofactor and transport pathways in S. 

cerevisiae to directly increase acetyl-CoA levels and thus polyketide synthesis. To increase acetyl-

CoA, the NADP+ variant of the E. coli pyruvate dehydrogenase complex (PDHm) was expressed 

and NADPH/NADP+ ratios and acetyl-CoA were compared to those for the base yeast strain and 

one expressing the native E. coli PDH. This is the first study expressing this functional variant of 

PDH in yeast. Construction of a ΔZWF1 yeast strain (with the major native NADPH-producing 

pathway blocked) was coupled to PDHm overexpression to further increase carbon flux to acetyl-

CoA, and the effects on the synthesis of the polyketide triacetic acid lactone (TAL) were 

determined. Additional pathway design incorporated key gene disruptions that reduced 

mitochondrial transport of pyruvate and acetyl-CoA to increase their availability. This novel 

strategy to increase cytosolic pyruvate and acetyl-CoA levels in S. cerevisiae was assessed by 

evaluating the effects on TAL synthesis. The hindered transport and NADPH/acetyl-CoA 

upregulation strategies were then combined to further increase TAL production in the host. We 

demonstrate how increasing metabolite levels via these strategies can help alleviate the current 

challenges in high-yield production of polyketides.   
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4.3. Materials and Methods 

4.3.1 Strains and plasmids 

Escherichia coli strain XL1-Blue (Stratagene, Santa Clara, CA) was used for plasmid 

amplification, and E. coli NEB 10-beta cells (New England Biolabs, Ipswich, MA) were used for 

amplification of Gibson-assembled vectors. Saccharomyces cerevisiae strain BY4741 and various 

single gene deletion strains were obtained from Open Biosystems (Huntsville, AL). Further 

deletion strains were constructed using loxP-flanked MET15, LEU2-d8, TRP1, and HIS3 selection 

markers amplified from our pXP vector library (Fang et al., 2011). The amplification primers 

contained approximately 50bp homology to locations flanking the target gene location. Yeast 

cells were transformed as described previously (Gietz et al., 1992; Hill et al., 1991) and gene 

disruptions were verified following amplification of genomic DNA using Taq polymerase (New 

England Biolabs, Ipswich, MA). The strains and vectors, and all primer sequences can be found in 

Table 4.1 and 4.2, respectively. 

Plasmid pXP842-2PS harbors the G. hybrida g2ps1 gene (Austin and Noel, 2003) encoding 

2-pyrone synthase (Cardenas and Da Silva, 2014). To express the E. coli PDH complex, a 2µ-based 

trigenic vector was constructed. DNA fragments were created to flank the three PDH genes with 

promoters and terminators as listed: ADH2p-lpd1-ADH2t, ADH1Mp-aceF-ADH2t, and HXT7p-

aceE-CYCt. The three genes were isolated by PCR from E. coli chromosomal DNA preparations 

(Dale and Greenaway, 1985). The lpd1 and aceF fragments were placed in opposite orientation 

to prevent recombination of the terminator sequences. ADH1Mp refers to the medium truncated 

ADH1 promoter which alters glucose-induced expression to approximately constitutive 
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Table 4.1. List of plasmids and strains 

 

  

Plasmids Description Source 

     pXP842 
2µ vector, ADH2 promoter, CYC1 terminator, URA3 selectable 

marker 
Shen et al. (2012) 

     pXP843 
2µ vector, ADH2 promoter, CYC1 terminator, TRP1 selectable 

marker 
Leber and Da Silva (2014) 

     pXP842-2PS 
pXP218 harboring the g2ps1 insertion encoding G. hybrida 2-

pyrone synthase 
Cardenas and Da Silva (2014) 

     pJCT-PDH 
2µ vector, ADH2p-lpd1-ADH2t, HXT7p-aceE-CYC1t,             

ADH1Mp-aceF-ADH2t, TRP1 selectable marker 
This study 

     pJCT-PDHm 
2µ vector, ADH2p-lpd1m-ADH2t, HXT7p-aceE-CYC1t,           

ADH1Mp-aceF-ADH2t, TRP1 selectable marker 
This study 

Strains Description Source 

     BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems  

     BY4741trp1 (BYt) BY4741 trp1::KanMX Open Biosystems 

     BY∆por1 BY4741 por1::KanMX Open Biosystems 

     BY∆por2 BY4741 por2::KanMX Open Biosystems 

     BY∆mpc1 BY4741 mpc1::KanMX Open Biosystems 

     BY∆mpc2 BY4741 mpc2::KanMX Open Biosystems 

     BY∆mpc3 BY4741 mpc3::KanMX Open Biosystems 

     BY∆pda1 BY4741 pda1::KanMX Open Biosystems 

     BY∆yat1 BY4741 yat1::KanMX Open Biosystems 

     BY∆yat2 BY4741 yat2::KanMX Open Biosystems 

     BYt∆zwf1 BYt zwf1::MET15 This study 

     BYt∆por2 BYt por2::TRP1 This study 

     BYt∆por2∆mpc2 BYt  por2::TRP1 mpc2::MET15 This study 

     BYt∆por2∆mpc2∆pda1 BYt  por2::TRP1 mpc2::MET15 pda1::HIS3 This study 

     BYt∆por2∆mpc2∆pda1∆yat2 BYt  por2::TRP1 mpc2::MET15 pda1::HIS3 yat2::LEU2 This study 

     BYtA∆por2∆mpc2∆pda1∆yat2 BYt  por2::loxP mpc2::MET15 pda1::HIS3 yat2::LEU2 This study 

     BYt∆zwf1∆por2 BYt  zwf1::MET15 por2::LEU2 This study 

     BYt∆zwf1∆por2∆mpc2 BYt  zwf1::MET15 por2::LEU2 mpc2::HIS3 This study 

     BYt∆zwf1∆por2∆mpc2∆pda1 BYt  zwf1::MET15 por2::LEU2 mpc2::HIS3 pda1::TRP1  This study 

     BYt∆zwf1∆por2∆mpc2∆pda1∆yat2 
BYt  zwf1::MET15 por2::LEU2 mpc2::HIS3 pda1::TRP1 

yat2::URA3 
This study 

     BYtB∆zwf1∆por2∆mpc2∆pda1∆yat2 
BYt  zwf1::MET15 por2::LEU2 mpc2::HIS3 pda1::loxP 

yat2:loxP 
This study 
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 Table 4.2. List of primers used 

Primer Name Primer Sequence 

ZWF1_KO_Fwd 
GAGGAGTTGGTGGGGGGAAGATGCCATTATAGAGGAGAAAAGAACAAAGGGTCGACTCTAGAGGA

TCCCCGGG 

ZWF1_KO_Rev 
CTGGAAGCACCACGTAATAGTGGAAAAGAACTGGAAAAACCGCGTTGAATTCGAGCTCGGTACCCG

GG 

POR2_KO_Fwd 
GGTCGTAGGTCACGATAAAAGTTGCGATGTCCCCTCCCACCTAGTTTCCGGTCGACTCTAGAGGATC

CCCGGG 

POR2_KO_Rev 
CAACCTAATTAGGAAGTTGCCTGTTCCAGAAGGGGAGTTGCCAAGGCCGCGTTGAATTCGAGCTCG

GTACCCGGG 

MPC2_KO_Fwd 
CATCGTTGACATCGCTGACTGCAATAGGAAACTGAAATAGACGGCAAACCGGTCGACTCTAGAGGA

TCCCCGGG 

MPC2_KO_Rev 
CTTTGACAAAGCAAAGTTTCGAGTTGTAAATTCGGCGTTTATCTGCCCGGTTGAATTCGAGCTCGGT

ACCCGGG 

PDA1_KO_Fwd 
CGACAATAATCCCCTCTGGTATAGCGAGAAGCAACTTTAGCTTCTTAACGGGTCGACTCTAGAGGAT

CCCCGGG 

PDA1_KO_Rev 
CTTGCTATAAAATGGCGCTTCCAGGGAAGAATATCATGCGATCACAGCACGTTGAATTCGAGCTCG

GTACCCGGG 

YAT2_KO_Fwd 
CCCAAGTTACCATTACCTAAACTCTGTGACACTTTGCAGCGTCTGAAGGGGTCGACTCTAGAGGATC

CCCGGG 

YAT2_KO_Rev 
GCTTAGCTCCTGGTACAGGTCGAGATGAAATCTCTGTCTTTTGTACTGATGGTTGAATTCGAGCTCG

GTACCCGGG 

F1_lpd1m_Fwd GTCCCACTAGTAAAAAAATGAGTACTGAAATCAAAACTCAGGTCGTGG 

F1_lpd1m_Rev AGCCATTTCCAGAGCGATGATACCGCCACCC 

F2_lpd1m_Fwd GCTCTGGAAATGGCTACCGTTTACCACGCGC 

F2_lpd1m_Rev ACGGATAACCTGATGTTTACGAACAACCACGTCAAT 

F3_lpd1m_Fwd GTTCGTAAACATCAGGTTATCCGTGCAGCTGACA 

F3_lpd1m_Rev TGGTAATCCTCGAGTTACTTCTTCTTCGC 

aceE_Fwd ATGTCAGAACGTTTCCCAAATGACG 

aceE_Rev TTACGCCAGACGCGGGTTAACTTTATCTGC 

aceF_Fwd ATG GCT ATC GAA ATC AAA GTA CCG GAC ATC GGG GCT G 

aceF_Rev TTACATCACCAGACGGCGAATGTCAGACAGCG 

OE1_lpd1m_Fwd GTCCATATTGTACACCCGGAAACAACAAAAAAACGTAGGGGCAAACAAACGGAAAAATCG 

lpd1_ADH2p_Rev CCTGAGTTTTGATTTCAGTACTCATTTTTTTATTACGATATAG 

ADH2p_lpd1m_Fwd CTATTAACTATATCGTAATAAAAAAATGAGTACTGAAATCAAAAC 
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Table 4.2. List of primers used (contd.) 

  

Primer Name Primer Sequence 

ADH2t_lpd1m_Rev AAATCGTGAAGGCATTTACTTCTTCTTCGCTTTC 

lpd1_ADH2t_Fwd CTGCCGAACCCGAAAGCGAAGAAGAAGTAAATGCCTTCACG 

Tri_hx_2 TTCCACGGGGGGAGCAAACGCGCTGG 

OE1_aceF_Rev CGATTTTTCCGTTTGTTTGCCCCTACGTTTTTTTGTTGTTTCCGGGTGTACAATATGGAC 

aceF_ADH1Mp_Rev CCGGTACTTTGATTTCGATAGCCATTTTTTTAGTTGATTGTATGCTTGG 

ADH1Mp_aceF_Fwd GCATACAATCAACTAAAAAAATGGCTATCGAAATCAAAG 

ADH2t_aceF_Rev AAATCGTGAAGGCATTTACATCACCAGACGGCG 

aceF_ADH2t_Fwd CGCCGTCTGGTGATGTAAATGCCTTCACG 

Tri_bb_1 AGTGCCACCTGACGTCGGGGAGCAAACGCGCTGG 

Tri_oe1_3 TGCTCCCCCCGTGGAAATGAGGGGTATG 

aceE_HXT7p_Rev GGGAAACGTTCTGACATTTTTTTTTTTTGATTAAAATTAAAAAAAC 

HXT7p_aceE_Fwd AATTTTAATCAAAAAAAAAAAATGTCAGAACGTTTCCC 

CYC1t_aceE_Rev TAACTAATTACATGATTACGCCAGACGCGGGTTAAC 

aceE_CYCt_Fwd GTTAACCCGCGTCTGGCGTAATCATGTAATTAGTTATG 

Tri_bb_4 CGAAGTTATCCCGGGGATCCGGCCGCAAATTAAAGCCTTC 

Tri_bb_1 AGTGCCACCTGACGTCGGGGAGCAAACGCGCTGG 
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expression (Ruohonen et al., 1995). Template vector pXP843 (Leber and Da Silva, 2013) was 

linearized by BamHI / AatII (New England Biolabs, Ipswich, MA). Gibson assembly (Gibson et al., 

2009) using the Phusion Hot Start II DNA Polymerase (New England Biolabs, Ipswich, MA) was 

performed using this linearized backbone and the three gene fragments listed above to generate 

pJCT-PDH. For construction of the alternate trigenic vector pJCT-PDHm for expression of the 

variant E. coli PDHm complex, the wildtype sequence for the lpd1 gene was replaced with a 

variant incorporating 15 base changes using insertion mutagenesis (Lee et al., 2010). These 

modifications coincide with the amino acid changes previously identified for NADP+ binding 

(Bocanegra et al., 1993) as well as optimal codon usage preferences in S. cerevisiae. Further 

details for construction of pJCT-PDH and pJCT-PDHm can be found in Figure 4.1. Unless otherwise 

stated, all PCR-based amplifications were performed using KOD Hot Start DNA Polymerase (EMD 

Chemicals, San Diego, CA). Oligonucleotides used in this study were provided by IDT DNA (San 

Diego, CA), the GeneJetTM Plasmid Miniprep Kit (Thermo Scientific, Waltham, MA) was used for 

plasmid preparation, and DNA sequences were confirmed for all PCR-amplified inserts (Eton 

Biosciences, San Diego, CA).  

4.3.2 Media and cultivation 

 Luria-Bertani (LB) media was used for cultivation of XL1-Blue cells, with 150 mg/L 

ampicillin added for selection of plasmid-containing strains (Sambrook and Russell, 2001). Yeast 

selective SDC medium (2% dextrose, 0.5% casamino acids, 0.67% yeast nitrogen base, 0.5% 

ammonium sulfate supplemented with 100 mg/L adenine sulfate) and SD minimal medium (2% 
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Figure 4.1. Vector construction of pJCT-PDH and pJCT-PDHm. The lpd1 gene was first PCR amplified from 

the E. coli genome (Step 1). This was used as template (Step 2) to generate Fragments 1-3 harboring all 

15 base changes (denoted by an X), yielding the full lpd1m variant following overlap extension PCR (OE-

PCR). Both PCR and OE-PCR were performed to amplify promoter-gene-terminator cassettes (Step 3) 

including PCR amplification of additional aceF and aceE genes, and homology introduced to fragment ends 

for full assembly by Gibson reaction using pXP843 as a backbone vector (Step 4). Use of Fragment A1 or 

A2 resulted in pJCT-PDH or pJCT-PDHm, respectively. Table 4.2 details all primers used in this construction.  

1. PCR Native lpd1m
lpd1

Fragment 1
Fragment 3

2. Insertion mutagenesis

Fragment 2

X   XX

X   XX

XXXXXXXXX  X         XX 

X   XX XXXXXXXXX  X         XX 

3. Assembly of Promoter-Gene-Terminator 
Fragments via PCR / OE-PCR

lpd1m

OE-PCR

Fragment A1 (for pJCT-PDH)

ADH2p lpd1 ADH2t

Fragment A2 (for pJCT-PDHm)

lpd1m ADH2t
X   XX XXXXXXXXX  X         XX 

Fragment C

HXT7p aceE CYC1t

Fragment B

ADH1Mp aceF ADH2t

4. Gibson Assembly using Fragments A1 or A2, 
B, and C with linearized pXP843 backbone

loxP-flanked TRP1

2µ ori

AatIIBamHI

AmpR

loxP-flanked TRP1

2µ ori

AatIIBamHI

AmpR

Fragment A1 

Fragment B 

Fragment C 

Fragment A2 

Fragment B 

Fragment C 

XX X  XXXXXXX    XX 

pJCT-PDH

pJCT-PDHm

ADH2p
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dextrose, 0.67% yeast nitrogen base, 0.5% ammonium sulfate and supplemented with 100 mg/L 

adenine sulfate, 100 mg/L L-tryptophan, 100 mg/L L-histidine-HCL, 100 mg/L L-methionine, 

and/or 150 mg/L L-leucine) were used for seed cultures. Complex YPD medium (1% dextrose, 1% 

yeast extract, 2% peptone) was used for the NADPH/NADP+ and acetyl-CoA quantification studies 

and for TAL expression. The g2ps1, lpd1, and lpd1m genes were expressed from the S. cerevisiae 

late-phase ADH2 promoter that is active after glucose depletion and has highest expression levels 

in 1% glucose YPD medium (Lee and Da Silva, 2005). Due to the late expression, plasmid stabilities 

remain high even in this complex medium (Shen et al., 2012). 

S. cerevisiae strains were grown overnight in 5 mL selective media in an air shaker (New 

Brunswick Scientific) at 250 rpm and 30°C,  and used to inoculate 5 mL tube cultures to an initial 

cell density (OD600) of 0.3 (Shimadzu UV-2450 UV-VIS Spectrophotometer, Columbia, MD). A 

correlation factor was used to convert OD measurements to dry cell weight per liter (Chapter 2). 

For NADPH/NADP+ and acetyl-CoA quantification, samples were taken at 24, and 48 h. For 

measuring polyketide TAL titers in the culture broth, the supernatant at 48 h was collected for 

HPLC analysis.  

4.3.3 Quantitative NADPH / NADP+ assay 

 Both NADPH and NADP+ were quantified using a colorimetric 96-well plate assay (Sigma-

Aldrich, St Louis, MO). Following a cold buffer (PBS) wash of the cells, a combination of 2 freeze 

/ thaw cycles and homogenization was performed prior to deproteinization using a 10 kD cut-off 

spin filter (Sigma-Aldrich, St. Louis, MO). The cycling reaction was performed, and absorbance 

taken at 450 nm. A SpectraMax plate reader using SoftMax software was used for data 
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acquisition (Molecular Devices, Sunnyvale, CA). The reported values are averaged measurements 

taken at 24 and 48 for each duplicate sample set. 

4.3.4 Acetyl-CoA assay 

 A boiling ethanol extraction was used on collected cell pellets for acetyl-CoA analysis, 

based on published procedures (Gonzalez et al., 1997; Villas-Bôas et al., 2005). Following release 

of the metabolites, nitrogen-supported solvent evaporation provided rapid sample 

concentration at room temperature. Following complete solvent evaporation, 200 µL Sigma 

acetyl-CoA assay buffer was added for resuspension. A fluorescence-based 96-well acetyl-CoA 

plate assay was used (Sigma-Aldrich, St. Louis, MO), and concentrated acetyl-CoA identified using 

wavelengths 535 nm (excitation) and 587 nm (emission) on a SpectraMax plate reader using 

SoftMax software for data acquisition. The reported values are average measurements for each 

duplicate sample set. 

4.3.5 Polyketide detection by HPLC 

 The concentration of triacetic acid lactone was measured by HPLC using the following 

Shimadzu configuration: LC-10AT pumps (Shimadzu), UV-VIS detector (SPD-10A VP, Shimadzu), 

and Zorbax SB-C18 reversed-phase column (2.1x150 mm, Agilent Technologies). Acetic acid-

buffered (1%) acetonitrile and water were used as the mobile and aqueous phases, respectively. 

A gradient program using a 95-85% Pump B gradient (H2O with 1% acetic acid) provided an elution 

time of approximately 12 minutes (flow rate 0.25 mL/min, column temperature 25°C). 
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4.4. Results and Discussion 

4.4.1 Enhancement of NADPH/NADP+ and acetyl-CoA using PDH overexpression 

 The synthesis of polyketides requires the availability of starter metabolites that react to 

form the final product. Triacetic acid lactone (TAL) is an acetyl-CoA derived polyketide which 

requires one acetyl-CoA and two malonyl-CoA units. Since cytosolic malonyl-CoA is formed 

directly from acetyl-CoA, the pool of acetyl-CoA was increased through a non-native pathway. 

The E. coli pyruvate dehydrogenase complex (PDH), responsible for converting pyruvate to 

acetyl-CoA, was introduced to supplement the highly-regulated and ATP-requiring yeast pathway 

(Figure 4.2). To further increase utilization of this heterologous pathway, a modified NADP+-

utilizing E. coli PDH variant (PDHm) (Bocanegra et al., 1993) was constructed and introduced to 

simultaneously increase NADPH and acetyl-CoA levels.  

The impact of the cofactor preference of PDHm and PDH was first characterized by 

measuring the NADPH/NADP+ ratios for base strain BYt+pXP843 (carrying an empty vector), strain 

BYt+pJCT-PDH, and strain BYt+pJCT-PDHm during batch cultivation. Samples were taken at 12, 

24, and 48 h and the measured ratios are shown in Figure 4.3. The PDH genes were expressed 

from the S. cerevisiae late-phase ADH2 promoter that is active after glucose depletion (t >12 h). 

At 12 h (data not shown) and 48 h (late stationary), the three strains had similar ratios. This is 

consistent with the fact that redox systems become active at later stages of cultivation for 

maintenance of reactive oxygen species that form (Ying, 2008). However, at 24 h, the strain 

expressing the modified PDH had an increased cofactor ratio, with NADPH/NADP+ ratio 3-fold 
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Figure 4.2. General engineering strategy applied for introducing biological driving forces. (A) Yeast relies 

on the pentose phosphate biosynthetic pathway (PP Pathway) as the major route for NADPH generation. 

To make acetyl-CoA in the cytoplasm, the native pyruvate dehydrogenase bypass (PDH bypass) converts 

pyruvate to acetyl-CoA in three steps. The acetyl-CoA can then be used for polyketide synthesis. (B) Our 

engineered cofactor-coupled pathway blocks flux through the pentose phosphate pathway, and includes 

the modified E. coli pyruvate dehydrogenase complex (PDHm) to produce acetyl-CoA and NADPH.  

 

greater than the base strain and 2-fold greater than the strain expressing the native E. coli PDH. 

The modified PDH thus increased NADPH availability in the cell. The similar ratios at 48 h 

therefore suggest strong utilization of NADPH as a reducing agent in stationary cells.  

Expression of the E. coli PDH complex may also improve acetyl-CoA levels as this pathway 

supplements the native yeast pyruvate dehydrogenase bypass pathway. With in vivo PDH activity 

indirectly verified by the improved cofactor ratios, the levels of acetyl-CoA were then measured 

for base strain BYt+pXP843 (empty vector), strain BYt+pJCT-PDH, and strain BYt+pJCT-PDHm 
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Figure 4.3. NADPH/NADP+ ratios for BYt strains harboring E. coli native PDH (pJCT-PDH), NADPH-

generating variant PDH (pJCT-PDHm), or Δzwf1. Values at 24 h (hatched) and 48 h (solid) correspond to 

mean values ± SEM (n=2 independent experiments). 

 

during batch culture (Figure 4.4). At 24 h, the strains expressing PDH and PDHm showed 

increased acetyl-CoA, similar to observations at 12 h (data not shown). By 48 h the PDH 

overexpression system (pJCT-PDH, Figure 4.4) was shown to have a 58% reduction in acetyl-CoA 

levels. This may be attributed to the NAD+ consumption associated with the native E. coli complex 

and corresponding redox imbalance (Chowdhury et al., 2014), causing difficulty in maintaining 

reducing equivalents. Recent computational studies demonstrated the importance of cofactor 

preference when introducing the PDH complex in S. cerevisiae for TAL synthesis (Chowdhury et 

al., 2014), and our experimental results corroborate this requirement. While PDH overexpression 
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Figure 4.4. Acetyl-CoA levels for BYt strains harboring E. coli native PDH (pJCT-PDH), NADPH-generating 

variant PDH (pJCT-PDHm), or Δzwf1. Values at 24 h (hatched) and 48 h (solid) correspond to mean values 

± SEM (n=2 independent experiments). 

 

can improve acetyl-CoA levels, introducing favorable redox via the NADPH-generating variant 

(PDHm) is more beneficial, giving rise to increases in both the NADPH/NADP+ ratio and acetyl-

CoA levels.       

4.4.2 NADPH driving force further increases cofactor and acetyl-CoA pools 

 Introduction of the NADPH-generating PDH variant (PDHm) alone was capable of 

increasing flux toward acetyl-CoA. Elimination of the pentose phosphate pathway (the major 

NADPH-generating pathway in yeast) via deletion of ZWF1 (encoding glucose-6-phosphate 

dehydrogenase) should further improve utilization of this new route for acetyl-CoA, as the new 

pathway will now be a major source of NADPH for the cell (Figure 4.2).  
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 Both NADPH/NADP+ and acetyl-CoA levels were determined for strains BYtΔzwf1 (carrying 

an empty vector) and strain BYtΔzwf1+pJCT-PDHm (Figures 4.3 and 4.4). At 12 h, the coupled 

strain had 3-fold higher cofactor ratio levels than the base strain (data not shown). By 24 h, this 

strain had further elevated its NADPH/NADP+ ratio to over 10-fold that of the base strain. This 

result is consistent with our objective to divert carbon through the heterologous PDH pathway 

to simultaneously support healthy NADPH formation and increase acetyl-CoA, the important 

starter metabolite for polyketide biosynthesis. The most notable outcome of this coupled strain 

was the observed change in acetyl-CoA levels (Figure 4.4). All strains with PDH overexpression 

(pJCT-PDH, pJCT-PDHm, and Δzwf1+pJCT-PDHm) exhibited over 2-fold increases in acetyl-CoA 

after 24 h over the base strain. However, strain BYtΔzwf1+pJCT-PDHm was the only one that had 

high acetyl-CoA levels at 48 h. This indicates that a large change in yeast cofactor and acetyl-CoA 

levels takes place only when a driving force (knockout of the pentose phosphate pathway) has 

been implemented. The increased levels of NADPH and acetyl-CoA can therefore be applied 

toward the biosynthesis of polyketides or other acetyl-CoA derived molecules. 

4.4.3 Improved polyketide levels using the NADPH-generating PDH variant in a cofactor-

deficient strain 

 The overexpression of PDHm in the Δzwf1 strain increased both NADPH and acetyl-CoA 

availability, with acetyl-CoA levels higher at late stages of the cultivation. To determine the effect 

on polyketide synthesis, we transformed these previously tested strains with pXP842-2PS, 

carrying the G. hybrida g2ps1 (encoding 2-pyrone synthase; 2-PS) under the late-phase ADH2 

promoter. TAL levels were measured after 48 h of batch cultivation (Figure 4.5). Co-expression of 
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2-PS with the native E. coli PDH generated 0.32 g/L TAL, a 30% increase relative to the base yeast 

strain. This was the smallest increase out of all strains tested, indicating that the cofactor 

imbalance introduced with the NAD+-consuming PDH was not favorable. Co-expression of 2-PS 

with the modified E. coli PDH (PDHm), resulted in a 3-fold increase in titer to 0.75 g/L TAL. To 

create a driving force for acetyl-CoA, the ZWF1 deletion blocking the major NADPH-generating 

pathway was important (Figure 4.4), and should lead to increased TAL production. This Δzwf1 

modification alone was previously shown to result in TAL increases, as pentose biosynthesis is a 

significant carbon drain from glycolysis (Cardenas and Da Silva, 2014). In the current study, 

knocking out ZWF1 alone resulted in a 2.6-fold improvement over the base strain TAL. Expression 

of the native E. coli PDH in the Δzwf1 strain gave similar TAL levels as in the Δzwf1 strain alone. 

In contrast, coupling the Δzwf1 strain with PDHm overexpression increased TAL levels an 

additional 70% relative to BYtΔzwf1, and 4.5-fold higher relative to the base yeast strain. 

Therefore, introducing a biological driving force for acetyl-CoA production via PDHm improved 

the acetyl-CoA pools (Figure 4.4), and thus increased TAL synthesis (Figure 4.5) in late batch 

culture. This strategy may prove even more useful for polyketides that utilize NADPH for their 

synthesis, and thus where an even greater NADPH pool is required.  

4.4.4 Eliminating mitochondrial precursor transport pathways 

 Our overall aim is to direct carbon toward cytosolic acetyl-CoA for polyketide production. 

In S. cerevisiae, various shuttling events involving acetyl-CoA and pyruvate can limit the 

availability of this metabolite. We have considered two main routes, the mitochondrial pyruvate 

carrier (MPC) and the carnitine shuttle system, as well as the common mitochondrial porins. For  
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Figure 4.5. TAL titers (g/L) for BYt strains after 48 cultivation harboring E. coli native PDH (pJCT-PDH), 

NADPH-generating variant PDH (pJCT-PDHm), and / or Δzwf1. Values correspond to mean values ± SEM 

(n=6 independent experiments). 

 

 

the MPC, gene products Mpc1, Mpc2, and Mpc3 participate in active transport, where 

Mpc1/Mpc2 and Mpc1/Mpc3 complex to form part of the active transport mechanism (Mpc2 

and Mpc3 are paralogs) (Herzig et al., 2012). Using the MPC, pyruvate transport into the 

mitochondrial matrix and subsequent conversion by decarboxylation activity commits this 

carbon flow toward mitochondrial acetyl-CoA (Figure 4.6). Replenishing pyruvate will be 

important to effectively use our engineered PDHm platform. Similarly, cytosolic acetyl-CoA can 

be transported to the mitochondria via the carnitine shuttle system (Franken et al., 2008) instead 

of being utilized in the cytosol (Figure 4.6). Therefore, limiting transport of pyruvate and acetyl-
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CoA from the cytoplasm while minimizing deleterious effects on the cell may be an effective 

means of increasing polyketide production. 

We first identified a group of eight proteins involved in pyruvate and acetyl-CoA transport 

(Figure 4.6), and evaluated the effects of their single gene knockouts on both growth and TAL 

production. This set of genes encodes for pathways which facilitate transport of various 

metabolites across the outer membrane by porins (Por1, Por2), specific transport of pyruvate 

from the intermembrane space into the mitochondrial matrix (Mpc1, Mpc2, Mpc3), and 

transport of acetyl-CoA from the cytosol into intermembrane space (Yat1, Yat2). The knockout 

strains were transformed with pXP842-2PS and samples were taken at 48 h. Por1 and Por2 are 

responsible for the mitochondrial permeability of charged solutes including pyruvate, ATP, and 

phosphate by forming voltage-dependent, anion-selective channels (VDACs) in the outer 

membrane (Blachly-Dyson et al., 1997). Due to differences in their activity, the Δpor1 and Δpor2 

strains produced very different levels of TAL (Figure 4.7). While Δpor2 increased TAL 2.5-fold to 

0.62 g/L, Δpor1 nearly abolished product formation with a 94% reduction in titer relative to the 

parent strain. This is consistent with reports that Por1 maintains mitochondrial osmotic stability 

(Galganska et al., 2008). Por2 is not associated with this activity, and instead represses Sod1 

(superoxide dismutase) which in turn alleviates respiration repression. Additionally, Δpor1 has 

been found to suffer a growth defect due to reduced respiratory function on non-fermentable 

carbon, in contrast to the increase under the same conditions for Δpor2 (Dihanich et al., 1987; 

Sánchez et al., 2001). This is consistent with the growth observed for the culture; the Δpor1 strain 

reached a final density equal to one-third (4.2 g DCW/L) that of the base strain (Figure 4.7).  
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Figure 4.6. Metabolic pathways related to the transport and utilization of pyruvate and acetyl-CoA, the 

starter metabolites for subsequent TAL formation (catalyzed by 2-PS). Pathways highlighted include the 

major NADPH supply (Zwf1), mitochondrial pyruvate carrier (MPC) system (Mpc1/Mpc2 and Mpc1/Mpc3), 

mitochondrial porins (Por1 and Por2), and carnitine shuttle system (Yat1, Yat2, Crc1, Cat2). Reactions 

chosen for disruption in this study have been crossed out.  

 

 

The disruption of the mitochondrial pyruvate carrier (Mpc1, Mpc2, Mpc3) also showed 

varying polyketide levels following the single gene knockouts. The Δmpc1 strain showed no 

significant effect on TAL titer relative to the base strain, while Δmpc2 and Δmpc3 strains provided 

approximately 3-fold and 1-fold increases in TAL titer, respectively. Final cell densities were 86%, 

89%, and 74% of the base strain for Δmpc1, Δmpc2, and Δmpc3, respectively.  The Mpc1p/Mpc3p 

complex is necessary for retaining strong respiration and its expression is closely tied to stress 

responses (Timón-Gómez et al., 2013), consistent with the data showing the lowest cell density 

by Δmpc3 for strains of altered MPC function. The data therefore indicates an intact Mpc1/Mpc3 
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Figure 4.7. TAL titers (g/L, Panel A), specific levels (g/g DCW, Panel B), and biomass (g DCW/L, Panel C) 

following single gene knockouts after 48 h cultivation. Strains correspond to genes selected for their roles 

in transport and utilization of pyruvate and acetyl CoA (refer to Figure 4.6). Increases in TAL guided the 

subsequent selection of gene disruptions for combination with the cofactor-coupled PDHm pathway. Bars 

represent means ± SEM (n=6 independent experiments). 
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pyruvate carrier and disruption of the Mpc1/Mpc2 complex supports respiratory function while 

likely increasing cytosolic pyruvate levels necessary for significant improvement in TAL synthesis. 

The ability to convert pyruvate to acetyl-CoA in the mitochondria was also eliminated by deleting 

PDA1 (BYtΔpda1); this deletion results in no detectable pyruvate decarboxylase activity (Gey et 

al., 2008). This strain produced greater than 2-fold more TAL than the base yeast strain (0.58 g/L), 

and had a final cell density at 78% of the base strain. This indicates that eliminating this pathway 

can improve titers of acetyl-CoA derived compounds like TAL.  

For cytosolic acetyl-CoA transport to the mitochondria, the first two committed steps 

from the carnitine shuttle system were evaluated.  Yat1 and Yat2 are responsible for committing 

acetyl-CoA to the carnitine shuttle system and transporting it to the mitochondrial matrix, 

respectively (Figure 4.6). In the Δyat1 strain, a 94% drop in TAL was observed, while in the Δyat2 

strain TAL levels increased over 2-fold relative to the base strain (Figure 4.7). The data suggests 

the cell is much more tolerant of eliminating the cytosolic Yat2 than the mitochondrial Yat1; the 

mitochondrial Yat1 is responsible for shuttling acetyl-CoA from other compartments like the 

peroxisome and may be more critical for proper cell function. In addition, Yat2 is highly active 

when ethanol is used as the carbon source (Franken et al., 2008; Swiegers et al., 2001), the same 

time that TAL synthesis is occurring with the ADH2 promoter, and thus deleting this function may 

be advantageous. 

4.4.5 Combining transport gene disruptions with engineered NADPH driving force 

From the eight genes tested for disruption, four were chosen for combination to further 

reduce the flow of pyruvate and acetyl-CoA transport into the mitochondria. With the single 
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knockout strains, was achieved and significant improvements in polyketide levels were observed 

by disrupting Δpor2, Δmpc2, Δpda1, and Δyat2. Therefore, we deleted all four genes in a single 

strain and measured TAL levels (Figure 4.8, Panels A-C). As before, the constructed Δpor2 yielded 

0.62 g/L TAL and reduced biomass by 10% relative to the base strain. Knockout of MPC2 further 

elevated titers to 0.98 g/L TAL, while also reducing biomass by an additional 20%. Further 

interventions had no negative effect on biomass, and incorporation of Δpda1 and Δyat2 led to 

additional titer increases to 1.27 and 1.33 g/L, corresponding to a final yield on glucose of 0.13 

g/g (28% of theoretical). The diminished improvements observed in the four-knockout strain 

suggest that other pathways are now limiting the production of TAL. This strain was then 

transformed with pJCT-PDHm to determine if coupling PDHm expression with the transport 

knockouts would further increase TAL levels (Figure 4.8). However, no significant increase was 

observed. Both the absence of a driving force and the presence of new limiting factors are likely 

causes for this result. 

To also introduce a NADPH driving force, the four deletions were incorporated in a Δzwf1 

strain. TAL levels were measured after 48 h of batch culture (Figure 4.8, Panels D-F). As shown 

previously (Figure 4.5), deletion of ZWF1 alone led to increased TAL levels, likely due to the 

improved carbon flux through glycolysis. Similar increases were seen for the strains with the 

sequential transport knockouts; a 2-fold improvement was achieved by incorporating this four-

gene disruption (Δpor2Δmpc2Δpda1Δyat2) into the Δzwf1 strain. However, in this case, 

subsequent transformation with pJCT-PDHm led to a further significant increase in specific TAL 

production (p<0.001) and in titer. The combination of approaches led to a final titer of 1.6 g/L 
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Figure 4.8. TAL titers (g/L, Panel A or D), specific levels (g/g DCW, Panel B or E), and biomass (g DCW/L, 

Panel C or F) in strains using pJCT-PDHm engineered for transport alone (Δpor2Δmpc2Δpda1Δyat2, Panels 

A-C), or in addition to Δzwf1 (Panels D-F), after 48 h cultivation. All strains express 2-PS on pXP842 for TAL 

synthesis. Bars represent means ± SEM (n=6 independent experiments).  

 

 



139 
 

TAL, corresponding to 35% of the theoretical yield on glucose (0.16 g/g), the highest reported 

value for batch fermentation. This strategy therefore proved useful in maintaining high pyruvate 

and acetyl-CoA levels in the cytosol, which was in turn used for polyketide formation.     
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4.5 Conclusions 

S. cerevisiae has been shown to be a model host organism capable of significant metabolic 

rewiring for producing acetyl-CoA derived compounds. This study considered creating a biological 

driving force that could increase acetyl-CoA pools applicable toward producing polyketides. 

Characterization of the modified NADPH-generating E. coli PDH (PDHm) relative to the native E. 

coli PDH indicated that NADPH synthesis was beneficial even though TAL biosynthesis does not 

require it directly. Coupling this with a Δzwf1 strain (to create additional driving force for acetyl-

CoA synthesis) led to TAL levels more than 4-fold higher than the parent strain. This improvement 

was attributed to increased NADPH/NADP+ and acetyl-CoA levels, up to 10-fold and 3-fold higher 

than in the parent. To further increase the availability of acetyl-CoA for polyketide synthesis, gene 

deletions were used to reduce transport of acetyl-CoA and pyruvate into the mitochondria. The 

single gene deletions in POR2, MPC2, PDA1, and YAT2 each provided over a 3-fold increase in 

titer (up to 0.84 g/L) relative to the parent strain. Coupling these four in a single knockout strain 

(Δpor2Δmpc2Δpda1Δyat2) provided increased titer to 1.33 g/L and a reduction of biomass by 

20%.  Introducing this four-gene disruption into the coupled Δzwf1 / pJCT-PDHm strain provided 

an additional 50% improvement in titer (1.6 g/L), creating 35% of theoretical yield of TAL on 

glucose (0.16 g/g), the highest reported value for batch cultivation. This coupled strategy 

(summarized in Figure 4.9) illustrates a promising step toward improving strain development for 

synthesis of acetyl-CoA derived compounds. Additional features can also be incorporated to 

further enhance acetyl-CoA pools, including additional knockouts for reduced byproduct 

formation (Chapter 2), better heterologous enzyme expression including the use of synthetic 

promoters (Nevoigt et al., 2006) and stable chromosomal integrations (Fang et al., 2011), as well 
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as downregulation of competing pathways for yeast essential genes like those in fatty acid 

biosynthesis. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Final titer summary for polyketide production (g/L TAL) in S. cerevisiae. The introduction of 

transport knockouts (Δpor2Δmpc2Δpda1Δyat2) and a NADPH driving force (Δzwf1+pJCT-PDHm) led to 

increased titers, and combining them (Δzwf1Δpor2Δmpc2Δpda1Δyat2+pJCT-PDHm) provided the largest 

increase over all strains tested. Bars represent means ± SEM (n=6 independent experiments).  
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5.1 Conclusion 

The overarching goal of this research was to determine strategies for modifying the 

metabolism of yeast for improved polyketide synthesis using both metabolic and enzyme 

engineering. These efforts were applied in Saccharomyces cerevisiae toward the high-level 

synthesis of triacetic acid lactone (TAL), a valuable precursor for the chemical industry (Chia et 

al., 2012). Rational engineering of both the strain and enzyme were performed in an integrated 

approach. First, the native strain was designed with gene disruptions to support carbon flow 

towards acetyl-CoA and in turn TAL. This strain relied on traditional metabolic engineering and 

computational modeling to improve carbon utilization and eliminate losses to competing 

pathways. Second, the 2-pyrone synthase from G. hybrida was designed for increased catalytic 

efficiency (kcat /KM) and stability using engineering of the both the active site and surface exposed 

sites as characterized by enzyme kinetics and oxidation studies. Directly forcing the cell to make 

more acetyl-CoA in order to maintain redox was a parallel approach to further enhance the 

availability of this starter metabolite and thus polyketide production. This strategy was enhanced 

by evaluating a combination of disruptions in genes for pyruvate and acetyl-CoA transport to the 

mitochondria. Finally, fermentation strategies were employed to leverage the stabilized, more 

catalytically active enzymes expressed by strains with diverted carbon flow toward the target 

compound. This overall strategy has led to significant increases in the performance of our strains 

over the course of this study (Figure 5.1). The emphasis on improving acetyl-CoA pools for TAL 

production allows these efforts to be directly applicable to production of other relevant acetyl-

CoA derived compounds, including other polyketides and fatty acids.  
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Figure 5.1 Overall increases in various platform strains for TAL synthesis in S. cerevisiae, showcasing the 

development of the strain over the course of this study. Strains correspond to strain engineering (SE) or 

enzyme engineering (EE) approaches, or both (SE, EE), with or without the use of fed-batch operation. 

Values (excluding final bar, single run) represent mean ± one standard deviation (n=3 independent 

experiments). 
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5.2 Future Perspectives 

Although this work made major advances, the ever-increasing need for biobased 

materials will continue to drive pressure for better, more productive microbial hosts. A 

transformed chemical manufacturing landscape will require low cost, readily accessible 

feedstocks like biomass, while co-existing with current agricultural demands for human 

consumption (Carus et al., 2014). Fortunately, advances in metabolic engineering are also taking 

place concurrently, keeping the door open for a future where sustainable biobased production 

of previously petroleum-derived materials is possible. The experiments performed highlight 

various interventions for high-level synthesis in the yeast metabolic framework, which can be 

expanded on further. As an example, our recent work in the breakdown of cellulosic materials 

towards ethanol by S. cerevisiae can be implemented (Srikrishnan, 2012). A microbial system that 

can make valuable intermediates like TAL from biomass waste is well positioned for industrial 

applications. To that end, we are currently developing a cellulosome system for TAL production 

from cellulose. 

 The ease of use of computational modeling has significantly contributed to its rapid adoption as 

an approach for metabolic engineering (Likic et al., 2011). Efforts to standardize the language 

(SBML) in creating models and their associated matrices and make the models free and open-

access have made it possible for user-friendly interfaces to let one build, view, and edit the 

networks (Likic et al., 2011). Additionally, the construction of open-access optimization tools and 

user-friendly procedures allows non-computational engineers and scientists to run simulations 

in a routine manner almost effortlessly (Tervo and Reed, 2014). With respect to available 

genome-scale models, the first eukaryotic model, S. cerevisiae, was constructed in 2003 
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harboring 708 genes (Feist et al., 2009). There are now 94 bacterial models and 39 eukaryotic 

models available, all of which were developed by different research groups with different 

motivations. This wealth of data and tools has already spawned a rapidly evolving field, and will 

change the way ‘design-test-build’ cycles are used in metabolic engineering. For example, the 

strain construct developed for improved TAL synthesis (see Chapter 2) was recently employed as 

the new model network in a simulation with ethanol as a carbon feed (relevant for ADH2-based 

expression). This was carried out in collaboration with the CBiRC Members in the Maranas group 

(Penn State) using their program OptKnock. Both the wildtype and engineered strain predicted 

disruption of ammonia / ammonium transport reactions during growth on ethanol. In a feasibility 

test, our results with knockout library strains suggested that this was indeed a valid approach for 

further TAL enhancement (Figure 5.2). Deletion of the ATO2 or MEP3 gene increased TAL titer by 

greater than 3-fold. Additionally, a new optimization algorithm has recently been developed by 

the Maranas group called k-OptForce, a variation of OptForce with integrated kinetic parameters 

for glycolytic reactions (Chowdhury et al., 2014; Ranganathan et al., 2010). OptForce was 

designed to predict up- and down-regulations as well as knockout interventions for ideal product 

formation. k-OptForce is an improved network with more input data, leading to more accurate 

predictions. This optimized algorithm was the first to suggest heterologous PDH overexpression 

for increased TAL, as well as the downregulation of native pathways like the PDH bypass 

(Chowdhury et al., 2014). 
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Figure 5.2 Triacetic acid lactone titers for strains of the Knockout Library collection. All strains denote 

single gene disruption strain as selected from OptKnock data (all genes implicated in ammonia or 

ammonium transport). Values are mean ± one standard deviation (n=6 independent experiments). 

  

To successfully extend our work, the ability to suppress carbon flow through a competing 

pathway will be needed, where the most obvious strategy would be altering promoter control. 

Although vector sets are available with very tailored needs, having additional constructs available 

for different expression patterns would facilitate these types of downregulation / 

orverexpression studies. Our recent work explored a selection of different promoters, leveraging 

the ease of TAL biosynthesis for rapid evaluation that allows us to characterize relative expression 

levels under different culture conditions (Figure 5.3). A recent application of these promoters has 

been for downregulation of fatty acid biosynthesis (Figure 5.4), a major competitor for acetyl-
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promising metabolic engineering strategies to increase polyketide levels. Such strategies should 
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Figure 5.3 Triacetic acid lactone profiles for 9 promoters using high-copy expression plasmids in optimized 

SDC medium: (P1) HXT7p ^; (P2) TEF1p *; (P3) TEF1p-mut4 *; (P4) TEF1p-mut6 *; (P5) TEF1p-mut7 *; (P6) 

ADH1p **; (P7) ADH1Sp **; (P8) ADH1Mp **; (P9) HXT7391p # (*Nevoigt et al., 2006; **Ruohonen et 

al.,1995; ^Thierfelder et al., 2010; #Fang et al., 2011). 

 

Figure 5.4 Triacetic acid lactone profiles after 48 h cultivation in 1% glucose YPD for four strains harboring 

non-native promoters (ADH1p, TEF1p-mut4, TEF1p-mut7, TDH3p) upstream of the FAS2 gene (encoding 

one of the yeast FAS subunits). Values represent mean ± one standard deviation (n=6 independent 

experiments). 
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Abstract  

The native yeast type I fatty acid synthase (FAS) is a complex, rigid enzyme, and challenging to engineer 

for the production of medium- or short-chain fatty acids. Introduction of a type II FAS is a promising 

alternative as it allows expression control for each discrete enzyme and the addition of heterologous 

thioesterases. In this study, the native Saccharomyces cerevisiae FAS was functionally replaced by the 

Escherichia coli type II FAS (eFAS) system. The E. coli acpS + acpP (together), fabB, fabD, fabG, fabH, fabI, 

fabZ and tesA were expressed in individual S. cerevisiae strains, and enzyme activity was confirmed by in 

vitro activity assays. Eight genes were then integrated into the yeast genome, while tesA or an alternate 

thioesterase gene, fatB from Ricinus communis or TEII from Rattus novergicus, was expressed from a 

multi-copy plasmid. Native FAS activity was eliminated by knocking out the yeast FAS2 gene. The strains 

expressing only the eFAS as de novo fatty acid source grew without fatty acid supplementation 

demonstrating that this type II FAS is able to functionally replace the native yeast FAS. The engineered 

strain expressing the R. communis fatB thioesterase increased total fatty acid titer 1.7-fold and shifted the 

fatty acid profile towards C14 production, increasing it from <1% in the native strain to more than 30% of 

total fatty acids, and reducing C18 production from 39% to less than 9%. 

 

Key Words: Saccharomyces cerevisiae, E. coli fatty acid synthase, medium-chain fatty acids, 

thioesterase, biorenewable chemicals 
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The United States Department of Agriculture (USDA) has projected a 3-fold growth of the global 

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

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

opportunities for biobased products are particularly promising for chemicals (Bozell and Petersen, 2010). 

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

with highly reduced carbon backbones in conjunction with highly reactive functional groups, and 

polyketide and fatty acid (FA) biosynthesis provide a promising solution route to generate a vast library of 

such compounds (Nikolau et al., 2008). 

S. cerevisiae produces cytosolic de novo fatty acids using a complex and iterative fatty acid 

synthase (FAS). The yeast type I FAS is composed of Fas1 and Fas2 subunits 6 6 complex (Tehlivets 

et al., 2007), and the reactions are catalyzed by separate domains on the polypeptide chains. The primary 

products are C16 and C18 acyl-CoA esters, and the yeast FAS complexity and rigidity makes it a challenging 

enzyme to engineer to reduce this chain length (Leibundgut et al., 2008). As an alternative, our laboratory 

recently expressed, characterized and engineered the human type I FAS to produce short-chain fatty acids 

in S. cerevisiae (Leber and Da Silva, 2013). The higher flexibility of the hFAS structure allows replacement 

of the native thioesterase (TE) domain with one cleaving at the desired chain length. One disadvantage of 

Type I FAS systems is the iterative use of domains in a single enzyme complex, and the limited ability to 

intervene in the series of reaction steps. In contrast, bacterial, plant, and yeast mitochondrial fatty acid 

synthases are type II FASs, dissociated systems consisting of individual enzymes of the catalytic pathway 

codified by separate gene sequences (White et al., 2005). These systems allow the flexibility to engineer 

the pathway to produce alternate final FA–based products and to facilitate the metabolic optimization of 

the biosynthesis pathway. A good example of the flexibility to produce different end-products by the 

dissociated type II FAS is the production of methyl ketones in anengineered E. coli strain by the 

introduction of a 3-ketoacyl-ACP thioesterase (shmks2) from Solanum habrochaites (Park et al., 2012). 
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In this study, we replaced for the first time the native FAS system of S. cerevisiae with a type II 

FAS (from E. coli) and heterologous thioesterases, and then demonstrated the use of this system for the 

production of medium-chain fatty acids. Competition between the native and the heterologous FAS was 

removed by knocking-out the yeast FAS2 gene, leaving the final strain with only the E.coli type II FAS as a 

source of de novo fatty acid synthesis. As a first step, we chose a minimum set of required enzymes, and 

then tested the expression and in vitro activity of the enzymes synthesized in yeast. Nine genes (acpS, 

acpP, fabB, fabD, fabG, fabH, fabI, fabZ, tesA) coding for nine proteins are required to produce fatty acids 

in yeast using this type II FAS. The genes, enzymes, and relevant reactions are shown in Table 3S-1, and 

have been extensively reviewed in the literature, e.g., White et al. (2005).  

Each of the genes (except acpP) were introduced into an independent yeast strain on a 2µ-based 

plasmid (Table 1). AcpS activates apo-ACP (encoded by acpP), transferring to it the 4’-phosphopantetheine 

from coenzyme A, resulting in holo-ACP (Flugel et al., 2000). Active ACP was obtained using S. cerevisiae 

strain BY1G (Table 1), with one-copy of the acpS gene integrated into the genome, and carrying a plasmid 

harboring acpP. Yeast strains expressing the different type II FAS proteins were cultivated in selective SDC-

A medium, the cells were harvested, and the proteins were extracted and purified using Ni-NTA columns. 

Western blots of the purified proteins were used to verify their expression in yeast (Figure S-1), and two 

in vitro activity assays were performed to confirm their activity (Figure 1). A NADPH colorimetric assay 

(Bays et al., 2009) was used to directly verify activity of FabG, and thus the activity of the upstream 

enzymes AcpP, AcpS, FabD, FabH (Figure S-2). The assay results (Figure 1A) demonstrate that these five 

enzymes were actively expressed in yeast. To determine if all of the type II FAS proteins are active and can 

work together when expressed in S. cerevisiae, an in vitro acrylodan-labeled intestinal fatty acid binding 

protein (ADIFAB) assay was used. The purified enzymes were combined with acetyl-CoA, malonyl-CoA and 

NADPH, and the concentrations of free fatty acids (FFAs) were measured (Figure 1B). The negative 

controls, lacking either TesA (thioesterase activity) or holo-ACP (AcpP and AcpS) (essential prosthetic 
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group), had a background concentration of FFA, likely due to carryover from the protein elutes and non-

specific binding of the ADIFAB protein. However, the FFA level for the mixture with all enzymes was higher 

than the controls (p<0.05), demonstrating that the E. coli type II enzymes expressed in yeast are able to 

produce FFAs in vitro from malonyl-CoA and acetyl-CoA. The trends shown in Figure 1B were seen in each 

of the three independent experiments. 

After confirming activity of the enzymes produced in S. cerevisiae, we introduced all nine genes 

into one strain. Eight genes (acpS, acpP, fabB, fabD, fabG, fabH, fabI, fabZ) were integrated into the 

BY4741 -based plasmid. The rationale for the 

plasmid-based TE was two-fold: (1) the ability to quickly introduce different TEs and (2) the observed 

overproduction of free fatty acids in E. coli in the presence of high levels of cytosolic thioesterase activity 

(Lu et al., 2008), as this reaction is the bottleneck for FA production. All genes were integrated via double 

crossover to ensure stability (Da Silva and Srikrishnan, 2012). Single copies of fabG and fabD were 

sequentially integrated; the remaining six genes (acpP, acpS, fabB, fabH, fabI, and fabZ) were integrated 

in pairs as a single PCR product (Supplementary Material, Figure S-3). For the latter integrations, different 

promoters and terminators were used to avoid repeat sequences and thus avoid loss by homologous 

recombination. The nine genes were under either the PGK1 or the TEF1 promoter. 

Three strains were used for our expression studies: BY4741 (parent strain), BY6G (all genes except 

fabB and fabI integrated), and BY8G (all eight genes integrated) (Table I). BY4741 and BY6G are control 

strains that do not carry the full type II FAS. Three different thioesterase genes (tesA, RC, and TEII) were 

cloned into pXP219 vectors (Table I). TesA is natively located in the periplasm of E. coli and shows 

substrate preference for C16 and C18 acyl intermediates (Cho and Cronan, 1993). TEII (thioesterase II), from 

Rattus novergicus mammary gland, shifted the in vitro FA production profile of the rat FAS from long chain 

fatty acids (C16 and C18) to short-chain fatty acids (C8, C10, C12) (Libertini and Smith, 1978). In our earlier 

studies, this TE proved effective for producing C8 and C10 when overexpressed with the human FAS in yeast 
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(Leber and Da Silva, 2013). RC is a palmitoyl-ACP thioesterase from Ricinus communis (fatB); when 

overexpressed in E.coli, the production of myristic acid (C14) increased more than 4-fold, accounting for 

40% of the total fatty acids and increasing the total free fatty acid synthesized (Zhang et al., 2011).   

 Fatty acid production was first characterized in strain BY8G carrying pXP219-tesA, pXP219-TEII, or 

pXP219-RC and the two control strains. Growth rates were similar for all strains, indicating minimal growth 

inhibition due to the expression of the heterologous type II FAS and the overexpression of the 

thioesterases. No difference was seen in the distribution of fatty acid chain lengths or total fatty acid 

produced by the strains expressing TEII or RC relative to the controls (Figure S-4). However, strain 

BY8G+pXP219-tesA produced 201 mg/L total fatty acids, more than twice that for the control 

BY4741+pXP219 (86 mg/L). Overexpression of enzymes with acyl-CoA thioesterase activity has previously 

been shown to increase total FFA production in S. cerevisiae (Runguphan and Keasling, 2013). Therefore, 

the observed increase in fatty acids could be due to overexpression of the thioesterase rather than an 

increase due to the E. coli FAS system. 

 The lack of change in fatty acid distribution suggests that the native yeast FAS is dominant, limiting 

the impact of the heterologous eFAS system. Therefore, the native yeast FAS activity was eliminated to 

remove competition for substrates, cofactors, and reducing agents. We knocked out the FAS2 gene in 

strains BY4741 and BY8G to create BY4741ΔFAS2 and BY8GΔFAS2. Deletion of the FAS2 gene prevents de 

novo fatty acid production and is lethal to the yeast cells when fatty acids are not supplemented. The two 

FAS2 deletion strains were plated on SDC-A supplemented with myristic acid to allow growth. Control 

strain BY4741ΔFAS2 was transformed with the empty vector pXP219, and strain BY8GΔFAS2 was 

transformed with vectors pXP219-tesA, pXP219-TEII, or pXP219-RC, creating three strains expressing the 

E. coli FAS system and different heterologous thioesterases. 

Single colonies of the four strains were plated on SDC-A without FA supplementation to test for 

growth, and were evaluated after 6 and 25 days (Figure S-5). The control BY4741ΔFAS2+pXP219 did not 
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grow, as this strain cannot produce fatty acids. Similarly, the strain with the integrated E. coli FAS 

(BY8GΔFAS2) but no thioesterase was unable to grow (data not shown). However, the three strains with 

the integrated E. coli FAS and expressing the heterologous thioesterases were viable. With the RC and TEII 

thioesterases, colonies grew to significant size; with TesA, the cell grew poorly generating only small 

colonies. It is noteworthy that the type II E. coli FAS system and heterologous TEs were capable of 

functionally replacing the native yeast FAS, producing sufficient fatty acids for growth. The RC acyl-ACP 

thioesterase, FatB from R. communis, has been previously expressed in E. coli, showing the highest 

production of FFAs in this bacteria compared to other TEs tested (Zhang et al., 2011). This result agrees 

with the growth of the FAS2 knockout strains observed in Figure S-5. While all three strains grew on plates, 

only BY8GΔFAS2+pXP219-RC grew well in liquid SDC-A and complex YPD media. We thus chose to focus 

on this strain for evaluation of the fatty acid profile and total fatty acid levels. 

Control BY4741+pXP219 and strain BY8GΔFAS2+pXP219-RC were cultivated in selective SCD-A 

medium, harvested at the same stage of growth (early stationary phase: 20h and 45h, respectively (Figure 

S-6)), and FA levels were measured via GC-MS. BY4741+pXP219 uses the native S. cerevisiae FAS to 

produce de novo fatty acids, while BY8GΔFAS2+pXP219-RC has no yeast FAS and uses only the E. coli FAS 

with the R. communis FatB thioesterase. Total fatty acids were 1.7-fold higher for the heterologous eFAS 

system (160 mg/L) relative to the control strain with the native yeast FAS (93 mg/L) (Figure 2A), and 3.2-

fold higher if normalized to OD. High concentrations of C14 fatty acids (33% of total FA) were also found in 

the type II eFAS strain (Figure 2B), and C18 levels were significantly reduced (8% of total FA). Most of the 

C14 produced was monounsaturated (20% of total FA). In contrast, total C14 accounted for only 0.2% of 

total FAs (nearly undetectable) in the control strain using the native yeast FAS.  
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Figure 1. A) Confirmation of the activity of the AcpP, AcpS, FabD, FabH, and FabG proteins expressed in S. 

cerevisiae. An in vitro NADPH absorbance assay demonstrated the successful expression and activity of 

five of the nine genes needed to express the type II FAS in yeast (Figure S-2). Complete mix (squares) 

consisted of buffered ACP, FabD, FabH, FabG, acetyl-CoA, NADPH, and malonyl-CoA.  Negative controls 

consisted of a complete mix minus FabG (triangles), and complete mix minus ACP (diamond). Three 

independent experiments showed similar profiles. B) Confirmation of type II FAS activity by in vitro fatty 

acid synthesis. An in vitro ADIFAB assay demonstrated fatty acid synthesis when ACP, FabB, FabD, FabG, 

FabH, FabI, FabZ, and TesA were mixed with acetyl-CoA, malonyl-CoA, and NADPH. Negative controls were 

the reaction mix lacking E. coli thioesterase I TesA and the reaction mix lacking the acyl carrier protein 

ACP. Three independent experiments (with two independent replicates per experiment) were performed. 

Values were normalized to the -ACP control to allow comparisons across experiments. Results are 

expressed as mean ± SEM (n=6). The negative controls were statistically lower (p<0.05). 
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Figure 2. Fatty acid levels and chain length profile. A) Total fatty acids produced by strain BY8GΔFAS2 

carrying pXP219-RC (blue solid bar), and control strain BY4741 carrying an empty vector (ev) pXP219 

(red hatched bar). B) Profile of total fatty acids produced. Cells were harvested at early stationary phase: 

20h for control and 45h for BY8GΔFAS2+pXP219-RC (Figure S-6). No significant changes in the 

extracellular FA levels were measured for the control and FA production strains. Results are expressed 

as mean ± SEM (n=3). The differences in total fatty acid, C14:1, C14, C18:1, and C18 levels were 

statistically significant (p<0.01). 

 

The fatty acid profile for strain BY8GΔFAS2+pXP219-RC thus showed both higher overall FA levels 

and significant production of C14 (and lower production of C18) relative to the native S. cerevisiae. Fatty 

acid chain length is determined mainly by the acyl-ACP thioesterase in a type II FAS system. Interestingly, 

our results are similar to those observed in E. coli; Zhang et al., (2011) found that overexpression of R. 

communis fatB in E. coli increased total fatty acid levels and altered the normal FA distribution, increasing 

C14 production and decreasing C18, without removing the native thioesterase. The FA profile in yeast is 

also dependent on elongases, especially Elo1, which can actively elongate C12-C14 acyl-CoA primers to C16 

and C18 (Dittrich et al., 1998). 

The final OD of strain BY8GΔFAS2+pXP219-RC was half that of the native BY4741 (Table 2, Figure 

S-6). In contrast, BY8G+pXP219-RC (with the intact native FAS) had a growth profile similar to the native 
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strain. Therefore, deletion of the native FAS2 gene and reliance on only the heterologous eFAS pathway 

reduced the growth of the cells. This also decreased the FA productivity (mg/L h); although titers were 

substantially higher for BY8GΔFAS2+pXP219-RC, a longer growth period was needed to reach stationary 

phase. The heterologous pathway and the high percentage of C14 relative to C18 may be contributing 

factors. Better growth and productivity should be possible if the native yeast FAS is down-regulated 

instead of eliminated, supplementing sufficient native FAS function for healthy growth without excessive 

competition with the heterologous FAS system.         

These results demonstrate the promise of the heterologous E. coli FAS system for engineering 

yeast to produce alternate fatty acid products. The flexibility offered by this dissociated system allowed 

us to introduce heterologous thioesterases with the ability to cleave the ACP prosthetic group of fatty 

acids at different chain lengths. This system can also be used for the introduction of novel thioesterases 

cleaving the ACP from FA intermediates, potentially producing a large number of different final products 

with new chemical functionalities (Kim et al., 2015). In addition, the discrete type II FAS system allows 

expression to be optimized or even eliminated for each independent catalytic step. 

Table 2. Comparison of growth and FA production for the final engineered strain, BY8GΔFAS2+RC, with 

the control, BY4741+pXP219 at stationary phase (45 h for BY8GΔFAS2+RC and 20h for BY4741) in SDC-

A medium. Results are expressed as mean ± SEM from triplicates.  

 
 

  

  Final OD600 
C14 

concentration 
(mg/L) 

Total FA concentration 
(mg/L) 

Total FA productivity 
mg/(L·h) 

BY4741+ev 12.2±0.2 0.20±0.02 93.5±8.7 4.7±0.4 

BY8GΔFAS2+RC 6.5±0.1 52.3±1.4 160±5 3.6±0.1 



169 
 

Materials and Methods 

Vector and strain construction 

The E. coli type II FAS gene sequences were amplified from E. coli XL1-Blue (Stratagene, Santa 

Clara, CA) with a C- or N-terminal 6xHis-tag and inserted into the pXP219 vector (Table 1). The thioesterase 

gene sequence from R. communis (RC) was amplified from pXZ18 (Zhang et al., 2011),  and the 

thioesterase gene sequence from R. novergicus (TEII) was amplified from pJLA502-TEII (Naggert et al., 

1991). Both sequences were independently inserted into the pXP219 vector. The acpS, fabI, and fabZ gene 

sequences were excised from pXP219-acpS, pXP219-fabI, and pXP219-fabZ, respectively, and inserted into 

the pRF320 vector.  

S. cerevisiae strain BY4741 (Open Biosystems, Huntsville, AL) was the base strain. Single and 

double gene integrations were performed using two-piece (gene cassette, selection marker) 

transformation as previously described (Fang et al., 2011). The FAS2 gene in strains BY4741 and BY8G 

(Table 1) was deleted by replacement with the MET15 marker (Supplementary Material, Table S-6) and 

strains were selected on methionine-deficient plates supplemented with 2 mM myristic acid. After 

transformation of pXP219 in BY4741ΔFAS2, and pXP219-tesA, pXP219-RC and pXP219-TEII in BY8GΔFAS2, 

cells were selected on SDC-A + 2 mM myristic acid plates. Colonies on the previous plates were then plated 

on SDC-A without fatty acid supplementation. Colonies were restreaked 2 times onto new SDC-A plates 

and healthy cells were selected. 

The strains and vectors are described in Table I, and construction details can be found in the 

Supplementary Material. 

Media and cultivation 

Luria-Bertani (LB) medium containing 100 µg/mL ampicillin was used for E. coli cultivation. S. 

cerevisiae strains were cultivated in complex YPD, selective SDC-A, or SD minimal medium containing 2% 
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Table 1. List of plasmids and S. cerevisiae strains used in this study 

 
 

Plasmids Description Source 

pXP219  2µ vector, PGK1 promoter, CYC1 terminator, URA3 selectable marker Fang et al., 2011 

pXP219-acpP pXP219 harboring acpP with 6xHis-tag on C-terminus This study 

pXP219-acpS pXP219 harboring acpS with 6xHis-tag on C-terminus This study 

pXP219-fabB pXP219 harboring fabB with 6xHis-tag on N-terminus This study 

pXP219-fabD pXP219 harboring fabD with 6xHis-tag on N-terminus This study 

pXP219-fabG pXP219 harboring fabG with 6xHis-tag on N-terminus This study 

pXP219-fabH pXP219 harboring fabH with 6xHis-tag on N-terminus This study 

pXP219-fabI pXP219 harboring fabI with 6xHis-tag on N-terminus This study 

pXP219-fabZ pXP219 harboring fabZ with 6xHis-tag on N-terminus This study 

pXP219-tesA pXP219 harboring tesA with 6xHis-tag on C-terminus This study 

pXP219-RC pXP219 harboring RC with 6xHis-tag on C-terminus This study 

pXP219-TEII pXP219 harboring TEII with 6xHis-tag on C-terminus This study 

pJF702 CEN/ARS vector, ADH2 promoter, ADH2 terminator, LEU2 selectable marker This study 

pXP320 CEN/ARS vector, TEF1 promoter, CYC1 terminator, HIS3 selectable marker Fang et al., 2011 

pRF320  CEN/ARS vector, TEF1 promoter, ADH2 terminator, LEU2 selectable marker This study 

pRF320-acpS pRF320 harboring acpS with 6xHis-tag on C-terminus This study 

pRF320-fabI pRF320 harboring fabI with 6xHis-tag on N-terminus This study 

pRF320-fabZ pRF320 harboring fabZ with 6xHis-tag on N-terminus This study 

   

Strains Description Source 

BY4741  MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Open Biosystems 

BY1G BY4741 ura3::PPGK1-acpS-TCYC1 This study 

BY6G 
BY4741  met15::PPGK1-fabG-TCYC1  ura3::PPGK1-fabD-TCYC1  leu2::PPGK1-fabH-
TCYC1-PTEF1-acpS-TADH2  ty1-5::PPGK1-acpP-TCYC1-PTEF1-fabZ-TADH2 

This study 

BY8G BY6G  ty1-1::PPGK1-fabB-TCYC1-PTEF1-fabI-TADH2 This study 

BY4741ΔFAS2 BY4741 fas2Δ0 This study 

BY8GΔFAS2 BY8G fas2Δ0 This study 
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dextrose (see Supplementary Material). For FAS2 knockout strains without the integrated eFAS, the 

medium was supplemented with 2 mM myristic acid and tween 40 (0.5%). S. cerevisiae strains were 

cultivated at 30˚C in an air shaker (New Brunswick Scientific, Enfield, CT) at 250 rpm. Cells were inoculated 

from -80˚C stock and grown overnight in 5 mL medium in 16 mm x 125 mm culture tubes for inoculation 

to an OD of 0.1. Cells for fatty acid measurement studies were grown in shake flasks containing 50, 200 

or 250 mL medium. 

Analytical Methods  

The protein purification, NADPH and ADIFAB assay protocols were modified from Leber and Da 

Silva (2013). Activity of AcpS, AcpS, FabD, FabH, and FabG was determined via a NADPH assay using 

equimolar amounts of purified E. coli FAS enzymes in the NADPH reaction buffer. For the ADIFAB assay, 

purified type II FAS enzymes (5-15 µM final conc.) were combined with acetyl-CoA (50 µM final conc.), 

malonyl-CoA (150 µM final conc.), and NADPH (150 µM final conc.) to a final volume of 500 µL. The 

reaction mixture was placed on a microfuge tube rotator at 37˚C for 1 h. 500 µL of 0.2 µM ADIFAB 

suspended in measuring buffer was then added and the 1 mL solution was incubated at 37˚C for 20 min. 

The mixture was transferred to a quartz cuvette and a Bowman Series 2 luminescence spectrometer was 

used to take readings at wavelengths of 432 and 505 nm. FA extraction and quantification via GC-MS 

followed that in Leber and Da Silva (2013).  

Statistical Analysis  

Three independent enzyme isolation/ADIFAB experiments were performed, with two independent 

assays per experiment (n=6). For the fatty acid analysis, three independent experiments were 

performed (n=3). A one-way analysis of variance (ANOVA) was used, followed by Dunnett’s multiple 

comparison test. Values were considered statistically significant when p-values were <0.05. Data are 

reported as mean ± standard error of the mean (SEM), unless otherwise stated. 
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APPENDIX B 

Supplementary Material to: 

Functional replacement of the Saccharomyces cerevisiae fatty acid synthase 

with a bacterial type II system allows flexible product profiles (Appendix A) 
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Table S-1. List of genes, proteins, and reactions.  
 

* Two E. coli enzymes FabB (β-ketoacyl-ACP synthase I) and FabF (β-ketoacyl-ACP synthase II) catalyze the condensation of 
malonyl-CoA with the fatty acyl-ACP growing chain. We expressed only β-ketoacyl-ACP synthase (FabB), since expression of 
FabF in active form has proven challenging (Magnuson et al., 1995). 

† There are two genes in E. coli that encode β-hydroxyacyl-ACP dehydrases, FabA and FabZ. The broad substrate specificity of 
FabZ and the low activity of FabA for β-hydroxybutyryl-ACP (Heath and Rock, 1996) made FabZ a better choice for our work.   

  

Gene Protein Reaction Ref. 

acpP Acyl carrier protein (ACP)  White et al., 2005 

acpS ACP synthase apo-ACP + 4'-Phosphopantetheine Group  ACPSH White et al., 2005 

fabB* β-ketoacyl-ACP synthase I 

(n)acyl-ACP + malonyl-ACP    (n+2)β-ketoacyl-ACP 

White et al., 2005 

acetoacetyl-ACP + malonyl-ACP    β-ketobutyryl-ACP + CO2 + ACPSH 

fabD Malonyl-CoA:ACP transacylase malonyl-CoA  + ACPSH    malonyl-ACP White et al., 2005 

fabG β-ketoacyl-ACP reductase β-ketoacyl-ACP + NADPH + H+  β-hydroxyacyl-ACP + NADP+ White et al., 2005 

fabH β-ketoacyl-ACP synthase III malonyl-ACP + acetyl-CoA    acetoacetyl-ACP White et al., 2005 

fabI Enoyl-ACP reductase enoyl-ACP + NADH+H+  acyl-ACP + NAD+ White et al., 2005 

fabZ† β-hydroxyacyl-ACP dehydratase β-hydroxyacyl-ACP  enoyl-ACP + H2O White et al., 2005 

tesA Thioesterase I acyl-ACP  free fatty acid + ACPSH 
Cho and Cronan, 
1993 
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Vector and strain construction 

 
E. coli strain XL1-Blue (Stratagene, Santa Clara, CA) was used for plasmid preparation and storage. 

S. cerevisiae host strain BY4741 (Open Biosystems, Huntsville, AL) was used for in vitro and in vivo studies. 

Standard molecular biology procedures were carried out as described in Sambrook and Russell (2001). 

Restriction enzymes, T4 DNA ligase, Taq DNA polymerase, and deoxynucleotides were purchased from 

New England Biolabs (Ipswich, MA). KOD Hot-start DNA polymerase was obtained from Novagen (San 

Diego, CA). Oligonucleotide primers were purchased from IDT DNA (San Diego, CA). All sequences of gene 

fragments amplified by PCR were verified by DNA sequence analysis (GeneWiz, South Plainfield, NJ). E. 

coli mini-prep DNA was prepared using a Spin Miniprep Kit (Qiagen, Germantown, MD), and plasmid 

transformation of E. coli competent cells was done using a standard heat shock method (Sambrook and 

Russell, 2001). Plasmid and integrative transformations in S. cerevisiae were performed using a high 

efficiency LiAc method using DMSO (Hoskins, 2000). Isolation of total genomic yeast DNA for integration 

and checking was performed as described in Sambrook and Russell (2001). 

 acpP, acpS, fabB, fabD, fabG, fabH, fabI, fabZ, and tesA were amplified from E. coli XL1-Blue using 

the primers shown in Table S-2. The placement of the 6x-histidine tags was based on prior reports in the 

literature. If this information was not found (i.e., for acpP, acpS, and tesA), the C-terminus was chosen. 

Thioesterase RC was amplified from pXZ18 and TEII was amplified from pJLA502-TEII using the primers 

shown in Table S-2. PCR fragments were digested with restriction enzymes XhoI and SpeI and isolated on 

a 1% agar gel. DNA was extracted using a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). 

Backbone DNA (pXP219) and genes were ligated at a 1:3 molar ratio for 20 minutes at room temperature 

using Thermo Scientific Fermentas Rapid DNA Ligation Kit (Thermo Fisher, San Jose, CA) to generate 

pXP219-acpP, pXP219-acpS, pXP219-fabB, pXP219-fabD, pXP219-fabG, pXP219-fabH, pXP219-fabI, 

pXP219-fabZ, pXP219-tesA, pXP219-RC, and pXP219-TEII. 
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Table S-2. Primers used to amplify, 6xHis-tag, and clone FAS enzymes into pXP219 

Gene  Direction Primer name Primer sequence, 5’  3’ 

acpP 
Forward  acpP-for-speI GACCTCCC-ACTAGT-AAAAAA-ATGAGCACTATCGAAGAACG 

Reverse 
acpP-rev-
histag 

TGGTAATC-CTCGAG-TTA-ATGATGATGATGATGATG-
CGCCTGGTGGCCGTTGA 

acpS 
Forward  acpS-for-speI GACCTCCC-ACTAGT-AAAAAA-ATGGCAATATTAGGTTTAGG 

Reverse 
acpS-rev-
histag 

TGGTAATC-CTCGAG-TTA-ATGATGATGATGATGATG-
ACTTTCAATAATTACCG 

fabB Forward  
fabB-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
AAACGTGCAGTGATTAC 

Reverse fabB-rev TGGTAATC-CTCGAG- TTAATCTTTCAGCTTGCGCA 

fabD Forward  
fabD-for-
pmeI-histag 

GACCTCCC-GTTTAAAC-AAAAAA-ATG-CATCATCATCATCATCAT-
ACGCAATTTGCATTTGT 

Reverse fabD-rev TGGTAATC-CGGTCCG-TTAAAGCTCGAGCGCCGCTG 

fabG Forward  
fabG-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
AATTTTGAAGGAAAAAT 

Reverse fabG-rev TGGTAATC-CTCGAG- TCAGACCATGTACATCCCGC 

fabH Forward  
fabH-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
TATACGAAGATTATTGG 

Reverse fabH-rev TGGTAATC-CTCGAG- CTAGAAACGAACCAGCGCGG 

fabI Forward  
fabI-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
GGTTTTCTTTCCGGTAA 

Reverse fabI-rev TGGTAATC-CTCGAG- TTATTTCAGTTCGAGTTCGT 

fabZ Forward  
fabZ-for-speI-
histag 

GACCTCCC-ACTAGT-AAAAAA-ATG-CATCATCATCATCATCAT-
ACTACTAACACTCATAC 

Reverse fabZ-rev TGGTAATC-CTCGAG- TCAGGCCTCCCGGCTACGAG 

tesA 
Forward  tesA-for-speI GACCTCCC-ACTAGT-AAAAAA-ATGATGAACTTCAACAATGT 

Reverse 
tesA-rev-
histag 

TGGTAATC-CTCGAG-TTA-ATGATGATGATGATGATG-
TGAGTCATGATTTACTA 

RC 
Forward  RC-for-speI TCCC-ACTAGT-AAAAAA-ATGGTAGCAACAGCAGCGGCAGCA 

Reverse RC-rev-histag GGGACTCGAGTTAATGATGATGATGATGATGGGCGCTTTCAACCGGAATTTG 

TEII Forward  TEII-for-speI 

GACCTCCC-ACTAGT-AAAAAA-
ATGGAGACAGCAGTCAATGCTAAGAGTCCCAGGAATGAAAAGGTTTTGAAC
TGT 

Reverse 
TEII-rev-
histag 

TGGTAATC-CTCGAG-TCA-ATGATGATGATGATGATG-
AGTGAGTGACGAGAGTTCCAA 

 

 acpS under the control of PPGK1 was integrated at one copy into the genome of strain BY4741, 

creating strain BY-aS. PCR was used to generate fragment PPGK1-ACPS-TCYC1 from vector pXP219-acpS and 

fragment loxP-LEU2-loxP from plasmid pXP222 using the primers shown in Table S-3. The PPGK1-ACPS-TCYC1 

fragment had 50 bp homologous sequences on the 3’ end to fragment loxP-LEU2-loxP on the 5’ end. The 
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flanking 5’ and 3’ ends of the adjoined segment had 50 bp overlapping sequences up- and down-stream 

of the target URA3 locus. acpS integration into the URA3 locus was confirmed by PCR analysis using 

primers that annealed upstream and downstream of the chromosomal site (Table S-7).  

Table S-3. Primers used to integrate acpS into the URA3 locus to create strain BY-aS. 

Gene  Locus Marker Direction Primer Sequence 

acpS URA3 LEU2 

Forward1 
GTTTTGACCATCAAAGAAGGTTAATGTGGCTGTGGTTTCAGGGTCCATAA
GGCATTTGCAAGAATTACTCGTG 

Reverse1 CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTTCGAGCG 

Forward2 CGCTCGAAGGCTTTAATTTGCGGCCggtcgactctagaggatcCCCGGG 

Reverse2 
GCGTATATAGTTTCGTCTACCCTATGAACATATTCCATTTTGTAATTTCGTG
TCGAATTCGAGCTCGGTACCCGGG 

 

 The CYC1 terminator on pXP320 was replaced by the ADH2 terminator. Primers For-ADH2t and 

Rev-ADH2t (Table S-4) were used to amplify the ADH2 terminator from pJC702. The PCR product and 

pXP320 were digested with XbaI and XhoI and isolated on a 1% agar gel. DNA was extracted using 

Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Backbone DNA and terminator were ligated 

at a 1:3 molar ratio for 20 min at room temperature using a Thermo Scientific Fermentas Rapid DNA 

Ligation Kit (Thermo Fisher, San Jose, CA), generating plasmid pRF320. Plasmids pRF320-acpS, pRF320-

fabI, and pRF320-fabZ were constructed using the primers shown in Table S-1 and the same procedure as 

for pXP219-versions described above. 

Table S-4. Primers used to amplify ADH2 terminator from pJC720, and clone into pXP320 (replacing 
CYC1 terminator), creating pRF320. 

Terminator Direction Primer name  Primer sequence, 5'  3' 

ADH2 
Forward For-ADH2t 5'-TCCCctcgagAGTCGACATGCATCCTAGGTTTAAACATGC-3' 

Reverse Rev-ADH2t 5'-TCCCTCTAGAGTCGAGGGGAGCAAACGCGCTGGGAGCAAA-3' 

 

 fabG under the control of PPGK1 was integrated at one copy into the genome of strain BY4741. PCR 

was used to generate fragment PPGK1-fabG-TCYC1 from vector pXP219-fabG and fragment loxP-URA3-loxP 

from plasmid pXP219 using the primers shown in Table S-4. The PPGK1-fabG-TCYC1 fragment had 50 bp 

homologous sequences on the 3’ end to the fragment loxP-URA3-loxP on the 5’ end. The flanking 5’ and 
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3’ ends of the adjoined segment had 50 bp overlapping sequences up- and down-stream of the target 

MET15 locus. fabG integration into the MET15 locus was confirmed by PCR analysis using primers that 

annealed upstream and downstream of the chromosomal site (Table S-7).  

 fabD under the control of PPGK1 was integrated at one copy into the genome of strain BY-G (BY4741 

met15::PPGK1-fabG-TCYC1). PCR was used to generate fragment PPGK1-fabD-TCYC1 from vector pXP219-fabD 

and fragment loxP-URA3-loxP from plasmid pXP219, using the primers shown in Table S-4. The flanking 5’ 

and 3’ ends of the adjoined segment had 50 bp overlapping sequences up- and down-stream of the target 

URA3 locus. fabD integrations into the URA3 locus was confirmed by PCR analysis using primers that 

annealed upstream and downstream of the chromosomal site.  

 fabH under the control of PPGK1 and acpS under the control of PADH2 were simultaneously 

integrated at one copy each into the genome of strain BY-DG (BY4741  met15::PPGK1-fabG-TCYC1  ura3::PPGK1-

fabD-TCYC1). PCR was used to generate fragment PPGK1-fabH-TCYC1 from vector pXP219-fabH, using primers 

Forward1-LEU2 and Reverse1-LEU2 (Table S-4). Primers Forward2-LEU2 and Reverse2-LEU2 were used to 

generate fragment PTEF1-acpS-TADH2-loxP-HIS3-loxP from plasmid pRF320-acpS. The first fragments had 50 

bp homologous sequences on the 3’ end to fragment PTEF1-acpS-TADH2-loxP-HIS3-loxP on the 5’ end. The 

flanking 5’ and 3’ ends of the adjoined segment had 50 bp overlapping sequences up- and down-stream 

of the target LEU2 locus. fabH and acpS integrations into the LEU2 locus were confirmed by PCR analysis 

using primers that annealed upstream and downstream of the chromosomal site. 

 acpP under the control of PPGK1, and fabZ under the control of PADH2, were simultaneously 

integrated at one copy each into the genome of strain BY-aSDGH (BY4741  met15::PPGK1-fabG-TCYC1  

ura3::PPGK1-fabD-TCYC1  leu2::PPGK1-fabH-TCYC1-PTEF1-acpS-TADH2). PCR was used to generate fragment PPGK1-

acpP-TCYC1 from vector pXP219-acpP, using primers Forward1-Ty15 and Reverse1-Ty15 (Table S-4). Primers 

Forward2-Ty15 and Reverse2-Ty15 were used to generate fragment PTEF1-fabZ-TADH2-loxP-HIS3-loxP from 
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plasmid pRF320-fabZ. The first fragments had 50 bp homologous sequences on the 3’ end to fragment 

PTEF1-fabZ-TADH2-loxP-HIS3-loxP on the 5’ end. The flanking 5’ and 3’ ends of the adjoined segment had 50 

bp overlapping sequences up- and down-stream of the target LEU2 locus. fabZ and acpP integrations into 

the Ty1-5 locus were confirmed by PCR analysis using primers that annealed upstream and downstream 

of the chromosomal site. 

 fabB under the control of PPGK1, and fabI under the control of PADH2, were simultaneously 

integrated at one copy each into the genome of strain BY4741. PCR was used to generate fragment PPGK1-

fabB-TCYC1 from vector pXP219-fabB, using primers Forward1-Ty11 and Reverse1-Ty11 of Table S-4. 

Primers Forward2-Ty11 and Reverse2-Ty11 shown on Table S-4 were used to generate fragment PTEF1-

fabI-TADH2-loxP-HIS3-loxP from plasmid pRF320-fabI. The first fragments had 50 bp homologous sequences 

on the 3’ end to fragment PTEF1-fabI-TADH2-loxP-HIS3-loxP on the 5’ end. The flanking 5’ and 3’ ends of the 

adjoined segment had 50 bp overlapping sequences up- and down-stream of the target Ty15 locus. fabB 

and fabI integrations into the Ty1-5 locus were confirmed by PCR analysis using primers that annealed 

upstream and downstream of the chromosomal site. 

 To knockout the FAS2 gene, nested polymerase chain reaction (PCR) was used to increase the 

homologous sequence, upstream and downstream, to approximately 100 bp. PCR was run using primers 

FAS2-KO-M-for and FAS2-KO-M-rev with pXP214 (MET15 marker) to generate a piece with approximately 

25 bp of homology upstream and downstream the FAS2 gene sequence in the yeast genome. Gel 

electrophoresis with 1% agar gel was used to separate and to visualize DNA products. In order to increase 

the homologous sequence of the inserting DNA with the yeast genome, the DNA product from the 

previous step was used as template in a PCR reaction with primers Nes1-F-FAS2KO and Nes1-R-FAS2KO, 

which have 24 bp of homology with the template and add 36 bp of homology with the yeast genome on 

each end of the insert. This process was repeated with primers Nes2-F-FASKO and Nes2-R-FAS2KO to have 

a total homology of approximately 100 bp on each side. 
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Table S-5. Primers used to integrate the E. coli FAS genes into the S. cerevisiae genome. 

Locus 
Type of 
Integration Gene/s Direction Primer Sequence 5’  3’ 

MET15 

Single, 2-
piece, 
double 

crossover 

fabG 

forward1 
GGCAAATGGCACGTGAAGCTGTCGATATTGGGGAACTGTGGTG
GTTGGCAAGGCATTTGCAAGAATTACTCGTG 

reverse1 
CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTTC
GAGCG 

forward2 
CGCTCGAAGGCTTTAATTTGCGGCCggtcgactctagaggatcCCCGG
G 

reverse2 
GCAAATAAAACACTATTGATTGCTTAAAAGGGCAATCCGACTAT
ATCTGGAATTCGAGCTCGGTACCCGGG 

URA3 

Single, 2-
piece, 
double 

crossover 

fabD 

forward1 
GTTTTGACCATCAAAGAAGGTTAATGTGGCTGTGGTTTCAGGGT
CCATAAGGCATTTGCAAGAATTACTCGTG 

reverse1 
CCCGGGGATCCTCTAGAGTCGACCGGCCGCAAATTAAAGCCTTC
GAGCG 

forward2 
CGCTCGAAGGCTTTAATTTGCGGCCggtcgactctagaggatcCCCGG
G 

reverse2 
CCAATTTTTTTTTTTTCGTCATTATAGAAATCATTACGACCGAGAT
TCCCGGGAATTCGAGCTCGGTACCCGGG 

LEU2 

Tandem, 2-
piece, 
double 

crossover 

fabH  
acpS 

forward1 
CCATGTATAATCTTCATTATTACAGCCCTCTTGACCTCTAATCATG
AATGTTAGGCATTTGCAAGAATTACTCGTG 

reverse1 
aaggattcgcggtaatattgaaaaagg 
GGCCGCAAATTAAAGCCTTCGAGCG 

forward2 CGCTCGAAGGCTTTAATTTGCGGCC cctttttcaatattaccgcgaatcctt   

reverse2 
GCGTATATAGTTTCGTCTACCCTATGAACATATTCCATTTTGTAAT
TTCGTGTCGAATTCGAGCTCGGTACCCGGG 

Ty 1-5 

Tandem, 2-
piece, 
double 

crossover 

acpP 
fabZ 

forward1 
CACAGAGTTGTATTTGCGCTTCTGAGCGATGCTTCCGAGATTGTT
GAAGCAAGGCATTTGCAAGAATTACTCGTG 

reverse1  
aaggattcgcggtaatattgaaaaagg 
GGCCGCAAATTAAAGCCTTCGAGCG 

forward2 CGCTCGAAGGCTTTAATTTGCGGCCcctttttcaatattaccgcgaatcctt   

reverse2 
GATTATTGAAGAGGGATGCGTTTGGTACAATAAAAAACATAGGT
TCCCAAACCGAATTCGAGCTCGGTACCCGGG 

Ty 1-1 

Tandem, 2-
piece, 
double 

crossover 

fabB 
fabI 

forward1 
GACTTCTAGTATTATCTGTATATCTAATATTATAGTCTCTAACAAC
AGTGGAATAGGCATTTGCAAGAATTACTCGTG 

reverse1 
aaggattcgcggtaatattgaaaaagg 
GGCCGCAAATTAAAGCCTTCGAGCG 

forward2 CGCTCGAAGGCTTTAATTTGCGGCC cctttttcaatattaccgcgaatcctt   

reverse2 
CATGTATGAAACTGGGAATTCTGATAAATTTTGTCATAACTGTTG
GGATTCCGAATTCGAGCTCGGTACCCGGG 

 

  



183 
 

Table S-6. Primers to knockout FAS2 gene from BY4741 and BY8G strains.  

Gene Direction Primer name Primer Sequence 

FAS2 

Forward FAS2-KO-M-for 
CAACTTTGGCTGGGATGGCTCAAACCCGGGataacttcgtataGCATA
CAT     

Reverse FAS2-KO-M-rev 
ATGTCTTTCAATGCAGCACCACCGCCCGGGataacttcgtataATGTA
TGC     

Forward Nes1-F-FAS2KO 
TTAACACTGAAAGGGTTGTTGAAATCGGTCCTTCTCCAACTTTGG
CTGGGATGGCTCAAA 

Reverse Nes1-R-FAS2KO 
ACGGCTGGAGCGTTTTTGTTAACGCGTACGATTTCGATGTCTTTC
AATGCAGCACCACCG 

Forward Nes2-F-FAS2KO 
GATGGATTGAAACTCAAGATGTTTTTTTGAAGGATTTTAACACTG
AAAGGGTTGTTGAAA 

Reverse Nes2-R-FAS2KO 
CTTCGGCAGCCTTTTTGGCGTTACCGTGCAGTTCAACGGCTGGAG
CGTTTTTGTTAACGC 

 

 

Table S-7. Loci check integration/knockout primers.  
 

Locus Direction Primer Sequence 

FAS2 
Forward TGTTGTTGTCGTTGTTGTCCCAGC 

Reverse CCAGTAAGTCGCTCCAGATTT 

LEU2 
Forward GGAATTCTAACAATTATCAAATTGTCCG 

Reverse CAGCCTGTACATCTGCTTCCC 

MET15 
Forward CTCCTCGAGGATTTAGGAATCC 

Reverse GCGGGATCGAACCGCTGATCC 

Ty 1-1 
Forward GGCCTGTGCGTGTTCATAAGGG 

Reverse ACATGATATCATAACTTACCAG 

Ty 1-5 
Forward GCTAATCTTTGGATATAGGGC 

Reverse CAGATCACTTATACAGCTTTACACAG 

URA3 
Forward CTAGGGAAGACAAGCAACG 

Reverse GTGAAGTCATTGACACAGTCTG3 

 

    

Media and cultivation 

 
Luria-Bertani (LB) medium containing 100 µg/mL ampicillin was used for E. coli cultivation 

(Sambrook and Russell, 2001). S. cerevisiae strains were cultivated in complex YPD (20 g/L dextrose, 20 

g/L peptone, 10 g/L yeast extract (BD Biosciences, Sparks, MD)), selective SDC-A (20 g/L dextrose, 5 g/L 
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casamino acids, 5 g/L ammonium sulfate, 1.7 g/L yeast nitrogen base without amino acids, 100 mg/L 

adenine sulfate), or 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 histidine-HCl, 100 mg/L methionine, 100 mg/L leucine) (Amberg et al., 2005). Plates 

contained 2% Bacto-agar. For FAS2 knockout strains without the full integrated heterologous FAS, the 

medium contained 2 mM myristic acid with tween 40 (0.5 %) to supplement growth (Chirala et al., 1987). 
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Figure S-1. Western blot analysis of purified fabH-6xHis, fabD-6xHis, fabI-6xHis, fabG-6xHis and fabZ-

6xHis. The image was created from independent Western blot images. Relative sizes among enzymes are 

not to scale.  
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Figure S-2. Pathway for the production of β-hydroxybutyryl-ACP. The reduction of the keto group to 

alcohol requires NADPH as a reducing agent, and its depletion can be monitored. 
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Integration Strategy 

 

A)                                                                                              B) 

 

 

 

 

 

 

 

 

 

 

 

Figure S-3. Schematic comparison of the single gene and tandem gene integration. A) Double crossover 
integration of gene G into one locus. P1 is promoter PPGK1 and T1 is terminator TCYC1. B) Integration of gene 
G1 and gene G2.  P1 is PPGK1, P2 is PTEF1, T1 is TCYC1, and T2 is TADH2. The construct P1-G1-T1 was obtained 
through PCR using a pXP219-based plasmid as template. The construct P2-G2-T2-M (e.g., M=LEU2 marker) 
was obtained through PCR using a pRF320-based plasmid as template.  
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A)  

 

B) 

 

Figure S-4. A) Total fatty acids produced by strain BY8G after 24 h using thioesterase TEII, RC, and TesA. 

Control strains with empty vector (ev), BY4741+pXP219 (dotted) and BY6G+pXP219 (diagonal striped) 

are compared to strains BY8G+pXP219-TEII (horizontal striped), BY8G+pXP219-RC (squared), and 

BY8G+pXP219-tesA (brick). B) Fatty acid profile as % of the total FA produced by each strain described 

above. No C14 was detected for any of the samples. Results are expressed as mean ± error from two 

independent experiments. 
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Figure S-5. In vivo confirmation of heterologous E.coli FAS activity in strain BY8GFAS2 with different 

thioesterases: TesA, RC, and TEII. The negative control was strain BY4741FAS2 carrying an empty 

plasmid pXP219. The FAS2 strains were streaked on synthetic minimal media plates supplemented 

with fatty acids. Subsequent colonies were re-suspended in water, plated in the absence of FAs, and 

allowed to grow for 6 days (first row) and 25 days (second row).  The images are 40x magnification 

bright-field microscopy pictures (Olympus, BX51). 
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Figure S-6. Growth curves for 8GΔFAS2+pXP219-RC (blue circles), 8G+pXP219-RC (grey triangles), and 
BY4741+pXP219 (orange squares) as a control. Cells were inoculated overnight in 5mL SDC(A), cells from 
those cultures were used to inoculate 50 mL SDC(A) at an initial OD600 of 0.1.  
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