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ABSTRACT

Establishing industrial biotechnology for the production of chemical compounds from the
biosynthetic pathway has received a significant boost with the implementation of metabolic
engineering. At present, metabolic engineering in Saccharomyces cerevisiae gains
significant advantages of integration of knowledge acquired through a long history of use
and data acquisition from novel —omics technologies hence enabling the development of a
tailor-made S. cerevisiae with desired features for various industrial applications.

With regard to environmentally friendly (eco-friendly) materials, engineering of
biodegradable polyhydroxybutyrate (PHB) producing microbes has been studied as a
potential alternative to petroleum-based thermoplastics. Heterologous expression of the
bacterial PHB biosynthesis pathway in S. cerevisiae involves the utilization of acetyl-CoA,
an intermediate of the central carbon metabolism, as precursor and NADPH, a redox
cofactor used during anabolic metabolism, as a required cofactor for the catalyzing enzymes
in the PHB biosynthesis pathway. Provision of acetyl-CoA and NADPH by alteration of the
endogenous pathways and/or implementation of a heterologous gene/pathway was
investigated with the aim to improve PHB production in S. cerevisiae. Since the specific
growth rate and the type of carbon source (fermentable/non-fermentable) influence cell
physiology and affect the growth of S. cerevisiae, PHB production was examined at
different specific growth rates on different carbon sources. Overexpression of genes in the
native ethanol degradation pathway and heterologous expression of a phosphoketolase
pathway from Aspergillus nidulans aiming to increase the production of cytosolic acetyl-
coA and chromosomal integration of gapN from Streptococcus mutans to enhance the
availability of NADPH were evaluated for their possibility to promote PHB production in S.
cerevisiae. The enhancement of acetyl-CoA and NADPH either by the combined strategies
of the ethanol degradation pathway and gapN or utilization of the phosphoketolase pathway
resulted in the improved PHB content from 4 mg/gDW in the reference strain to
approximately 28 mg/gDW. It is difficult for S. cerevisiae to compete with other natural
PHB producers like Ralstonia eutropha which benefit from native enzymes for the
biosynthesis or with the engineered E. coli since the metabolism in S. cerevisiae is more
complex and involves compartmentalization and shuttle systems for precursor and redox
balancing. However, the strategies employed in this study involve both engineering of the
central carbon and redox metabolism and it demonstrated that it is possible to substantially
improve PHB production. Furthermore, the applied strategies may well be suitable also for
improving the production of other chemicals, derived from acetyl-CoA and requires
NADPH for its biosynthesis.

Keywords: S. cerevisiae, Metabolic engineering, Polyhydroxybutyrate, Acetyl-CoA, NADPH
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CHAPTER 1. Introduction

1.1. Engineering of industrial microbes

Microbial production of chemical compounds offers several advantages over conventional
chemical synthesis. Much improvement of microbial and cellular processes using industrial
microbes has been achieved by improving the cell factory through an iterative cycle of
modeling, implementation and data analysis (Figure 1a), often referred to as the metabolic
engineering cycle. Genome-scale metabolic models (GEMs) have been used to predict
changes in enzyme reaction rates (fluxes) in response to nutrient or genetic perturbations thus
allowing the prediction of cellular alteration that will increase the production of a desired
product. Stoichiometric models have been created through curating enzyme biochemistry
literature and using comparative genomics approaches for organisms that have little
biochemical evidence. The addition of regulatory information to the stoichiometric models as
well as identifying the reversibility/irreversibility of enzymatic reactions by calculating the
thermodynamic feasibility can improve the predictive capabilities of the models (Feist et al.
2007; Henry et al. 2007; Herrgard et al. 2006). The next step in the iterative metabolic
engineering cycle is the implementation of strategies offered by the predictive model to
construct the engineered microbe with the desired characteristics. Implementation generally
consists of using strong plasmid-based overexpression, knockout and/or introduction of one or
more heterologous gene(s). Instead of using a binary option of strong overexpression and
deletion which can cause a metabolic burden in the cell (Gorgens et al. 2001), a well fine-
tuned alteration of constitutive expression levels such as by engineering of a constitutive
strong promoter (Nevoigt et al. 2006) and chemical induced chromosomal evolution (CIChE)
is more attractive for strain improvements (Tyo et al. 2009). As models are not 100%
predictive and molecular implementations may therefore not perform as expected, the
engineered cells must be analyzed after construction. Technological advancements have
enabled —omics measurements and hence generated a massive amount of —omics data of
engineered microbes. Due to the availability of databases, a great number of mathematical
models and integrative strategies have been developed and established as systems biology
tools to integrate and visualize multidimensional data. Model reconstruction benefits from the
integrative analysis of —omics data. Therefore, many models are significantly revised after
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incorporating new biological information from the integrative —omics data analysis (Osterlund
et al. 2012). As much more information is gathered from each iterative cycle of modeling,
implementation and analysis as well as the advancement in systems biology enable the
transition from iterative engineering of industrial microbe to the design-oriented paradigm
(Figure 1b).

Figure 1 Transitioning from iterative to linear design-based engineering of industrial
microbes. (a) Iterative engineering — genome-scale models describe the cellular processes
under desired conditions. These models guide implementation of engineering strategies.
These implementations are characterized by —omics and integrated analysis tools, which are
used to revise the model and improve the predictive capability. (b) Design-based engineering
— models and implementation tools are reliable enough that the expected outcome is usually
achieved, as in civil and electrical engineering. The transition from an iterative cycle to a
linear design-based engineering will be accomplished by better modeling and implementation
aided by enhanced analysis (Tyo et al. 2010b).
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1.2. CIChE as a molecular tool for implementation of desired features

Traditionally, improvement of microbial and cellular processes were achieved mainly by
evolutionary (classical) breeding methods or repeated rounds of mutagenesis and selection of
a desired phenotype (Kern et al. 2007). Until now, evolution engineering is still very useful
for engineering of industrial microbes, since the implementation of constructive engineering
from models may be hampered by the difficulty of predicting secondary responses or side
effects of inter-related regulatory and metabolic processes in a cell (Conrad et al. 2011; Sauer
2001; Steen et al. 2008). In order to troubleshoot this difficulty, novel expression systems
which allow fine-tuning of the expression system rather than a strong expression system
without the scalability (either by overexpression or by deletion) have been developed (Alper
et al. 2005; Nevoigt et al. 2006).

A novel fine-tuned expression system based on chemical induced chromosomal evolution
(CIChE) has been successfully developed and implemented in Escherichia coli (Tyo et al.
2009). The CIChE in E. coli is a stabilized plasmid-free expression system which allows ~40
copies of a recombinant pathway to be implemented on the chromosome. This strategy uses
an inducible promoter, antibiotic resistant marker, in combination with the E. coli recA
homologous recombination system to introduce the genes of interest into the chromosome and
evolve the strain with chromosomal integration in the increased antibiotic concentration thus
resulting in an increased copy number of the integrated genes. This expression system is
stabilized by the deletion of E. coli recA to prevent furthers change of the evolutionary
recombinant pathway through homologous recombination. The resulting strain therefore
requires no selection pressures and is unaffected by genetic instabilities. In case of
Saccharomyces cerevisiae, most of the studies on chromosomal integration were carried out
in order to implement a stable expression system for heterologous genes. However, when
using the common integrative plasmids, in most cases only one copy of foreign DNA is
integrated into the chromosome resulting in generally low expression levels (Plessis and
Dujon 1993). Therefore, this expression system has been improved by using the long terminal
repeats (LTRs) of Ty retrotransposons (e.g. delta or sigma elements) sequence and ribosomal
DNA sequences to introduce multiple integrations and increased expression levels (Boeke et
al. 1991; Fujii et al. 1990; Sakai et al. 1990).
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Homologous recombination DNA
J' YFG l

Selectable
marker

Subculture|l

Subculture Il

Subculture 11l

Figure 2 Chemical Induced Chromosomal Evolution (CIChE) strategy: The expression
level of the genes of interest is controlled by the copy number of tandem repeats on the
chromosome which corresponds to the concentration of antibiotic used as a selection pressure

during the chromosomal evolution. YFG = Your Favorite Gene (Paper 2)

In order to develop a stable fine-tuned expression system in S. cerevisiae, the CIChE strategy
was applied and investigated for heterologous expression. The CIChE strategy was
implemented in S. cerevisiae by using a bacterial neo" as a selectable marker. Neo', an
aminoglycoside-3’-phosphotransferase, inactivates G418, aminoglycoside antibiotic which
block protein synthesis by inhibit at the polypeptide elongation phase (Eustice and Wilhelm
1984). Since the bacterial neo" used in this strategy is derived from a transposon Tn5, and no
eukaryotic promoter is used in the construct, therefore the expression level is relatively low.
Moreover, the increased copies of neo" are direct proportional to the concentration of G418 it
inactivates, therefore using neo" as a selectable marker enables the CIChE integrative
construct to be evolved when increasing antibiotic concentration. Two different types of
integration sequences for homologous recombination were investigated for their integrative
capability. The delta element of the Tyl retrotransposon was selected as site for random
integration of the insulin precursor while his3A1 was selected for targeted integration of gapN

into the yeast chromosome. The CIChE constructs used for either random integration or
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targeted integration share the common design where the gene of interest and the selective
marker are in the middle of the construct flanked by the homologous sites used for the
chromosomal integration. After the whole construct was integrated into the chromosome, the
evolutionary process was performed by repeated subculturing in medium containing a
stepwise increase of antibiotic concentration as illustrated in Figure 2. The results of CIChE
implementation in S. cerevisiae will be described in chapter 2.1.

1.3. Metabolic engineering and the industrial biotechnology process

During the past decades, metabolic engineering has been used extensively to improve the
cellular processes in industrial microbes with the purpose of improving the product yield,
broaden the range of substrate utilization, reduction of by-product formation and introduction
of novel pathways leading to new products. By the definition of metabolic engineering given
(Bailey et al. 1996; Nielsen 1998; Stephanopoulos and Sinskey 1993), metabolic engineering
comprises the analysis of metabolic pathways using metabolic flux analysis to identify targets
for manipulation and directed genetic modification in order to achieve the desirable
phenotype. With the introduction of recombinant DNA technology, specifically to modify the
targeted gene(s) or metabolic pathways, strain improvement has gradually shifted from
classical breeding or random mutagenesis to a more rational approach. At present, through the
advance in systems biology and the emerging of synthetic biology, metabolic engineering has
gradually evolved and becomes more successful in designing tailor-made cell factories
(Keasling 2012; Nielsen and Keasling 2011; Yadav et al. 2012).

1.3.1. S. cerevisiae as a host for heterologouse expression

S. cerevisiae has been used as a cell factory for the production of a wide range of industrial
products due to the available knowledge obtained from a long history of its use and the ease
of growth and its genetic manipulation. Several examples of industrial applications such as
biofuels, biorefinery compounds and pharmaceutical proteins are reviewed (de Jong et al.
2012; Hong and Nielsen 2012; Hou et al. 2012; Martinez et al. 2012). Since the original

sequence of the reference S. cerevisiae strain was released in 1996 (Goffeau et al. 1996) and

5
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the Saccharomyces Genome Database became available (Cherry et al. 2012; Dwight et al.
2004), the genotype-phenotype relation of S. cerevisiae has been characterized in more detail.
Furthermore, due to the extensive conservation of genes and pathways to higher eukaryotic
cells, S. cereivisiae has also shown potential of being used as a model organism for
pharmaceutical and medical application (Hou et al. 2012; Martinez et al. 2012; Munoz et al.
2012).

1.3.2. Polyhydroxybutyrate (PHB) as a target product

Polyhydroxyalkanoates (PHAs) are linear polyesters composed of several units of
hydroxyalkanoate and produced by many microorganisms (Akaraonye et al. 2010; Green
2010; Khanna and Srivastava 2005) such as Alcaligenes eutrophus (Doi et al. 1992),
Pseudomonas aeruginosa (Pham et al. 2004) and Bacillus subtilis (Singh et al. 2009). The
chemical structure of the major PHAs is illustrated in Figure 3, where ‘n’ is the number of
monomer units in each polymer chain, which varies between 100 and 30,000 and R is the side
chain that includes alkyl groups which varies from methyl (C1) to tridecyl (C13) (Green
2010; Panchal et al.). Since the chemical properties of these biopolymers are very similar to
the chemically produced conventional plastics and they are biodegradable, PHAs has become

attractive targets for the production of alternative plastics.

‘ R-Group PHA Name Short Name
j L -H Polyhydroxypropionate PHP
@] OH -CH, PHB

Polyhydroxybutyrate
-CH,CH, Polyhydroxyvalerate PHV
n -CH,CH,CH, Polyhydroxyhexanoate PHH

Robin Green, 2010

Figure 3 General structure of PHAs. Structure and chemical properties can vary based on
the composition of the attached R-group listed in the Table (Green 2010).
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PHB is the most common type of polyhydroxyalkanoate (PHAS) synthesized and accumulated
by microorganisms like Ralstonia eutropha (also known as Cupriavidus necator, Wautersia
eutropha, A. eutrophus), Bacillus megaterium or Pseudomonas sp. as carbon and energy
storage material in response to conditions of physiological stress (Steinbuchel et al. 1993).
Biodegradable PHB is a linear polyester consisting solely of the stereospecific monomer, (R)-
3-hydroxybutyric acid. It belongs to the group of short chain length PHAs consisting of C3-
C5 hydroxyacid monomers. (Hankermeyer and Tjeerdema 1999; Melchiors et al. 1994).

Acetyl —CoA

phaA

Acetoacetyl-CoA

phag |, NADPH

y

(R)-3-hydroxybutyryl-CoA

phaC

Figure 4 Polyhydroxybutyrate biosynthesis pathway: phaA encodes acetyl-CoA
aetyltransferase, phaB encodes NADPH dependent acetoacetyl-CoA reductase, phaC encodes
polyhydroxyalkanoate synthase

The biosynthesis pathway of PHB illustrated in Figure 4 involves three enzymes and their
sequential reactions (Carlson et al. 2002; Steinbtichel 2001; Steinblchel and Hein 2001). The
first enzyme of the pathway is acetyl-CoA-acetyltransferase [EC 2.3.1.9], encoded by phaA,
which catalyzes the condensation of two acetyl-CoA molecules to form acetoacetyl-CoA. The
next step is the reduction of acetoacetyl-CoA to (R)-3-hydroxybutyryl-CoA, which is
catalyzed by NADPH-dependent acetoacetyl-CoA reductase [EC 1.1.1.36] encoded by phaB.
Finally, PHA synthase [EC 2.3.1.-] encoded by phaC, catalyzes the polymerization of (R)-3-
hydroxybutyryl-CoA monomers to PHB (Peoples and Sinskey 1989). Several attempts have
been made to evaluate S. cerevisiae as a cell factory for PHB production (Breuer et al. 2002,;

7
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Dimster-Denk and Rine 1996; Leaf et al. 1996; Marchesini et al. 2003; Zhang et al. 2006).
Synthesis of PHB in S. cerevisiae has initially been demonstrated by expressing only the
bacterial polyhydroxybutyrate synthase (Leaf et al. 1996). This PHB synthesis approach is
successful because of the activity of native thiolase and reductase enzymes involved in the
synthesis of D-3-hydroxybutyryl-CoA in S. cerevisiae. However, the yield obtained from
employing only the polymerase activity was very low when compared with the expression of
all three genes of the PHB biosynthesis pathway (Breuer et al. 2002; Carlson et al. 2002;
Carlson and Srienc 2006). PHB synthesized in S. cerevisiae occurs and accumulates as small

granules in the cytosol as revealed in Figure 5.

Figure 5 Nile red staining of PHB granules accumulated in the cytosol of S. cerevisiae.
(A) Wild type and (B) PHB producing S. cerevisiae under a fluorescence microscope

In this study, PHB was selected as the model product for metabolic engineering in S.
cerevisiae since its biosynthesis pathway utilizes acetyl-CoA, the intermediate in the central
carbon metabolism, as a precursor. Moreover, the reaction in the pathway involves the
consumption of NADPH as a required cofactor. Since many of the microbial-derived
industrial products are directly and non-directly acetyl-CoA-derived products and associated
with the redox balance in the metabolism, the platform developed for PHB biosynthesis in S.

cerevisiae could be an advantage and applied for other industrially relevant products.



PhD THESIS, KANOKARN KOCHARIN

1.3.3. Acetyl-CoA and central carbon metabolism

Acetyl-CoA is a crucial intermediate metabolite that links anabolism and catabolism. Hence,
it is involved in many central metabolic pathways, including the tricarboxylic acid cycle
(TCA cycle), the glyoxylate cycle, fatty acid synthesis and B-oxidation, amino acid synthesis
and sugar metabolism. Therefore, the availability of acetyl-CoA in the cell relies on the rate of
its biosynthesis and its utilization in various metabolic pathways. The summary of acetyl-CoA

metabolism is exemplified in Figure 6.

[ Glucose-6-phosphate ]

r

Gluconeogenesis Glycolysis/
PP pathway

\ / ___ ACS1/ACS2/PDH |
R sl |
l 4—»1 -7 Fatty acid/Lipid

— DD

Synthesis

R -
- - Fatty acids
[ Amino acids / ] Acetyl-CoA K and Lipids

Purines, Pyrimidines e

1 / l B-oxidation
Mevalonate — TCAcycle ‘

1
pathway i \ Glyoxylate
e ! cycle
1
|
1
¥
Oxidative

phosphorylation

Figure 6 Summary of acetyl-CoA metabolism. ACS1 and ACS2 encode the isozymes of
cytosolic acetyl-CoA synthetase and PDH represents the mitochondrial pyruvate

dehydrogenase complex.

In S. cerevisiae, acetyl-CoA is synthesized by cytosolic acetyl-CoA synthetase, Acslp or
Acs2p, however these two acetyl-CoA synthetase differ in their kinetic properties and the

transcriptional regulation (van den Berg et al. 1996). Since the expression of ACSL1 is

9
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transcriptionally repressed at high concentrations of glucose or other fermentable sugars,
ACS1 contributes to acetyl-CoA synthesis only when cells undergo gluconeogenesis or in the
presence of a non-fermentable carbon source (Kratzer and Schuller 1995). ACS2 is likely to
be (in)directly involved in the transcriptional regulation of ACS1 since the absence of ACS2
prevented the complete glucose repression of ACS1 (van den Berg et al. 1996). Moreover,
ACS2 appears to be co-regulated with genes in the fatty acid biosynthesis pathway (Hiesinger
et al. 1997). Acetyl-CoA can also be synthesized by the mitochondrial pyruvate
dehydrogenase complex via oxidative decarboxylation (Pronk et al. 1996) and generated as
the end-product from B-oxidation (Hiltunen et al. 1992). Acslp is localized in mitochondria,
nucleus, cytoplasm and peroxisome (Chen et al. 2012; Devirgilio et al. 1992) whereas Acs2p
is localized in cytoplasm, nucleus and possibly endoplasmic reticulum (Chen et al. 2012; Huh
et al. 2003) and is primarily responsible for extra-mitochondrial acetyl-CoA production
(Takahashi et al. 2006). Therefore, the availability of acetyl-CoA is corresponding to the
cellular processes in each compartment and depends on nutrient and growth conditions
(Wellen and Thompson 2012).

Besides being important as an intermediate in cellular metabolism, acetyl-CoA is known for
its potential as a building block for biosynthesis of industrially relevant products such as
isoprenoids (Scalcinati et al. 2012), biofuels like butanol (Steen et al. 2008) and biodiesel (Shi
et al. 2012). When acetyl-CoA is used as a precursor for producing these bioproducts,
considering the localization of acetyl-CoA is important due to its impermeability through the
membrane of the organelles. Acetyl-CoA is localized in at least four subcellular
compartments: nucleus, mitochondria, cytosol and peroxisomes. The nuclear acetyl-CoA
serves mainly as acetyl donor for histone acetylation (Takahashi et al. 2006), whereas acetyl-
CoA localized in other compartments is influenced by the carbon source/sugar utilization and
serves as a link between different metabolic pathways. The mitochondrial acetyl-CoA is
generated by the pyruvate dehydrogenase complex and served as fuel for the TCA cycle. The
peroxisomal acetyl-CoA is generated as the end product of f-oxidation and subsequently used
by the glyoxylate cycle which seems to be the only possible route for carbon and energy
source when S. cerevisiae is grown on oleate (Kunau et al. 1995) or as the endogenous
turnover of intermediates leaking out of the fatty acid biosynthetic pathway (Hiltunen et al.
1992). Acetyl-CoA generated in peroxisome is supposed to be used in the same compartment
since S. cerevisiae does not have the transport system for acetyl-CoA (van Roermund et al.

1995; van Roermund et al. 1999). However, the enzymes participating in the glyoxylate cycle
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are located on both sides of the peroxisomal membrane, thus enable some of the intermediate
metabolites to be transported across the peroxisomal membrane to the cytosol in the form of
C4 dicarboxylic acids and hence be able to pass through the mitochondrial membrane and
thus enter the TCA cycle (Kunze et al. 2006). Therefore, the partitioning of acetyl-CoA into
each compartments influence the utilization of acetyl-CoA in various metabolic pathways.
Citrate synthase (CI1T2) and malate synthase (MLS1) are responsible for shunting acetyl-CoA
into the glyoxylate cycle and supplying the C4 dicarboxylic acids to the TCA cycle, where
they are subsequently used for growth and energy generation. When S. cerevisiae utilize
ethanol as sole carbon source (Kunze et al. 2006) or grown on acetate rich medium, the
glyoxylate cycle takes place in cytosol (Lee et al. 2011). The deletion of CIT2 and MLS1 was
proposed to test their effect on the availability of cytosolic acetyl-CoA, which may influence
the biosynthesis of PHB in S. cerevisiae. The results and discussion of the gene deletions and
strategy used to improve the availability of cytosolic acetyl-CoA will be discussed in the next
chapter 2.2.

1.3.4. NADPH and Redox balance

The productivity of numerous bioproducts including primary and secondary metabolites or
heterologous expression of recombinant proteins and biopolymers produced by microbial
fermentation are often limited by NADPH, precursors or other intermediate metabolites.
There are several investigations focusing on the strategies to alter the redox balance and study
the redox regulation in S. cerevisiae (Bro et al. 2006; Minard and McAlister-Henn 2005;
Miyagi et al. 2009; Moreira dos Santos et al. 2003; Murray et al. 2011; Shi et al. 2005).

The sources of NADPH in S. cerevisiae vary with the carbon source and the availability of
oxygen during cultivation since the energy and carbon metabolism are highly interconnected
(Madsen et al. 2011; Minard and McAlister-Henn 2005). While NADH is a reducing
equivalent produced and consumed mainly in the catabolic reactions, NADPH is regarded as
an anabolic reductant. These cofactor pairs, NADPH/NADP" and NADH/NAD" play a central
role as electron donor/acceptors thus influencing all oxidation-reduction metabolic pathways
in the cell (Murray et al. 2011). In S. cerevisiae, NADH cannot directly be converted to
NADP*, or vice versa, due to the lack of transhydrogenase activity (Bruinenberg 1986).
Moreover the compartmentalization of NADPH/NADP* and NADH/NAD" is also important
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since it is believed that the mitochondrial membrane is impermeable to these cofactors
(Outten and Culotta 2003; van Roermund et al. 1995). Figure 7 illustrated the proposed model
for generation of cytosolic NADPH and mitochondrial NADPH. The major source of
cytosolic NADPH production in S. cerevisiae grown on glucose has been attributed to
glucose-6-phosphate  dehydrogenase (Zwflp) and 6-phosphogluconate dehydrogenase
(Gnd1p/Gnd2p) in the pentose phosphate pathway (PP pathway), with the cytosolic aldehyde
dehydrogenase (Ald6p) as a secondary source and isocitrate dehydrogenase (Idp2p) as a third
source (Grabowska and Chelstowska 2003; Minard and McAlister-Henn 2005). A different
system for generating cytosolic and mitochondrial NADPH in S. cerevisiae is illustrated in
Figure 7 (Miyagi et al. 2009; Outten and Culotta 2003; Shi et al. 2005). In the cytosol,
NADP" is converted to NADPH by the reactions mentioned above whereas in the
mitochondria, NADH serves as the substrate for NADPH generation through the NADH
kinase activity of Pos5p, a mitochondrial protein required for the response to oxidative stress
(Outten and Culotta 2003). The activity of mitochondrial NADP* phosphatase (Bernofsky and
Utter 1968) allows the recycling of NADP* to NAD™ and its further use in the TCA cycle.
Although there is evidence of the NADP(H) shuttle system in S. cerevisiae due to the viability
of the mutant strain lacking ATP-NADH kinase, utrlAyeflA and the lethality in the triple
mutant, utrlAyeflA pos54 which implies that cytosolic NADP* can be supplied by Pos5p
from the mitochondrial NADP" pool (Bieganowski et al. 2006; Murray et al. 2011; Shi et al.
2005), S. cerevisiae must carefully regulate a balance between the production and
consumption of NADH and NADPH to maintain the redox balance in the cell.

In S. cerevisiae, glucose is metabolized via the Embden Meyerhof Parnas (EMP) pathway or
the pentose phosphate (PP) pathway depending on the cellular state and culture condition,
which split at the glucose-6-phosphate point (Bruinenberg et al. 1983; Gombert et al. 2001;
van Winden et al. 2005). Since most NADPH-consuming processes are located in the
cytoplasm, the production of cytosolic NADPH and the redox balance are crucial for the
energy metabolism and the formation of NADPH-dependent products (Bruinenberg et al.
1983; Vandijken and Scheffers 1986). Several systems have been investigated with the
purpose of increasing NADPH availability including the introduction of the transhydrogenase
system, alteration of the ammonium assimilation pathway and the heterologous expression of
gapN, encodes NADP-dependent glyceraldehyde-3-phosphate dehydrogenase, to substitute
the production of glycerol with the production of ethanol (Bro et al. 2006; Hou et al. 2009;
Moreira dos Santos et al. 2003; Nissen et al. 2001).
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Cytosol

Zwflp, Gndlp and Gnd2p (the PP pathway)
Utrlp /Aldep/Idp2p

NAD* ———— NADP' g P  NADPH

NADPH reductase in anabolic

reactions
Mitochondria
Ald4p/Ald5p
NADP* g - NADPH
NADPH reductase
Possp NADP* phosphatase Posp
NAD* P NADH
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Figure 7 The proposed model for the generation of cytosolic and mitochondrial NADPH.
ATP-NADH kinase phosphorylates both NAD and NADH while NAD kinase phosphorylates
only NAD". The thick arrows represent the favored direction of the reaction.

Zwflp = glucose-6-phosphate dehydrogenase, Gndlp/Gnd2p = 6-phosphogluconate
dehydrogenase, Ald4p/Ald5Sp/Aldép = acetaldehyde dehydrogenase, Idp2p = isocitrate
dehydrogenase, Utrlp = ATP-NAD kinase, Pos5p = ATP-NADH kinase

Introducing the E. coli membrane bound transhydrogenase (Anderlund et al. 1999) and the
cytoplasmic transhydrogenase from Azotobacter vinelandii (Nissen et al. 2001) into S.
cerevisiae were carried out in order to analyze the intracellular redox and the influence on
product formation during anaerobic cultivation. The introduction of A. vinelandii
transhydrogenase resulted in an increased formation of glycerol and 2-oxoglutarate since
glycerol is produced when excess NADH is formed while NADPH used to convert 2-
oxoglutarate to glutamate is depleted (Nissen et al. 2001). Moreover, the increased formation
of 2-oxoglutarate was accompanied with a decrease in the specific growth rate, biomass and
ethanol formation (Nissen et al. 2001). Therefore, the results imply the flavored direction

toward NADH formation when the transhydrogenase is expressed in S. cerevisiae.
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In S. cerevisiae utilizing ammonium as nitrogen source, the NADPH-dependent glutamate
dehydrogenase encoded by GDH1 accounts for the major fraction of NADPH consumption.
Switching the cofactor requirement from NADPH to NADH was carried out by deletion of
GDH1 accompanied with the overexpression of GDH2 (NADH-dependent glutamate
dehydrogenase) or the GS-GOGAT system including the ATP-dependent glutamine
synthetase (GLN1) and the NADH-dependent glutamate synthase (GLT1). Overexpression of
GDH2 or the GS-GOGAT system as an alternative pathway for ammonium assimilation
partially restores the growth of gdh1A4. The decreased flux through the PP pathway indicates a
decrease in NADPH requirement when employing this redox alteration system (Moreira dos
Santos et al. 2003).

Overexpression of gapN from Streptococcus mutans in S. cerevisiae was investigated for its
capability to decrease the flux from glucose to glycerol and improve the ethanol yield during
anaerobic cultivation. Although this strategy cannot completely eliminate glycerol formation,
a 40% lower glycerol yield without affecting the maximum specific growth rate was observed
(Bro et al. 2006). Since NADPH is produced during the reaction catalyzed by GapN, we
employ the gapN strategy in this study for enhancing the availability of NADPH as a required
cofactor used during the biosynthesis of PHB. Besides that, establishing the phosphoketolase
pathway from Aspergillus nidulans was also investigated for its capability to shunt carbon
from glucose to the PP pathway and hence enhance NADPH availability. The result and
discussion of employing GapN and the phosphoketolase pathway to increase NADPH will be
discussed in chapter 2.2.3.
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CHAPTER 2. Results and Discussion

2.1. Case study I: CIChE implementation

For industrial application of genetically engineered microbes, it is important that the
expression systems in the engineered strains remain stable throughout the production process.
Therefore, we were interested in applying the CIChE strategy to the S. cerevisiae in order to
develop a stable and tunable expression system. The implementation of the CIChE strategy in
S. cerevisiae was investigated by using two modified CIChE constructs. The linear CIChE
construct used for random integration of the insulin precursor expression cassette and one for

targeted chromosomal integration of gapN, both illustrated in Figure 8.

a) 8/2 Insulin precursor> 5/2 I—

o) LW | (o i

Figure 8 Schematic structure of linear CIChE constructs. a) Random CIChE integrative

construct with the insulin precursor as the target product flanked by & element sequences
derived from the 3’end of the yeast Tyl retrotransposon. b) Targeted CIChE integrative
construct with GapN as a target product and his3Al sequence for targeted homologous

recombination

In both constructs, a bacterial neo’ gene was utilized as tunable and selectable marker, the
copy number of which - due to its low expression level - should correlates with the
concentration of G418 used during the evolutionary steps. Firstly, PHB was used as a target
product to investigate the CIChE strategy in S. cerevisiae for both random and targeted
integration. However, the PHB biosynthesis pathway contains three different genes hence
resulting in a large integrative construct. Moreover, the heterologous PHB genes were

controlled by the same promoter but in opposite direction when the genes are inserted into the
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CIChE construct and this might have resulted in gene loses due to loop out events when the
construct was integrated into the chromosome since no PHB was detected after the integration
of CIChE-PHB. Moreover, this bulky construct (carrying 4 genes including the selectable
marker) was prone to random integration rather than targeted integration. Therefore, in order
to prove the concept of chemically inducible chromosomal evolution, we selected the insulin
precursor as a target product for investigation of random integration and bacterial GapN for

targeted integration due to their compactness, less than 1 kb, for each gene.

2.1.1. Random integration of CIChE construct

The evolution of strains carrying the randomly integrated CIChE-Insulin construct was
accomplished by subculturing the strains in a medium containing a stepwise increasing
concentration of the antibiotic, G418. Evaluation of the physiological properties of the
evolved strain was carried out and the results are shown in Figure 9. When the evolved strains
were grown at the respective G418 concentration, there was no significant difference in the
specific growth rate, glucose consumption and insulin precursor production rate in the strains
evolved from 0.2 g-L™ G418 to 12.8 g-L™ G418. However, the strains isolated from higher
concentrations of G418 showed lower specific growth rates as well as lower biomass yield

and insulin precursor production rate.

s Specific growth rate (1/h) =-e==Insulin production rate (mg/L/h) ——Biomass yield (g/g Glu)

Figure 9: Specific growth rates, insulin precursor production rates and biomass yields of
the CIChE-Ins strains isolated at different concentrations of G418.
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Figure 10: Neo" copy number measurement. The copy number of neo" in the genome of
strains isolated from different concentration of G418 was determined by gPCR using single
copy gene TAF10 for normalization.

Evaluation of the neo’ copy number using quantitative PCR (qPCR) revealed that there was
no correlation between the copy number and the G418 concentration applied during the
evolution process as illustrated in Figure 10. Although a general trend of increasing copy
number was observed up to a G418 concentration of 0.6 g-L™, however this trend did not
continue for higher concentrations of G418. The Tyl delta element was employed in the
CIChE construct with the intention to promote homologous recombination during the
evolution process because it appears in many copies in the genome thus allow the dispersed
integration of the CIChE construct to occur. However, the pattern of integrated CIChE
constructs was found to be in a tandem repeat manner instead of random integration into
different delta sequences as shown in Figure 11. This result is consistent with findings by
Wang and coworkers (Wang et al. 1996) but different from what was observed by Boeke and
coworkers (Boeke et al. 1988) who found integration of delta element at multiple sites in the
genome, which may lead to further lack of correlation of gene expression and copy number
due to varying expression levels at different chromosomal sites.
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1. CIChE-KK003-Ins 0.2 gL G418
2. WT. CEN.PK113-5D

Figure 11: Southern blot analysis of CIChE strain. (a) Schematic presentation of tandem
integrated CIChE construct (b) Genomic DNA of strains CIChE-KK003-Ins 0.2 g-L™* G418
and CEN.PK113-5D was subjected to restriction enzyme digestion with Sacl and Sphl and
separated by gel electrophoresis followed by hybridization with a probe containing a 1-kb

neo' fragment.

2.1.2. Targeted CIChE integration

His3A1 was selected as a homologous recombination site for targeted integration instead of
the delta element, which leads to random integration into the chromosome. A non-
phosphorylating NADP" dependent glyceraldehyde-3-phosphate dehydrogenase encoded by
gapN from S. mutans was selected as a target product instead of insulin precursor due to the
ease of strain characterization and further use as a redox engineered strain. Besides that, the
CIChE integrated construct was redesigned in order to reduce the size of the integrated
cassette but still sharing the same concept of having 2 homologous sites flanking the CIChE
integration cassette. It has been shown that expression of gapN reduces the amount of
glycerol produced by S. cerevisiae when grown under anaerobic conditions (Bro et al. 2006).
Therefore, characterization of the evolved strain with targeted CIChE-gapN integration was

performed under anaerobic cultivation.
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Figure 12 Neo' copy number measurement. The copy number of neo" in the genome of
strains isolated from different concentration of G418 was determined by gPCR using single

copy gene TAF10 for normalization.

The copy number of CIChE-gapN construct tended to increase with the increasing G418
concentration (Figure 12). When the evolution was carried out in G418 concentration greater
than 1.6 g-L™ however, the copy number was not proportional with the increased
concentration of G418 similar to what was observed in the random CIChE integration.

2.1.3. Chemical induced evolution and the tunability of neo"

As the correlation between the increment of G418 resistance and the copy number of neo" was
not observed during the evolution process especially in the strain evolved at higher G418
concentrations, we suspected changes in the neo’ expression level. The transcriptional level of
neo' in the insulin precursor construct (Figure 13) showed that although the number of neo'
copies in the chromosome remained constant when the concentration of G418 was increased,
the transcriptional level of the evolved strain increased three fold compared to the parental

strain.
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Figure 13 Comparison of neo" transcription levels. RNA extracted from evolved strains at
different concentrations of G418 was examined by qRT-PCR. TAF10, ALG9 and ACT1 were

used as reference genes to normalize the transcript level of neo'.

Although the CIChE approach is based on the assumption that the accretion in antibiotic
resistance would result in an increased copy number of the CIChE construct, in this study
such a correlation was only observed when the applied G418 concentration was low. This
might be due to slower copy number evolution of the CIChE integrative construct in the
genome compared to the acquisition of mutations leading either to higher expression of neoR
or to G418 resistance. The dissociation between the occurrence of G418 resistance and the
number of copies or integration sites of neo” was also observed in another study (Quinto et al.
1992). RecA is the main homologous recombination protein in E. coli whereas the RAD52
epistasis group (consisted of RAD50, RAD51, RAD52, RAD54, RDH54/TID1, RADS55,
RAD57, RAD59, MRE11l, and XRS2) in S. cerevisiae is responsible for the same
recombination process (Symington 2002). Therefore, the more complex homologous
recombination process in S. cerevisiae might also account for the different results in the
evolution of the CIChE construct when integrated into the chromosome.

In order to reduce the technical difficulties when implementing the E. coli CIChE strategy to
S. cerevisiae, two possibilities could be proposed, changing the selective marker and the
homologous recombination sites. The changing of the resistance marker to another dominant
marker such as metal ion resistance marker, CUP1" from S. cerevisiae, the copy number of
which regulates the level of copper resistance (Fogel and Welch 1982; Fogel et al. 1983),
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might improve the evolution process of the integrated CIChE strain. Moreover, it will not
leave an antibiotic resistance marker in the genome when applying the engineered strain in the
industrial applications. Another possibility is to change the sites for chromosomal integration
of the CIChE construct because different integration sites can influence the expression level
of the heterologous genes (Bai Flagfeldt et al. 2009). Therefore, homologous recombination
sites with low to intermediate expression level would be preferable. Overall, the investigated
results presented here could serve as a basis guide for implementing the process of chemical
induced chromosomal evolution that could be applied as a new tunable expression system in

S. cerevisiae.
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2.2.Case study I1: PHB production

2.2.1. Precursor supplementation

Despite its benefits as a well-studied microorganism, elucidating S. cerevisiae as a model to
develop a platform for producing acetyl-CoA derived molecules struggles with many
constrains such as compartmentalization and transporters/shuttle systems for the heterologous
target compounds. Apart from being an intermediate in several metabolic pathways, acetyl-
CoA is localized in 4 subcellular compartments. In addition, acetyl-CoA cannot be
transported through organelle membranes without the carnitine shuttle system, which is
absent in S. cerevisiae. Nevertheless, acetyl-CoA can be indirectly relocated in form of acetyl-
CoA derived organic acids such as succinic acid or malic acid, thus influencing the
availability of acetyl-CoA and acetyl-CoA derived products formation in different

compartments.

The availability of cytosolic acetyl-CoA is known to influence the production of certain
compounds in S. cerevisiae. In this study, the biosynthesis of PHB in S. cerevisiae occurs in
the cytoplasm and utilizes the cytosolic acetyl-CoA as a precursor, therefore the availability
of cytosolic acetyl-CoA has been hypothesized to influence PHB production. Overexpression
of genes from the ethanol degradation pathway including alcohol dehydrogenase (ADH2),

acetaldehyde dehydrogenase (ALD6) and acetate synthetase variant (acs"®**"

) was studied in
order to increase the flux from ethanol to acetyl-CoA and further improve PHB production.
Moreover, to maintain the availability of cytosolic acetyl-CoA, CIT2 and MLS1 as the routes
shunting acetyl-CoA to the glyoxylate cycle were blocked and evaluated for their effect on
cytosolic PHB production. The pathway used in this strategy is presented in Figure 14 and the

strains used in Case study Il are listed in Tablel

Co-expression of beta-ketothiolase (PhaA), acetoaetyl-CoA reductase (PhaB) and PHA
synthase (PhaC) results in PHB accumulation in S. cerevisiae as observed in previous studies
(Breuer et al. 2002; Carlson et al. 2002; Carlson and Srienc 2006). Although thiolase enzymes
already exist in S. cerevisiae, they function in three different compartments, in mitochondria
and peroxisomes for fatty acid B-oxidation and in the cytoplasm for the mevalonate pathway
(Hiser et al. 1994). Therefore, we believed that overexpression of native ERG10 together with
PhaA would facilitate PHB biosynthesis in the cytoplasm of S. cerevisiae.
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plyCo8
14 862bp

Figure 14 Schematic pathway and plasmid maps for polyhydroxybutyrate production in

S. cerevisiae. (a) Acetyl-CoA boost plasmid (plYCO08) containing ADH2: alcohol

dehydrogenase, ALDG6: aldehyde dehydrogenase, ACS: acetyl-CoA synthetase variant
(acs"*'") and ERG10: acetyl-CoA acetyltransferase. (b) PHB plasmid (pKKO01) containing
PHB genes from R. eutropha, phaA: acetyl-CoA acetyltransferase, phaB: NADPH-linked

acetoacetyl coenzyme A (acetyl-CoA)

reductase and phaC: poly(3-hydroxybutyrate)

polymerase. P and T in the plasmid map represent promoter and terminator, respectively.
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Table 1 Yeast strains and plasmids used in Case study 1.

Strain Genotype or relevant feature(s) Plasmid Source

CEN.PK 113-11C  MATa SUC2 MAL2-8° ura3-52 his3-41 - P. Kotter®-

SCKKO005 MATa SUC2 MAL2-8° ura3-52 his3-A1  plYC04/pKK01 Paper 3-5

SCKKO006 MATa SUC2 MAL2-8° ura3-52 his3-A1  plYC08/pKK01 Paper 3-5

SCIYC32 MATa SUC2 MAL2-8° ura3-52 his3-A1 - (Chen et al.
cit24 2012)

SCIYC33 MATa SUC2 MAL2-8° ura3-52 his3-A1 - (Chen et al.
mislA 2012)

SCKKO009 MATa SUC2 MAL2-8° ura3-52 his3-A1  plYC08/pKKO01 Paper 3
cit24

SCKKO010 MATa SUC2 MAL2-8° ura3-52 his3-A1  plYC08/pKKO01 Paper 3
mislA

SCKKO032 MATa SUC2 MAL2-8° ura3-52 his3-A/  pJC7/pKKO1 Paper 5

SCKKO033 MATa SUC2 MAL2-8° ura3-52 his3- plYC04/pKKO1  Paper 5
Al .'.'gapr

SCKKO034 MATa SUC2 MAL2-8° ura3-52 his3- plYCO08/pKKO1  Paper 5
Al::gapN

SCKKO035 MATa SUC2 MAL2-8° ura3-52 his3- pJC7/pKKO1 Paper 5
Al::gapN

SCKKO036 MATa SUC2 MAL2-8° ura3-52 his3- Paper 5

Al::gapN

% Institute of Microbiology, J.W. Goethe Universitat, Frankfurt, Germany

b gapN here represents the integration cassette including neo” and gapN under control of the
PGK1 promoter and ADH1 terminator.
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The acetyl-CoA boost plasmid contains 4 genes, ADH2, ALD6, acs"**'* and ERG10, involved
in channeling carbon from ethanol to acetyl-CoA. ADH2 encodes a cytosolic acetyl-CoA
dehydrogenase responsible for the initial step in the utilization of ethanol as carbon source.
ALDG encodes aldehyde dehydrogenase involved in the conversion of acetaldehyde to acetate.
Although, there are two acetyl-CoA synthetases present in S. cerevisiae, the regulation of both
enzymes is complex and therefore overexpression of acetyl-CoA synthetase is believed to
increase the flux towards acetyl-CoA production. Acetyl-CoA synthetase with the mutation at
Leu-641 from S. enterica was selected in the acetyl-CoA boost plasmid to catalyze the
conversion of acetate to acetyl-CoA. Mutation of acetyl-CoA synthetase at Leu-641 prevent
the acetylation by acetyltransferase bypassing the need for deacetylases and thus maintaining
the enzyme in an active state (Starai et al. 2005). In the acetyl-CoA boost plasmid, ALD6,
acs"**** and ERG10 are controlled by constitutive promoters, Prer: and Ppexi, respectively,
while ADH2 is under control of the Puxt7 promoter which is strongly de-repressed under
glucose depletion (Partow et al. 2010; Reifenberger et al. 1995; Sedlak and Ho 2004) hence
ensuring the conversion of ethanol to acetaldehyde after glucose consumption phase. Co-
transformation of acetyl-CoA boost plasmid and PHB plasmid improved the PHB production
in SCKKO006 to ~250 mg-L™, 18 times higher compared to the reference strain (SCKK005) as
shown in Figure 15 b. Although the deletion of CIT2 and MLS1 was supposed to enhance the
availability of cytosolic acetyl-CoA by reducing the drain of acetyl-CoA to the glyoxylate
shunt, co-transformation of the acetyl-CoA boost plasmid and the PHB plasmid into the cit2A
(SCKKO009) and mlslA (SCKKO010) strain resulted in lower biomass and PHB production
compared to the non-deletion strains (Figure 15). Since the deletion of CIT2 and MLS1 cause
an impaired metabolism due to the incapability to utilize C, carbon via the glyoxylate shunt,

the accumulation of acetate, as high as 6 g-L™,was observed in SCKK009 (cit24).
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Figure 15 Measurements of biomass and PHB from shake flask cultivations in a
modified minimal medium with 20 g L™ glucose as carbon source. Strain SCKK005
harbors an empty plasmid (pl'YCO04) and the PHB plasmid (pKKO01), strain SCKKO006 harbors
an acetyl-CoA boost plasmid (plYC08) and the PHB plasmid (pKKO01), SCKK009 and
SCKKO010 harbor pl'YC08 and pKKO1 and carry a CIT2 and MLS1 deletion, respectively.
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Figure 16 Comparison of specific fluxes in SCKK006 and SCKKO005 during growth on
glucose in aerobic batch bioreactor cultivation with 20 g L™ glucose as carbon source.
SCKKOQO06 is S. cerevisiae harboring an acetyl-CoA boost plasmid (plYCO08) and the PHB
plasmid (pKKO01). SCKKOQO05 is S. cerevisiae harboring an empty plasmid (pl'YCO04) and the
PHB plasmid (pKKO1). The fluxes towards the different lipids were calculated from
measurement of the lipid composition of the biomass and the maximum specific growth rate.
The mean value + SD from at least triplicate fermentations are reported.

The specific product formation rate (flux) was calculated by using the equation: ry =

umax: Ysp/ Ysx and the specific glucose consumption rate was calculated by using the equation:

s = tmax /Ysx.

Considering acetyl-CoA as the intermediate which can be utilized as a precursor for other
metabolites in the central carbon metabolism, the specific productivities of PHB including the
directly and non-directly acetyl-CoA derived products were determined. The specific fluxes
are reported in Figure 16. Employing the acetyl-CoA boost plasmid helped channeling the

27



PhD THESIS, KANOKARN KOCHARIN

carbon flow from ethanol to acetyl-CoA and increased the specific productivity of PHB from
6 pmol-gDW™-h™ to 99 pmol-gDW™-h™. In addition, the specific productivities of free fatty
acids, triacylglycol (TAG), phospholipids and ergosterol which utilized acetyl-CoA in the
biosynthesis pathway were decreased in strain with the co-expression of acetyl-CoA boost
plasmid and PHB plasmid. The higher specific productivity of glycerol in SCKKO006 indicates
the influence of ADH2 overexpression and the insufficient capacity of the ethanol-
acetaldehyde redox shuttle to reoxidize the cytosolic NADH (Overkamp et al. 2000)
generated by the conversion reaction of ethanol to acetaldehyde thus triggering the formation
of glycerol for redox balancing in the cytosol (Bakker et al. 2001). In addition, a three times
higher maximum acetate concentration, 0.42 g-L™, was detected in SCKK005 (Figure 4 in
Paper 3). Therefore, the different concentrations of glycerol and acetate are most likely a

consequence of introducing the acetyl-CoA boost plasmid in the PHB producing strain.

By comparison of the specific productivities of PHB, we can conclude that enhancement of
acetyl-CoA production by overexpression of genes from the ethanol degradation pathway
improved the productivity of PHB during growth on glucose and further enhanced the
productivity of PHB approximately 16.5 times in bioreactor cultivations and reduce the flux
from acetyl-CoA to lipids (Paper 3).

2.2.2. Specific growth rate and substrate dependent PHB production

PHB production in S. cerevisiae is mainly produced during growth in the ethanol phase as
presented in Figure 17, where the specific growth rate is substantially lower compared to the
exponential phase when cells grow on glucose. In addition, it was observed that the growth of
PHB producing strains in aerobic shake flasks was always lower with (maximum specific
growth rate of 0.18 h™-0.20 h™%) than growth in a fully aerobic bioreactor (0.27 h™*-0.28 h™),
although it resulted in higher PHB production. It is known that the specific growth rate
influences the physiology of S. cerevisiae hence affected the fermentative capacity, TCA
cycle activity and other metabolic activities (Blank and Sauer 2004; Frick and Wittmann
2005; Van Hoek et al. 1998). For this reason, we investigated the effect of specific growth
rate on the PHB production in S. cerevisiae harboring the plasmid with overexpression of the
ethanol degradation pathway (acetyl-CoA boost plasmid) and the PHB plasmid by employing
the chemostat cultivation system, where the dilution rate is proportional to the specific growth
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rate during batch cultivation. Besides that, we assessed the PHB production on different
carbon sources - glucose, ethanol and the mixture of glucose and ethanol - with regards to

their potential as a substrate for PHB production in S. cerevisiae.

Glucose Phase Ethanol Phase

<
<+ »>

25 4 8

20 A

15 A

10 A

o Glucose (gL™)
- Ethanol (g L‘l)

- Biomass (gL)
o PHB (mg L")

20 A

15 A

10 +

- Glucose (g L'l),
-+ Ethanol (gL™)
—s- Bjomass (gL?)

Figure 17: Fermentation profile of S. cerevisiae (SCKKO006) producing PHB in aerobic
batch bioreactor cultivation using a chemically defined medium with 20 g L™ glucose as
carbon source. (a) SCKKO006: S. cerevisiae harboring an acetyl-CoA boost plasmid
(p'YCO08) and the PHB plasmid (pKKO01). (b) SCKKO005: S. cerevisiae harboring an empty
plasmid (pl'YCO04) and the PHB plasmid (pKKO01)
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In this experiment, the chemostat cultivation was operated at different dilution rates ranging
from 0.05 h™ to 0.2 h™ with the feeding medium being composed of different carbon sources.
The biomass yields and PHB vyields are reported in Table 2. Apart from growth on glucose,
the biomass yield and PHB vyield on substrate tended to decrease when increasing the dilution
rates. The maximum PHB content, 18.34 mg/gDW, was obtained when the mixed substrate
was used in the feed at a dilution rate of 0.05 h-1. Comparing either glucose or ethanol as sole
carbon source, ethanol alone resulted in a ~3 times higher PHB yield when the chemostat was
operated at D= 0.05 h-lalthough it led to a lower biomass yield on substrate. The high
specific growth rate and sugar concentration trigger the production of ethanol according to the
respirofermentative metabolism (Duntze et al. 1969; Hanegraaf et al. 2000; Maaheimo et al.
2001). Besides that, utilizing glucose as a carbon source in the feed medium at a high specific
growth rate reduces the flux to the PP pathway, which might lower the supply of NADPH
(Frick and Wittmann 2005) required as a cofactor in the PHB biosynthesis pathway.
Therefore, when glucose is used as a carbon source, it substantially lowers the PHB

production.

The simplified schemes in Figure 18 illustrate the possible directionality of the central carbon
metabolism when glucose (a), ethanol (b) and the mixture of glucose and ethanol (c) are used
as carbon sources for growth and PHB biosynthesis. When the feed is composed of ethanol,
the PHB yield is higher than on glucose because ethanol could replace pyruvate and serve
directly as a source for acetyl-CoA used for the synthesis of PHB particularly in the tested
strain with overexpression of ADH2. However, S. cerevisiae grown on ethanol requires the
activity of the glyoxylate and the gluconeogenesis pathway to accomplish the synthesis of
biomass and the TCA cycle intermediates. Consequently, it resulted in the lower biomass
yield compared to glucose. To compensate between growth and the biosynthesis of PHB, the
mixed substrate was introduced to the system and showed its potential to be used for PHB
production since glucose phosphorylation still occurs while malate synthase, which converts
glyoxylate to malate in the glyoxylate cycle, replaces pyruvate in the synthesis of TCA
intermediates and ethanol still serves as the main source for cytosolic acetyl-CoA production
(de Jong-Gubbels et al. 1995).
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From the industrial point of view, the overall volumetric productivity was best improved
(refer to the conditions used in this study) when using the mixed substrate at the dilution rate
of 0.1 h™%. This operation led to a PHB productivity of 8.23 mg/gDW-h™ (Figure 19). The
assessment of volumetric productivity confirms the potential of using a mixed-substrate for
PHB production. However when mixed substrate is used, the ratio between glucose and
ethanol should be considered carefully since it reflects the pattern of central carbon

metabolism.
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Figure 19: PHB productivities of recombinant S. cerevisiae grown on different
substrates at different dilution rates from the chemostat cultivation. a) Glucose, b)
Ethanol, c) Mixed-substrate
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2.2.3. Cofactor supplementation

As the number of available databases and the reconstructed genome scale metabolic models
increase, many approaches have been attempted to improve the efficiency of S. cerevisiae as a
cell factory for the production of biocompounds. Simulations using the model of a natural
PHB producer like R. eutropha revealed that the activities of all PHB pathway enzymes
influence the overall PHB flux and that no single enzymatic step can easily be identified as
rate limiting. The simulations also supported regulatory roles for both thiolase and reductase,
mediated through acetyl-CoA/CoA and NADPH/NADP” ratios, respectively (Leaf and Srienc
1998). In engineered E. coli expressing the PHB biosynthesis pathway, instead of the
availability of precursors, the expression level of acetoacetyl-CoA reductase (phaB) was
suggested to be the factor controlling the flux to PHB, since the PHB flux was insensitive to
the specific growth rate in a nitrogen-limited chemostat (Tyo et al. 2010a). In case of PHB
producing yeast, the elementary mode analysis of recombinant S. cerevisiae expressing the
PHB pathway was performed by Srienc and co-workers, which suggested that the
introduction of the ATP citrate-lyase reaction and the transhydrogenase reaction can improve
the theoretical PHB carbon yield by supplying metabolites, acetyl-CoA as precursor and
NADPH as cofactor, used for PHB production (Carlson et al. 2002). .

Enhancing the availability of acetyl-CoA by overexpression of genes from the ethanol
degradation pathway has been shown to improve PHB production (Paper 3). Apart from
acetyl-CoA supply as mentioned earlier in Chapter 2.2.1, NADPH as a required cofactor for
the activity of acetoacetyl-CoA reductase (PhaB) in the PHB biosynthesis pathway is also a
factor that supposed to influence PHB production in S. cerevisiae. Therefore, GapN from S.
mutans was introduced into the PHB producing yeast in order to supply NADPH required
during the reduction of acetoacetyl-CoA in the PHB biosynthesis pathway.

Since the major source of cytosolic NADPH production in S. cerevisiae grown on glucose has
been attributed to glucose-6-phosphate dehydrogenase in the PP pathway, implementation of
the phosphoketolase pathway from A. nidulans which utilizes xylulose 5-phosphate, an
intermediate from the PP pathway, was proposed for channeling the flux from the EMP to the
PP pathway. Overexpression of the reconstructed phosphoketolase pathway together with
acetyl-CoA synthetase in S. cerevisiae was settled as an alternative route for providing

NADPH and simultaneously contributing to increased acetyl-CoA production.
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Integration of bacterial GapN and implementation of the Aspergillus phosphoketolase
pathway were investigated for their potential to improve the PHB production in S. cerevisiae.
The schematic pathway representing the strategies for improving the availability of NADPH

is illustrated in Figure 20.
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Figure 20: Schematic pathway representing metabolic engineering strategies for
improving PHB production in S. cerevisiae. PPP = Pentose phosphate pathway, G-6-P =
Glucose-6-phosphate, F-6-P = Fructose-6-phosphate, G3P = Glyceraldehyde-3-phosphate, 3-
PG = 3-Phosphoglycerate, PHB = Polyhydroxybutyrate. Dashed arrows represent engineered
pathway steps.

Besides influencing the redox metabolism by regenerating NADPH, integration of gapN may

also result in an altered carbon flux resulting in an increased flux towards ethanol and a
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reduced flux towards glycerol. When gapN is integrated into the chromosome of S. cerevisiae,
a 45% decrease in glycerol formation was observed in this study (Paper.5). A comparison of
PHB production in strains with and without gapN integration is illustrated in Figure 21. The
effect of gapN on improving PHB production was clearly observed as the PHB yield on
glucose and on ethanol of SCKKO033 were substantially higher than for SCKKO005 (Table 3)
because GapN is expected to not only increase NADPH, but also reduce the split ratio from
the glyceraldehyde-3-phosphate branch point towards glycerol. The maximum cellular PHB
content obtained at 100 h in SCKKO033, 14.87 mg/gDW, was 3.7 times higher than in the
reference strain, SCKKO005.

Without gapNintegration With gapN integration

f A A A ]
200
160
-
S 120
E 050 h
(=]
80
T @75h
100 h
20
0

Figure 21 Polyhydroxybutyrate production in S. cerevisiae employing different
strategies to improve PHB production. SCKKO005 and SCKKO033 harbor only the PHB
plasmid (pKKO01). SCKK032 and SCKKO035 carry pJC7 (phosphoketolase pathway) whereas
SCKKO006 and SCKKO034 carry plYCO8 (ethanol degradation pathway). Samples for PHB
measurement were taken at 50 h (the glucose phase), 75 h (the ethanol phase) and 100 h (the
end of fermentation where all the glucose and ethanol were depleted).
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Although integration of gapN involved both redox and carbon alteration, it helps increase the
flux toward PHB biosynthesis pathway by supplying more NADPH rather than channeling the
carbon since there was no significant difference in the specific productivity of glycerol and
ethanol in SCKKO005 and SCKKO033 (Figure 22). Therefore, integration of gapN to supply
NADPH supports our hypothesis that increase production of NADPH can improve PHB

production in S. cerevisiae.
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Figure 22 Specific productivity of ethanol, glycerol and PHB obtained from shake flask
cultivations. The specific product formation rate was calculated by using the equation: r, =
Umax Ysp/ Y sx

reton = specific productivity of ethanol, rgy = specific productivity of glycerol, rpug g =
specific productivity of PHB in the glucose consumption phase, reng eron = Specific

productivity of PHB in the ethanol consumption phase
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The combined strategies to enhance the precursor, acetyl-CoA, and cofactor, NADPH, supply
using gapN integration and over-expression of the ethanol degradation pathway is able to
improve PHB production. However, there was no benefit from the provision of NADPH by
GapN when combined with the reconstructed phosphoketolase pathway since no
improvement on PHB production was observed. This might be due to the lack of a
mitochondrial NADPH dehydrogenase in S. cerevisiae which otherwise couples the oxidation
of cytosolic NADPH to the mitochondrial respiratory chain. Therefore, a direct oxidation of a
surplus NADPH generated by the PP pathway in the respiration chain is not possible
(Bruinenberg 1986; Siso et al. 1996). Furthermore, an increased production of NADPH by the
EMP pathway may result in a reduced flux through the PP pathway as the glucose-6-
phosphate dehydrogenase flux is very sensitive to the NADP/NADPH ratio (Vaseghi et al.
1999). When S. cerevisiae is grown on glucose, the PP pathway is the major source for
NADPH production, specifically the dehydrogenase activity during the two first steps in the
pathway (Grabowska and Chelstowska 2003; Minard and McAlister-Henn 2005). When the
reconstructed phosphoketolase pathway is implemented in S. cerevisiae, it likely changed the
split ratio of carbon from entering the lower EMP pathway to the PP pathway. The flux
analysis in the strain expressing the reconstructed phosphoketolase pathway revealed a flux
increase to the PP pathway (from G6P to P5P) from 32.44 to 44.55 and decreased flux to the
lower EMP (from G6P to F6P) from 46.53 to 33.06 (Papini et al. 2012). Therefore, an
increasing carbon flux through the PP pathway has a direct consequence for the supply of
NADPH required in various anabolic reactions and of certain anabolic precursors (Frick and
Wittmann 2005). For this reason, a noticeable high yield of PHB on ethanol was observed for
the strain that can generate acetyl-CoA and NADPH simultaneously through the PP pathway,
SCKKO032. These results strongly support our hypothesis that the improved PHB production

in S. cerevisiae required both sufficient precursor and cofactor supply.
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CHAPTER 3. Conclusion

Throughout my thesis work | have focused on metabolic engineering of S. cerevisiae as a
model organism and the concept of metabolic engineering has been investigated for its impact
on establishing S. cerevisiae as a platform for production of industrially relevant chemical
compounds. By adapting the stable and tunable expression system from E. coli, the
implementation of CIChE was investigated for its practicability as a novel tunable expression
system in S. cerevisiae. Pathway engineering was examined for the potential to enhance the
production of acetyl-CoA and NADPH as required precursor and cofactor for the production
of PHB, the model compound in this research.

To develop a stable expression system in S. cerevisiae, the CIChE strategy developed in E.
coli has shown potential to be applied in S. cerevisiae. However, additional studies need to be
carried out. An alternative selectable marker such as the metallothionein gene would be
preferable over an antibiotic resistance marker since it might improve the evolution process
and be more practical for industrial applications since no antibiotic resistance marker is
present in the CIChE engineered strain. It has been seen in E. coli that deletion of RecA
helped stabilizing the CIChE strain. However deletion or down-regulation of genes involved
homologous recombination in S. cerevisiae, the RAD52 epistasis group, must be done
carefully since the regulation of homologous recombination in E. coli and S. cerevisiae is
different and it might affect the growth ability of the evolved strain.

Metabolic engineering of eukaryote such as S. cerevisiae is different from prokaryotes like E.
coli since the cell is more complex and compartmentalized. Some metabolites can be
transported or diffuse across the membrane while intermediate metabolites that interlink with
many metabolic pathways such as acetyl-CoA cannot be transported across the organelles
without the shuttle system. Therefore, metabolic engineering of S. cerevisiae that involves

utilization of acetyl-CoA and NADPH should take compartmentalization into consideration.

Employing PHB as the model product in this study showed that the availability of acetyl-CoA
and NADPH influences PHB production. Two alternative routes to produce cytosolic acetyl-
CoA have been investigated, 1) overexpression of the ethanol degradation pathway and 2)
implementation of heterologous phosphoketolase pathway to increase the split ratio of carbon
to the PP pathway and simultaneously generating NADPH as required cofactor. Deletion of

genes that drain cytosolic acetyl-CoA and use it in the glyoxylate cycle was not able to
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promote PHB production. Moreover, it resulted in a defective growth behavior. Introduction
of bacterial GapN to increase NADPH resulted in an improved PHB production. However,

combined strategies did not lead to any superior effect on improving PHB production.

Since the source of acetyl-CoA varied with the type of carbon sources, ethanol seems to be
the best substrate for PHB production. However in terms of productivity, the mixture of
glucose and ethanol at the appropriate ratio will improve the PHB production since it

compensates between biomass and product formation.

In conclusion, the papers described in the thesis demonstrate proof-of-concepts of using
metabolic engineering to develop S. cerevisiae as a cell factory for producing industrially
relevant compounds. Although the PHB production in this study could not reach the ultimate
productivity compared to the natural producer, | believe that the strategies employed here
could be applied to develop a platform for any product that is derived from acetyl-CoA and
requires NADPH in the biosynthesis pathway.
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CHAPTER 4. Perspectives on developing S. cerevisiae as a cell factory for
biocompounds production

There are many reasons supporting the utilization of S. cerevisiae as a model organism for
expression of various heterologous pathways. Systems and synthetic biology also advance
metabolic engineering in S. cerevisiae to meet the point where the engineered heterologous
pathway can compromise with the native host metabolic pathway and ultimately be
competitive with the traditional chemical synthesis pathway. Despite the success of metabolic
engineering to improve PHB production in S. cerevisiae, there still exist areas for continued
development by implementation of knowledge obtained from this study. For instance, in order
to maximize the flux to product formation, pathway engineering is achieved either by
removing the competitive enzyme(s) at the branch point of competing pathways or
overexpressing the enzymes in the heterologous pathway, so that the substrate can be directed
to the desired products instead of by-product formation. Unfortunately, a complete removal of
enzymes from the competitive pathways, sometimes results in a defect in growth (as seen for
the deletion of genes involved in the glyoxylate cycle- Paper 3). Therefore, implementation of
CIChE, which enables the tunable control of the expression level of a specific gene in a
particular pathway can be applied (1) to balance the expression level with other genes in the
biosynthesis pathway, (2) to control the expression level of a gene encoding an enzyme that
has been identified as a factor limiting the specific productivity or the flux toward product
formation, and (3) to control the expression level of an essential gene encoding a by-product
formation. When a non-native pathway is employed in S. cerevisiae that involves
intermediates such as acetyl-CoA or the redox cofactor NADPH, compartmentalization
should be taken into account since S. cerevisiae is not capable of de novo synthesis of
carnitine involved in the shuttle system for acetyl-CoA and the evidence for NADPH
transport across the mitochondrial membrane still needs to be provided. Altogether, to
accomplish the development of S. cerevisiae as a universal platform for industrial applications
requires the knowledge from molecular regulation to particular pathway engineering and the
overall cell physiology and metabolism.

42



PhD THESIS, KANOKARN KOCHARIN

ACKNOWLEDGEMENTS

From 2009, my PhD journey started and it has been a challenging trip, with both ups and downs.
Fortunately, with the great support from so many people, I can walk through these obstacles and

accomplish a big step in my life.

First and foremost, | would like to thank my supervisor, Prof. Jens Nielsen. You gave me a great
opportunity to pursue a PhD under your supervision. Your optimism and scientific enthusiasm
always motivate and encourage me. | really appreciate your trust and unlimited support as well as
all valuable guidance over the past four years. I would also like to thank Asst. Prof. Keith Tyo,
my co-supervisor during the early stage of my PhD for sharing your expertise and teaching me
good manners in the lab, | learned so much from you. I am also indebted to Dr. Verena Siewer,

my co-supervisor for being patient and always kindly assist me whenever | asked for help.

I would also like to acknowledge the administrative staffs; Erica Dahlin, Martina Butorac and the
Laboratory staffs; Marie Nordqvist, Malin Nordvall, Ximena Sevilla and Suwanee Jansa-Ard for

your supports which make everything run smoothly.

A research work would be difficult without good colleagues. | would like to thank Dr. Yun Chen,
Dr. Antonio Roldédo, Dr. Zihe Liu, Dr. Anastasia Krivoruchko, Dr. Eugenio Arturo Meza Mora,
Yiming Zhang, Jichen Bao, Klaas Buijs, Juan Octavio Valle Rodriguez. Please forgive me if your
name is not mentioned here but you know that | really appreciate working with you all. My
sincere gratitude also goes to Asst. Prof. Wanwipa Vongsangnak, Dr. Intawat Nookaew, Dr.
Pramote Chumnanpuen, Dr. Sakda Khoomrung, Dr. Jie Zhang, Dr. Siavash Partow, Dr. Marta
Papini, Dr. Gionata Scalcinati, Dr. Kuk-ki Hong, Kwanjeera Wanichthanarak, Natapol
Pornputtapong, Tobias Osterlund, Christoph Knuf, Bouke de Jong, Stefan Tippmann, and Nina
Johansson. Living far away from home, life would not be this wonderful without friends like you.

I would like to thank the Ministry of Science and Technology, Thailand and the Chalmers

Foundation for financial support during my PhD study.

My deeply gratitude goes to my family, mom and dad for no questions of supporting me. A
special thanks goes to my younger sister for taking care of everything when | am here.

Kanokarn Kocharin

April, 2013

43



PhD THESIS, KANOKARN KOCHARIN

REFERENCES

Akaraonye E, Keshavarz T, Roy | (2010) Production of polyhydroxyalkanoates: the future green
materials of choice. J Chem Technol Biotechnol 85(6):732-743

Alper H, Fischer C, Nevoigt E, Stephanopoulos G (2005) Tuning genetic control through promoter
engineering. PNAS 102(36):12678-12683

Anderlund M, Nissen TL, Nielsen J, Villadsen J, Rydstrom J, Hahn-Hagerdal B, Kielland-Brandt MC
(1999) Expression of the Escherichia coli pntA and pntB genes, encoding nicotinamide
nucleotide transhydrogenase, in Saccharomyces cerevisiae and its effect on product formation
during anaerobic glucose fermentation. Appl Environ Microbiol 65(6):2333-40

Bai Flagfeldt D, Siewers V, Huang L, Nielsen J (2009) Characterization of chromosomal integration
sites for heterologous gene expression in Saccharomyces cerevisiae. Yeast 26(10):545-551

Bailey JE, Shurlati A, Hatzimanikatis V, Lee K, Renner WA, Tsai PS (1996) Inverse metabolic
engineering: A strategy for directed genetic engineering of useful phenotypes. Biotechnol
Bioeng 52(1):109-21

Bakker B, Overkamp K, van Maris A, Kotter P, Luttik M, van Dijken J, Pronk J (2001) Stoichiometry
and compartmentation of NADH metabolism in Saccharomyces cerevisiae. FEMS Microbiol
Rev 25(1):15 - 37

Bernofsky C, Utter MF (1968) Interconversions of mitochondrial pyridine nucleotides. Science
159(3821):1362-3

Bieganowski P, Seidle HF, Wojcik M, Brenner C (2006) Synthetic lethal and biochemical analyses of
NAD and NADH kinases in Saccharomyces cerevisiae establish separation of cellular
functions. J Biol Chem 281(32):22439-45

Blank LM, Sauer U (2004) TCA cycle activity in Saccharomyces cerevisiae is a function of the
environmentally determined specific growth and glucose uptake rates. Microbiol 150(Pt
4):1085-93

Boeke JD, Eichinger DJ, Natsoulis G (1991) Doubling Tyl element copy number in Saccharomyces
cerevisiae: host genome stability and phenotypic effects. Genetics 129(4):1043-52

Boeke JD, Xu H, Fink GR (1988) A general method for the chromosomal amplification of genes in
yeast. Science 239(4837):280-2

Breuer U, Terentiev Y, Kunze G, Babel W (2002) Yeasts as producers of polyhydroxyalkanoates:
Genetic engineering of Saccharomyces cerevisiae. Macromol Biosci 2(8):380-386

Bro C, Regenberg B, Forster J, Nielsen J (2006) In silico aided metabolic engineering of
Saccharomyces cerevisiae for improved bioethanol production. Metab Eng 8(2):102-11

Bruinenberg PM (1986) The NADP(H) redox couple in yeast metabolism. Antonie Leeuwenhoek
52(5):411-29

44



PhD THESIS, KANOKARN KOCHARIN

Bruinenberg PM, Vandijken JP, Scheffers WA (1983) A theoretical-analysis of NADPH production
and consumption in yeasts. J Gen Microbiol 129(Apr):953-964

Carlson R, Fell D, Srienc F (2002) Metabolic pathway analysis of a recombinant yeast for rational
strain development. Biotechnol Bioeng 79(2):121-34

Carlson R, Srienc F (2006) Effects of recombinant precursor pathway variations on poly[(R)-3-
hydroxybutyrate] synthesis in Saccharomyces cerevisiae. J Biotechnol 124(3):561-73

Chen Y, Siewers V, Nielsen J (2012) Profiling of cytosolic and peroxisomal acetyl-CoA metabolism
in Saccharomyces cerevisiae. PloS one 7(8):e42475

Cherry JM, Hong EL, Amundsen C, Balakrishnan R, Binkley G, Chan ET, Christie KR, Costanzo
MC, Dwight SS, Engel SR, Fisk DG, Hirschman JE, Hitz BC, Karra K, Krieger CJ, Miyasato
SR, Nash RS, Park J, Skrzypek MS, Simison M, Weng S, Wong ED (2012) Saccharomyces
Genome Database: the genomics resource of budding yeast. Nucleic Acids Res 40(D1):D700-
D705

Conrad TM, Lewis NE, Palsson BO (2011) Microbial laboratory evolution in the era of genome-scale
science. Mol Syst Biol 7:509

de Jong-Gubbels P, VVanrolleghem P, Heijnen S, van Dijken JP, Pronk JT (1995) Regulation of carbon
metabolism in chemostat cultures of Saccharomyces cerevisiae grown on mixtures of glucose
and ethanol. Yeast 11(5):407-18

de Jong B, Siewers V, Nielsen J (2012) Systems biology of yeast: Enabling technology for
development of cell factories for production of advanced biofuels. Curr Opin Biotechnol
23(4):624-30

Devirgilio C, Burckert N, Barth G, Neuhaus JM, Boller T, Wiemken A (1992) Cloning and disruption
of a gene required for growth on acetate but not on ethanol - the acetyl-coenzyme A
synthetase gene of Saccharomyces cerevisiae. Yeast 8(12):1043-1051

Dimster-Denk D, Rine J (1996) Transcriptional regulation of a sterol-biosynthetic enzyme by sterol
levels in Saccharomyces cerevisiae. Mol Cell Biol 16(8):3981-9

Doi Y, Kawaguchi Y, Koyama N, Nakamura S, Hiramitsu M, Yoshida Y, Kimura H (1992) Synthesis
and degradation of polyhydroxyalkanoates in Alcaligenes eutrophus. FEMS Microbiol Lett
103(2-4):103-108

Duntze W, Neumann D, Gancedo JM, Atzpodien W, Holzer H (1969) Studies on the regulation and
localization of the glyoxylate cycle enzymes in Saccharomyces cerevisiae. Eur J Biochem
10(1):83-9

Dwight SS, Balakrishnan R, Christie KR, Costanzo MC, Dolinski K, Engel SR, Feierbach B, Fisk DG,
Hirschman J, Hong EL, Issel-Tarver L, Nash RS, Sethuraman A, Starr B, Theesfeld CL,
Andrada R, Binkley G, Dong Q, Lane C, Schroeder M, Weng S, Botstein D, Cherry JM
(2004) Saccharomyces genome database: underlying principles and organisation. Briefings
Bioinf 5(1):9-22

45



PhD THESIS, KANOKARN KOCHARIN

Eustice DC, Wilhelm JM (1984) Mechanisms of action of aminoglycoside antibiotics in eucaryotic
protein synthesis. Antimicrob Agents Chemother 26(1):53-60

Feist AM, Henry CS, Reed JL, Krummenacker M, Joyce AR, Karp PD, Broadbelt LJ, Hatzimanikatis
V, Palsson BO (2007) A genome-scale metabolic reconstruction for Escherichia coli K-12
MG1655 that accounts for 1260 ORFs and thermodynamic information. Mol Syst Biol 3:121

Fogel S, Welch JW (1982) Tandem Gene amplification mediates copper resistance in yeast. P Natl
Acad Sci-Biol 79(17):5342-5346

Fogel S, Welch JW, Cathala G, Karin M (1983) Gene amplification in yeast - Cupl copy number
regulates copper resistance. Curr Genet 7(5):347-355

Frick O, Wittmann C (2005) Characterization of the metabolic shift between oxidative and
fermentative growth in Saccharomyces cerevisiae by comparative 13C flux analysis. Microb
Cell Fact 4(1):30

Fujii T, Kondo K, Shimizu F, Sone H, Tanaka J, Inoue T (1990) Application of a ribosomal DNA
integration vector in the construction of a brewer's yeast having a.-acetolactate decarboxylase
activity. Appl Environ Microbiol 56(4):997-1003

Goffeau A, Barrell BG, Bussey H, Davis RW, Dujon B, Feldmann H, Galibert F, Hoheisel JD, Jacq C,
Johnston M, Louis EJ, Mewes HW, Murakami Y, Philippsen P, Tettelin H, Oliver SG (1996)
Life with 6000 genes. Science 274(5287):546, 563-7

Gombert AK, Moreira dos Santos M, Christensen B, Nielsen J (2001) Network identification and flux
quantification in the central metabolism of Saccharomyces cerevisiae under different
conditions of glucose repression. J Bacteriol 183(4):1441-1451

Gorgens JF, van Zyl WH, Knoetze JH, Hahn-Hagerdal B (2001) The metabolic burden of the PGK1
and ADH2 promoter systems for heterologous xylanase production by Saccharomyces
cerevisiae in defined medium. Biotechnol Bioeng 73(3):238-45

Grabowska D, Chelstowska A (2003) The ALD6 gene product is indispensable for providing NADPH
in yeast cells lacking glucose-6-phosphate dehydrogenase activity. J Biol Chem
278(16):13984-8

Green R (2010) Current strategies for optimizing polyhydroxyalkanoate production in bacteria
systems. MMG 445 Basic Biotechnol 6(1)

Hanegraaf PP, Stouthamer AH, Kooijman SA (2000) A mathematical model for yeast respiro-
fermentative physiology. Yeast 16(5):423-37

Hankermeyer CR, Tjeerdema RS (1999) Polyhydroxybutyrate: Plastic made and degraded by
microorganisms. Reviews of Environmental Contamination and Toxicology. In: Ware GW
(ed). vol 159. Springer New York, pp 1-24

Henry CS, Broadbelt LJ, Hatzimanikatis V (2007) Thermodynamics-based metabolic flux analysis.
Biophys J 92(5):1792-805

46



PhD THESIS, KANOKARN KOCHARIN

Herrgard MJ, Lee BS, Portnoy V, Palsson BO (2006) Integrated analysis of regulatory and metabolic
networks reveals novel regulatory mechanisms in Saccharomyces cerevisiae. Genome Res
16(5):627-35

Hiesinger M, Wagner C, Schuller HJ (1997) The acetyl-CoA synthetase gene ACS2 of the yeast
Saccharomyces cerevisiae is coregulated with structural genes of fatty acid biosynthesis by the
transcriptional activators Ino2p and Ino4p. FEBS letters 415(1):16-20

Hiltunen JK, Wenzel B, Beyer A, Erdmann R, Fossd A, Kunau WH (1992) Peroxisomal
multifunctional p-oxidation protein of Saccharomyces cerevisiae. Molecular analysis of the
fox2 gene and gene product. J Biol Chem 267(10):6646-6653

Hiser L, Basson ME, Rine J (1994) ERG10 from Saccharomyces cerevisiae encodes acetoacetyl-CoA
thiolase. J Biol Chem 269(50):31383-31389

Hong KK, Nielsen J (2012) Metabolic engineering of Saccharomyces cerevisiae: a key cell factory
platform for future biorefineries. Cell Mol Life Sci 69(16):2671-90

Hou J, Lages NF, Oldiges M, Vemuri GN (2009) Metabolic impact of redox cofactor perturbations in
Saccharomyces cerevisiae. Metab Eng 11(4-5):253-261

Hou J, Tyo KE, Liu Z, Petranovic D, Nielsen J (2012) Metabolic engineering of recombinant protein
secretion by Saccharomyces cerevisiae. FEMS Yeast Res 12(5):491-510

Huh WK, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weissman JS, O'Shea EK (2003) Global
analysis of protein localization in budding yeast. Nature 425(6959):686-91

Keasling JD (2012) Synthetic biology and the development of tools for metabolic engineering. Metab
Eng 14(3):189-195

Kern A, Tilley E, Hunter IS, LegiSa M, Glieder A (2007) Engineering primary metabolic pathways of
industrial micro-organisms. J Biotechnol 129(1):6-29

Khanna S, Srivastava AK (2005) Recent advances in microbial polyhydroxyalkanoates. Process
Biochem 40(2):607-619

Kratzer S, Schuller HJ (1995) Carbon source-dependent regulation of the acetyl-coenzyme A
synthetase-encoding gene ACS1 from Saccharomyces cerevisiae. Gene 161(1):75-9

Kunau WH, Dommes V, Schulz H (1995) beta-oxidation of fatty acids in mitochondria, peroxisomes,
and bacteria: a century of continued progress. Prog Lipid Res 34(4):267-342

Kunze M, Pracharoenwattana I, Smith S, Hartig A (2006) A central role for the peroxisomal
membrane in glyoxylate cycle function. Biochim. Biophys. Acta 1763(12):1441 - 1452

Leaf TA, Peterson MS, Stoup SK, Somers D, Srienc F (1996) Saccharomyces cerevisiae expressing
bacterial polyhydroxybutyrate synthase produces poly-3-hydroxybutyrate. Microbiol 142 ( Pt
5):1169-80

Leaf TA, Srienc F (1998) Metabolic modeling of polyhydroxybutyrate biosynthesis. Biotechnol
Bioeng 57(5):557-570

47



PhD THESIS, KANOKARN KOCHARIN

Lee Y, Jang J, Kim K, Maeng P (2011) TCA cycle-independent acetate metabolism via the glyoxylate
cycle in Saccharomyces cerevisiae. Yeast 28(2):153 - 166

Maaheimo H, Fiaux J, Cakar ZP, Bailey JE, Sauer U, Szyperski T (2001) Central carbon metabolism
of Saccharomyces cerevisiae explored by biosynthetic fractional **C labeling of common
amino acids. Eur J Biochem 268(8):2464-79

Madsen KM, Udatha GD, Semba S, Otero JM, Koetter P, Nielsen J, Ebizuka Y, Kushiro T,
Panagiotou G (2011) Linking genotype and phenotype of Saccharomyces cerevisiae strains
reveals metabolic engineering targets and leads to triterpene hyper-producers. PloS one
6(3):e14763

Marchesini S, Erard N, Glumoff T, Hiltunen JK, Poirier Y (2003) Modification of the monomer
composition of polyhydroxyalkanoate synthesized in Saccharomyces cerevisiae expressing
variants of the beta-oxidation-associated multifunctional enzyme. Appl Environ Microbiol
69(11):6495-9

Martinez JL, Liu L, Petranovic D, Nielsen J (2012) Pharmaceutical protein production by yeast:
towards production of human blood proteins by microbial fermentation. Curr Opin Biotechnol
23(6):965-71

Melchiors M, Keul H, Hocker H (1994) Synthesis of highly isotactic poly[(R)-3-hydroxybutyrate] by
ring-opening polymerization of (R,R,R)-4,8,12-trimethyl-1,5,9-trioxacyclododeca-2,6,10-
trione. Macromol Rapid Commun 15(6):497-506

Minard KI, McAlister-Henn L (2005) Sources of NADPH in yeast vary with carbon source. J Biol
Chem 280(48):39890-6

Miyagi H, Kawai S, Murata K (2009) Two sources of mitochondrial NADPH in the yeast
Saccharomyces cerevisiae. J Biol Chem 284(12):7553-60

Moreira dos Santos M, Thygesen G, Kotter P, Olsson L, Nielsen J (2003) Aerobic physiology of
redox-engineered Saccharomyces cerevisiae strains modified in the ammonium assimilation
for increased NADPH availability. FEMS Yeast Res 4(1):59-68

Munoz AJ, Wanichthanarak K, Meza E, Petranovic D (2012) Systems biology of yeast cell death.
FEMS Yeast Research 12(2):249-265

Murray DB, Haynes K, Tomita M (2011) Redox regulation in respiring Saccharomyces cerevisiae.
Biochim Biophys Acta, Gen Subj 1810(10):945-958

Nevoigt E, Kohnke J, Fischer CR, Alper H, Stahl U, Stephanopoulos G (2006) Engineering of
promoter replacement cassettes for fine-tuning of gene expression in Saccharomyces
cerevisiae. Appl Environ Microbiol 72(8):5266-5273

Nielsen J (1998) Metabolic engineering: Techniques for analysis of targets for genetic manipulations.
Biotechnol Bioeng 58(2-3):125-132

Nielsen J, Keasling JD (2011) Synergies between synthetic biology and metabolic engineering. Nat
Biotechnol 29(8):693-695

48



PhD THESIS, KANOKARN KOCHARIN

Nissen TL, Anderlund M, Nielsen J, Villadsen J, Kielland-Brandt MC (2001) Expression of a
cytoplasmic transhydrogenase in Saccharomyces cerevisiae results in formation of 2-
oxoglutarate due to depletion of the NADPH pool. Yeast 18(1):19-32

Outten CE, Culotta VC (2003) A novel NADH kinase is the mitochondrial source of NADPH in
Saccharomyces cerevisiae. Embo J 22(9):2015-2024

Overkamp KM, Bakker BM, Kotter P, van Tuijl A, de Vries S, van Dijken JP, Pronk JT (2000) In vivo
analysis of the mechanisms for oxidation of cytosolic NADH by Saccharomyces cerevisiae
mitochondria. J Bacteriol 182(10):2823-2830

Panchal, B., A. Bagdadi and I. Roy, (2013) Polyhydroxyalkanoates: The natural polymers produced by
bacterial fermentation. In: Advances in natural polymers. S. Thomas, P. M. Visakh & A. P.
Mathew (eds). Springer Berlin Heidelberg, pp. 397-421.

Papini M, Nookaew I, Siewers V, Nielsen J (2012) Physiological characterization of recombinant
Saccharomyces cerevisiae expressing the Aspergillus nidulans phosphoketolase pathway:
validation of activity through *C-based metabolic flux analysis. Appl Microbiol Biotechnol
95(4):1001-10

Partow S, Siewers V, Bjorn S, Nielsen J, Maury J (2010) Characterization of different promoters for
designing a new expression vector in Saccharomyces cerevisiae. Yeast 27(11):955-64

Peoples OP, Sinskey AJ (1989) Poly-p-hydroxybutyrate (PHB) biosynthesis in Alcaligenes eutrophus
H16. Identification and characterization of the PHB polymerase gene (phbC). J Biol Chem
264(26):15298-303

Pham TH, Webb JS, Rehm BHA (2004) The role of polyhydroxyalkanoate biosynthesis by
Pseudomonas aeruginosa in rhamnolipid and alginate production as well as stress tolerance
and biofilm formation. Microbiol 150(10):3405-3413

Plessis A, Dujon B (1993) Multiple tandem integrations of transforming DNA sequences in yeast
chromosomes suggest a mechanism for integrative transformation by homologous
recombination. Gene 134(1):41-50

Pronk JT, Yde Steensma H, Van Dijken JP (1996) Pyruvate metabolism in Saccharomyces cerevisiae.
Yeast 12(16):1607-33

Quinto I, Scala G, Mallardo M, Arcucci A, Ruocco MR, De Lorenzo F (1992) Spontaneous and
mutagen-mediated amplification of a neo gene integrated at different genomic sites in rat 2
fibroblasts. Carcinog 13(3):439-45

Reifenberger E, Freidel K, Ciriacy M (1995) Identification of novel HXT genes in Saccharomyces
cerevisiae reveals the impact of individual hexose transporters on glycolytic flux. Mol
Microbiol 16(1):157-67

Sakai A, Shimizu Y, Hishinuma F (1990) Integration of heterologous genes into the chromosome of
Saccharomyces cerevisiae using a delta sequence of yeast retrotransposon Ty. Appl Microbiol
Biotechnol 33(3):302-306

49



PhD THESIS, KANOKARN KOCHARIN

Sauer U (2001) Evolutionary engineering of industrially important microbial phenotypes. Adv
Biochem Eng/Biotechnol 73:129-69

Scalcinati G, Partow S, Siewers V, Schalk M, Daviet L, Nielsen J (2012) Combined metabolic
engineering of precursor and co-factor supply to increase alpha-santalene production by
Saccharomyces cerevisiae. Microb Cell Fact 11:117

Sedlak M, Ho NW (2004) Characterization of the effectiveness of hexose transporters for transporting
xylose during glucose and xylose co-fermentation by a recombinant Saccharomyces yeast.
Yeast 21(8):671-84

Shi F, Kawai S, Mori S, Kono E, Murata K (2005) Identification of ATP-NADH kinase isozymes and
their contribution to supply of NADP(H) in Saccharomyces cerevisiae. FEBS J 272(13):3337-
49

Shi S, Valle-Rodriguez JO, Khoomrung S, Siewers V, Nielsen J (2012) Functional expression and
characterization of five wax ester synthases in Saccharomyces cerevisiae and their utility for
biodiesel production. Biotechnol Biofuels 5:7

Singh M, Patel S, Kalia V (2009) Bacillus subtilis as potential producer for polyhydroxyalkanoates.
Microb Cell Fact 8(1):38

Siso MIG, Picos MAF, Cerdan ME (1996) Reoxidation of the NADPH produced by the pentose
phosphate pathway is necessary for the utilization of glucose by Kluyveromyces lactis rag2
mutants. FEBS letters 387(1):7-10

Starai VJ, Gardner JG, Escalante-Semerena JC (2005) Residue Leu-641 of acetyl-CoA synthetase is
critical for the acetylation of residue Lys-609 by the protein acetyltransferase enzyme of
Salmonella enterica. J Biol Chem 280(28):26200-5

Steen E, Chan R, Prasad N, Myers S, Petzold C, Redding A, Ouellet M, Keasling J (2008) Metabolic
engineering of Saccharomyces cerevisiae for the production of n-butanol. Microb Cell Fact
7(1):36

Steinbuchel A, Hustede E, Liebergesell M, Pieper U, Timm A, Valentin H (1993) Molecular basis for
biosynthesis and accumulation of polyhydroxyalkanoic acids in bacteria. FEMS Microbiol
Rev 10(3-4):347-50

Steinbiichel A (2001) Perspectives for biotechnological production and utilization of biopolymers:
Metabolic engineering of polyhydroxyalkanoate biosynthesis pathways as a successful
example. Macromol Biosci 1(1):1-24

Steinbuchel A, Hein S (2001) Biochemical and molecular basis of microbial synthesis of
polyhydroxyalkanoates in microorganisms. biopolyesters. In: Babel W, Steinbiichel A (eds).

Adv Biochem Eng/Biotechnol, vol 71. Springer Berlin / Heidelberg, pp 81-123

Stephanopoulos G, Sinskey AJ (1993) Metabolic engineering--methodologies and future prospects.
Trends Biotechnol 11(9):392-6

50



PhD THESIS, KANOKARN KOCHARIN

Symington LS (2002) Role of RADS52 epistasis group genes in homologous recombination and double-
strand break repair. Microbiol Mol Biol Rev 66(4):630-70

Takahashi H, McCaffery JM, Irizarry RA, Boeke JD (2006) Nucleocytosolic acetyl-coenzyme a
synthetase is required for histone acetylation and global transcription. Mol Cell 23(2):207-17

Tyo KE, Ajikumar PK, Stephanopoulos G (2009) Stabilized gene duplication enables long-term
selection-free heterologous pathway expression. Nat Biotechnol 27(8):760-5

Tyo KEJ, Fischer CR, Simeon F, Stephanopoulos G (2010a) Analysis of polyhydroxybutyrate flux
limitations by systematic genetic and metabolic perturbations. Metab Eng 12(3):187-195

Tyo KEJ, Kocharin K, Nielsen J (2010b) Toward design-based engineering of industrial microbes.
Curr Opin Microbiol 13(3):255-262

van den Berg MA, de Jong-Gubbels P, Kortland CJ, van Dijken JP, Pronk JT, Steensma HY (1996)
The two acetyl-coenzyme A synthetases of Saccharomyces cerevisiae differ with respect to
kinetic properties and transcriptional regulation. J Biol Chem 271(46):28953-28959

Van Hoek P, Van Dijken JP, Pronk JT (1998) Effect of specific growth rate on fermentative capacity
of baker's yeast. Appl Environ Microbiol 64(11):4226-33

van Roermund CW, Elgersma Y, Singh N, Wanders RJ, Tabak HF (1995) The membrane of
peroxisomes in Saccharomyces cerevisiae is impermeable to NAD(H) and acetyl-CoA under
in vivo conditions. Embo J 14(14):3480-6

van Roermund CW, Hettema EH, van den Berg M, Tabak HF, Wanders RJ (1999) Molecular
characterization of carnitine-dependent transport of acetyl-CoA from peroxisomes to
mitochondria in Saccharomyces cerevisiae and identification of a plasma membrane carnitine
transporter, Agp2p. Embo J 18(21):5843-52

van Winden WA, van Dam JC, Ras C, Kleijn RJ, Vinke JL, van Gulik WM, Heijnen JJ (2005)
Metabolic-flux analysis of Saccharomyces cerevisiae CEN.PK113-7D based on mass
isotopomer measurements of *C-labeled primary metabolites. FEMS Yeast Res 5(6-7):559-68

Vandijken JP, Scheffers WA (1986) Redox balances in the metabolism of sugars by yeasts. FEMS
Microbiol Rev 32(3-4):199-224

Wang X, Wang Z, Da Silva NA (1996) G418 Selection and stability of cloned genes integrated at
chromosomal delta sequences of Saccharomyces cerevisiae. Biotechnol Bioeng 49(1):45-51

Vaseghi S, Baumeister A, Rizzi M, Reuss M (1999) In vivo dynamics of the pentose phosphate
pathway in Saccharomyces cerevisiae. Metab Eng 1(2):128-40

Wellen KE, Thompson CB (2012) A two-way street: reciprocal regulation of metabolism and
signalling. Nat Rev Mol Cell Biol 13(4):270-6

Yadav VG, De Mey M, Giaw Lim C, Kumaran Ajikumar P, Stephanopoulos G (2012) The future of
metabolic engineering and synthetic biology: Towards a systematic practice. Metab Eng
14(3):233-241

51



PhD THESIS, KANOKARN KOCHARIN

Zhang B, Carlson R, Srienc F (2006) Engineering the monomer composition of
polyhydroxyalkanoates synthesized in Saccharomyces cerevisiae. Appl Environ Microbiol
72(1):536-543

Osterlund T, Nookaew I, Nielsen J (2012) Fifteen years of large scale metabolic modeling of yeast:
Developments and impacts. Biotechnol Adv 30(5):979-988

52





