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 Abstract 

Many natural products are generated by polyketide and non-ribosomal peptide 

synthases (PKS and NRPS), which necessitates active acyl and peptide carry domains (ACP 

and PCP). This activation was enabled by the generation of two Saccharomyces cerevisiae 

CEN.PK2-1C variants (ST003 and ST004) harboring and functionally expressing a 

phosphopantetheinyl transferase (PPtase) SFPpBs from Bacillus subtilis.  

These strains serve as a foundation for further metabolic engineering approaches to 

enhance precursor provision. The glycolysis and malonyl-CoA pathway were successfully 

modified, leading to improved flux towards malonyl-CoA, as confirmed by a 3-hydroxypropionic 

acid (3-HP) detection method and subsequent NMR confirmation. Next, to implement the 

genes acc1S659A,S686A,S1157A, ald6, pdc1, and acsSe
L641P for overexpression, the generated 3-HP 

titers were further improved by deleting adh1 and implementing tpi1. Despite the encountered 

obstacles, the study successfully demonstrates the elevation of malonyl-CoA levels in yeast, 

yielding 3-HP titers of up to 249.66 mg L-1 in batch cultivations.  

Using the initially generated PPtase strains as a basis, the genes for ARO4pK229L, 

ARO7pG141S, and AroLpEc, were integrated while simultaneously deleting aro10 and pdc5. 

Making use of the tyrosine ammonia-lyase (TALpHa) enzyme from Herpetosiphon aurantiacus 

to generate p-coumaric acid (p-CA), the successful generated yeast strains demonstrated a 

modified shikimate pathway with elevated phenylalanine and tyrosine levels. Results revealed 

varying p-CA concentrations in different yeast strains, with ST004-based strains consistently 

outperforming ST003-based strains, resulting in p-CA concentration of up to 130.60 mg L-1 in 

batch cultivation. This highlighted, although successful, a notable discrepancy between the 

reported literature and this work, emphasizing the significant impact of cultivation conditions 

on yields for both pathways, as supported by existing literature.  

Finally, malonyl-CoA pathway and shikimate pathway modifications were implemented 

in a single yeast strain (ST027), exhibiting initial 3-HP production with eventual p-CA 

production at slightly higher levels than compared to solely shikimate pathway-modified strain 

(ST008). This suggests a potential synergistic effect between both pathways, supporting 

increased tyrosine production. The present thesis resulted in the optimized strains with the 

necessity for cultivation optimization attempts, ultimately further increasing production titers of 

compounds harnessing precursors from both pathways, as for instance, cryptophycins, 

resveratrol, or maybe aromatic phytocanabinoids.  
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 Zusammenfassung 

Viele Naturstoffe werden durch Polyketid- und nicht-ribosomale Peptidsynthasen (PKS 

und NRPS) erzeugt, wofür aktive Acyl- und Peptidträgerdomänen (ACP und PCP) erforderlich 

sind. Um diese Aktivierung zu ermöglichen, wurden zwei Varianten von Saccharomyces 

cerevisiae CEN.PK2-1C (ST003 und ST004) erzeugt, die eine 

Phosphopantetheinyltransferase (PPtase) SFPpBs aus Bacillus subtilis beherbergen und 

funktionell exprimieren.  

Diese Stämme dienen als Grundlage für weitere metabolische Engineering-Ansätze, 

um die Bereitstellung von Vorstufen zu verbessern. Die Glykolyse und der Malonyl-CoA-Weg 

wurden erfolgreich modifiziert, was zu einem verbesserten Fluss in Richtung Malonyl-CoA 

führte, wie durch eine 3-Hydroxypropionsäure (3-HP)-Detektionsmethode und eine 

anschließende NMR-Messung bestätigt wurde. Um die Gene acc1S659A,S686A,S1157A, ald6, pdc1 

und acsSe
L641P für eine Überexpression zu implementieren, wurden die erzeugten 3-HP-Titer 

durch Deletion von adh1 und Implementierung von tpi1 weiter verbessert. Trotz der 

aufgetretenen Hindernisse zeigt diese Arbeit erfolgreich die Erhöhung des Malonyl-CoA-

Gehalts in Hefe, wobei 3-HP-Titer von bis zu 249.66 mg L-1 in Batch-Kulturen erzielt wurden.  

Unter Verwendung der ursprünglich erzeugten PPtase-Stämme als Grundlage wurden 

die Gene für ARO4pK229L, ARO7pG141S und AroLpEc integriert und gleichzeitig aro10 und pdc5 

deletiert. Unter Verwendung des Enzyms Tyrosin-Ammoniak-Lyase (TALpHa) aus 

Herpetosiphon aurantiacus zur Erzeugung von p-Cumarinsäure (p-CA) zeigten die erfolgreich 

erzeugten Hefestämme einen modifizierten Shikimat-Weg mit erhöhten Phenylalanin- und 

Tyrosinwerten. Die Ergebnisse zeigten unterschiedliche p-CA-Konzentrationen in den 

verschiedenen Hefestämmen, wobei ST004-basierte Stämme durchweg besser abschnitten 

als ST003-basierte Stämme, was zu einer p-CA-Konzentration von bis zu 130.60 mg L-1 in 

Batch-Kulturen führte. Damit wurde, obwohl erfolgreich, eine bemerkenswerte Diskrepanz 

zwischen der Literatur und dieser Arbeit hervorgehoben, die den signifikanten Einfluss der 

Kultivierungsbedingungen auf die Ausbeute für beide Stoffwechselwege unterstreicht, wie dies 

auch in der vorhandenen Literatur bestätigt wird.  

Schließlich wurden diese Modifikationen in einen einzigen Hefestamm (ST027) 

implementiert, der eine anfängliche 3-HP-Produktion mit einer späteren p-CA-Produktion auf 

etwas höherem Niveau aufwies als die ausschließlich über den Shikimat-Weg modifizierten 

Stämme (ST008). Dies deutet auf einen potenziellen Synergieeffekt zwischen beiden 

Stoffwechselwegen hin, der eine erhöhte Tyrosinproduktion unterstützt. Die vorliegende Arbeit 

führte zu optimierten Stämmen mit der Notwendigkeit von Optimierungsversuchen bei der 

Kultivierung, um letztlich die Produktionstiter von Verbindungen zu erhöhen, die Vorstufen aus 

beiden Stoffwechselwegen nutzen, wie z. B. Cryptophycine, Resveratrol oder möglicherweise 

aromatische Phytocannabinoide. 
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1.1 Natural Products 

The term natural product (NP) describes a molecule produced by a living organism and 

is found in nature. [1] NPs originate from bacteria, fungi, plants, and marine organisms and 

represent a large family of diverse molecules with a wide range of biological activities and are 

extensively used in medicine and agriculture. [1–4] The treatment of diseases has been a 

central part of human life since human existence, especially highlighted by the fact that the 

earliest record of humans using NP dates to around 2600 BC. Since then, traditional medicine 

has mainly relied on plant-derived substances like essential oils to treat colds and parasitic 

infections. [1]  

The importance of NP is evident; a widely accepted perspective among scientists is, 

that NPs harbour a great potential for developing new pharmaceuticals. A recent review by 

Newmann and Cragg shows that 42 % of all new drugs till 2019 are NPs or NP derivatives. If 

NP mimics and synthetic compounds containing the active pharmacophore of NPs are also 

included, nearly two third of all approved drugs are based on NPs. [4] The approved drugs 

show activities against bacteria, fungi, viruses, parasites, cancer, and many more. [4–8] 

Since living organisms produce a wide variety of molecules, they can be categorized 

into primary and secondary metabolites. While primary metabolites, like DNA, RNA, proteins, 

and sugars, are vital for live, secondary metabolites are not. Products from the primary 

metabolism are mostly excluded from the definition as NPs. They are produced as secondary 

metabolites by bacteria, fungi, and plants and come together with benefits for the host 

organism. Such compounds offer the host an advantage in its natural environment by 

promoting defence mechanisms, conferring anti-microbial properties, and facilitating 

communication with other organisms. [9–12]  

NPs are a chemically diverse group of complex molecules with a wide range of 

molecular weights, stereo-specific centers, higher H-bond acceptors and donors, and higher 

rigidity than synthetic compounds. This complexity presumably shows their evolutionary 

optimized structures, which often serve a particular purpose in their host and are now exploited 

for their biological activity in medicine. [2,13]  

In general, NPs can be classified into four substance classes, namely terpenoids, 

phenylpropanoids, alkaloids and polyketides. [14] 
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1.1.1 Terpenoids 

Terpenoids, also called isoprenoids, are the most comprehensive class of NPs 

consisting of more than 40,000 to 60,000 known compounds (depending on which source) with 

differing functional groups. [14,15] The hydrocarbon skeleton of all terpenoids is generated 

from two universal C5 building blocks, called isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP), whereby the resulting higher terpenes are classified into mono- (C10), 

sesqui- (C15), di- (C20), tri-(C30) and tetra-terpenes (C40). Further, terpenoids are derived from 

terpenes by the addition of functional groups, usually with oxygen atoms forming oxygenated 

derivatives. [16,17] 

In nature, IPP and DMAPP are synthesized from two separate, non-homologous 

pathways: The mevalonate pathway (MVA pathway) and the later discovered non-mevalonate 

pathway, also known as MEP pathway (2-C-methyl-d-erythritol-4-phosphate) or DXP pathway, 

named after the 1-deoxyxylulose-5-phosphate intermediate. [18,19] Many organisms produce 

IPP and DMAPP exclusively through one of the two pathways. Archaea, fungi, and eukaryotes 

employ the MVA pathway, while bacteria and algae utilize the MEP pathway. Plants are the 

only organisms capable of performing both pathways in separate compartments of their cells: 

the MVA pathway occurs in the cytoplasm, while the MEP pathway takes place in the plastids. 

[19–21]  

The most famous terpenoid representatives are most likely the antimalaria drug 

artemisinin and the anti-cancer drug taxol, also known as paclitaxel (Figure 1). [6,8,14,22–24] 

Both molecules undergo biosynthesis through additional tailoring reactions from their 

respective precursors: baccatin III in the case of taxol and amorphadiene for artemisinin. 

However, these precursors are initially constructed through head-to-tail chain elongation of 

IPP and DMAPP creating geranylgeranyl diphosphate or farnesyl diphosphate, followed by 

cyclization reactions and the addition of functional groups. Significantly, the common starting 

point for biosynthesis across all terpenes traces back to the generation of IPP and DMAPP 

from glyceraldehyde-3-phosphate (G3P), pyruvate (Pyr), and acetyl-CoA. These initial 

compounds, sourced, for instance, from glycolysis and subsequent pathway steps, set the 

foundation for the exemplary biosynthetic pathways described above (Figure 1). 
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Figure 1: Most relevant isoprenoid biosynthesis steps for terpenoid biosynthesis on taxol and artemisinin. 
Isoprenoids are generated from the two major pathways, the MVA and MEP pathway. Both pathways produce IPP 
and DMAP, whereas the MEP pathway is started via condensation of glyceraldehyde-3-phosphate (G3P) and 
pyruvate (Pyr), while the MVA pathway is initiated via condensing three acetyl-CoA molecules. The terpene 
carbohydrate chain of the higher terpenes is generated by successive head-to-tail chain elongation reactions with 
IPP and DMAPP as starting molecules, to e.g., farnesyl diphosphate (FPP) and geranylgeranyl diphosphate 
(GGPP), both early intermediates of artemisinin and taxol. Subsequent biosynthetic steps lead via amorphadien to 
artemisinin and via baccatin III to taxol. [6,19,25] 

1.1.2 Phenylpropanoids/Flavonoids and Alkaloids  

Phenylpropanoids and alkaloids are among the more than 200,000 secondary 

metabolites identified and documented in plants. These compounds play various roles. They 

influece influencing growth, development, reproduction, defence mechanisms, and responses 

to environmental stimuli. [26–28] Derived from chorismate-derived aromatic compounds, 

phenylpropanoids and alkaloids share a common biosynthetic origin. While alkaloids include 

at least one nitrogen atom and extend beyond aromatic structures, their diverse structural 

nature complicates straightforward classification. Nevertheless, common classification 

strategies involve structurally related features and heterocyclic ring structures. Alternatively, 

some categorize them based on their origin, spectroscopic attributes, or biosynthetic 

pathways. [28,29] Alkaloids themselves can be categorized into four classes: amino acid 

derivatives (e.g., ornithine, lysine, anthranilic acid, tyrosine, and tryptophan), purine derivatives 
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(e.g., zanthine and caffeine), aminated terpenes (e.g., aconitine and solanine), and polyketides 

(e.g., coniine and the coccinellines). [30] 

Chorismate is the end product of the shikimate pathway and acts as the primary 

metabolite for amino acid synthesis, acting as precursors for phenylpropanoids and alkaloids. 

As can be taken from Figure 2 aromatic amino acids – tyrosine (a precursor of isoquinoline 

alkaloids), phenylalanine (a precursor of phenylpropanoids), and tryptophan (a precursor of 

indole alkaloids) – are derived from the shikimate pathway and play vital roles as essential 

building blocks for proteins. [27,28,31] Pathways arising from the production of aromatic amino 

acids are present in bacteria, fungi, and plants but notably absent in many animals. 

Consequently, certain derivatives originating from aromatic amino acids become essential 

nutrients in human and animal diets. Furthermore, alkaloids and phenylpropanoids exhibit 

notable pharmacological and biological activities, making them particularly interesting for 

applications in pharmacology and nutrition. Prominent phenylpropanoids include flavonoids 

and stilbenes, such as resveratrol and naringenin, recognized for their antioxidant, antiallergic, 

antibacterial, anticancer, and hepatoprotective properties. [27,31–35] Similarly, well-known 

alkaloids encompass the anaesthetic morphine (derived from tyrosine), the anti-cancer drugs 

vincristine/vinblastine (derived from tryptophan), and nicotine (depicted in Figure 2). [29,30] 

Similarly to the previously shown terpene biosynthesis pathway (Chapter 1.1.1), 

phenylpropanoids and alkaloids originate from primary metabolic pathway, the glycolysis and 

pentose phosphate pathway. The combination of phosphoenolpyruvate (PEP) and D-

erythrose-4-phophate (E4P) marks the start of the shikimate and subsequent aromatic amino 

acid pathway with their derivatives (Figure 2).  
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Figure 2: Phenylpropanoid biosynthesis overview, illustrated through examples such as resveratrol and 
naringenin, and the alkaloid biosynthesis overview, demonstrated with examples like 
vinblastine/vincristine, nicotine, and morphine/codeine. Phosphoenolpyruvate (PEP) and D-erythrose-4-
phophate (E4P) are provided by the glycolysis and the pentose phosphate pathway, supplying educts for the 
shikimate pathway producing chorismate. Chorismate is converted to tyrosine, phenylalanine, and tryptophan as 
the origin for phenylpropanoids and alkaloids. Colors for tyrosine, phenylalanine, and tryptophan indicate that 
phenylalanine and tyrosine are formed from prephenate (not shown), unlike tryptophan. Resveratrol and naringenin 

are formed with additional three malonyl-CoA units. [28,29,31] 

1.1.3 Polyketide 

Polyketides, akin to alkaloids, represent a highly diverse class of natural products 

characterized by extensive structural variation, providing various functionalities. This structural 

diversity arises from reduction, aromatization, cyclization, and other tailoring reactions on a 

hydrocarbon skeleton predominantly synthesized from β-keto groups. The resulting 

compounds encompass polyenes, polyethers, macrolides, phenolic, and polycyclic aromatic 

substances. [36–38] The polyketide formation follows a process similar to fatty acid 

biosynthesis, involving consecutive Claisen condensation reactions of malonyl-CoA with acyl-

thioester units, resulting in continuous chain elongation reactions. In each elongation step, the 

chain grows by approximately two carbon atoms, accompanied by the release of one CO2 

molecule due to decarboxylation. [39] This biosynthetic process is facilitated by polyketide 

synthases (PKS), which can be classified into three types based on their biosynthetic 
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mechanisms and structures. Type I PKSs are multifunctional complexes with multiple domains, 

further categorized into iterative complexes that reuse domains or modular complexes 

catalyzing chain elongation in different domains. Conversely, Type II PKSs consist of 

monofunctional enzymes operating in a repetitive manner, ultimately generating aromatic 

compounds after the final cyclization reaction. Both type I and type II PKS share three 

fundamental domains: the acyltransferase (AT), responsible for loading starter and extender 

acyl units; the acyl carrier protein (ACP), used as a docking station for the extender units and 

growing acyl chain; and lastly the ketosynthase (KS), catalyzing the condensation reaction of 

the starter/growing unit to the extender. The earlier mentioned diversity of the polyketides is 

then introduced through additional reducing domains like the −keto reductase (KR), the 

dehydratase (DH), and the enol reductase (ER). [36,37] Type III PKS, on the other hand, are 

much smaller and less complex than type I and type II PKS but are the most widespread type 

of PKS. They consist of homodimeric ketosynthases, which use free coenzyme A for the thio-

linkage of the substrates instead of ACP, used by type I and type II PKS. Another difference is 

the promiscuity towards the starter units because type III PKSs use aliphatic CoA units, like 

acetyl-CoA and malonyl-CoA, as well as aromatic CoA units, like coumaroyl-CoA. [38,39] 

Analogous to the other NP classes, polyketides have bioactive properties like antibiotic, 

immunosuppressive, and anti-inflammatory, which make them attractive candidates for 

pharmacological applications in human medicine. [4] Examples of such pharmacological uses 

are the antibiotics tetracycline, rapamycin, which suppress the immune response and 

lovastatin, which lowers the cholesterol level. [2,40–43] The core backbone of this compounds 

is derived from intermediates originating from the glycolysis and downstream pathways, 

including the shikimate pathway and malonyl-CoA biosynthesis. Through a series of post-

modification steps, the ultimate compounds – tetracycline, rapamycin, and lovastatin – are 

produced. Notably, malonyl-CoA serves as a precursor for all the illustrated bioactive 

polyketides (Figure 3). 
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Figure 3: Brief overview of rapamycin (left), tetracycline (middle), and lovastatin (right) biosynthesis, the 
precursors that are involved, as well as the enzyme facilitating the reactions. Rapamycin: The core polyketide 
chain is formed by the type I modular PKS system of RapA, RapB, and RapC using 4,5-dihydrocyclohex-1-ene-
carboxylic acid (DHCHC) as a starter unit, which is derived from chorismate by RapK (not shown). Pre-rapamycin 
is condensed with pipecolate through RapP and subsequent cyclization reaction (not shown). The genes rapI, rapJ, 
rapM, rapN, rapQ, and rapO encode for post-modification enzymes that produce rapamycin through O-methylation, 

hydroxylation, and oxidation. Tetracycline: The main -keto backbone is iteratively formed through a condensation 
of 8 malonyl-CoA units with a malonamidoyl starter unit by the PKS enzymes OxyA, OxyB, OxyC, and OxyD. OxyD 
is an amidotransferase homolog that is responsible for the incorporation of malonamyl. Post-modification genes 
oxyJ, oxyK, oxyN, oxyF, oxyL, oxyQ, oxyT, oxyS, and oxyR successively built tetracycline through reduction, 
cyclization, methylation, hydroxylation, and amidation. Lovastatin: Lovastatin is synthesized via the intermediate 
dihydromonacolin acid from malonyl-CoA and acytyl-CoA by the enzymes LovB, LovC, and LovG. Successive post 
modifications via LovACyt, LovF, and LovD generate Lovastatin by dehydration, hydroxylation, and the linkage of 
methylbutyryl-CoA (not shown). Source and modified according to [36,40–45]. 

As discussed above, natural products harbour great potential. They are of high interest 

to the pharmaceutical industry, especially due to their biological activities like anticancer, anti-

viral, anti-inflammatory, anti-microbial, and properties as neuroprotective antioxidants or as 

nutraceuticals for diabetes treatment and also other industrial uses e.g. in biofuels.[1,3,19,46–

49]  

In our modern society, the demand for natural products is rising increasingly, especially 

with rising worries regarding global warming, the recent energy crisis involving fossil fuels and 

the uprising of many antibiotic-resistant microorganisms. [50] This high demand for NPs leads 

to a need for high quantities of NPs for such use cases, but in nature, NP occur in relatively 

low quantities in their native host organism. This is especially true in comparison with their 

respective primary metabolites. Therefore, the direct isolation is not environmentally friendly, 

sustainable, or economical. This can be impressively seen for taxol (paclitaxel) (Figure 1), 
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which was initially extracted from the bark of Taxus brevifolia (pacific yew). The yield of this 

extraction was only 0.01 % of the dry mass (approximately 300 mg/tree), meaning that up to 

four trees were needed to treat one patient, highlighting that the demand cannot be covered 

from natural sources. [8,51] An alternative is the chemical or combinatorial synthesis of NP, a 

critical approach to generating NPs. However, due to their complex structure, stereochemistry, 

and reliance on fossil resources, this is still very laborious, impractical, and not environmentally 

sustainable. [14] Therefore, another promising alternative is the metabolic engineering 

(Chapter 1.2) of different microbial organisms for the directed production of the compound of 

interest, ideally using renewable feedstock.  

1.2 Metabolic engineering 

Metabolic engineering developed to address the limitations of natural cellular 

processes for specific applications, particularly those of interest to humans. Natural metabolic 

pathways in cells are not inherently designed to produce compounds at levels suitable for 

industrial or therapeutic purposes. The traditional processes of cells may not yield desired 

products in the necessary quantities or with the desired characteristics. [52] Metabolic 

engineering emerged as a response to these challenges, aiming to optimize cellular 

metabolism for the efficient production of specific compounds. The field initially employed 

molecular biological methods and later incorporated analytical techniques and cloning 

methods. The ability to modify the genetic makeup of microorganisms has allowed scientists 

to enhance or expand natural metabolic pathways, creating new opportunities to produce 

valuable substances. One of the key milestones in the development of metabolic engineering 

was the successful transformation of Escherichia coli with a recombinant plasmid in 1973. 

[53,54] This achievement laid the foundation for future biotechnological processes and 

academic research, demonstrating the potential to modify organisms for specific purposes, 

including the insulin biosynthesis in E. coli or the complete biosynthesis of artemisinic acid in 

Saccharomyces cerevisiae. [6,7,55] As metabolic engineering progressed, advancements in 

genetic tools, analytical capabilities, and the understanding of metabolic networks allowed for 

more sophisticated and targeted modifications. According to Bailey, metabolic engineering 

utilizes the improvement of cellular activities through manipulating enzymes, the transport, and 

regulatory functions in cells with the help of recombinatorial DNA techniques. [52] The iterative 

process involves three steps: analysing metabolism and genetic functions, designing changes, 

and genetically modifying the organism. This cyclic approach ideally repeats itself until the 

yield or productivity is enhanced, with the ultimate goal of implementing new or improved 

industrial processes. 

Nielsen categorized metabolic engineering into seven types: (1) heterologous protein 

production (e.g., pharmaceutical products: hormones, antibodies, vaccines), (2) diversification 
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of the substrate tolerance (including more efficient conversion of raw material and the 

prevention of by-product formation), (3) implementation of new pathways for the synthesis of 

new products or (4) the degradation of xenobiotics (extension of existing pathways with 

heterologous enzymes or even integrating new pathways), (5) process improvement through 

engineering of the cellular physiology (tolerance to low O2 or high concentrations of glucose), 

(6) reduction or eliminating of by-product formation and (7) improvement of yield or 

productivity. [53] In summary, metabolic engineering is the enhancement or extension of a 

natural system, primarily aimed at producing a specific product from the cell's metabolism or 

of heterologous origin. Various strategies can be applied to modify the metabolism. This 

involves enhancing and expanding processes by increasing precursor and co-factor provision, 

eliminating competing pathways and bottlenecks, and overexpressing enzymes while 

enhancing their specificity (Figure 4). [56] 

 

Figure 4: Generalised overview of various metabolic engineering strategies for final product production 
and titer improvements. Capital letters A-F represent the respective intermediates and e1-e6 represent the 
corresponding pathway enzymes. Modified according to Pickens et al., 2011 [56] 

The advent of computer-based tools encompassing genomics, transcriptomics, 

proteomics, and other disciplines, collectively categorized as omics/multiomics, as well as 

genome mining (with and without integrated omics data), metabolic pathway design, genome-

scale modelling (with and without integrated omics data), identification of overexpression and 

knockout targets, and enzyme engineering, empowers researchers to analyse, design, and 

predict metabolic networks and the implemented modifications. These in silico tools, coupled 

with advanced genetic techniques for host organism modifications – such as DNA assembly 

methods like BioBrick, Golden Gate, and Gibson assembly, alongside USER (Uracil specific 

excision reagent) cloning, chromosome and enzyme engineering methods (e.g., site-specific 

integration, MAGE - Multiplex automated genome engineering, CRISPR/Cas technologies), 
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and de novo enzyme design, biosensors, among others – alongside the continuously 

expanding data volumes, are poised to enhance metabolic engineering strategies and reduce 

the need for unnecessary trial-and-error experiments. [57] However, it is not only the tools for 

modification that matter; the intended target is equally crucial. Escherichia coli and 

Saccharomyces cerevisiae are the most widely utilized organisms for bio-based product 

production, benefiting from well-developed engineering tools. These organisms have been 

instrumental in advancing the understanding of metabolism and physiology in conjunction with 

the development of the aforementioned tools. [57] 

1.3 Saccharomyces cerevisiae as a host organism 

In addition to E. coli, S. cerevisiae, commonly known as baker's yeast, stands out as 

one of the most significant and extensively employed organisms in both industrial and 

academic settings. This is underscored by the milestone of transforming yeast cells as early 

as 1978. [58] The designation of S. cerevisiae as a GRAS (generally regarded as safe) 

organism, coupled with its capacity for high-density fermentation, robustness in harsh 

environmental conditions, high tolerance to inhibitory compounds, and ease of cultivation and 

genetic control, has increasingly made it an attractive choice for biotechnological applications. 

[59] The relative ease with which the cell can be manipulated and transformed with exogenous 

DNA through the extremely effective homologous recombination mechanism made it a go-to 

candidate for producing many valuable compounds and proteins naturally not occurring in 

yeast. Well-known examples, as mentioned before (Chapter 1.1.1,Chapter 1.1.2 and 

Chapter 1.2) are insulin [55], a precursor of the anti-malaria drug artemisinin, artemisinic acid 

[6], and resveratrol [35]. Other noteworthy compounds of significance, particularly in the 

context of the ongoing legalization discussion, are cannabinoids. [60,61] The growing interest 

in yeast as a versatile platform for bioproduction is the outcome of numerous techniques 

developed over the years, often aligned with the production of heterologous compounds. 

Genomic engineering of baker's yeast has been facilitated by reliable chromosomal alteration 

techniques like long terminal repeat cloning [62,63] and CRISPR/Cas9 [64,65], utilizing 

homologous recombination for straightforward modification. The continuously expanding 

"toolbox" for DNA assembly and protein expression in yeast, [63,66–68] based on methods 

like USER [69], Golden gate [70], and Gibson [71], enables the addition of new "parts" for 

customizable and rapid pathway modifications. These advancements position S. cerevisiae as 

a perfect chassis for NP production, where biosynthesis genes can be introduced via genetic 

information and the NPs can be assembled based on already present, high titers of precursor 

molecules needed for their in vivo production.  

Over the years, yeast was engineered to produce various secondary metabolites based 

on different pathways. [72–76] To capitalize on the collective expertise in yeast engineering, 
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the next step in yeast cell factory utilization involves combining those engineering efforts and 

creating a yeast platform strain that provides precursor molecules at sufficient levels. 

The following chapters will focus on the glycolysis, the glycolysis-derived compounds 

malonyl- and acetyl-CoA and the shikimate pathway. 

1.4 Glycolysis and Malonyl-CoA  

Glycolysis is the universal metabolic pathway in nearly all living cells and was already 

completely enlightened in 1940. It is often termed as Embden-Meyerhof-Parnas pathway in 

honor of its initial discoverers, who significantly participated in clarifying the pathway. Glucose, 

as a central energy source, is oxidized while passing through the pathway, generating the 

building blocks for subsequent anabolic metabolites and the energy needed for cellular 

processes, hence its position as the essential organic fuel for microbes, animals, and plants.  

The glycolysis forms two pyruvate molecules from only one molecule of glucose, 

yielding a total net of two adenosine triphosphate (ATP) and two reduced nicotinamide adenine 

dinucleotide (NADH) molecules as energy (Figure 5). [77,78] 

 

Figure 5: Net glycolysis reaction for the formation of two pyruvate molecules from glucose. NAD: 
nicotinamide adenine dinucleotide, ADP: adenosine diphosphate, Pi: phosphate, NADH: reduced nicotinamide 
adenine dinucleotide, H+: proton, ATP: adenosine triphosphate, H2O: water. 

The glycolysis from glucose to pyruvate consists of a series of ten sequential enzymatic 

reactions (Figure 6). From this sequence, intermediates divert into the glycogenesis, pentose 

phosphate pathway, and shikimate pathway; there are also three irreversible reaction steps 

along the pyruvate formation path. Since this work will primarily focus on S. cerevisiae or yeast, 

the following description will concentrate on the enzymes involved in the yeast glycolysis. As 

mentioned before, there are ten reaction steps to form pyruvate, and eight are facilitated via 

paralogs. [79]  
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Figure 6: Overview over the ten enzymatic reaction steps of the glycolysis starting from glucose, yielding 
pyruvate. The energy investment phase is highlighted in grey, while the energy payoff phase is colored in green. 
The split of F1,6P is underlined through the colors blue for G3P as the product and yellow for DHAP. Pyruvate, the 

final product of the glycolysis, is highlighted separately in red. 

In the initial step, a hexokinase transfers a phosphate group (Pi) from ATP to the C-6 

position of the glucose molecule, resulting in the formation of glucose-6-phosphate (G6P). In 

yeast, this reaction is carried out by enzymes coded by hkx1 and hkx2. [80] Subsequently, in 

the next two steps, G6P is converted to fructose-6-phosphate (F6P) and, with an additional 

phosphate from ATP, to fructose-1,6-phosphate (F1,6P), facilitated by G6P isomerase 

encoded by pgi1 and phosphofructokinases encoded by pfk1 and pfk2. [81,82] Following these 

steps, the double-phosphorylated hexose sugar undergoes cleavage into two triose sugars, 

dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate (G3P), catalyzed by 

the enzyme fructose-bisphosphate aldolase (fba1 in yeast). [81–83] It is noteworthy that DHAP 

cannot further participate in glycolysis unless it is converted to G3P, a reaction facilitated by 

triose-phosphate-isomerase (tpi1). [81,84] This phase can be considered as an energy 

investment phase, activating the sugar through the transfer of Pi from two invested ATPs. From 

this point onward, the reactions generate valuable energy. The two resulting G3Ps, in turn, 

undergo a series of phosphorylation (glyceraldehyde-3-phosphate dehydrogenase coded by 

tdh1-3), transfer (phosphoglycerate kinase coded by pgk1), mutase (2,3-bisphosphoglycerate-

dependent phosphoglycerate mutase coded by gpm1-3) and hydratase (phosphopyruvate 

hydratase coded by eno1-2) reactions to yield phosphoenolpyruvate (PEP), accompanied by 
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inorganic phosphate and NAD+ generating two NADH and two ATP. The intermediates follow 

the order of 1,3-bisphosphoglycerate, 3-phosphoglycerate, 2-phosphoglycerate, and PEP. The 

final enzymatic step in the glycolysis is the formation of two pyruvate molecules from PEP, 

accomplished by the pyruvate kinase (pyk2 and cdc19). [81,82,85–88] Pyruvate, as the 

product of the glycolysis, now acts as an intermediate for several different reactions. The 

above-described glycolysis is depicted in Figure 6. 

The glycolysis can occur either aerobically or anaerobically. Under aerobic conditions, 

pyruvate is formed, while under anaerobic conditions, such as in muscle cells, lactate is 

produced through lactic acid fermentation. Until pyruvate is formed, the pathway operates 

without requiring oxygen. [77,78] When considering yeast as a potential production strain 

under anaerobic conditions, cells generate ethanol through alcoholic fermentation. [81,82] 

Upon pyruvate formation under aerobic conditions, it is transferred to the mitochondria and 

undergoes complete oxidation in the citric acid cycle yielding CO2 and significantly more 

energy than from glycolysis alone. Lactate, formed in the absence of oxygen in the cytosol, is 

produced through lactate dehydrogenase (muscle cells). [89] Despite yeast's ability to 

metabolize glucose in the presence of oxygen, it exhibits a preference for alcoholic 

fermentation. This preference persists even when aerobic metabolism is viable. However, in 

the presence of excess glucose, cells shift to the fermentation reaction, producing ethanol 

(unlike lactate in muscle cells) through two additional enzymatic steps. This phenomenon is 

known as the Crabtree effect. [82,90] 

In conditions of low oxygen or high glucose concentrations, yeast transforms pyruvate 

into ethanol. This process unfolds in the cytosol, where pyruvate undergoes decarboxylation 

to produce acetaldehyde through the enzyme pyruvate decarboxylase (pdc1, 5, and 6), 

releasing CO2 for each pyruvate molecule. [91,92] The final step in ethanol formation has a 

drawback: the reversible reaction catalyzed by the alcohol dehydrogenase (adh1-5) converts 

acetaldehyde to ethanol, but each reduction to ethanol consumes one NADH energy 

equivalent. Consequently, the glycolysis only produces two ATP in total. S. cerevisiae 

compensates for this low energy yield through a high flux, processing 20-25 mmol ethanol per 

gram dry weight per hour. [79,92] Once all glucose is depleted, yeast cells can shift their 

metabolism to consume ethanol, regaining the invested energy and producing acetaldehyde. 

Acetaldehyde, derived either from ethanol or directly from pyruvate, can then be further 

converted to acetate using the aldehyde dehydrogenase again (ald2-6) generating one NADH 

or NADPH. Acetate now is the precursor to one of the key metabolites in the metabolic network 

of yeast, acetyl-CoA produced by acetyl-CoA synthase (acs1,2). This process involves 

combining acetate and coenzyme A while consuming one ATP. Acetyl-CoA is present in at 

least four cellular compartments, the cytosol, in mitochondria, the peroxisome and nucleus 

(Figure 7). [92] 
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Figure 7: Acetyl- and Malonyl-CoA pathway with the different compartments involved. The key intermediates 
Acetyl-CoA and Malonyl-CoA are highlighted in red. TCA: tricarboxylic acid cycle, GYC: glyoxylate cycle, PDHp: 
pyruvate dehydrogenase complex, PDC1/5/6p: pyruvate decarboxylase, ADH1-5p: alcohol dehydrogenase, ALD2-
6p: aldehyde dehydrogenase, ACSp: acetyl-CoA synthase, ACC1p: acetyl-CoA carboxylase, HFA1p: mitochondrial 
acetyl-coenzyme A carboxylase, CIT1/2/3p: citrate synthase, MLS1p: malate synthase. Modified according to [92]. 

As mentioned earlier, glycolysis serves as the central metabolic pathway, with various 

intermediates branching off toward different pathways responsible for amino acid and fatty acid 

synthesis. Cytosolic Acetyl-CoA, generated from acetate is the main precursor and building 

block of fatty acids biosynthesis. [93,94] Despite its presence in various compartments, the 

transport of acetyl-CoA between these compartments is not possible. [95] Acetyl-CoA is 

formed from acetate with the assistance of the acetyl-CoA synthase, which operates in the 

cytosol, peroxisome, and nucleus. In the nucleus, acetyl-CoA is utilized for chromatin 

acetylation, while in the peroxisome, it contributes to the glyoxylate cycle (GYC) as a substrate. 

The addition of acetyl-CoA to the GYC also occurs through the β-oxidation of fatty acids in the 

peroxisome. The transfer to the GYC is enabled by the citrate synthase (cit2) in conjunction 

with oxaloacetate. [92,96] Furthermore, the condensation reaction of acetyl-CoA with 

glyoxylate catalyzed by the malate synthase (mls1) also directs acetyl-CoA into the GYC. This 

cycle shares many identical steps with the tricarboxylic acid (TCA) cycle. While the majority of 

acetyl-CoA inside the mitochondria enters the TCA cycle, before that however, pyruvate is 
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transferred to the mitochondria and is converted into acetyl-CoA, CO2, and NADH by the 

pyruvate dehydrogenase complex (pdh), one of the largest and most complex enzymes. The 

PDHp consists of a pyruvate dehydrogenase (PDA1 and PDB1), a dihydrolipoamide 

acetyltransferase (LAT1), a dihydrolipoamide dehydrogenase (LPD1), and a pyruvate 

dehydrogenase complex component X (PDX1). Subsequently, acetyl-CoA enters the TCA 

cycle, similar to the GYC, condensed with oxaloacetate as citric acid, catalyzed via the citric 

acid synthase encoded by cit1 and cit3. [92,94,97,98]  

Apart from acetyl-CoA as a key intermediate, malonyl-CoA is another valuable 

intermediate directly derived from acetyl-CoA. It is the cytosol-based precursor to the fatty acid 

biosynthesis, marking the first step in this anabolic pathway. This first reaction occurs under 

the acetyl-CoA carboxylase's catalysis (acc1 or fas3). [92,99] However, this also highlights the 

rate-limiting step, and its expression is controlled by factors like Ino2p and Ino4p, as well as 

Opi1p and Snf1p. [92,100–102] Another isoform of the ACC1p is mainly found in mitochondria 

and encoded by hfa1. [92,103] As discussed in the previous chapters (Chapters 1.1.2 and 

Chapter 1.1.3), malonyl-CoA is not only a precursor for fatty acid synthesis but also serves as 

a starting point for the production of various valuable compounds, including flavonoids, 

polyketides, and hydroxypropionates. [102,104,105] 

1.4.1 Malonyl-CoA and strategies for its increase 

In the Chapters 1.2 and 1.3, the importance of S. cerevisiae in metabolic engineering 

efforts and in general as a host organism to produce valuable chemicals through different 

modification strategies was illustrated. As for this work, this chapter will focus on modifications 

already used in the literature to increase titers of malonyl-CoA and, as a direct precursor, of 

acetyl-CoA in S. cerevisiae. 

Many studies investigated the metabolic pathway manipulation to increase the key 

intermediate malonyl-CoA, as it serves as the precursor molecule for various high-value 

compounds. Among these products are 3-hydroxypropionic acid (3-HP) [76,101,106–110], 

products derived from fatty acids (free fatty acids [93,111–113], fatty alcohols [114], fatty acid 

ethyl esters [101,115]), and plant derived flavonoids naringenin [116], kaempferol [117], and 

resveratrol [35,118]).  

Malonyl-CoA is a derivative of malonic acid, covalently linked to coenzyme A through 

a thioester bond (Figure 7). The direct formation of malonyl-CoA from acetyl-CoA occurs in an 

ATP-dependent carboxylation reaction. This reaction is catalyzed by acetyl-CoA carboxylase 

ACC1p in the cytosol and by HFA1p in mitochondria (Chapter 1.4). The ACC1p is responsible 

for the initial reaction in the fatty acid biosynthesis and represents the rate-limiting step. [93] 

However, when enhancing malonyl-CoA production, it is important to note that its 
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concentration is kept at low levels during growth, making it challenging to improve the 

production of derived product. [106] To address this, it's crucial to consider the biotin-

dependent carboxylase ACC1p, as its activity relies heavily on biotinylation, biotin 

concentration, and transcriptional regulation through Ino2p and Ino4p (positive regulators) and 

Opi1p (a negative regulator). [119,120] Additionally, posttranscriptional modifications, a pivotal 

aspect of signal transduction and gene regulation, are responsible for ACC1p regulation. By 

this means, the phosphorylation via the protein kinase SNF1p is essential. [101,121,122] 

One strategy is overexpressing the native endogenous ACC1p with strong promotors 

or a heterologous carboxylase (ACC from Lipomyces starkeyi). However, the results 

suggested that simple overexpression of native and heterologous ACC1p did not significantly 

increase the production of malonyl-CoA-derived products. [93,101,123,124] In addition, results 

suggest that the overexpression causes impaired growth in yeast (up to one-third reduction in 

final OD600). [117,124] Since ACC1p undergoes regulation by SNF1p through phosphorylation, 

studies investigating the deregulation of ACC1p for the enhanced production of malonyl-CoA-

dependent products and revealed that mutations at phosphorylation sites Ser1157 and Ser659 

alleviate SNF1p regulation of ACC1p. [101,122,124] These two mutations in ACC1p were 

subsequently employed in numerous studies focused on converting acetyl-CoA to malonyl-

CoA. For instance, the double ACC1p mutant increased the production of fatty acids 3-fold 

(15.8 mg/L) and of 3-HP 6-fold (279 mg/L). [101] Combining these mutations with further 

modifications resulted in an increased production of various target compounds, including fatty 

acid-derived products, resveratrol (+30%), and 3-HP. [35,76,109,118,125] A study from Chen 

and coworkers using a malonyl-CoA sensitive biosensor confirmed the ACC1p deregulation 

with the introduction of the widely used S1157A and S659A mutations and identified an 

additional phosphorylation site, Ser686, that further increased ACC1 activity by approximately 

15-20 % when tested for 3-HP production. [126] Moreover, Li and coworkers, during the 

development of the malonyl-CoA sensitive biosensor, discovered an additional enhancement 

in product titer by overexpressing TPIp, resulting in a 120% increase in 3-HP titers. [127] 

Over the years, various strategies employing different combinations of up- or 

downstream pathway modifications leading to cytosolic malonyl-CoA have emerged in 

numerous studies. The primary focus of this route often revolves around ACC1p, with 

additional flux-directing actions. One such strategy is commonly referred to as the pyruvate 

dehydrogenase bypass. It starts with the pyruvate decarboxylase PDC1p and proceeds with 

the aldehyde dehydrogenase ALD6p and a heterologous acetyl-CoA synthase from 

Salmonella enterica ACSSep (Figure 8). [128,129] The goal is to direct the carbon flux from 

acetaldehyde towards acetate and the ACSSep due to the low Michaelis-Menten constant Km 

of the aldehyde dehydrogenase (ald6) for acetaldehyde compared to the alcohol 

dehydrogenase (adh1-5). [130] The ADHp has a 2-fold higher Km-value for acetaldehyde than 



Introduction 

18 

ALD6, meaning that by introducing the modifications pulling the carbon flux from the 

consistently highly expressed PDCp (pyruvate decarboxylase) and direct it to malonyl-CoA, 

the flux to ethanol through the ADHp (alcohol dehydrogenase) is decreased. [94,128,130] The 

introduction of the post-translationally deregulated acetyl-CoA synthase from S. enterica 

(acsse), where the substitution of proline at position 641 for leucine prevents the inactivating 

acetylation and maintains its activity, further concentrates the flux for acetyl-CoA formation. 

[128,131] Some studies have employed this or parts of this upstream flux-pulling modification 

strategy with additional overexpressions or deletions. The study by de Jong and coworkers 

used the overexpression of the genes adh2, ald6, acsse
L641P, acc1S1157A,S659A together with 

deletions impairing storage lipid formation and -oxidation yielding 4.4 mg/L fatty acid ethyl 

esters. [125] With multicopy integration of ACC1S1157A,S659A, and an increased NADPH supply, 

Kildegaard and coworker were able to create a strain producing up to 9.8 g/L 3-HP in 

carbon‑limited fed‑batch cultivation at pH 5. [76] Shiba and coworkers produced up to 

120 mg/L of amorphadiene, while Duan and coworkers could produce up to 66.29 mg/L of 

kaempferol employing this strategy. [117,128] Other studies using acetyl-CoA as the key 

intermediate also employed this strategy successfully producing ethyl acetate, 

polyhydroxybutyrate, n-butanol, while adding different additional modifications like impairing 

or inactivating glycerol (deleting gpd1 and gpd2) and ethanol (deleting adh genes) production 

as well as reducing the drainage of acetyl-CoA through the GYC (deleting mls1 and cit2). [132–

135] This enhances the availability of cytosolic acetyl-CoA.  

Further exploration of the literature reveals more strategies to increase cytosolic acetyl-

CoA, such as recovering acetyl-CoA after its conversion to other intermediates or redirecting 

the carbon flux through other pathways, like the pentose phosphate pathway (PPP) towards 

increased acetyl-CoA supply. Utilizing an elevated flux through the PPP, Yu and coworker 

employed the overexpression of the genes zwf1 (glucose-6-phosphate dehydrogenase), gnd1 

(phosphogluconate dehydrogenase), tkl1 (transketolase), tal1 (transaldolase) and the down-

regulation of pgi1 (phosphoglucose isomerase) to increase NADPH energy supply and yield 

an improved free fatty acid production of 28 %. [136] A similar strategy, but with the addition 

of the xylulose-5-phosphate specific phosphoketolase (xPKp, from Leuconostoc 

mesenteroides) and phosphotransacetylase (PTAp, from C. kluyveri) directly produced acetyl-

CoA from the PPP with the benefit of the increased energy yield and without carbon loss. With 

that strategy, Qin and coworkers were able to yield a 41.9 % higher 3-HP and reduced glycerol 

production. [109] An earlier comparable approach led to an 1.7-fold increase in free fatty acid 

production. [115] Lian and coworkers investigated the actetyl-CoA recovery from citrate using 

the ATP-dependent citrate lyase (ACLp) from the oleaginous yeast Yarrow lipolytica and 

increased the n-butanol production 3-fold. [134] However, Rodriguez and coworkers 

demonstrated that the ACLp from Aspergillus nidulans performed approximately one order of 
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magnitude better than that of Y. lipolytica. [137] Furthermore, an interesting strategy to prevent 

ATP loss and acetate build-up was shown by bypassing the native cytosolic ALD-ACS pathway 

by introducing a heterologous acetylating acetaldehyde dehydrogenase (A-ALDp). By 

implementing this approach, Kozak and co-workers could show the successful substitution of 

the ALD-ACS pathway, deleting only one gene (ald6, acs) or both ald6 and acs. However, they 

observed reduced growth in the modified strains, attributing it to the accumulation of toxic 

acetaldehyde within the cells. [138,139] Applying a comparable method involved introducing a 

modified multifunctional oxidoreductase, adhE, from E. coli, now serving as an A-ALD 

(adhEA267T/E568K/R577S) together with the deletion of ald6 led to an n-butanol titer of around 

633.92 mg/L. However, this worked best when combined with increased coenzyme A supply 

through additional modification of the native CoA pathway. [140]  

A summary of the mentioned modifications and their position in the pathways can be 

found in Figure 8.  

 

Figure 8: Summary of common metabolic modifications increasing malonyl-CoA and acetyl-CoA provision 
for subsequent 3-HP, fatty acid-derived products (FFA/FA/FAEE), flavonoid, and polyketide production 
used in literature. Enzymes used for endogenous overexpression are shown in green, heterologous 
overexpressions in purple, deleted genes in red, and downregulated enzymes in blue. G6P: glucose-6-phosphate, 
F6P; fructose-6phosphate, G3P: glyceraldehydes-3-phosphate, DHAP: dihydroxyacetone phosphate, RL5P: 
ribulose-5-phosphate, X5P: xylulose-5-phosphate, R5P: ribose-5-phosphate, S7P: sedoheptulose-7-phosphate, 

E4P: erythrose-4-phosphate, FFA: free fatty acids, FA: fatty alcohols, FAEE: fatty acid ethyl ester.  
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Upon revisiting yeast metabolism, it becomes evident that crucial metabolites for the 

production of heterologous compounds go beyond malonyl-CoA or acetyl-CoA. As highlighted 

in Chapters 1.1.2 and 1.1.3, NPs such as resveratrol, naringenin, and rapamycin (Figure 2 and 

Figure 3) also need compounds derived from other pathways for their generation, including 

the shikimate pathway and the subsequent aromatic amino acid biosynthesis.  

1.5 Shikimate Pathway 

The shikimate pathway is a seven-enzyme catalyzed pathway with chorismate as the 

final product, also representing the pivotal common intermediate for the three aromatic amino 

acids (AAA): tyrosine, phenylalanine, and tryptophan. In this central anabolic metabolism, the 

AAAs are synthesized through the condensation of PEP and erythrose-4-phosphate (E4P) 

derived from the glycolysis and the pentose phosphate pathway, respectively. Notably, the 

shikimate pathway is exclusive to plants and microorganisms. [72,141,142] Animals rely on 

obtaining AAAs from their diet due to their inability to de novo synthesize them, despite their 

capacity to convert phenylalanine and tyrosine through hydroxylation. [142,143] 

The initial reaction for the shikimate pathway is catalyzed by the 3-deoxy-d-arabino-

heptulosonate-7-phosphate (DAHP) synthase. This reaction involves the combination of PEP 

and E4P to produce DAHP, and in yeast, it is carried out by two isoenzymes encoded by aro3 

and aro4. Both enzymes are subject to feedback regulation by tyrosine (ARO4p) and 

phenylalanine (ARO3p). [141,144,145] Subsequently, a single large pentafunctional enzyme 

encoded by the aro1 gene facilitates the next five crucial steps in the pathway. This enzyme 

oversees the successive transformations of DAHP into 3-dehydroquinic acid (DHQ), 3-

dehydroshikimate (DHS), shikimate, and shikimate-3-phosphate, combining the DHQ 

synthase, DHQ dehydratase, shikimate dehydrogenase, and shikimate kinase activities within 

one single enzyme, consuming NADPH and ATP along the way. The final ARO1p catalyzed 

reaction involves the condensation of shikimate-3-phosphate with an additional PEP molecule, 

resulting in the formation of 3-enolpyruvyl-shikimate 5-phosphate (EPSP) through EPSP 

synthase activity. The pathway culminates in chorismate as the ultimate product facilitated 

through the chorismate synthase, encoded by the aro2 gene. This last enzymatic step removes 

a phosphate group, introducing a double bound to EPSP, yielding chorismate (Figure 9). 

[141,142,146]  
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Figure 9: Overview of the shikimate pathway yielding chorismate and the AAA biosynthesis of tyrosine, 
phenylalanine, and tryptophan. The shikimate pathway is highlighted in orange, with the five ARO1p-catalyzed 
reactions in green. The tyrosine and phenylalanine branches are colored grey and blue, respectively. The 
tryptophan branch is highlighted in yellow. Chorismate as the central intermediate and final product of the shikimate 
pathway, and the relevant amino acids phenylalanine and tyrosine are shown in red. Dashed lines indicate 
regulatory actions of the biosynthesis products, minus indicates feedback inhibitions, plus indicates activations. 
ARO4/3p: 3-deoxy-d-arabino-heptulosonate-7-phosphate (DAHP) synthase, ARO1p: pentafunctional arom protein, 
ARO2p: chorismate synthase, ARO7p: chorismate (CHA) mutase, TYR1p: prephenate dehydrogenase, PHA2p: 
prephenate dehydratase, ARO8/9p: aromatic aminotransferase, TRP2/TRP3p: anthranilate synthase complex, 
TRP4p: phosphoribosyltransferase, TRP1p: phosphoribosyl anthranilate (PRA) Isomerase, TRP3p: indole-3-
glycerol phosphate synthase (InGP) synthase, TRP5p: tryptophan synthase, Glu: glutamate, 2-OG: 2-oxoglutarate, 
Gln: glutamine, Pyr: pyruvat. 

Now, proceeding from chorismate, the intermediates for the aromatic amino acids 

(AAAs) diverge into the phenylalanine-tyrosine and tryptophan branches (Figure 9). For 

tryptophan, chorismate undergoes a conversion to anthranilate catalyzed by the anthranilate 

synthase complex, comprising TRP2p and TRP3p. This complex transfers an amino group 

from glutamate to chorismate, with feedback inhibition directly regulated by tryptophan. 

Subsequently, the monofunctional enzyme phosphoribosyltransferase (trp4) converts 

anthranilate to phosphoribosyl anthranilate (PRA). The PRA isomerase (trp1) then irreversible 

forms carboxyphenylamino-l-deoxyribulose 5-phosphate (CDRP), and the indole-3-glycerol 

phosphate synthase (InGP) synthase (trp3) decarboxylates CDRP, ultimately yielding InGP by 

closing the second ring. Finally, the tryptophan synthase (trp5) combines InGP with serine, 

resulting in the production of tryptophan (Figure 9). In S. cerevisiae, these enzymes are 

encoded by the genes trp1-5. [142] Compounds derived from tryptophan include 

vinblastine/vincristine and nicotine, as detailed in Chapter 1.1.2 and Figure 2. 
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The other two aromatic amino acids, phenylalanine and tyrosine, also derive from 

chorismate. The initial shared step in this branch is catalyzed by chorismate (CHA) mutase, 

which induces an intramolecular rearrangement leading to prephenate. The CHA mutase is 

encoded by the gene aro7 and is negatively feedback-regulated by tyrosine, an end product 

of this branch. This inhibition guides the flux, directing it toward tryptophan production when 

tyrosine concentrations are high, and strongly activating ARO7p when tryptophan 

concentrations are elevated, redirecting the flux toward the phenylalanine and tyrosine 

branches. [147] Prephenate serves as the last common intermediate for phenylalanine and 

tyrosine. The carbon flux diverges toward phenylpyruvate for phenylalanine and 4-

hydroxyphenylpyruvate for tyrosine. Both reactions in yeast are catalyzed by the prephenate 

dehydratase pha2 and the prephenate dehydrogenase tyr1, releasing one CO2 for each 

reaction. On the tyrosine side, one NADPH is generated. [142] The final step for both branches 

involves the reversible reaction catalyzed by the aromatic aminotransferase. This transferase 

transfers an amino group from glutamate onto phenylpyruvate and hydroxyphenylpyruvate, 

generating tyrosine and phenylalanine, with 2-oxogluterate as a by-product. In this reaction, 

glutamate, phenylalanine, tyrosine, and tryptophan can all serve as amino donors, while 

phenylpyruvate, hydroxyphenylpyruvate, 2-oxoglutarate, and pyruvate act as amino acceptors. 

ARO8p is responsible for conducting this reaction. ARO9p, alongside ARO8p, can contribute 

to phenylalanine and tyrosine formation, with its primary role in the catabolic degradation of 

tryptophan. Nonetheless, it has been demonstrated that ARO9p can sustain the biosynthesis 

of phenylalanine and tyrosine in Δaro8 deletion mutants by transferring amino groups from 

alanine onto phenylpyruvate or 4-hydroxyphenylpyruvate, releasing pyruvate as a byproduct. 

[148–150] In Chapter 1.1.2 and Figure 2, these two amino acids are described to be further 

utilized in the generation of resveratrol, naringenin, codeine, and morphine.  

1.5.1 Engineering efforts for shikimate pathway derived products 

As in Chapter 1.4.1 for malonyl-CoA, this chapter will also focus on common and 

already used modifications introduced to the host organism S. cerevisiae for heterologous 

compound productions based on the shikimate pathway and AAA biosynthesis. The focus will 

mainly lie on the phenylalanine and tyrosine branches.  

Small molecules with aromatic structures hold special significance in biotechnology, 

particularly as precursors for various compounds such as p-coumaric acid [151–154], caffeic 

acid [155,156], rosmarinic acid [157], and reticuline [158,159]. Furthermore, previously 

mentioned compounds (Chapter 1.4.1), like resveratrol [31,35,118], naringenin [27,116,160], 

and kaempferol [117] rely on shikimate pathway- and AAA-derived precursors for their 

biosynthesis, as well as many more. [72,161] 
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In numerous studies within this domain, S. cerevisiae is frequently chosen as the host 

for producing these secondary metabolites. This preference stems from the involvement of 

P450 enzymes in their biosynthesis, which, due to their challenging expression at high levels, 

makes the eukaryote S. cerevisiae one of the primary and most effective choices for 

heterologous expression of eukaryotic P450s [162]. Furthermore, yeast is generally 

considered a suitable candidate as a production host and platform organism for various 

biological molecules (Chapter 1.3).  

When exploring the literature for modifications in the shikimate pathway and 

compounds derived from AAA, strategies to enhance AAA production have been extensively 

studied. Similar to the approach for malonyl-CoA provision (Chapter 1.4.1), several common 

strategies have been implemented with distinct modification patterns. A prevalent tactic for the 

shikimate pathway involves alleviating the feedback inhibition of DAHP synthase, primarily 

ARO4p, and chorismate mutase, Aro7p. Introducing a single lysine-to-leucine mutation at 

position 229 for ARO4p (ARO4pK229L) and a serine-to-glycine mutation at position 141 for 

ARO7p (ARO7pG141S) increasing the flux through the shikimate and subsequent AAA 

biosynthesis pathway by approximately 4.5-fold. [163] However, overexpressing the feedback-

resistant DAHP synthase ARO4p led to shikimate accumulation, revealing a bottleneck in the 

catalyzed reaction of the pentafunctional enzyme ARO1p. [163] Therefore, testing the 

overexpression of several heterologous monofunctional enzymes from E. coli, each catalysing 

only one of the reaction of ARO1p, including the dehydroquinate synthase (aroBEc), the 

shikimate dehydrogenase (ydiBEc), the EPSP synthase (aroAEc), and the shikimate kinase 

(aroLEc) successfully increased target compound production. Notably, AroLpEc stood out, 

increasing the flux by converting shikimate, supporting the shikimate intermediate 

accumulation observation, and alleviating the identified bottleneck. [151,163] 

Additionally, preventing the degradation of AAA is another effective strategy. Deleting 

thiamine-pyrophosphate-dependent 2-oxo-acid decarboxylases pdc5, pdc6, and aro10, thus 

preventing phenylpyruvate from decarboxylation and flux through the Ehrlich pathway, resulted 

in a 40-fold increase in extracellular naringenin concentration. [160] Combining overexpressing 

ARO4pK229L, ARO7pG141S, AroLpEc, and the deletion of aro10 and pdc5 resulted in the highest 

p-coumaric acid titer of almost 2 g/L (1.93 g/L), outperforming simply overexpressing ARO1p 

and ARO2p (chorismate synthase). [151] This engineering strategy is a widely employed and 

a successful approach in the literature, achieving up to 12.5 g/L p-coumaric acid with additional 

modifications. [153,157] 

Many studies centered around this strategy have produced different compounds with 

various additions to the modification pattern detailed above. For example, Zhou and colleagues 

replaced ARO3 with the feedback-resistant ARO4pK229L and achieved caffeic acid titers of up 
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to 769.3 mg/L in shake-flasks. [155] While the deletion of ARO3p worked for caffeic acid, 

Bisquert and coworkers increased hydroxytyrosol production by overexpressing different 

combinations of ARO3p, ARO3pK222L, and ARO10 with the abovementioned modifications, 

leading to 375 mg/L hydroxytyrosol. However, they found that the overexpression of native 

ARO3p worked best in combination with the modifications ARO4pK229L, ARO7pG141S, and 

ARO10. [164]  

In a separate study, the naringenin titer significantly increased by knocking out PHA2p, 

impairing the flux towards phenylalanine. [32,165] With the downregulation of PHA2p Lyu and 

coworkers similarly demonstrated the advantageous impact for naringenin production. [116] 

Despite the commonly held belief that E4P serves as a bottleneck in AAA-derived compound 

biosynthesis, the introduction of the heterologous phosphoketolase (xfpkBb) from 

Bifidobacterium breve, to enhance flux from glycolysis directly towards E4P, aiming to increase 

its supply, resulted in a reduction in naringenin titer. [32,165] This contradicts the beneficial 

effects of the same phosphoketolase in other successful metabolic engineering approaches. 

[153,165]  

Unlike the direct E4P increase detailed before, the redirection of flux from glycolysis 

through the PPP to increase E4P supply and through the glycolysis to increase PEP production 

has also been studied. Several studies increased the production of compounds such as 

shikimic acid, muconic acid and tyrosine by overexpressing the gene eno2 to increase PEP 

and tal1 for E4P, as well as rki1 and tkl1 to increase flux through the PPP. [152,166,167] Mao 

and coworkers increased and redirected the flux for PEP and E4P with an additional 

overexpression of TYR1p increasing p-coumaric acid production by 12.5-fold compared to the 

wildtype strain. [152] 

With an extra deletion of the transcription factor ric1, which negatively controls the ARO 

genes, and the addition of mutated ARO1p, while knocking out the native one, Suastegui and 

coworkers increased shikimic acid production up to 2.5 g/L. [166] However, they stated that 

the overexpression of tal1 actually decreased product titers, which could explain the low p-

coumaric acid yields (21.3 mg/L) described by Mao, utilizing TAL1p overexpression. [152] 

Using a similar approach, Leavitt and coworkers produced up to 2.1 g/L muconic acid, deleting 

zwf1 and aro1 with simultaneous overexpression of a truncated ARO1p, while complementing 

the growth ability of the modified strain with aroEEc. [167] Despite TKL1p overexpression 

proving to be beneficial [166,167], Liu and coworkers could not increase the product titer using 

TKL1p overexpression. [153] Further deletion strategies like knocking out ARO7p and TRP3p 

could achieve up to 2.9 g/L p-hydroxybenzoic acid. [168] 
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The following Figure 10 summarizes the mentioned modifications. However, all these 

manipulations must be viewed in their respective context and target compound production 

strategies. 

 

Figure 10: Summary of the modifications that increased their respective target compound production 
derived from the shikimate and PP pathway found in the literature. Overexpressed enzymes are shown in 
green, and heterologous enzymes in purple. Red indicates knockouts, while blue indicates downregulation.  DHAP: 
3-deoxy-D-arabino-heptulosonic acid 7-phosphate, DHQ: 3-dehydroquinate, DHS: 3-dehydro-shikimate, S3P: 
shikimate-3-phosphate, EPSP: 5-enolpyr- uvylshikimate-3-phosphate, PPY: phenylpyruvate, HPP: para-hydroxy-
phenylpyruvate, PAC: phenylacetaldehyde, PHE: phenylalanine, TYR: tyrosine, p-PAC: para-hydroxy-
acetaldehyde, Aro3/4: 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase, Aro1: pentafunctional 
AROM complex, Aro2: bifunctional chorismate synthase and flavin reductase, Aro7: chorismate mutase, Pha2: 
prephenate dehydratase, Tyr1: prephenate dehydrogenase, ARO8: aromatic aminotransferase I, Aro9: aromatic 
aminotransferase II, TAL: tyrosine ammonia-lyase, Aro10: phenylpyruvate  decarboxylase, Pdc5: pyruvate 
decarboxylase. 
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1.6 Cryptophycin a potent Macrolide Derived from a mixed PKS/NRPS 

With metabolic engineering and the already evaluated pathway modifications 

presented in the previous chapters (chapter 1.2 to 1.5) a promising candidate for heterologous 

production in yeast could be cryptophycin. This class of macrolide molecules was first 

discovered in 1990 through the screening of cultured algae, where cryptophycins initially 

demonstrated antifungal properties. The name cryptophycin arose from the activity against 

filamentous fungi and yeast of the genus Cryptococcus. [171] While cryptophycin initially was 

discovered in the cyanobacteria Nostoc sp. ATCC 53789, subsequent findings revealed the 

production of cryptophycin by Nostoc sp. GSV 224, and marine sponges as well. [172,173] In 

the aforementioned blue-green algae alone, more than 25 derivatives of cryptophycins are 

generated, with cryptophycin 1 being the predominant representative. [174] This group of 

macrocyclic depsipeptides consists of four units, including a phenyl-octenoic acid (unit A), two 

amino acids, methyl-D-tyrosine (unit B) and (methyl) β-alanine (unit C), and L-leucic acid (unit 

D), linked in a cyclic ABCD sequence (Figure 11).  

 

Figure 11: Chemical structure of cryptophycin 1 with differently colored units. Unit A is highlighted in red and 
consists of the starter unit (cinnamic acid derived) and the malonyl-CoA derived units (red), unit B is shown in black 

and is signified by tyrosine, unit C is highlighted in blue and consists of -alanine, and lastly the unit D in green is 
derived from leucine. 

Cryptophycins exhibit potent cytotoxicity and hold promising potential as 

antiproliferative agents for chemotherapy. Preclinical trials have demonstrated their high 

efficacy against various tumors and their effectiveness in studies focused on targeted drug 

delivery to multidrug-resistant cancer cell lines, displaying cytotoxic activity in the 

subnanomolar range. [175–177] The IC50 values of cryptophycin 1 against different tumor cell 

lines are in the low picomolar range. It acts as a tubulin-destabilizing agent and interferes with 

microtubule dynamics by inducing conformational changes upon binding, preventing the 

polymerization of microtubules. The disrupted microtubule dynamics ultimately lead to 

caspase 3 activation and phosphorylated BcL2-induced apoptosis. [178] 

The biosynthesis of cryptophycin in the native cyanobacteria is generated by a mixed 

PKS/non-ribosomal peptide synthase (NRPS) gene cluster. NRPS, akin to PKS 

(Chapter 1.1.3), are multi-domain megasynthases that biosynthesize compounds similarly to 
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PKS. Each module comprises domains that facilitate various tasks required to elongate and 

modify the compound skeleton. Comparing these domains to those of PKS, the adenylation 

domain corresponds to the AT domain. Its role is substrate recognition and loading onto the 

peptide carrier domain (PCP), which transports the growing chain to the condensation (C) 

domain. These two domains correspond to the ACP and KS domains in PKS, respectively. 

The distinction is in the elongation reaction and the substrate used; PKS incorporates acyl-

CoA units, whereas NRPS utilizes amino acids. The elongation reaction conducted through 

the C domain leads to amide or ester bond formation, unlike the C-C bond formation of PKSs. 

A TE domain eventually terminates the assembly-elongation reaction, releasing either a linear 

or a macrocyclic peptide. Additional tailoring domains such as methyltransferases (MT), KR 

domains, or epimerases (E) introduce further modifications to the peptide chain. The modular 

assembly of PKS and NRPS can also be mixed, as illustrated in the biosynthesis of 

cryptophycin (Figure 12). The first modules, consisting of PKS modules, initially synthesize a 

carbon skeleton using three malonyl-CoA units with a presumed trans-cinnamic acid starter, 

handing the intermediate over to the NRPS, which sequentially adds tyrosine, β-alanine, and 

leucine (Figure 12). [36,174] 

 

Figure 12: Proposed biosynthesis of cryptophycin 1 from cyanobacteria by Magarvey et al., 2006. The 
PKS/NRPS multienzyme complex is encoded by crpA-D, with crpA and crpB featuring loading modules and 
modules 1-3 (depicted by green spheres) representing the PKS, while modules 4-6 (encoded by crpC-D) signify 
the NRPS (represented by green squares). Trans-cinnamic acid is suggested as the presumed starter for 
biosynthesis, and the colored squares highlight the extender units derived from malonyl-CoA (red), tyrosine (black), 

-alanine (blue), and leucine (green). The end product, exemplified by cryptophycin 1, requires additional tailoring 
enzymes for its epoxide (crpE, epoxidase) and chloride (crpH, hologenase) functionalization. AT, acyltransferase 
domain; KS, ketosynthase domain; CM, C-methyltransferase domain; DH, dehydratase domain; KR, ketoreductase 
domain; ACP, acyl carrier protein; A, adenylation domain; C, condensation domain; PCP, peptidyl carrier protein; 
OM, O-methyltransferase domain; E, epimerase; TE, thioesterase domain. The figure has been modified and 
extended according to Magarvey et al., 2006. [174] 
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1.7 Scope of the Thesis 

Metabolic engineering is a captivating scientific domain offering the means to modify 

microbial metabolism. As elucidated in earlier discussions, this manipulation can be executed 

through diverse methods and tools tailored to the selected host organism. [57] This can be 

achieved by different means and with different tools for the dedicated organism selected as a 

host, as shown earlier. [62–68,70,71] The targeted production of NPs with diverse applications 

in today's modern world is especially intriguing. Fulfilling this demand often encounters 

obstacles presented by costly, intricate, and potentially hazardous extraction methods. These 

problems can potentially be overcome by applying metabolic engineering approaches to 

modify well-established and safe organisms, such as S. cerevisiae, as demonstrated in the 

preceding chapter. [59,72,113,169,170] Leveraging these organisms enables the 

circumvention of expensive, complex, and harmful NP production processes, leading to the 

high-yield fermentation of modified organisms for the targeted production of NPs, as 

successfully exemplified in the existing literature. [6,19,31,55] 

The first aim of this thesis, as part of a “Bundesministerium für Bildung und Förderung” 

funded project, is the establishment of a foundational yeast strain for the production of 

heterologous compounds generated by PKS and non-ribosomal peptide synthase (NRPS), 

enabling their respective activation, after expression. These megasynthases employ the 

utilization of precursors of different metabolic pathways, namely the glycolysis and subsequent 

malonyl-CoA pathway, as well as the shikimate pathway with its following AAA biosynthesis. 

Therefore, the second aim of the present thesis is the creation of strains with elevated 

precursor levels of malonyl-CoA, phenylalanine, and tyrosine, the products of the involved 

pathways.  

As demonstrated in the introduction, NPs play a pivotal role in various fields of everyday 

life often necessitating the combined supply of precursors derived from two metabolic 

pathways, the malonyl-CoA pathway and AAA biosynthesis, with their preceding glycolysis 

and shikimate pathway, respectively. This work's third and overall aim is to combine the 

PKS/NRPS activating strain with the increased precursor provision (malonyl-CoA, 

phenylalanine, and tyrosine) to create a yeast platform or chassis. The generated platform 

strain aims to enable the seamless production of any NP that requires these specific 

precursors within a single yeast strain.  
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The chapter “Results and Discussion” is divided into four subchapters accounting for the 

different work packages  

2.1 Part 1 – Phosphopantetheinyl transferase genome integration 

2.2 Part 2 – Modulation of malonyl-CoA provision  

2.3 Part 3 – Engineering the shikimate pathway 

2.4 Part 4 – Combining malonyl-CoA and shikimate pathway modifications 
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2.1 Part 1 – Phosphopantetheinyl transferase genome integration 

As part of a “Bundesministerium für Bildung und Förderung” (BMBF) funded project, 

the first task in this dissertation involved the integration of a phosphopantetheinyl transferase 

into the genome of the yeast strain CEN.PK2-1C (Table 6). The objective of this project was 

the heterologous biosynthesis of the bioactive compound cryptophycin (Figure 11), using yeast 

as a host.  

For this the BMBF-funded project aimed for the functional reconstitution of the 

PKS/NRPS biosynthesis cluster (Figure 12). This includes the conversion of ACP and PCP 

domains into their active holo-form. Activating these carrier protein domains involves using a 

phosphopantetheinyl transferase (PPTase). These enzymes, dependent on Mg2+, transfer a 

phosphopantetheine moiety from coenzyme A onto a conserved serine residue on the ACP 

and PCP (Figure 13). With this phosphopantetheinyl group, the enzyme complex can bind and 

transport the growing polyketide/non-ribosomal peptide chain through a thioester group. 

[179,180]  

 

Figure 13: Reaction catalyzed by PPtases. The PPTase transfers a 4’-phosphopantetheine moiety onto an ACP 
or PCP of PKS/NRPS, converting them from the inactive apo- to the active holo-form. Figure modified according to 
Mootz et al., 2002. [180] 

Since S. cerevisiae does not naturally produce polyketides or other non-ribosomal 

peptides, introducing a PPTase into yeast cells becomes necessary. To fulfill this requirement, 

the PPTase selected originates from Bacillus subtilis, specifically its sfpBs PPTase, which has 

previously demonstrated activity with appropriate promiscuity towards different ACPs and 

PCPs. [180] Therefore, this PPTase was chosen for implementation into the CEN.PK2-1C 

yeast genome (Table 6). 

2.1.1 CRISPR/Cas9 based integration into S. cerevisiae genome 

To achieve the stable integration of the sfpBs PPTase gene from B. subtillis into the 

targeted yeast genome, the CRISPR/Cas9 editing method was selected, as detailed in Apel et 

al., 2017. [68]  

Apel and colleagues utilized the Cas9 endonuclease from Streptococcus pyogenes, 

which has an NGG PAM sequence, and a single “crRNA” termed single-guide RNA (sgRNA), 

where trac- and crRNA are fused together while still retaining the Cas9 DNA specific cleavage 
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ability. They provide 23 pre-characterized integration sites with Cas9-sgRNA targeting 

plasmids. [68] 

In order to integrate the PPTase, an integration cassette consisting of a promotor, gene, 

and terminator for sfpBs integration was prepared using the polymerase chain reaction (PCR, 

Chapter 4.6.3) and the Gibson assembly (Chapter 4.6.7.1). The integration site chosen for 

sfpBs was 720a, as described in Apel el al., 2017, on chromosome VII near the centromere. 

The integration cassette, along with flanking regions containing homologous DNA sequences 

to the integration site 720a for homologous integration, was introduced into the yeast cells 

(Chapter 4.7.4). Additionally, a pCutX plasmid was included in the process. This pCutX 

plasmid is necessary as it carries the genetic information for the Cas9 protein and the sgRNA, 

collectively facilitating the double-strand break at the desired position. The whole procedure is 

outlined in Figure 14.  

 

Figure 14: Scheme of the sfpBs integration process using CRISPR/Cas9 and yeast cell transformation. 
Initially, the integration cassette and homologous segments designed for integration at position 720a were prepared. 
Subsequently, these components, along with the plasmid (depicted as pCut-X) containing the SgRNA and Cas9 
sequences, were utilized for yeast cell transformation. Inside the cells, the protein Cas9 is expressed and the sgRNA 
is transcribed, binding to the target sequence adjacent to the NGG PAM sequence. This results in DNA cleavage, 
and the yeast's homologous recombination system aids in repairing the DNA using the homologous flanking regions 
and the sfpBs integration cassette, thereby integrating the same into the genome. The figure has been modified and 
extended according to Apel et al., 2017. [68] 

Following the successful PCR amplification of the sfpBs gene fragments and the 

pDionysosGlcRepfree target vector (Supplements 1.1, Chapter 4.6.3) and their subsequent 

purification (Chapter 4.6.5.1ii), the two fragments were merged using a Gibson reaction 

(Chapter 4.6.7.1, Figure 15). The resulting construct was used for the transformation of E. coli 

DH5α cells (Chapter 4.7.2).  
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Figure 15: Scheme of the Gibson assembly shown for the sfpBs integration cassette assembly as an 
example, representative for all other Gibson assemblies.  

Validation of the success of the Gibson reaction and transformation was carried out by 

colony PCR (chapter 4.6.3.4), using a small portion of the grown colony as the DNA template. 

The results of the colony PCR are illustrated in Figure S49 in the Supplements 1.1. This 

process, including sequencing (Chapter 4.6.8) represents the standard approach when new 

plasmids were constructed. 

The construction of the sfpBs plasmid aimed to establish the sfpBs integration cassette 

for convenient availability at any time. PCR amplifications (Chapter 4.6.3.1) of the integration 

cassette and the homologous flanking regions of the integration sites 720a were performed to 

generate the DNA required for subsequent transformation. This transformation (Chapter 4.7.4) 

was performed after purifying the DNA from the PCRs (Chapter 4.6.5.1ii). The fragments 

(sfpBs-cassette and 720a flanking regions) were introduced along with the pCutX-720a 

plasmid. The integration process is depicted in Figure 14. Similar to the previous E. coli colony 

PCR, yeast cells underwent testing for positive colonies via PCR (Chapter 4.6.3.5 and 

Supplements 1.2i, Figure S50).  

Positive colonies were then regenerated on 5-fluoroorotic acid (5-FOA) selection plates 

to eliminate the p-CutX-720a plasmid from the cells. This selection leverages the toxicity of 5-

FOA for cells possessing a functional URA3 gene, as outlined by previous research. [182] An 

example of this selection is presented in the Supplements 1.2i, Figure S51.  

The final validation of the integration involved a conclusive PCR (Chapter 4.6.3.1) and 

sequencing (Chapter 4.6.8) of the isolated genomic yeast DNA (Chapter 4.6.5.1iii). This 

validation process represents the standard procedure for yeast genome modification used 

here.  

The results confirmed successful integration (Figure 16) without mutations in the 

sequence (Figure S52). This indicates the successful and accurate integration of the sfpBs-

cassette at position 720a on chromosome VII. Table S43 displays the newly constructed 

strains. Two strains were constructed, with one strain being glucose deregulated through a 
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Mig1p binding-site deletion in the gal4 gene, decreasing the repressing impact of glucose. 

[183–185] 

 

Figure 16: Agarose gel of the PCR with the genomic DNA as template as a final validation of the sfp 
integration. The red boxes highlight the correct fragment sizes. The numbers show the colony numbers. L: 

GeneRuler™ 1 kb DNA Ladder Plus from Thermo Fischer Scientific 

2.1.2 CRISPR/Cas9 mediated lys5 knockout – PPTase functionality test  

While confirming the correct integration of the PPTase into the yeast genome is a 

crucial step, this does not guarantee its functional expression or expression at all. To address 

this, a functionality test was conducted by creating a lys5 knockout mutant utilizing 

CRISPR/Cas9. The lys5 gene encodes a PPTase responsible for activating the Lys2 enzyme, 

converting it to its active holo-form, akin to the SFPpBs reaction from B. subtilis. [186] The 

interaction between Lys2p and Lys5p is a pivotal step in lysine biosynthesis in yeast cells 

(Figure 17). The premise of the functionality test is that SFPpBs can complement the lys5 

knockout mutation and is able to activate the Lys2 enzyme activity, reinstating the lysine 

biosynthesis. This has been successfully demonstrated in prior literature. [180] 

 

Figure 17: Lysine biosynthesis with a deleted lys5 gene (red) and heterologous expressed SFPpBs 
converting apo-Lys2 to holo-Lys2 complementing the biosynthetic route.  

To perform the lys5 knockout, a gRNA is needed, targeting the lys5 gene. Together 

with the Cas9 endonuclease, a double-strand break is induced to trigger the yeast DNA repair 

system. Through the addition of oligonucleotides homologous to the double-strand break 

sequence position, the cells use this altered sequence for the DNA repair, thus introducing a 

point mutation and an additional stop codon to the lys5 gene, preventing the expression of 

Lys5p. 
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With overlapping primers (Table 8), the gRNA of the pCutX720a plasmid was 

exchanged (Chapter 4.6.3.1), creating the pCutX-Lys5-knockout plasmid (Supplements 1.1). 

A two-step PCR was conducted, with 18 cycles at the temperature of one oligonucleotide and 

18 cycles at the temperature of the second oligonucleotide in the second step. Subsequently, 

DpnI digestion (Chapter 4.6.4.1), transformation of E. coli (Chapter 4.7.2), and plasmid 

isolation (Chapter 4.6.5.1i) to obtain sufficient quantities of the plasmid were carried out. The 

oligonucleotide strands needed for the homologous recombination after the induced double-

strand break were ordered, introducing a “taaa” sequence disrupting the lys5 gene (Table 8). 

Following denaturation of the oligonucleotides for homologous recombination (5 min at 99 °C, 

with slow renaturation by cooling to room temperature), a double-stranded DNA sequence was 

created. This DNA strand was used together with the new pCutX-Lys5-knockout plasmid for 

the transformation of yeast cells (Chapter 4.7.4). A yeast strain harbouring the sfpBs-cassete 

(ST003) and a strain without it (Table 6) were used for transformation. The success of this 

knockout was determined via sequencing (Chapter 4.6.8) after genomic DNA isolation 

(Chapter 4.6.5.1iii) and PCR (Chapter 4.6.3.1). The sequencing results (Supplements 1.2ii, 

Figure S53) confirmed the successful integration of the "taaa" mutation. 

This genomic alteration marks the initial step in validating the functionality of the 

PPTase SFPpBs. An activity assay was conducted to test the ability of SFPpBs to restore lysine 

biosynthesis by plating the cells on yeast nitrogen base (YNB) agar plates without lysine, uracil, 

and leucine. The expression of SFPpBs was further induced by adding 0.5 % galactose to the 

plates. As shown in Figure 18, the assembled SFPpBs integration cassette successfully works, 

and SFPpBs can restore lysine biosynthesis disrupted by the lys5 knockout. Cells lacking 

information for the SFPpBs PPTase were unable to grow on plates without lysine (Figure 18, A 

and B). In contrast, those transformed with sfpBs information, either on a plasmid (C) or 

integrated into the genome (D), were able to grow in lysine-deficient plates. 

 

Figure 18: Selective YNB agar plates for SFPpBs activity assay using lys5 knockout yeast cells. A: CEN.PK2-
1C Δlys5 without sfpBs on -lysine YNB agar selection plate, B: CEN.PK2-1C Δlys5 with empty pDionysos-
GlcRepfree plasmid on -lysine, -uracil YNB agar selection plate, C: CEN.PK2-1C Δlys5 with sfpBs on the plasmid 
pDionysos-SfpBs on -lysine, -uracil YNB agar selection plate, D: CEN.PK2-1C Δlys5 720aΔ::sfpBs without plasmids 
on -lysine YNB agar selection plate. 

This result was further confirmed by RNA isolation. Yeast cells were cultivated with and 

without 0.5 % galactose (Chapter 4.7.5), total RNA was isolated (Chapter 4.6.5.1iv), reverse 
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transcribed (Chapter 4.6.3.2), amplified (Chapter 4.6.3.1), and analysed (Chapter 4.6.1) using 

the housekeeping gene acetyl-CoA synthase (acs) as a reference. Figure 19 demonstrates 

the successful sfpBs transcription in the manipulated yeast cells, with Figure S54 

(Supplements 1.2ii) proving the galactose inducibility of the integrated cassette.  

 

Figure 19: Agarose gel showing the sfpBs and acs PCR after RNA isolation. The red box indicates the sfpBs 
gene fragments amplified from cDNA, reverse transcribed from the RNA isolation, confirming the PPTase 
transcription from the integration cassette. The housekeeping gene acs was successfully amplified, indicating the 
successful RNA isolation and reverse transcription. The negative controls are shown in the empty lanes (-RT), while 
the positive controls are shown with the fragments generated from the pDionysos-SfpBs plasmid (pDio-Sfp) and the 
acs sequence from the yeast genome. ST3/ST4: yeast strains harboring the 720aΔ::sfpBs modification (Table S43), 
+RT: RNA reverse transcription with reverse transcriptase, -RT: RNA reverse transcription without reverse 
transcriptase, L: GeneRuler™ 1 kb DNA Ladder Plus, Thermo Scientific. 

The results of the PPTase activity assay and the RNA isolation confirm that the sfpBs 

integration cassette is transcribed and expressed in the transformed yeast cells. This indicates 

that the PPTase is able to convert the cryptophycin ACP and PCP to their active holo-forms 

(Chapter 2.1) when the PKS/NRPS gene cluster is expressed in yeast cells bearing sfpBs. This 

can also be extended to other PKS and NRPS gene clusters biosynthesizing different NPs. 

2.2 Part 2 – Modulation of malonyl-CoA provision  

The malonyl-CoA level in yeast is kept at a low level due to the strong regulation of 

fatty acid biosynthesis. Thus, a metabolism modification to increase the malonyl-CoA supply 

is essential. [120,187] As shown in the introduction and the previous chapter (Chapter 2.1), 

malonyl-CoA plays an essential role in the biosynthesis of many NPs. Therefore, this work 

aimed to generate an intermediate yeast strain with increased cytosolic malonyl-CoA levels for 

further modification and modulation in later chapters (Chapter 2.4). 

Malonyl-CoA is formed in a key reaction by ACC1 (acetyl-CoA carboxylase 1) from 

acetyl-CoA, which in turn is derived from glycolysis, with glucose as the starting material 

(Figure 20). The regulation of ACC1p involves various factors, including phosphorylation by 

the protein kinase SNF1. This regulation can be mitigated by the three mutations depicted in 

Figure 20, as discussed in Chapter 1.4.1. [121,126,188]  
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Figure 20: Overview of malonyl-CoA biosynthesis. Additional branch points to pentose phosphate and shikimate 
pathways originating from glycolysis are highlighted. Targeted modifications through overexpression are depicted 
in green. Furthermore, the figure illustrates the critical bottleneck in malonyl-CoA production, featuring the mutated 
and SNF1 deregulated acc1 mutant. PDC1: pyruvate decarboxylase; ALD6: aldehyde dehydrogenase; ACS: acetyl-

CoA synthase; ADH2: alcohol dehydrogenase 2; ACC1: acetyl-CoA carboxylase. 

2.2.1 Outline of planned malonyl-CoA pathway modification  

Following an extensive literature review, as detailed in Chapter 1.4.1, a list of 

modifications aimed at elevating cytosolic malonyl-CoA level was compiled in Table 1.  

Table 1: Summary of planned modifications to increase the cytosolic malonyl-CoA level in yeast. The table 
outlines the proposed steps detailing which genes are modified and specifies the nature of the planned 
modifications. Additionally, the table includes information on the respective sources of these modifications. 

Step Modification Enzyme Gene Source 

1 

Overexpression 

Acetyl-CoA 
carboxylase acc1

S659A,S686A,S1157A

 

Chen et 
al., 2018 
[126] 

Kildegaard 
et al., 2016 
[76] 

Aldehyde 
dehydrogenase 

ald6 

Kildegaard et al., 2016 
[76] 

Pyruvate 
decarboxylase 1 

pdc1 

Heterologous 
overexpression 

Acetyl-CoA synthase 
acs

L641P 

 
(Salmonella 
enterica) 

2 

Overexpression 

Alcohol 
dehydrogenase 2 

adh2 
De Jong et al., 2015 

Click here to enter 

text.[125] 
3 

Triose-phosphate 
isomerase 1 

tpi1 Li et al., 2015 [127] 
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Step Modification Enzyme Gene Source 

4 Deletion 
Glycerol-3-phosphate 
dehydrogenase 

gpd1 
A. Ghosh et al., 2016 
[135] 

 

Chapter 1.4.1 previously delineated strategies employed in the literature to increase 

malonyl-CoA supply in yeast, involving a combination of overexpressing heterologous or 

endogenous genes and employing deletion or downregulation approaches. Based on this 

research, the decision was made to commence with the modifications described by Kildegaard 

et al., 2016, given that their study yielded the highest titers of malonyl-CoA-derived products 

as of the start of this thesis. [76] This involved overexpressing the genes pdc1, ald6, acsSe
L641P 

(S. enterica), and the triple mutated acc1, directing flux towards malonyl-CoA to overcome the 

bottleneck between acetyl-CoA and malonyl-CoA (Figure 21). Notably, the triple-mutated acc1 

is an addition to the modifications conducted by Kildegaard and colleagues, who only utilized 

the double mutant in their study (Chapter 1.4.1). [126] The additional mutation was reported 

by Chen and coworkers [126], as discussed in Chapter 1.4.1. Subsequent modifications, such 

as the isomerase TPI1p overexpression and gpd1 deletion, were planned to be introduced 

incrementally to drive flux toward malonyl-CoA further. [127,135] The procedural details and 

the respective steps are outlined in Table 1 and are reiterated for clarity in Figure 21. 

 

Figure 21: Overview of the metabolic pathway incorporating all modifications outlined in Table 1. 
Overexpressed genes are visually highlighted in green, while deletions are represented in red. Key compounds are 
framed for emphasis, including glucose as the initial substrate, PEP as one of the starting materials for the shikimate 
pathway, and malonyl-CoA as the target product. The non-regulated acc1 mutant is specifically highlighted by the 
presence of SNF1. PDC1p: pyruvate decarboxylase; ALD6p: aldehyde dehydrogenase; ACSSep: acetyl-CoA 
synthase; ADH2p: alcohol dehydrogenase 2; ACC1p: acetyl-CoA carboxylase; TPI1p: triose-phosphate-isomerase; 

GPD1p: glycerol-3-phosphate dehydrogenase.  

All the genes designated for overexpression are intended to be integrated into the yeast 

genome as a cassette with a promoter and terminator, utilizing CRISPR/Cas9 and simple 
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homologous recombination to establish a stable genomic integration. However, plasmid 

construction with the required integration cassettes was necessary before this integration.  

2.2.2 Initial plasmid assembly for target gene integrations 

To commence, yeast-specific genes (ald6, pdc1, acc1, and adh2) involved in the initial 

two steps (Table 1) were directly amplified from the CEN.PK2-1C genome. The acs gene, 

originating from S. enterica, was ordered as a codon-optimized DNA string from ThermoFisher 

Scientific to enhance expression in yeast, accounting for different tRNA usage. The codon 

usage was modified using the gcua – graphical codon usage analyzer online tool, comparing 

the codon tables of S. cerevisiae and S. enterica and the codon usage of S. enterica for ACSp. 

[189] This adaptation aimed to mimic the intrinsic codon usage pattern of S. enterica in yeast, 

considering potential variations in translation speed at certain rarer codon usage points, 

providing the enzyme adequate time for proper folding within its host organism.  

To ensure concise and strong expression cassettes, two approaches were considered. 

Firstly, distinct promoter-terminator combinations were employed to provide selected genes 

with an additional expression boost at crucial biosynthesis steps. The planned combinations 

of promoters and terminators are detailed in Table 2. Secondly, synthetic terminators (tsynth 7, 

8, 19) were employed to maintain cassette brevity, while expression-enhancing terminators 

(tCPS1, tHis5), previously documented in the literature, were incorporated for added 

expression efficacy. [190,191] Promotors were selected based on their strength, as described 

by Lee et al., 2015. [67]  

Table 2: Combination of promoters and terminators with their respective genes to modify malonyl-CoA 

metabolism. 

Promotor Gene  Terminator 

pRPL18B ALD6 tsynth 8 

pTDH3 ACC1 (S659A,S686A,S1157A) tCPS1 

pHHF1 ACS (L641P) [Salmonella enterica] tsynth19 

pPGK1 PDC1 tsynth7 

pTEF1 ADH2 tHIS5  

 

All necessary DNA fragments for plasmid construction were obtained through PCR 

amplification (Chapter 4.6.3.1), followed by purification (Chapter 4.6.5.1ii). Subsequently, 

these fragments were assembled by a Gibson assembly reaction (Chapter 4.6.7.1) and then 

used for E. coli transformation for amplification (Chapter 4.6.2), plasmid isolation 

(Chapter 4.6.2), and sequence verification by sequencing procedures (Chapter 4.6.8). 



Results and Discussion 

39 

 

 

Figure 22: Plasmids to be constructed for the integration cassettes for the malonyl-CoA level manipulation.  

The envisioned strategy for visualizing the effects of the aforementioned integrations 

involved utilizing a malonyl-CoA biosensor, previously described in the literature. [126,192] 

This biosensor was developed based on the B. subtilis transcription factor FapR. The FapR 

protein acts as a repressor protein, binding to the operator sequence fapO (Figure 23), located 

downstream of the promoter. This arrangement hinders the transcription of the reporter protein, 

GFP (Green fluorescence protein), when the repressor protein FapR is bound. This 

biosensor's advantage and unique feature is its direct use of malonyl-CoA as a substrate for 

signal development, eliminating the need for prior conversion. When malonyl-CoA binds to the 

FapR repressor protein, the FapR protein detaches from the fapO sequence, enabling the 

transcription of GFP for signal development (Figure 23).  

 

Figure 23: Operation principle of the malonyl-CoA biosensor. The gfp transcription is prevented upon binding 
of the FapR repressor protein to its fapO binding sequence. The gfp transcription is possible when malonyl-CoA 
(grey triangle) binds to FapR, preventing it from further binding. 
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The biosensor construction necessitates two plasmids: one carrying the promoter with 

the fapO and the gfp sequence. The other plasmid facilitates the expression of the FapR 

protein. The biosensor variant by Chen et al., 2018 was chosen, because of the detailed 

description of the biosensor construction. [126] For this purpose, a hybrid promoter consisting 

of a TEF1-UAS and a Gal1-core sequence was constructed. The fapO sequence was 

positioned 7 bp downstream of the TATA box and placed upstream of the GFP protein, 

followed by the tCYC1 terminator (Figure 24). All fragments for this plasmid were amplified by 

PCR (Chapter 4.6.3.1) and underwent purification (Chapter 4.6.5.1ii). The construction 

process utilized the yeast's any-gene-any-plasmid (AGAP) cloning method, harnessing the 

cells' homologous recombination abilities to merge fragments by overlapping DNA sequences 

after a simple yeast transformation (Chapter 4.7.4). [193]  

 

Figure 24: Structure of the hybrid promotor controlling the GFPp expression.  

However, before concluding the work on the aforementioned plan, an opportunity arose 

to acquire all the genes with a ready-to-use integration system. Notably, this included genes 

and plasmids for manipulating subsequent genes in the shikimate pathway, offering the 

potential for substantial time savings in generating the modified yeast strains. 

2.2.3 Implementing the EasyClone system for malonyl-CoA elevation 

The approach to elevate cytosolic malonyl-CoA levels, as discussed in Chapter 2.2.1, 

was chosen based on the authors' success in achieving high yields of 3-HP directly derived 

from malonyl-CoA. [76] In their study, Kildegaard and colleagues employed the EasyClone 

method, a previously established technique for efficient genetic engineering that allows 

repetitive cycles of simultaneous stable integration into the yeast genome. This method 

involves a set of pre-assembled plasmids designed to seamlessly integrate cassettes into 14 

pre-characterized integration sites on chromosomes X, XI, and XII (Figure 25). This system 

also enables the eventual removal of the used selection markers via Cre/loxP excision, 

allowing for the reuse of these markers if needed. [62,63] Together with rapid DNA modification 

techniques like PCR (Chapter 4.6.3) and assembly methods such as Gibson assembly 

(Chapter 4.6.7.1), they hold the potential to accelerate the strain construction process 

substantially.  

The EasyClone system was generously provided by Irina Borodina from the Technical 

University of Denmark (DTU), who is part of the same research group that conducted the study 

by Kildegaard et al., 2016. These plasmids already contained the selected genes for elevating 
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malonyl-CoA levels (genes of steps one and two, Table 1), along with the genes for the planned 

shikimate pathway modifications and their respective reporter system (Chapter 2.3). 

Consequently, the initially outlined procedure described in the preceding Chapter 2.2.2 was 

temporarily put on hold and proceeded with the genes and plasmids provided by Irina Borodina 

(DTU, Table 3). 

Table 3: Plasmids provided by DTU for malonyl-CoA level modifications, detailing the included genes, 
targeted integration sites, selection markers, and any unique features that the plasmids may possess. Only 

plasmids with genes associated with malonyl-CoA level optimization are shown.  

Gene Plasmid Integration site Marker Specials  

1. ACC1S659A,S1157A p0343 pX-2-loxP KlURA3 CaMCR 

ALD6 p0380 pX-3-loxP KlLEU2   

PDC1 p0382 pX-4-loxP SpHis5   

ACSseL641P p0380 pX-3-loxP KlLEU2   

2. ACC1S659A,S1157A p0376 pTY4-loxP KlURA3 CaMCR 

3. ACC1S659A,S1157A p0474 pTY4-no loxP KlURA3 CaMCR 

 

The EasyClone system uses pre-assembled plasmids containing up to two integration 

cassettes in opposing orientations and a loxP-encased selection marker. These components 

are flanked by pre-characterized integration sequences, facilitating integration into the 

selected sites on chromosomes X, XI, and XII, as illustrated in Figure 25.  

        

Figure 25: Integration plasmid p380 (left) and integration sites arranged on chromosomes X, XI, and XII 
(right). The genes ald2, acsSe, and leu2Kl on plasmid p380 are flanked by the integration sequences (X-3 UP and 
Down, grey) for the integration into integration site 3 on chromosome X. The placement of all integration sites 
(depicted as yellow boxes) is interspersed with essential genetic elements crucial for growth (depicted as red 
boxes). Adapted and modified according to Jensen et al., 2014. [63] 

Since the system leverages homologous yeast recombination, plasmids are introduced 

into the cell by standard yeast cell transformation (Chapter 4.7.4). However, enzymatic 

digestion (Chapter 4.6.4.2) is applied to linearize the plasmids before transformation. This step 

necessitates the provision of plasmids in substantial quantities. To meet this requirement, a 

high-yield plasmid isolation protocol was established using alkali lysis (Chapter 4.6.5.2) and 
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plasmid precipitation (Chapter 4.6.5.3). This protocol yielded a plasmid DNA concentration 

approximately an order of magnitude higher than that achieved with the plasmid isolation kit 

(Chapter 4.6.5.1), even when isolated from the same amount of cell suspension. 

2.2.4 Mutated acc1 and malonyl‑CoA reductase (MCR) read-out system 

To incorporate the modifications (detailed in Table 3), the acetyl-CoA carboxylase 1 

(acc1) gene was initially subjected to site-directed mutagenesis (Chapter 4.6.3.3), introducing 

the third mutation identified by Chen and colleagues. [126] This resulted in the generation of 

plasmids p0343*, p0376*, and p0474*, each carrying the new acc1S659A,S686A,S1157A. The 

sequencing results are depicted in Figure S55 (Supplements 1.2iii).  

Initially, the plan involved monitoring the modification progress and success using the 

malonyl-CoA biosensor. However, the use of malonyl-CoA reductase (mcrCa) from 

Chloroflexus aurantiacus, as employed in prior studies, allowed for direct detection of the 

malonyl-CoA conversion product 3-HP through high-performance liquid chromatography 

(HPLC). [76,194] The HPLC detection protocol from the literature could be seamlessly 

adapted, given its high resemblance to the sugar detection protocol used on the established 

and solely for this purpose intended HPLC device (Agilent, Chapter 4.10.1.2). As the mcr 

expression cassette was included on the acc1 containing plasmids, the detection and 

production of 3-HP could be directly employed. The reductase directly converts malonyl-CoA 

to 3-HP in a two-step reaction, utilizing nicotinamide adenine dinucleotide phosphate (NADPH, 

Figure 26). This reaction requires two molecules of NADPH for each 3-HP and specifically 

requires NADPH over NADH. [195] 

 

Figure 26: Malonyl-CoA reductase catalyzed reaction converting malonyl-CoA via malonyl-semialdehyde 
to 3-HP (3-hydroxypropionic acid) consuming two NADPH for the reduction reactions.  

The utilization of the malonyl-CoA reductase (mcrCa) gene and its associated reaction 

is solely necessary for monitoring progress during strain construction and is not meant for the 

final strain with elevated cytosolic malonyl-CoA levels. Consequently, the mcrCa expression 

cassette is excised from the acc1 integration plasmid and instead subcloned into a new 

episomal plasmid designed for MCRpCa expression (pCaMCR-TRP1, Supplements 1.1). This 

modification allows for expression from a high-copy-number plasmid featuring a 2µ origin of 

replication, offering the advantage of plasmid removal from the cell instead of removing the 

mcrCa cassette from the genome. 
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Therefore, the expression of MCRpCa and, consequently, the malonyl-CoA reporter 

system from an episomal plasmid was assessed. Strains ST003 and ST004 (Table S43) were 

used for transformation with the created mcrCa readout plasmid (Chapter 4.7.4), and the 

resulting colonies were cultivated and tested for 3-HP (Chapter 4.10.1.2) production. The 

HPLC method for 3-HP detection was derived from Kildegaard and coworkers. [194] The 

column temperature and the column itself, although both, the column used here and in the 

reported protocol, were specifically recommended for carbohydrate analysis. [196,197] 

Nonetheless, the protocol was initially tested, measuring a serial dilution of standards for 3-HP 

quantification as well as other relevant metabolites (Chapter 4.10.1.2). This process of 

measuring a serious of standards was included in every measuring sequence. An illustrative 

example can be found in Supplements 1.2iii.  

Upon cultivation of the generated strains ST018 (ST003 + pCaMCR-TRP1) and ST019 

(ST004 + pCaMCR-TRP1), it became evident that the episomal expression of MCRpCa did not 

yield any 3-HP, at least not without any additional modifications (Figure 27). Both strains 

display comparable amounts of residual glucose, consumed over the curse of cultivation, and 

comparable concentrations of generated pyruvate, glycerol, and acetate, as illustrated in 

Figure 27. The cultivation conditions involved batch cultivation with a duration of 72 h in YNB 

SC-medium, oriented to the duration and medium stated in the reference literature.  

 

Figure 27: HPLC results of ST018 and ST019 showing the measured levels of residual glucose and the 
generated concentrations of pyruvate, glycerol, and acetate with missing 3-HP yields. Signals were detected 
with HPLC-UV at 210 nm for pyruvate (orange) and acetate (grey) and with HPLC-RI for glucose (black) and 
glycerol (yellow).  

The subsequent logical step was to implement the targeted modifications outlined in 

Table 1 in a sequential manner. Therefore, the process commenced with the sole integration 

of the triple-mutated acc1*** (p0343-acc1***, Table 7) and the combination of acc1***-mcrCa 

(plasmid p0343*, Table 7), as well the multicopy TY4 integration of the acc1***-mcrCa 

combination (plasmid p0474*, Table 7). This multicopy integration utilized transposable 

elements, DNA sequences capable of relocating to new sites in the genome, a phenomenon 

observed in yeast. Yeast possesses five families of TY elements denoted TY1-TY5, falling 
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within the subclass of retrotransposons known as Class-I elements. [198] These elements 

transpose via a copy-paste mechanism involving an RNA intermediate and are characterized 

by two long terminal repeats (LTRs) flanking the open reading frame. [199–201]  

As illustrated with the strains ST018 and ST019 (Figure 27), single integrations into the 

genome of ST018 and ST019 with solely acc1*** (p0343-acc1***) and into ST003 and ST004 

with both acc1*** and mcrCa, (p0343*-acc1***-mcrCa) did not result in detectable 3-HP upon 

selection and cultivation. However, the TY4 multicopy integration experiment presented 

different results compared to Figure 27 (Figure 28). 

 

Figure 28: HPLC results of the multicopy integration of acc1***-mcrCa into the genome of yeast strains 
ST003 and ST004, resulting in strains ST020 and ST021. Signals were detected with HPLC-UV at 210 nm for 3-
HP (blue), pyruvate (orange), and acetate (grey) and with HPLC-RI for glucose (black) and glycerol (yellow).  

The engineered strains ST020 and ST021 demonstrated successful production of 3-

HP. ST020 achieved an average yield of 104.67±13.95 mg L-1 3-HP, while ST021 produced 

an average of 71.16±24.13 mg L-1 3-HP. However, as the figure above shows, the 3-HP yield 

exhibited relatively high fluctuations from cultivation to cultivation, reflecting distinct growth 

patterns. Individual cultivations reached 242.85 mg L-1 (ST020) and 202.87 mg L-1 (ST021). 

The TY4 integration appears to compromise the growth capacity of the engineered strains. 

Although the growth remains lower than that of the basis strains (ST003 and ST004), the 3-

HP production exhibits prominent peaks, as mentioned earlier. This peak in 3-HP production 

could be observed through a short assessment conducted every 24 h, evaluating 3-HP 

production illustrated in Figure 29 below. The figure demonstrates that 3-HP production starts 

relatively early during yeast cultivation, showing a robust linear correlation with cultivation time. 
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Figure 29: 3-HP production over time at sampling points after 24 h, 48 h, and 72 h for the strains ST020 and 
ST021. Results represent quick single-sample testing. Signals were detected with HPLC-UV at 210 nm for 3-HP 
(blue), pyruvate (orange), and acetate (grey). 

The decline in 3-HP concentration after 48 h for ST020 could potentially be attributed 

to 3-HP degradation, although this remains speculative. Hence, the ST021 does not exhibit 

such a decline. Additional sampling would be necessary to confirm and delve further into this 

matter since 3-HP degradation is not addressed in the referenced literature thus far. [76,194] 

However, recent reports suggest that 3-HP can undergo catabolism in various production 

strains. [202–204] Upon glucose depletion, studies by Yang, Liu, and coworkers reported 3-

HP degradation through a one-step dehydrogenase conversion of 3-HP to acetyl-CoA in 

Methylobacterium extorquens, degradation involving the branch amino acid degradation 

pathway, and oxidative degradation via ALD6 in Rhodosporidium toruloides. [202–204] 

Therefore, it is conceivable that 3-HP could also be degraded in S. cerevisiae, particularly 

when accumulated within the cell, due to its low pKa value of 4.5, keeping it in its dissociated 

state because of the nearly neutral pH of the cytoplasm. [205–207] Thus, hindering simple 

diffusion of 3-HP out of the cell in its neutral state, potentially leading to cytoplasmic 

acidification, which is toxic to the cell. [208] This could furthermore offer an explanation for 

impaired growth (Supplements 1.2iii) and also suggest a potential mechanism for preventing 

such acidification.  

Notably, recent findings indicate that S. cerevisiae is capable of degrading 3-HP 

through its malonyl semialdehyde intermediate with the deletion of the gamma-aminobutyrate 

(GABA) transaminase uga1, resulting in increased 3-HP production. [206] This degradation 

appears to occur only after glucose depletion, with some studies indicating it does not happen 

earlier than after 96 hours of cultivation. [202,203] This suggests that with a constant glucose 

supply or shorter cultivation periods, degradation should not be an issue, as observed in this 

study.  
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Nevertheless, from the results shown in Figure 28 and Figure 29, it becomes evident 

that a bottleneck may exist in acetate conversion when smaller amounts of 3-HP are detected. 

The acetate concentration remains relatively high in the 48-hour sample (ST020) compared to 

other samples (Figure 29). Therefore, modifications upstream of acetyl-CoA were introduced  

(Chapter 2.2.5). 

2.2.5 Introducing upstream modifications for increased malonyl-CoA provision 

The same yeast cell manipulation procedure performed in the previous chapter was 

replicated in this section. However, the detailed explanation of the procedure was omitted from 

the preceding discussion. For this reason, a brief description will be provided here (Figure 30).  

The plasmids must first be linearized before being used for yeast cell transformation. 

All plasmids intended for transformation were cleaved using the endonuclease NotI 

(Chapter 4.6.4.2, Table 21). The linearization is visualized and verified via agarose gel in 

Figure S60 (Supplements 1.2iv). Once all expression cassettes were prepared, the genetic 

material was introduced into the yeast cells through standard yeast cell transformation 

(Chapter 4.7.4). The progress and success of these integration experiments were assessed 

by observing colony growth under the selection pressure associated with the plasmid and 

integration cassette, followed by deep-well cultivation using 48-well FlowerPlates and the 

Biolector system (M2P labs GmbH, Germany, Chapter 4.7.5.1). After 72 hours of cultivation, 

the supernatant was collected and analyzed using HPLC (Chapters 4.10.1). The workflow is 

summarized in Figure 30.  

 

Figure 30: Visualization of the iterative and repetitive work cycle involving yeast cell transformation, 
selection, cultivation, and analysis of the modification success. Digestion: linearization of the integration 
plasmid; Transformation: yeast cell transformation and homologous recombination event for genome modification; 
Cultivation: selection of modified and growing yeast cells for cultivation in the 48-well-FlowerPlate using the 
Biolector system (M2P labs GmbH, Germany) for parallelization; HPLC measurement and Data-analysis: 
measurement of the cultivation supernatant via HPLC-UV/RI and gained data analysis. 
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The outlined procedure was also adopted for a rapid parallelization to speed up the 

implementation of the already established modification, which was intended as a foundation 

for further manipulation and combination with the shikimate pathway, ultimately yielding a 

compound derived from both pathway precursors. Based on the results from the previous 

section, which indicated no 3-HP production for episomally expressed MCRpCa, both without 

and with chromosomally integrated acc1*** lone or the combination of chromosomally 

integrated acc1***-mcrCa, a simultaneous stepwise integration, along with the full integration of 

all modifications listed in Table 1, was conducted in parallel. However, the utilization of 

linearized plasmids p0380 (acsSe
L641P and ald6) and p0382 (pdc1) for the integration of the 

target genes posed challenges, even after substituting the flanking homologous integration 

regions with newly amplified ones from the target strain to accommodate for any sequence 

deviations.  

Eventually, the successful integration event was verified. However, resulting strains 

lacked evidence of 3-HP production, except for the fully modified strains harboring all 

modifications (step 1, Table 2). For two strains, ST022 and ST023, 3-HP production was 

detected (Figure 31). ST023 is the strain using the episomal reporter configuration, while 

ST022 carries the mcrCa reporter gene genomically integrated.  

 

Figure 31: Results of 3-HP reporter production in strains ST022 and ST023 based on strain ST003. 
Additionally, the amount of upstream intermediates pyruvate, acetate, and glycerol were detected. Signals were 
detected with HPLC-UV at 210 nm for 3-HP (blue), pyruvate (orange), and acetate (grey) and with HPLC-RI for 
glycerol (yellow). Cultivation was conducted in YNB SC-medium utilizing the Biolector at 72 h, 1200 rpm, 30 °C, 
and 85 % humidity (Biolector, M2P labs GmbH, Germany). 
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By comparing the solely genomical by implemented modifications of ST022 with the 

episomal reporter configuration in ST023, it is evident that ST023 strains yield higher 3-HP 

titers (24.11±9.70 mg L-1) with comparable acetate titer but significantly lower glycerol and 

pyruvate levels than ST022. ST022 could produce 13.83±0.44 mg L-1 3-HP, which is 

approximately half of the 3-HP amount of ST023. This result presents a different scenario than 

the one depicted in the results of Kildegaard and coworkers, in which the episomal plasmid 

yielded the lowest yields. [76] However, results for the same configuration as presented here 

are not shown. Kildegaard and coworkers were able to produce 3-HP only from using episomal 

expression and single integration expression of acc1***-mcrCa, for which no 3-HP could be 

detected here.  

One potential reason for the episomal approach lacking any success could be that the 

carboxylase (acc1***) and the mcrCa were not expressed from the same source. This, however, 

was the case in the study (Kildegaard et al., 2016,) where both genes were either located on 

a plasmid or in the genome. The expression of genes from the genome compared to 2µ-

plasmid-based is different. The plasmid-based approach results in a wide range of expression 

performance, differing up to 2 orders of magnitude compared to the much narrower, albeit 

lower, expression pattern of genome-based expressions. [67] This difference could partly 

explain the disparities in the results, especially considering that Suyama and coworkers could 

increase 3-HP production by preventing MCR protein degradation in Schizosaccharomyces 

pombe. [209] An extreme expression spike of a plasmid-based enzyme could potentially trigger 

a stress response during yeast growth, inducing a similar degradation of high amounts of a 

single enzyme. This may also affect the expression fluctuations reported for plasmid 

expressions [67] and might explain the notably higher deviations in the results for ST023 using 

the plasmid compared to ST022.  

However, the genome-integrated versions and the integration of the other modifications 

only yielded 3-HP when every modification was integrated, unlike what is presented in the 

literature, where much higher titers could be achieved. This could be explained by the 

cultivation conditions and probably by the possibility of 3-HP being degraded and trapped 

inside the cells due to the low pKa, as discussed in Chapter 2.2.4. The steady substrate and 

energy supply in the form of glucose seems to have led to a steady and higher 3-HP 

production, as is evident in the results presented in the literature. [76,110,194,206] This high 

3-HP production could have covered a low 3-HP degradation process hiding in the 

background, as indicated by the results of Liu et al. and others. By deleting uga1, an increase 

of 3-HP was achieved. However, this gain was only around 5 %, still representing a 

degradation ability for such high titers, yielding differences of nearly 500 mg L-1 over the course 

of the whole cultivation (10.77 g L-1 to 11.25 g L-1). Low 3-HP overall yields could have a 

significant impact, especially when glucose slowly depletes, cutting substrate and energy 
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supply, possibly even before the reported 96 h cultivation duration. [203] Considering the 

possible 3-HP trapping inside the cells, a cell-pellet disruption experiment (Chapter 4.8.1) 

revealed that the 3-HP released from the cells always stays below the extracellular 3-HP 

concentration (Figure 32). 

 

 

Figure 32: Compound titers of ST022 (left) and ST023 (right) measured in the supernatant and the 
corresponding cell pellet (cytosol). Left: Single sample cultivation of ST022 in YNB SC-medium. Right: ST023 
cultivation in YPD medium, n=3. Signals were detected with HPLC-UV at 210 nm for 3-HP (blue), pyruvate (orange), 
and acetate (grey) and with HPLC-RI for glycerol (yellow).  

The ratio of intracellular 3-HP to extracellular 3-HP ranges from 0.6 to 0.8 (pellet: 

(ST022) 14.76 mg L-1 / (ST023) 208.78±117.38 mg L-1, supernatant: (ST022) 24.12 mg L-1 / 

(ST023) 249.66±77.40 mg L-1). The results shown in Figure 32 indicate that 3-HP, although 

deprotonated and contributing to intracellular acidification, is actively exported to the 

extracellular medium. This export must continuously occur because of the high extracellular 3-

HP yields reported (two-digit gram scale) in the literature and would reduce the pH of the 

medium to a level where significant amounts of undissociated 3-HP would diffuse back into 

the cell, where it accumulates upon deprotonation again. [76,194,205,206,208] The findings of 

Liu and colleagues support this since the overexpression of an endogenous monocarboxylate 

permease increased 3-HP yields and tolerance of S. cerevisiae. [206] Furthermore, the fact 

that ST023 is cultivated in a more nutritious medium yielding significantly higher 3-HP 

concentration (YPD medium, Figure 32), underscores the high energy need for the 3-HP 

production, as likewise demonstrated in the literature. [76,195] 

Nevertheless, the present work proceeded with the generated strains, ST022 and 

ST023. The following planned modification involved the overexpression of ADH2p and TPI1p. 

However, during the curse of this work and to accelerate the implementation process, together 

with new insights from the literature, the initial ADH2p overexpression strategy was changed. 

The overexpression of ADH2p would likely not significantly impact ethanol conversion due to 

the presence of several other alcohol dehydrogenase (ADH) genes, despite ADH2p being a 
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major oxidizer of ethanol. [210] Therefore, considering the literature on this topic and the high 

affinity of the ADH enzyme to acetaldehyde (mentioned in Chapter 1.4.1), the general 

production of ethanol should be reduced primarily by deleting one of the major ADHs. It is 

stated, that adh1 is under normal conditions constitutively active and one of the major ethanol 

producers and is 3 times slower in alcohol conversion. [210] A previous study already 

demonstrated the positive impact of deleting one of the major ADHs (adh1 and adh4) in the 

cytosol for n-butanol. [134] Combining this with the 3-HP titer-increasing overexpression of 

Tpi1p ([127], Chapter 1.4.1), the gene for tpi1 was integrated into the genome, while deleting 

adh1, which accelerates the process by coupling these steps. Another beneficial effect found 

in the literature was the potential positive impact on shikimate derived products, hence ADH1p 

is also involved in the degradation associated with the Ehrlich pathway. [211] To implement 

this, an integration plasmid (pI-dADH1::TPI1, Table 7) with homologous adh1 flanking 

sequences and the S. cerevisiae tpi1 gene was constructed using PCR and Gibson assembly 

(Chapter 4.6.3.1 and Chapter 4.6.7.1). A tef1-tdh1 promotor terminator combination was 

selected, as this was reported to increase the expression of ptef1-controlled genes 

(Chapter 2.2.2). [67] The strains ST022 and ST023 were used for the transformation 

(Chapter 4.7.4) with the linearized pI-dADH1::TPI1 (Figure 33). This was also attempted with 

the ST020 and ST021 strains. However, no 3-HP could be detected during the cultivation of 

the few growing cells. 

 

Figure 33: 3-HP reporter production in strains ST022 and ST023 compared to their adh1::tpi1 carrying 
versions ST024 and ST025 (all based on strain ST003). The amount of upstream intermediates, pyruvate, 
acetate, and glycerol, was detected. Signals were detected with HPLC-UV at 210 nm for 3-HP, pyruvate, and 
acetate and with HPLC-RI for glycerol. Cultivations were conducted in YNB SC-medium utilizing the Biolector at 
72 h, 1200 rpm, 30 °C, and 85 % humidity (Biolector, M2P labs GmbH, Germany). 
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The studies involving TPI1p overexpression and adh1 deletion from the literature, state 

an up to 120 % increase in 3-HP titers for the use of TPI1p and an up to 4-fold 3-HP titer 

increase for Δadh1 (among other used deletions). [127,134] The results from Figure 33 for the 

strains ST022 and ST024 (only genome-based integration) do not show comparable results. 

The yield increased around 30 % (13.83±0.44 mg L-1 and 17.55±0.31 mg L-1), when deleting 

adh1 and overexpressing TPI1p. In contrast, the 3-HP titer improvement ranges up to 6-fold 

from strain ST023 (plasmid mcrCa) compared to ST025 (plasmid mcrCa + Δadh1::tpi1) 

(24.11±9.70 mg L-1 and 145.29±62.08 mg L-1), albeit with a wide deviation range. Even the 

lowest-yielding sample exhibited a 2-fold increase, nearly reaching the reported improvement, 

by the mentioned studies. Considering the results from ST024 (genomic mcrCa + Δadh1::tpi1) 

and the lowest results from ST025 (plasmid mcrCa + Δadh1::tpi1), the failure to reach 

comparable literature-reported results may be attributed to the fact that these studies directly 

measured malonyl-CoA. In contrast, in the presented experiments, malonyl-CoA needed to be 

converted in an energy-demanding reaction. Additionally, only adh1 was deleted, whereas in 

the corresponding study, additional genes involved in ethanol and glycerol production were 

deleted as well, potentially contributing to the strain's (ST024 and ST025) lower performance. 

The intended reduction in glycerol production could not be observed, as glycerol levels 

remained the same or were even higher, indicating elevated TPI1p activity not solely 

selectively directs flux in the malonyl-CoA generating direction. When considering the average 

and highest results from ST025, the 3-HP titer improvement exceeded what was reported in 

the literature.  

However, these results, which showed similar or better performance (6-fold increase) 

than the literature (Figure 33) were generated with the strains using the episomal reporter 

system, which in the literature resulted in lower 3-HP levels and is subject to high fluctuations 

in 3-HP yield, as previously mentioned and discussed. Furthermore, obtaining results from 

strains employing the episomal reporter system was challenging and required numerous 

cultivation attempts, resulting in only a few positive outcomes. Another reason for these high 

deviations could be attributed to the detection method itself. The produced 3-HP 

concentrations were challenging to identify because of the used method is only reliable in 

detecting 3-HP when using the UV (210 nm) chromatogram. For the RI detector, which shows 

higher signal intensities for 3-HP, the signals for glycerol and 3-HP overlap at the exact same 

retention time (Rt) (Supplements 1.2iv). This overlay resulted in problems in the initial use of 

this method. Notably, the reliability of the measurement seems to work better for higher 3-HP 

concentrations because the signal is not very strong overall, consistently staying below 

10 mAU signal intensity even with concentrations of over 300 mg L-1 3-HP standard. 

Therefore, measurements of higher 3-HP concentrations work better. However, another 

problem arises: a Rt shift of 0.02 to 0.04 min between the samples of the calibration curve of 
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the same run of up to 0.1-0.2 min between the different runs (0.149 min in Supplements 1.2iv). 

This combination made the detection of 3-HP a challenging task.  

Although the modification standardly was verified via colony- (Chapter 4.6.3.5), PCR 

(Chapter 4.6.3.1), as well as sequencing attempts (Chapter 4.6.8), some uncertainties and 

suspicions arose regarding the detection method and validity of 3-HP production. Therefore, 

the generated strains were tested for 3-HP production using nuclear magnetic resonance 

spectroscopy (NMR, Chapter 4.10.2) to check whether the actual molecule could be detected.  

2.2.6 3-HP detection via nuclear magnetic resonance (NMR) 

As evident from the results discussed in preceding chapters, doubts about the reliability 

of the chosen HPLC method and the substantial fluctuations in 3-HP results, particularly for 

strains employing the plasmid-based reporter approach, emerged. Consequently, qualitative 

evidence for the presence of 3-HP in the cultivations from the generated strains was 

necessary. Employing a combination of lyophilization and extraction (Chapter 4.9.2) along with 

various NMR solvents, 1H and 13C NMR spectra of 3-HP were measured and analyzed 

(Chapter 4.10.2). Initial measurements were performed using reduced (Chapter 4.9.1) and 

pure 3-HP standard samples to compare the 3-HP NMR spectra. Subsequent steps involved 

performing extraction experiments on 3-HP spiked medium samples compared to basis strain 

cultivation (ST003, no 3-HP) using an adapted and modified protocol from the literature. [212] 

Figure 34 summarizes the relevant 1H NMR results from the initial experiments, providing 

general information about 3-HP and confirming the validity of the extraction method. Results 

from the literature and simulations with ChemDraw (chemical drawing program by 

PerkinElmer) indicated two distinct triplets at around 3.8-3.5 ppm for H2(C-O)- and 2.4-2.3 ppm 

for H2(C-COO) for the 1H NMR spectrum, as well as signals at 35-38 ppm for C(H2-COOH), 

57-66 ppm for C(H2-OH), and 173-177 ppm for C(OOH) in the 13C NMR spectrum. [212,213] 
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Figure 34: 1H NMR of 3-HP to verify the extraction method and compound detection. Samples from the top: 
3-HP standard dissolved in CDCl3, 3-HP medium extracted: medium spiked with 3-HP and extracted, ST003 3-HP 

neg.: basic strain cultivated and extracted as negative sample. 1H NMR 500 MHz, 298 K, CDCl3 as solvent. 

As evident, 3-HP exhibits two distinct triplets at 3.83 ppm and 2.57 ppm, with the 

integration area of the H2(C-O)- triplet slightly higher than the other. Both triplets display a 

slight roofing effect, indicating proton coupling of adjacent protons (3 or fewer bonds apart), as 

present in 3-HP. The 3-HP standard and the 3-HP extracted from the medium showed a 

detectable 3-HP signal, in contrast to the negative sample (ST003 3-HP neg.). Subsequently, 

the cultivation and extraction processes were repeated with the previously introduced 

producing strains ST020-24. However, ST025 could not be analyzed, given that the cultures 

grew unreliable, considering the high fluctuations observed in the production results in 

conjunction with the respective preceding high number of cultivation attempts. Figure 35 

presents the 3-HP detection results from ST020-24 compared to an extracted standard 

sample. The ppm values displayed below deviate from the previously illustrated results 

because the samples were measured with deuterated-methanol instead of CDCl3 as before. 

The complete NMR spectra (1H and 13C) can be found in the Supplements (Chapter 1.2v).  
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Figure 35: 3-HP 1H NMR spectra from medium and ST020-24 shaking flask cultivations (YNB SC-medium, 
30 °C, 250 rpm, 72 h). Samples from the top: 3-HP medium extracted: medium spiked with 3-HP and extracted, 
ST020-24: shaking flasks cultivated producing strains extracted for 3-HP. 1H NMR 500 MHz, 298 K, CD4 as solvent. 

As evident from Figure 35, all samples produced 3-HP, as indicated by matching ppm 

values (deviating only 0.002 ppm) and integrations. However, consistent with suspicions 

regarding plasmid-based reporter strains, the ST023 sample shows only a very faint signal 

with matching ppm, but not for the integrations (0.84 vs. 2.00). This discrepancy could be 

attributed to the triplet at 2.39 ppm, which is overlapping with other small signals, increasing 

the integration area compared to that of the 3.7 ppm triplet. Unfortunately, no signal could be 
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detected in the 13C NMR spectrum (Supplements 1.2v). These measurements confirm the 

suspicions regarding the reliability of the HPLC method for small 3-HP amounts and the 

production attempted from a plasmid-based system. However, this is only a qualitative 

approach showing that all strains generated here produce 3-HP, probably including the ST023, 

as of the results of Figure 35, albeit in minimal amounts. This necessitates further 

measurements involving the cultivation of ST023 to be certain, especially given the high 

variations in 3-HP yields, if any results can be generated at all, considering the numerous 

cultivations needed to obtain the shown results for ST023. 

On the other hand, the remaining strains (ST020-22, ST024) worked well, and malonyl-

CoA levels could be successfully increased based on 3-HP yields. This should also be true for 

ST023 because, even when the 3-HP production is an issue, acetate levels were always on 

an equal or even higher level, like for ST022 (Figure 32 and Figure 33). This indicates 

comparable pathway modification impacts, even when not directed to 3-HP production; the 

final goal was increased malonyl-CoA provision. Therefore, employing 3-HP as a reporter 

compound, relying on its conversion through MCRpCa without modulation of energy supply, 

was unsuitable for this context's intended malonyl-CoA level enhancement approach. 

Summarizing the results thus far, all undertaken modifications have proven successful 

in malonyl-CoA level elevation. However, the selected verification method, for the sake of 

convenience and potential time-saving, was not reliable. The reporter system is very energy-

demanding (NADPH, Figure 26), only working effectively and reliably with a constant energy 

supply, which means bioreactor or fed-batch cultivation and specifically tailored energy supply, 

introduced through additional modifications as reported in the literature. [76,194,206] 

Additional cultivations in a bioreactor with generated strains could underscore that. However, 

further energy supply and necessary changes were not aimed for the goal of higher malonyl-

CoA provision. This also means a direct detection system (malonyl-CoA biosensor, 

[126,127,192]), as intended in Chapter 2.2.2 would have been better for the intended purpose. 

Furthermore, other potential problems arising from 3-HP would not play any role, like possible 

degradation or intracellular acidification. [202,203,206,208,209] Unfortunately, the results 

presented in this Chapter 2.2 were only intended as a first step and to create a basis for this 

work, implementing a malonyl-CoA-producing strain; hence, there was none. 

Nevertheless, such a high malonyl-CoA-producing strain could be successfully 

generated, even with a modification combination of Δadh1::tpi1 not reported so far. Further, 

combining the upstream modification with a TY1 multicopy integration with a fed-batch 

cultivation would result in a strain efficiently producing 3-HP or malonyl-CoA-derived products 

on a gram scale. As this multicopy integration approach was already shown in comparable 

work. [76,104,206] The TY1 multicopy integration was a topic that was also worked on because 
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the TY1 integration has already been proven to be better compared to TY4 regarding final 

strain growth (personal communication with Dr. Fabian Thomas). Unfortunately, this could not 

be tested in course of the present thesis. Regarding the planned modification presented in 

Table 1, all but two could be implemented. The ADH2 overexpression was substituted with the 

Δadh1::tpi1 approach. The gpd1 deletion, however, could not be tested, which could have had 

a beneficial effect on glycerol level reduction, as TPI1p overexpression did not result in the 

envisioned reduction. However, the deletion was reported to impair yeast growth. Therefore, 

a promoter exchange and transcription downregulation would also be advantageous if further 

explored. [134] Further steps regarding whole RNA isolations and genomic DNA preparations 

were undertaken and completed. However, the intended transcriptome sequencing and 

analysis as well as genomic DNA sequencing using Nanopore DNA sequencing, could not be 

done in the end. This would have further verified the modification work, providing additional 

information regarding transcription patterns, potential off-target integrations, and TY copy 

number determination.  

Nevertheless, with the data presented here, the successful modification of the malonyl-

CoA pathway could be illustrated, albeit not all planned modifications could be integrated. 

Further cultivations with constant glucose and energy supply could lead to interesting results. 

Using the strains presented in this chapter, the work proceeded with the combination of the 

shikimate pathway and malonyl-CoA modifications in a single S. cerevisiae strain.  

2.3 Part 3 – Engineering the shikimate pathway  

The significance of molecules such as phenylalanine and tyrosine in the biosynthesis 

of numerous NPs is just as important as that of malonyl-CoA. Am illustrative example is 

resveratrol, which is synthesized from phenylalanine and three malonyl-CoA units, combining 

precursors originating from glycolysis and the shikimate pathway (Chapter 1.1.2). [31]. Another 

instance of the importance of shikimate pathway-derived precursors is cryptophycin, discussed 

in Chapter 2.1, and synthesized by a hybrid system involving PKS and NRPS. This synthase 

system employs amino acids, specifically tyrosine and malonyl-CoA as substrates for the chain 

extension reaction, with a phenylalanine derivative likely serving as the starter molecule 

(Figure 12, Chapter 2.1). [174] Other interesting compounds with similar precursor 

requirements, belonging to a class of substances frequently discussed in public debates and 

potentially benefiting from this precursor combination, but not yet explored, could include 

aromatic phytocannabinoids biosynthesized in a suitable yeast chassis strain. These 

compounds share the need for the mentioned three malonyl-CoA units and an aromatic starter 

unit. [26,174,214] 
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As detailed in Chapter 1.5, phenylalanine and tyrosine are synthesized through the 

shikimate pathway, where the synthesis pathway diverges from prephenate to form either 

phenylalanine or tyrosine.  

2.3.1 Planned modifications to the shikimate pathway  

In alignment with the methodology employed for malonyl-CoA increment, an extensive 

literature review was conducted to formulate a strategy to augment shikimate-based 

precursors, specifically phenylalanine and tyrosine. Essential insights, highlighted in 

Chapter 1.5 were considered, such as the feedback inhibition of ARO3p and ARO4p by 

phenylalanine and tyrosine, along with the exclusive inhibition of ARO7p by tyrosine. [142] 

However, it was noted that these inhibitions could be mitigated through gene mutations 

involving the substitution of specific amino acids at designated sites (ARO3pK222L, ARO4pK229L, 

ARO7pG141S). [163,164,215] Additionally, it was observed that the five reaction steps catalyzed 

by ARO1p presented a bottleneck in the conversion of shikimate to shikimate-3-phosphate, a 

challenge successfully addressed by the heterologous expression of AroLp from E. coli. [151]  

Considering these findings and a thorough literature review, the modifications 

described by Rodriguez et al., 2015 were identified as yielding the best results for shikimate-

derived products at that time. [151] The planned procedure and its corresponding steps are 

outlined in Table 4 below and visualized in Figure 36. This approach involved the deletion of 

aro10 and pdc5, coupled with the genomic implementation of ARO4pK229L, ARO7pG141S, and 

AroLpEc, to facilitate rapid implementation of these modifications to increase AAA precursors.  

Table 4: Overview of the planned modifications to increase phenylalanine and tyrosine levels. 

Step Modification Enzyme Gene Source 

1 Overexpression DHAP Synthase ARO4K229L Rodriguez et al., 
2015 [151] Chorismate mutase ARO7G141S 

Deletion Phenylpyruvate 
decarboxylase 

ARO10 

2 Heterologous 
Overexpression 

Shikimate Kinase II AROL (E. coli) 

Deletion Pyruvate 
decarboxylase 

PDC5 
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Figure 36: Schematic representation of the shikimate pathway in S. cerevisiae and the respective 
modifications reportd in Rodriguez et al., 2015. [151] Highlighted in green are the enzymes for overexpression 
and in red are the genes for deletion. DHAP: 3-deoxy-D-arabino-heptulosonic acid 7-phosphate, EPSP: 5-enolpyr- 
uvylshikimate-3-phosphate, Aro4: 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase, Aro7: 

chorismate mutase, Aro10: phenylpyruvate decarboxylase, Pdc5: pyruvate decarboxylase.  

The strategy mentioned above was selected considering the EasyClone kit, as 

highlighted and acquired in Chapter 2.2.3. This kit, generously provided by Irina Borodina from 

DTU, includes plasmids containing the necessary genes for modifying the shikimate pathway 

and a read-out system. A fast and uncomplicated implementation of a p-coumaric acid (p-CA) 

read-out method was possible. Only one additional enzyme, the tyrosine ammonia-lyase 

(TALp), responsible for deaminating tyrosine and directly converting it to p-CA (Figure 37), was 

required for this purpose. Furthermore, an HPLC method, already utilized in our laboratory, 

was customized to meet the measurement needs for p-CA (Chapter 4.10.1.1). [216] 

 

Figure 37: The reaction catalyzed by TALp involves the introduction of a double bond to tyrosine through 

deamination, resulting in the formation of p-CA. 
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2.3.1.1 PCRGate – Adaption, expansion, and implementation  

A PCR-based cloning method was implemented to facilitate plasmid construction and 

cloning for the modification of the shikimate pathway and enhance molecular cloning 

capabilities within the research group, drawing inspiration from the principles of Golden Gate 

assembly and Green Gate cloning. [70,217] The Golden Gate assembly technique employs 

two enzymes for the in vitro restriction and ligation reaction, taking advantage of type IIS 

restriction enzymes with their ability to cut DNA at a defined distance from the recognition 

sequence. [218] This allows for the specific overlap of target DNA fragments. The critical 

aspect for the success of the reaction involves designing oligonucleotides so that the 

recognition site of the restriction endonuclease is excised, eliminating its presence in the newly 

T4 ligase-ligated product (Figure 38). Adapting and expanding the overhangs used to connect 

fixed modules, as demonstrated by Lampropoulos et al. in 2013, a template for designing 

oligonucleotides accommodating up to 9 DNA insert fragments was developed (Table S47 in 

Supplements). [217] Additionally, a destination vector (Table 7) with a distinct and differing 

antibiotic selection marker from the donor plasmid was prepared to facilitate rapid cloning and 

transformation, eliminating the need for an overnight (ON) DpnI reaction (Chapter 4.6.4.1). 

This new PCR-based PCRGate cloning technique allows for rapid cloning with ready-to-use 

plasmids, including sequencing, within a few days (Chapter 4.6.7.2). This was necessary due 

to the varying quality and efficacy of the in-house Gibson assembly mix, which too often posed 

challenges in cloning many fragments.  

The process can be summarized in four steps: the primer design using the template 

(Table S47), the actual PCR, the restriction digestion with Esp3I, and ligation in one reaction, 

eventually followed by the transformation of E. coli. This process eliminates the need for DpnI 

digestion because of the antibiotic switch of the donor and target plasmid as well as the 

purification step after the PCR.  
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Figure 38: Graphic depicting the used PCRGate design. A) Oligonucleotide layout with the Esp3I recognition 
site, the 4 bp overlap and the complementary binding part of the oligonucleotide. B) The sequential assembly of the 
modules is achieved by 4 overlapping nucleotides of the 5’-end with the preceding modules' 3’-end. C) Scheme of 

the assembly process of the used PCRGate. 

An example for the oligonucleotide design templates can be found in the Supplements 

and used for rapid cloning, speeding up the process to a grade where the desired plasmid can 

already be used within a few days (validation via sequencing included and completed). This 

method represents an inexpensive, versatile, and easy-to-use cloning method, especially 

when the Gibson assembly lacks the promised reliability. In conclusion, no extra equipment or 

other expensive material is needed compared to the prepared Gibson assembly (mix 

comprised of many ingredients). 

2.3.2 Plasmid-based p-CA production as reporter compound 

The necessary genes for the shikimate pathway modifications, as detailed in Table 4 

and Figure 37, were provided by Irina Borodina from DTU on the plasmids p02747, pCfB9114, 

and p0872 (Table 7). [151] However, a brief standard nucleotide BLAST comparison unveiled 

that the provided TAL was not the TAL from Flavobacterium johnsoniae (TALpFj), as utilized in 

Rodriguez et al., 2015. Instead, the TALp from Herpetosiphon aurantiacus (TALpHa) was 
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included with the plasmids (Supplements 1.2vi). [151] Nevertheless, the obtained TALpHa was 

also characterized alongside TALpFj by Jendresen and colleagues, demonstrating comparable 

performance when expressed from the yeast genome compared to each other. The same 

study noted a significantly higher p-CA production yield when expressed from a 2µ-plasmid in 

relation to the genome-implemented versions. Unfortunately, this was only demonstrated for 

TALpFj, while TALpHa was not studied similarly. [219]  

Therefore, for the p-CA read-out system, a high-copy 2µ episomal plasmid expression 

approach was selected. The received TALpHa was subcloned in the high copy number 2µ 

episomal plasmid pEpi-haTal-Ura3-2µ (Table 7). This mirrors the approach used for the 

malonyl-CoA detection, as a plasmid-based approach was opted to generate a reversible read-

out system to monitor the progress of the shikimate pathway modifications without the need to 

finally remove the read-out mechanism from the genome.  

To assess the anticipated yields of p-CA and whether there is a disparity in p-CA 

production in the two strains, previously generated (Chapter 2.1), the TALpHa was then 

introduced via transformation into the producing strains of S. cerevisiae CEN.PK2-1C ST003 

and ST004 (Table S43). Following the transformation of the yeast strains with the newly 

generated episomal plasmid (pEpi-haTal-Ura3-2µ), the colonies were cultured and compared 

against the wild-type cells without plasmids for each strain and in two media (YNB SC-mdeium 

and YPD medium, Figure 39). The tyrosine ammonia-lyase TAL converts the tyrosine to p-CA 

through deamination.   

 

Figure 39: Effects the TALpHa episomal plasmid-based overexpression has on tyrosine levels and p-CA in 
the WT strains ST003 and ST004 cultivated in YNB SC-medium and YPB medium. Green columns indicate 
the measured tyrosine concentration and grey columns the p-coumaric acid concentration. Signals were detected 
by HPLC-UV at 280 nm for tyrosine and 310 nm for p-CA. Cultivation was conducted in YNB SC-medium and YPD 
medium utilizing the Biolector, 72 h, 1200 rpm, 30 °C, 85 % humidity (Biolector, M2P labs GmbH, Germany). 

YNB YNB YNB YNB YPD YPD

ST003 WT ST005 ST004 WT ST009 ST005 ST009

L-Tyrosine 37,62 25,57 51,15 31,57 22,57 0,00

p-Coumaric acid 0,00 0,74 0,00 2,07 7,64 12,40
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Overexpressing TALpHa in two nearly identical strains, distinguished only by one factor, 

led to significantly different p-CA concentrations. As anticipated, samples containing the 

wildtype yeast exhibited no detectable p-CA production (Figure 39). However, for cells 

harboring TALpHa, ST009 (ST004 + TALpHa) demonstrated over twice the p-CA concentration 

(2.07±0.59 mg L-1) compared to ST005 (ST003 + TALpHa) cells (0.74±0.04 mg L-1). When 

comparing p-CA production in YPD medium for both strains, better growth and production 

abilities were evident, as expected. Cultivating strain ST005 (ST003 + TALpHa) in YPD yielded 

10 times the amount of p-CA than the same cultivation in YNB SC medium (7.64±0.058 mg L-

1). Similarly, for ST009 (ST004 + TALpHa), a 6-fold increase (12.4±0.14 mg L-1) was achieved 

simply by changing the medium. These results highlight a notable discrepancy, with a more 

than 100-fold to 20-fold difference from the results reported by Rodriguez et al. in 2015 

(>240 mg L-1). In their study, the average producers using only tyrosine ammonia lyase already 

yielded 0.24±0.03 g L-1 despite utilizing a CEN.PK strain (CEN.PK102-5B). [151] A more 

recent Nature study obtained only 12.9 mg L-1 when using only plasmid-based TALpFj (shake-

flask, Feedbeads, 96 h), which is in line with the p-CA yields obtained in YPD medium (Figure 

39) and is only a little less than double the amount of ST005. [153]  

As mentioned earlier, genomic TALpHa performs as good as genomic TALpFj. [219] 

Comparing the results of Figure 39 with the 12.9 mg L-1 (Liu et al., 2019 [153]), these results 

indicate a similar performance of TALpHa when expressed from a 2µ-plasmid, as this results 

were not reported so far. [219] Moreover, other studies only achieved similarly small titer of p-

CA when using an episomal plasmid approach. Employing a tal from Rhodobacter capsulatus 

concentrations of 3.85 mg L-1 (batch, shaking flask, 120 days) and 1.7 mg L-1 (batch, shaking 

flasks, 72 h), respectively, only were attained in two other comparable studies. [152,156] The 

TAL used in these studies, was also characterised in the previously mentioned study 

(Jendresen et al., 2015, [219]), and produced only 50 % to 10 % p-CA compared to the TALpHa 

or TALpFj, respectively. These differences (percentages) roughly match to the results 

presented (Figure 39 with TALpHa, 12.9 mg L-1 with TALpFj [153]). The p-CA production from 

Figure 39, therefore, is realistic when compared to the amounts reported with similar 

approaches. However, taking Rodriguez and coworkers results as reference the results 

obtained here and in the comparable mentioned literature theoretically should reach around 

20 to 100 mg L-1. Interestingly, the production rates (12.9 mg L-1[153], 3.85 mg L-1 [156], 

1.7 mg L-1 [152]), do not align with the yields described by Rodriguez and coworkers 

(>240 mg L-1, fed-batch medium, 72 h, 96 deep well plate). [151] In summary, all mentioned 

studies, including the results shown here, using comparable approaches yielded significantly 

lower p-CA concentration, with promotors of comparable strength (pgk1 and tef1 [67]) and 

similar strain backgrounds, partly with the same cultivation approach (fed-batch medium and 
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Feedbeads) or even better (shake flask vs. 96 deep well) and longer conditions (120/96 h vs. 

72 h). [152,153,156,219]  

The observed differences can likely be attributed to several factors: TALpHa has a 

broader substrate specificity than TALpFj and is only slightly less efficient in substrate 

conversion, producing just one-quarter and one-fifth of p-CA in E. coli and L. lactis, 

respectively. Moreover, plasmid-based expression with a 2µ origin of replication exhibited 

significant variability in copy number, leading to fluorescence fluctuations by up to two orders 

of magnitude. [67,219] However, these observations solely should not result in such significant 

differences in p-CA yield between Rodriguez et al. 2015 compared to the above-mentioned 

yields. The biggest impact most likely is the use of fed-batch medium cultivation, and given the 

fact that the medium switch from defined minimal to complete medium increased p-CA titers 

by up to 10-fold (Figure 39) shows that the used medium has the potential to increase 

compound production significantly. However, it is questionable whether the influence of 

cultivation can explain the aforementioned differences of 20 to 100-fold and more.  

Despite these observed differences, it appears that even minor and unrelated factors 

can significantly impact compound biosynthesis. This impact can also be seen here for the 

ST004 strain, genotypically harboring a Mig1p binding site deletion (Δmig1-bs) that seems to 

affect the p-CA production by a factor of 2 to 4 (Figure 39). Both strains are otherwise identical 

in all aspects; the only difference is this deletion in the Mig1p binding site in the gal4 promotor 

region, which further decouples glucose repression effects despite being unrelated to the 

modified pathway. [184]  

In summary, it was successfully demonstrated that p-CA could be produced from a 

plasmid-based expression system, with yields that align with literature values. The exception 

is that there seems to be a discrepancy in reported p-CA yields from the reference work 

compared to the obtained results and those stated from comparable literature, indicating 

towards additional factors impacting p-CA production, with the cultivation conditions seemingly 

contributing the most. Furthermore, the unrelated deletion of Δmig1-bs in ST004 seems to 

positively affect p-CA yields. To further increase p-CA titer and tyrosine precursor levels, it was 

proceeded with the introduction of the planned modifications (Table 4). 

2.3.3 Effects of ΔPdc5::AroL and ΔAro10::Aro4/7 in ST003 

The genes for aroLEc, aro4K299L, and aro7G141S were subcloned in new integrative 

plasmids (Table 7). The new design ensures that implementing the genes for overexpression 

would simultaneously knockout the genes for decarboxylases aro10 and pdc5. These two 

genes play crucial roles in fusel alcohol formation through decarboxylation of the α-keto acid 

variants of the transaminated (aromatic) amino acid in the Ehrlich pathway following the 
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tyrosine and phenylalanine biosynthesis. [220–223]  This approach was intended to speed up 

the implementation process, to rapidly proceed with the combination of the pathway 

modifications and beyond. The following Figure 40 shows the results of the implemented 

modifications into the ST003 based strains. 

 

Figure 40: Production of p-CA in S. cerevisiae using ST003 as base strain, showing each modification and 
its effect. Green columns indicate the measured tyrosine concentration and grey columns that of the p-coumaric 
acid. Signals were detected with HPLC-UV at 280 nm for tyrosine and 310 nm for p-CA. Cultivation was conducted 
in YNB SC-medium utilizing the Biolector at 72 h, 1200 rpm, 30 °C, and 85 % humidity (Biolector, M2P labs GmbH, 
Germany). 

The sequential incorporation of shikimate pathway modifications into strain ST003 

increased the flux toward tyrosine and phenylalanine, leading to elevated intracellular levels, 

as indicated by higher p-CA signals. The signals reveal that p-CA concentrations for strains 

ST006 and ST007 are nearly identical, exceeding 3 mg L-1. However, for the ST006 variant, 

the signal is slightly higher (+0.18 mg L-1). The best cell line of each variant yielded nearly 

4 mg L-1 in both cases (not shown), with the ST006 variant producing 0.1 mg L-1 more p-CA 

than the ST007 variant. Upon combining all modifications (ΔPdc5::AroL and ΔAro10::Aro4/7, 

ST008), the p-CA concentration nearly doubles (5.71±0.57 mg L-1) compared to either ST006 

or ST007 alone. Moreover, the best clone achieved more than double the concentration, with 

6.67 mg L-1 of p-CA. This demonstrates a nearly perfect linear process with each modification 

and the combined modifications in p-CA production. The same trend can be observed when 

the tyrosine concentration is measured. This indicates that the conversion catalyzed by TALpHa 

cannot keep up with the tyrosine production rates induced through the new modification. This 

observation aligns with the observations of Liu et al., 2019. TAL can act as a bottleneck; 

therefore, a PAL branch was implemented to generate p-CA from phenylalanine. [153] In 

addition to the YNB SC-medium, YPD medium is a standard, more nutritious medium for yeast 

cultivation. Cultivation in YPD medium was therefore tested in the following Figure 41. 
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Figure 41: Effects on p-CA production in YPD medium on the modified ST005-8 strains based on ST003. 
Green columns indicate the measured tyrosine concentration and grey columns that of the p-coumaric acid. Signals 
were detected with HPLC-UV at 280 nm for tyrosine and 310 nm for p-CA. Cultivation was conducted in a YPD 
medium utilizing the Biolector at 72 h, 1200 rpm, 30 °C, and 85 % humidity (Biolector, M2P labs GmbH, Germany). 

Comparing the results on p-CA production in YNB SC medium and YPD medium for 

each strain (ST005-8) reveals, as expected, better growth and production abilities in YPD 

(Figure 40 and Figure 41). Cultivating strain ST005 in YPD gave 10 times the amount of p-CA 

than the same cultivation in YNB SC-medium (0.74±0.04 mg L vs. 7.64±0.058 mg L-1), even 

surpassing the full modified ST008 in YNB SC-medium (5.71±0.57 mg L-1). In comparison, 

strain ST006 shows only a 2.5-fold increase (8.19±0.33 mg L-1), whereas ST007 displays a 9-

fold increase (27.09±0.79 mg L-1) in p-CA yield when compared to their YNB SC medium 

equivalents. Surprisingly, using the fully modified strain ST008 cultivated with YPD did not 

increase the p-CA concentration (20.13±0.96 mg L-1) compared to ST007.  

These results, and the maximum 10-fold increase in p-CA concentration, are consistent 

with the findings in Chapter 2.3.2. Although ST008 yielded relatively low concentrations, this 

could be attributed to the 2µ plasmid variability mentioned before or to the previously reported 

phenylalanine feedback inhibition of the prephenate dehydrogenase tyr1 reported. This 

inhibition could be alleviated by introducing a heterologous TYR1p or reducing the 

phenylalanine pool by implementing a phenylalanine ammonia-lyase (PAL) branch. 

[67,153,209]  

However, when considering the 5.71 mg L-1 yielded in YNB SC-medium and applying 

the factors of 6 to 10 by which the other strains (ST005, ST007) increased upon media change, 

ST008 should theoretically produce up to 57 mg L-1. Even when only combining the yields of 
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ST006 and ST007, a theoretical p-CA production concentration of around 35 mg L-1 could be 

expected.  

These results are 30 to 50 times lower than the p-CA production in Rodriguez et al., 

with a strain modified similarly. Considering the difference in cultivation conditions, applying 

the feed-in-time or fed-batch medium with the generated strains presented here, would likely 

generate p-CA titers in the same range. Besides the used media, the differences could 

additionally be attributed to the different locations of the implemented genes. Rodriguez et al., 

2015 employed previously characterized integration sites specifically selected for genome 

modification and overexpression. [62,63] Comparing the result with strains having similar 

modifications (aro4+aro7) from the literature, Moa and colleagues obtained nearly the same 

p-CA amount (6.4 mg L-1) as ST008 in YNB SC-medium (5.71 mg L-1), lacking only the aro10 

and pdc5 deletions but instead used the eno2 and tal1 genes to direct flux towards E4P. [152] 

On the other hand, Suástegui and coworkers showed that the overexpression of tal1 to 

increase E4P supply, actually decreased target compound production, which could explain the 

low titers Mao and colleagues reported. [152,166] ST008 cultivated in minimal medium 

reached nearly the same amount, as stated by Mao. Cultivating ST008 in YPD reaches more 

than 3 times the amount, underscoring that the elimination of the precursor loss to the Ehrlich 

pathway has a bigger impact on p-CA yield than the E4P supply. This is further supported by 

Li as well as Liu and coworkers, achieving nearly 6 to 10-fold higher titers (compared to Mao 

et al., 2017) with the same modifications (without tal1) used here (49.821 mg L-1 Li et al., 2020, 

35 mg L-1 Liu et al. 2019). [153,156]  

Nevertheless, the relatively low p-CA yields reported here, together with the results 

from similar studies with comparable and even longer cultivation conditions (35 mg L-1 at 96 h, 

YNB SC-medium, feed beads and 49 mg L-1 at 120 h, YNB SC-medium, shaking flasks), show 

a significant discrepancy when comparing the results from Rodriguez et al., 2015. [153,156] 

Liu and coworkers (same group and supervision) mentioned this discrepancy in their studies, 

coming to the same conclusion and attributing it to the suspected difference in cultivation 

conditions. For their summarizing study on p-CA producing modification published in Nature, 

they reproduced the same modification in the same manner as reported in Rodriguez et al., 

2015, with the same, but longer (96 h) cultivation conditions applied here (batch, 2 % glucose), 

stating to yield only 22.3 mg L-1 p-CA. [153] This is perfectly in line with what was reported 

above using a shorter cultivation time (72 h), even exceeding the 22.3 mg L-1, with the single 

ΔAro10::Aro4/7 integration, showing the suitability and comparability to the established 

literature for the adapted and altered engineering approach. This approach was also 

implemented in the second production strain ST004 used and generated in our working group, 

as the plasmid-based test of Chapter 2.3.2 yielded even better p-CA production results with 

this strain. 
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2.3.4 Effects of ΔPdc5::AroL and ΔAro10::Aro4/7 in Δmig1-bs ST004 

The parent strain ST004, in all aspects identical to ST003 except the Δmig1-bs deletion 

in gal4, underwent the same modification procedure in consecutive order, mirroring the 

approach taken with ST003 in the previous chapter. However, it is immediately apparent that 

the measured concentrations of p-CA are significantly higher than their corresponding variants 

when ST003 was used as the parent strain. This can be seen in Figure 42 compared to Figure 

40.  

 

Figure 42: Production of p-coumaric acid in S. cerevisiae using ST004 as parent strain, showing each 
modification and its effect in YNB SC-medium. Green columns indicate the measured tyrosine concentration 
and grey columns that of the p-coumaric acid. Signals were detected with HPLC-UV at 280 nm for tyrosine and 
310 nm for p-CA. Cultivation was done in YNB SC-medium, 72 h, 1200 rpm, 30 °C, 85 % humidity (Biolector, M2P 
labs GmbH, Germany). 

Upon examining the p-CA concentrations in each strain, a gradual, step-by-step 

increase is observed with each modification step (Figure 42), albeit not as pronounced as when 

ST003 was the parent strain (Figure 40). Unlike ST006 and ST007, showing nearly the same 

p-CA concentration, the strains ST010 and ST012 yielded p-CA concentration, on average, 

2.7 to 4.5 times higher than their counterparts above (Figure 40), with ST012 surpassing 

ST010 by more than one-third (8.71±3.2 mg L-1 p-CA for ST010 and 13.75±1.64 mg L-1 p-CA 

for ST012).  

Combining ΔPdc5::AroL and ΔAro10::Aro4/7 in ST013, unlike in ST008, not only 

doubles the p-CA concentration but, on average, nearly triples it (27.95±2.76 mg L-1) 

compared to the single modification of ST010. The best cultivation sample measured even 

gave 4 to 6 times the amount of p-CA (55.12 mg L-1). This batch approach in minimal medium 

nearly matches the results of Li and Liu and coworkers with their extended and improved 

cultivation conditions discussed in the previous Chapter 2.3.3, and even exceeds the stated 
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22.3 mg L-1 at 96 h cultivation with the same reproduced modifications by Liu et al., 2019. [153] 

When using feed beads, they could double that amount ([153] in supplements, ~45 mg L-1), 

meaning that applying the same conditions here, the strain would likely exceed theirs, reaching 

probably 55-60 mg L-1 or even more, given the fact that the best single producers already 

exceeded that amounts in a batch approach (55.12 mg L-1). This means at least a 25 % 

improvement compared to the results reported in the literature. Mirroring the medium change 

from YNB SC-medium to YPD medium as reported before, Figure 42 shows this approach for 

ST009-13.  

 

Figure 43: Production of p-coumaric acid in S. cerevisiae using ST004 as parent strain, showing each 
modification and its effect in YPD medium. Green columns indicate the measured tyrosine concentration and 
grey columns indicate that of the p-coumaric acid. Signals were detected with HPLC-UV at 280 nm for tyrosine and 
310 nm for p-CA. Cultivation was conducted in YPD medium, 72 h, 1200 rpm, 30 °C, and 85 % humidity (Biolector, 

M2P labs GmbH, Germany). 

As observed previously and in the prior chapter during the plasmid-based p-CA 

production test, the shift from YNB SC-medium to YPD increased p-CA titers. When comparing 

ST003-based strains (ST005-8) with its p-CA production, ST004-based strains (ST009-13) 

presents a similar but distinct pattern. Initiating with notably superior production capabilities in 

minimal medium, as described earlier, ST009 to ST012, like the ST005 to ST008 samples, 

exhibits an upward trend in p-CA production in YPD with each modification, although the 

progression is more linear. Cultivating ST009 in YPD medium yielded one-third more p-CA 

(12.4±0.14 mg L-1) than under the same conditions as ST005 (ST003 based, 

7.64±0.058 mg L-1). Strains ST010 and ST012 show increasing p-CA concentrations with each 

step, culminating in ST013, which combines both modifications, reaching an average of 

127.01±3.74 mg L-1 p-CA. This represents a 6-fold increase compared to ST010 and one-third 

more than the ST012 strain. Switching cultivation conditions from YNB SC-medium to YPD 

medium with ST004-based strains significantly increases the p-CA production of 2- to 6-fold 

between the different media with the same strains. Nonetheless, this improvement is not as 
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substantial as for the ST003-based strains, where a 6-fold increase was the minimum. 

However, the overall yield is significantly higher when comparing strains with the same 

modifications. For instance, ST012, compared to ST007, shows 3 times higher p-CA product 

concentration.  

These results were obtained under non-improved batch cultivation conditions without 

additional feeding or modified media. [151,153,155,224] As discussed earlier (Chapter 2.3.3), 

the presented results are realistic and comparable with similar approaches from the literature 

compared with ST003-based and modified strains, considering comparable cultivation 

conditions. [152,153,156] However, with the ST004-based modified strains, the p-CA titers 

reached up to 130.60 mg L-1 in the best cultivation sample (ST013), exceeding the comparable 

results from the previous chapter by at least 2-fold (theoretical ST008 yield of 55 mg L-1) up to 

3.7-fold (theoretical ST008 additive yield (~35 mg L-1) and Liu et al., 2019 with 35 mg L-1). [153] 

As stated by members of the same working group, the results of Rodriguez et al., 2015 could 

not be achieved by applying batch cultivation conditions with elongated cultivation time. [153] 

However, when ST013 was compared to those results, it exceeded them by 25 % with shorter 

cultivation conditions (results above). Applying the same cultivation conditions to ST013, p-CA 

titers of 1.9 g L-1 and higher could be reached, as described by Rodriguez and coworkers. 

Even applying the doubling rule of thumb deduced from the supplemented results by Liu and 

coworkers to ST013 cultivated in YPD medium using Feedbeads with 96 h cultivation time 

would likely already yield 260- mg L-1 only if doubled. However, the different media additionally 

increased the yield to 4.7-fold, potentially reaching 1.2 g L-1. These theoretical considerations 

reveal that the strains generated here are on the same level or even better, with the same 

(aroLEc, aro4K299L, and aro7G141S and Δaro10 and Δpdc5), however, slightly different 

modifications (integration into aro10 and pdc5 unlike X3 targeted integration) identified from 

the existing literature. Further cultivation would prove this and maybe even surpass the 

calculations and results from the reference study.  

Exploring further enhancements for these strains could involve the additional 

incorporation of the phenylalanine ammonia-lyase (PAL) branch. In a direct comparison, Liu 

and colleagues demonstrated the superiority of the PAL branch (producing p-CA via 

phenylalanine) by employing a phenylalanine ammonia lyase (pal2At), cinnamic acid 

hydroxylase (c4hAt), and a cytochrome P450 reductase (atr2at) from Arabidopsis thaliana, 

along with a cytochrome B5 (CYB5) from S. cerevisiae. This PAL branch exhibited significantly 

higher efficiency (337.6 mg L-1) compared to the TAL branch (12.9 mg L-1) used here. [153] 

This outcome seems counterintuitive since tyrosine concentrations are often reported to be 

higher than phenylalanine. [225,226] This branch, which involves two additional steps to form 

p-CA via cinnamic acid, appears to be more complex than the simple conversion of tyrosine to 

p-CA in one step. In this context, the involvement of the two additional enzymes appears crucial 
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for achieving high and efficient p-CA production from this particular branch. Implementing the 

PAL branch in the ST013 strain has the potential to yield p-CA titers exceeding 600 mg L-1, as 

reported by Liu and colleagues. [153]  

A comparison of ST013 with the final strain of Li and colleagues, featuring modified 

fermentation conditions yielding 11.342 mg L-1 of caffeic acid at a maximum p-CA 

concentration of below 90 mg L-1, suggests that ST013 could surpass these results under the 

same conditions. [156] Despite representing the highest reported p-CA concentration to date 

(12.9 g L-1) in a heavily modified strain [153], almost testing everything potentially impacting p-

CA production, further improvements could be explored. In addition to the reported 

modifications, deleting phenylacrylic acid decarboxylase (pad1) and ferulic acid decarboxylase 

(fdc1) might enhance p-CA concentration. These decarboxylases convert p-CA to 4-

vinylphenol in S. cerevisiae and have not been reported in the context of p-CA production on 

the scale mentioned. [156,224,227] Considering additional modifications to the cultivation 

conditions is also crucial, as higher p-CA production rates were reported at pH 6 compared to 

pH 4.5 (13.65 and 9.45 mg L-1 h-1 at pH 6 and 4.5, respectively). [224] If the objective is to 

further increase the p-CA production or just the tyrosine and phenylalanine levels the work of 

Liu and colleagues can be utilized as template, either to pick the modification that seems suited 

or to identify new targets or potential directions to further explore an improve production 

capabilities, achieving comparable or even higher results. A step in this direction could be the 

use of strain ST004, which appears to be suitable and for the production of compounds derived 

from the shikimate pathway, and additionally also research into the reasons for this could be 

interesting.  

In general, the conversion of tyrosine to p-CA works better in ST004 than in ST003. 

This difference is evident even with the plasmid-based variants, where p-CA concentration in 

ST005 is less than half of that in ST009, and the difference gets even more substantial with 

further modifications. Considering this concentration difference between ST004 and ST003, 

the mig1 binding site deletion in gal4 and the resulting increased transcription and translation 

of gal2 (galactose permease), gal5 (phosphoglucomutase), gal7 (galactose-1-phosphate uridyl 

transferase), gal10 (UDP-glucose-4-epimerase), somehow affects p-CA production in yeast. 

Normally, with ST004 lacking gal80 and the mig1 binding sites, the gal genes are activated 

when galactose enters the cell (constitutive active GAL2p), inducing gal-promotors, even when 

glucose is present. Nevertheless, this is not expected to impact other metabolic pathways or 

contribute additional energy to glycolysis by providing glucose-6-phosphate from galactose 

conversion, as the gal1 deletion renders galactose inaccessible for conversion. The mig1 

deletion primarily serves to further decouple gal4 transcription initiation of the gal genes, 

leading to constitutively active gal promoters in CEN.PK2-1C yeast strains. [228] However, the 

Mig1 protein affects not only the galactose gene expression but also influences several 
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hundred other genes and factors, including TEF1, PGK1, ARO9, and TAT1 (amino acid 

transporter for tyrosine). [229,230] While the Mig1 deletion decouples gal4 transcription 

initiation of the gal genes, positively affecting p-CA production in ST004-derived strains, the 

precise impact of the deregulated Gal-network or the slightly more available Mig1p remains to 

be fully understood. It is essential to acknowledge that the complexities of cellular metabolism 

and genetic interactions make it challenging to predict outcomes precisely. Whether due to the 

interconnected nature of cellular processes and pathways, unforeseen impacts on feedback 

regulation, or the initiation of stress responses inducing metabolic changes to cope with the 

altered conditions, detailed experimental analyses and further investigations would be required 

to unravel the underlying mechanisms conclusively. 

As described and reported in Chapter 2.3 and following the identified integration 

approach of the desired modifications (Figure 36) to increase the flux through the shikimate 

pathway, enhancing tyrosine and phenylalanine as potential NP precursors was successful. 

Achieving p-CA titers comparable to or surpassing those reported in the literature was 

achieved using simple unmodified batch cultivations. Extrapolating the reported results of the 

achieved strains to the cultivation approach stated in the literature, possibly optimizing the pH, 

could generate p-CA titers in the vicinity or even higher than those reported in Rodriguez et 

al., 2015 which served as the template for the work in this chapter. Therefore, additional 

cultivation with automated feeding using tools like the Robolector and Biolector (M2P labs 

GmbH, Germany) or a Bioreactor would be needed. With such approaches, titers exceeding 

1 g L-1 can easily be possible.  

2.4 Part 4 – Combining malonyl-CoA and shikimate pathway modifications  

The synthesis of pharmacologically and biotechnologically interesting compounds often 

requires not only precursor molecules derived from aromatic amino acids such as 

phenylalanine or tyrosine but also involves the use of acetyl-CoA or malonyl-CoA, particularly 

in the context of PKS-NRPS hybrid megasynthases. This was exemplified by case of 

cryptophycin in Chapter 2.1 or indicated by the potentially beneficial effect when working with 

aromatic phytocannabinoids. [49,174,214] Another commonly cited example is resveratrol, 

which utilizes three malonyl-CoA molecules and one tyrosine derivative, p-CA-CoA. 

[31,35,153,231] Numerous publications have explored the elevation of these precursors, 

describing products derived from the shikimate pathway and malonyl-CoA pathway. 

[76,93,101,106,109,110,134,151–153,155,156,224]  

The previous chapter demonstrated the successful introduction of reported 

modifications, leading to the development of new yeast strains capable of providing heightened 

levels of tyrosine, phenylalanine, and malonyl-CoA, as reported in earlier results. [76,151] The 
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integration of these two pathways within a single yeast strain was envisioned to establish a 

robust platform for heterologous compound production based on these precursors, aligning 

with the overall objective of this research. This potential had already been showcased in 

existing literature. [31,153] 

Chapter 2.2.1 and 2.3.1 laid out the planned and implemented modifications, initially 

designated as mere reproduction work, serving only as the foundation to the combined 

production capabilities of both pathways, allowing for the combinatorial synthesis of 

compounds such as resveratrol or cryptophycin. Figure 44 summarizes the aimed combination 

of modifications to be implemented in the newly realized production strains based on 

S. cerevisiae CEN.PK2-1C in our research group. 

 

Figure 44: Summery of the modifications implemented in yeast as production strain illustrated in 
Chapter 2.2, elevating malonyl-CoA levels and Chapter 2.3, improving phenylalanine and tyrosine 
provision. Overexpressed enzymes are shown in green, and deletions are highlighted in red. Glucose-6-P: 

glucose-6-phosphate. 

Based on the strains and modifications implemented from the malonyl-CoA section 

(Chapter 2.2) the modifications for the shikimate pathway presented in Chapter 2.3 were 

subsequently introduced, with the goal of  at generating a strain that incorporates modifications 

for both pathways.  
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2.4.1 Combining shikimate and malonyl-CoA pathway in a single strain 

The yeast strain serving as the basis for implementing the shikimate pathway was 

ST023, as introduced in Chapter 2.2. This strain selection was motivated by the ease of 

removing the mcrCa plasmid, along with the exhibited yields and the highly parallelized 

engineering approach for both pathways. However, time constraints and challenges in further 

investigations limited the exploration of alternative strains. Nevertheless, experiments and 

modification approaches were conducted, including implementing the same modifications into 

ST025 and the malonyl-CoA pathway modifications into the high p-CA producing strain ST013. 

Unfortunately, by the end of this study, positive results for these efforts were not achieved.  

In contrast, the successive implementation of Δaro10::aro4-aro7 and Δpdc5::aroLEc into 

the ST024 strain was successfully carried out, as depicted in Figure 45.  

 

Figure 45: Effects of the sequential strain modification on p-CA and tyrosine production in ST026 and ST027 
based on strain ST024. Green columns indicate the measured tyrosine concentration and grey columns that of 
the p-coumaric acid. Signals were detected with HPLC-UV at 280 nm for tyrosine and 310 nm for p-CA. Cultivation 
was conducted in YNB SC-medium utilizing the Biolector at 72 h, 1200 rpm, 30 °C, and 85 % humidity (Biolector, 
M2P labs GmbH, Germany). 

Following the integration of all modifications into ST027, the strain produced nearly 

5 mg L-1 of p-CA, with the best-producing single cultivation of almost 6 mg L-1. These results 

align with those reported for strain ST008, including the significant increase in p-CA production 

and tyrosine levels upon Δaro10::aro4-aro7 implementation compared to the wildtype or 

plasmid-containing strains. Figure 45 also includes ST005 as a plasmid-only reference, given 

the measurement challenges preventing the use of ST024 in the same configuration. These 

measurements could not be repeated. Therefore, the results for ST005 were used, hence its 

similarities to ST024 (same basis strain, ST003). The p-CA titer increased in the same manner 

as reported before for ST005 compared to ST006 (0.74±0.04 mg L-1 compared to 

3.20±0.54 mg L-1 (ST006)). However, the improvement is slightly higher in ST026 than in 
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ST006 (+20 %). This is also supported when comparing the tyrosine levels of ST003 (no 

TALpHa) with ST024 (no TALpHa) and ST024 with ST028 (no TALpHa + Δaro10::aro4-aro7). 

ST024 generally shows a higher tyrosine level than the wildtype ST003 strain and the 

improvement in tyrosine titer from ST024 to ST028 is more than 2.6-fold (Supplements 1.2vii). 

This alone further emphasizes the positive impact of malonyl-CoA modifications on tyrosine 

production and the Δaro10::aro4-aro7 significantly increases p-CA level and the original target, 

tyrosine.  

However, ST027 exhibited a more modest increase in p-CA and tyrosine levels (only 

+20 to 10 %), falling short of the improvements observed in ST008, representing a nearly 2-

fold (p-CA) and plus 30 % (tyrosine) increase in ST008 (Figure 40). Comparing tyrosine levels 

of ST027 and ST029 (no TALpHa + Δpdc5::aroLEc) supports the marginal 10 % improvement 

upon Δpdc5::aroLEc introduction in ST027 (Figure 45 and Supplements 1.2vii). This raises 

questions about the effectiveness of the Δpdc5::aroLEc, suggesting that the modification may 

not function optimally in strains with elevated malonyl-CoA levels, or it might not have been 

successfully implemented. Consequently, these results would originate from variations 

occurring during cultivation. Hence, the genomic implementation could not yet be verified in 

the end. Nonetheless, an improvement, albeit small, can be concluded based on the combined 

and verified results reported in both Chapter 2.3 and the results in this section. 

A notable observation, comparing the same cultivation conditions, is the apparent 

synergistic effect of malonyl-CoA modifications on p-CA and tyrosine production. This synergy 

is evident in the comparison between ST026 (3.96±0.19 mg L-1) and ST007 (3.20±0.54 mg L-

1) for p-CA, and particularly pronounced on tyrosine levels, between ST027 

(146.44±9.69 mg L-1) and ST008 (100.72±18.10 mg L-1, Figure 40). A similar pattern is 

observed when comparing the tyrosine levels of wildtype ST003 with fully malonyl-CoA 

modified strain ST024 (based on ST003), showing an 8-fold increase despite the relatively low 

initial tyrosine concentrations, as described above (Supplements 1.2vii).  

This observed effect, coupled with the insights from previous chapters, underscores 

the success of the double pathway enhancement in ST027. The potential metabolic pull effect, 

possibly facilitated by increased malonyl-CoA production, directs the flux through glycolysis. 

This probably leads to improved provision of PEP from glycolysis and E4P from the pentose 

phosphate pathway. Similar approaches employing enforced downstream pull effects were 

reported for ergosterol and mevalonate in S. cerevisiae. [137,232]  

As discussed in the previous chapter (Chapter 2.3), the lower yields of p-CA compared 

to literature results are likely attributed to differences in cultivation conditions. Notably, Liu and 

coworkers reported similarly low p-CA yield when reproducing the same modifications 

employed by Rodriguez and coworkers. [153] This trend becomes evident when comparing 

similar engineering efforts from other studies, where batch cultivations only achieved 
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approximately 20 mg L-1 titers. [152,154,156] Underscoring this discrepancy with attention-

seeking reports of exceptionally high p-CA titers in the reference literature. [151] Furthermore, 

the limited to negligible improvements observed in transitioning from single modified strains to 

the fully engineered ones (ST007 to ST008 in YPD medium (Figure 41) and ST026 to ST027 

(Figure 45)) could be attributed to a bottleneck in TYR1p, as discussed earlier. Addressing this 

inhibition of TYR1p by phenylalanine can further enhance p-CA production and subsequently 

increase flux towards tyrosine and phenylalanine. This enhancement was demonstrated by 

introducing the PAL-branch, using feedback-resistant TYR1p (Medicago truncatula) or a bi-

functional phenylalanine/tyrosine ammonia lyase (PAL/TAL). [31,153]  

Combining both pathways in a single production strain, as intended here, was 

previously illustrated to be highly promising for resveratrol production, even reaching the 

highest titers reported so far (1155.0±14.3 mg L-1, batch cultivation). Remarkably, this was 

achieved with fewer modifications to enhance malonyl-CoA titers compared to the present 

work, involving only acc1 and acs. Consequently, it was concluded that malonyl-CoA is likely 

not the limiting factor, suggesting that excessively high levels may not be crucial for 

heterologous compound production using malonyl-CoA and amino acids. [31] Therefore, the 

focus on engineering the flux through the shikimate pathway becomes more critical for 

heterologous compound production in yeast. This observation is anticipated to be applicable 

to the biosynthesis of compounds such as cryptophycin, using similar amounts of malonyl-CoA 

units as resveratrol; however, it involves tyrosine and, presumably, phenylalanine derivatives 

(Figure 12). [174] Shifting the metabolic engineering efforts from malonyl-CoA to the additional 

utilization of phenylalanine, achieved through a bifunctional ammonia lyase or a dedicated 

phenylalanine ammonia lyase (PAL), holds the potential to further increase the flux through 

the shikimate and AAA pathway (see above). This strategic shift would also be advantageous 

for cryptophycin biosynthesis, where cinnamic acid, a product of such ammonia lyases, is 

presumed to initiate the PKS-NRPS biosynthesis. [174]  

These insights, however, overlook the challenges reported with the reported results 

and approach in Chapter 2.2. It was demonstrated in that section that the applied engineering 

efforts could increase malonyl-CoA levels detected through 3-HP. This implies that malonyl-

CoA is provided at higher levels, as reported in Meng et al., 2023 with a single integrated acc1. 

However, in this work, the use of the triple mutated acc1***, along with the upstream 

modifications, proved not to be the bottleneck in, for instance, resveratrol biosynthesis. 

Combining the above-reported strains (ST026 or ST027) with the feedback-alleviating 

approach for TYR1p will likely yield resveratrol titers in the same range (around 1 g L-1) as 

reported in previous work. [31] Taking that further, the best p-CA-producing strain (ST013) 

could further be engineered for malonyl-CoA provision, as it was already started but could not 

provide positive results at the end of this work. For instance, with the introduction of the 
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multicopy TY4, or even better with TY1 (favorable growth behavior) acc1 integration and the 

potential incorporation of a bi-functional PAL/TALp, this potentially achieves comparable 

amounts of resveratrol or analogous compounds. This prospect is particularly interesting since 

the resveratrol titer was the highest reported so far, only using single integrations with 

moderate malonyl-CoA provision modification, unlike the approach reported here.  

In summary of the considerations presented here, the engineering efforts undertaken 

here align with comparable approaches documented in the literature. Consequently, the 

results and observations stated in existing studies can be theoretically transferred to the results 

obtained in this work. It is plausible that, with further simple cultivation experiments and a few 

more modifications, potentially incorporating a stilbene synthase for resveratrol production, 

similar, if not improved, results reported in the literature could be attained. Especially when the 

cultivation condition would be adjusted to mirror those employed in previous studies, including 

the extended cultivation times of 96 to 120 h, in contrast to the 72 h utilized in this work. 

[31,152–154] Further investigations are required.  

 

In conclusion, summarizing the outcomes of this work: the initial project involving the 

implementation of the PPTase sfpBs via CRISPR/Cas9 was successfully carried out, including 

assessments of gene transcription and enzyme functionality, conferring ACP/PCP activation 

ability for PKS, NRPS, and similarly working synthases for respective compound biosynthesis 

approaches in yeast.  

The implementation and continuation of the engineering strategy to elevate cytosolic 

malonyl-CoA levels, derived from the reference literature by Kildegaard and coworkers, proved 

successful. This is evident for the strains ST020, ST021, ST022 and ST023. This success 

likely extends to strains ST024 and ST025, despite the limitations of the plasmid-based 

approach and the metrological constraints. This is supported by consistent positive results in 

other strains employing the same modifications and indications in the NMR results. Further 

testing using an alternative reporter system should prove that.  

The same approach, when applied to the shikimate engineering effort based on the 

work by Rodriguez and coworkers, yielded success, as demonstrated in strains ST008 and 

ST013. Yields were comparable, realistic, and potentially surpassing results reported in similar 

work from other studies. However, the reference work for this effort appears to be excessively 

attention-grabbing, as confirmed by other work of the same group. A similar situation is 

observed for the malonyl-CoA engineering reported by Kildegaard et al., 2016 (also part of the 

same research group), with both excluding important aspects of their work, which had to be 

provided through the results of other studies.  

The combination of both pathways in a single strain worked as well. However, further 

work verifying the genome implementation would be needed. Since the malonyl-CoA provision 



Results and Discussion 

77 

is not crucial for combinatorial compound biosynthesis using precursors from both pathways, 

further emphasis must be placed on the shikimate and AAA biosynthesis pathways.  

Overall, most of the efforts thus far have been successful, although the implementation 

took an extended time to be implemented from scratch. Therefore, it leaves insufficient room 

to generate new and sufficient results that could contribute scientific knowledge, at least within 

the scope of this work. 
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3.1 S. cerevisiae as a production chassis for PKS/NRPS based NPs  

The demand for NPs is steadily increasing in our society, particularly given growing 

concerns about global warming, the recent energy crisis linked to fossil fuels, and the 

emergence of antibiotic-resistant microorganisms. In light of these issues, biotechnological 

approaches utilizing renewable feedstock emerge as a promising alternative for generating 

natural products. [50,169,170] Aromatic compounds, a diverse class of chemicals with various 

applications such as biofuels [233], pharmaceuticals [234], aromatic agents [235], and food 

additives (e.g., tryptophan, tyrosine, and phenylalanine [236,237]), stand to benefit from a 

biotechnological approach. [47,72,113] Specifically, aromatic amino acids like tyrosine, 

phenylalanine, and tryptophan, which serve as precursors for nutraceuticals and drugs, 

present challenges due to their complex nature and the inefficiencies in extracting them from 

plants. By shifting production to microbial cell factories, genetically engineered, for the 

enhanced production of aromatic compounds, aromatic amino acids, and other derivatives 

using the shikimate pathway, significant progress has been achieved, demonstrating high 

yields and proving to be exceptionally promising and feasible .[72,151] 

Many studies in this field utilize S. cerevisiae as a host to produce secondary 

metabolites. Several factors drive this choice. Firstly, the biosynthesis of these metabolites 

often involves P450 enzymes, which are challenging to express at high levels. S. cerevisiae, 

being a eukaryote, is a preferred option for the heterologous expression of eukaryotic P450s. 

[162] Secondly, yeast, particularly baker's yeast, stands out as an ideal candidate for the 

production of biological molecules. Baker's yeast is widely employed in both industry and 

academia, as its status of being safe (GRAS, generally regarded as safe), capacity for high-

density fermentation, and genetic controllability, as well as easy genomic manipulability 

contribute to its increasing appeal for biotechnological and pharmaceutical applications. These 

factors made yeast a go-to candidate for producing valuable compounds and proteins not 

naturally occurring in yeast, with many examples exhibited in previous chapters. [6,55,60,127] 

The success of such applications and production of heterologous compounds often aligned 

with the development of numerous new techniques over the years. [62–65,69–71] With these, 

yeast has undergone substantial engineering to produce a diverse range of secondary 

metabolites through various pathways. [72–76,151,161] To capitalize on the accumulated 

knowledge in yeast engineering, combining these efforts and creating a yeast platform strain 

that supplies precursor molecules in sufficient levels represents the next step in maximizing 

the utility of yeast cell factories. Recent demonstrations of this potential include PKS and 

NRPS, as well as their hybrid systems. [36] Aromatic small molecules, particularly as 

precursors in type I multi-domain megasynthases such as NRPS and PKS-NRPS hybrid 

systems, hold a significant interest in biotechnology for generating pharmaceutically active 
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NPs like cryptophycin, vancomycin, and phytocannabinoids, among others. 

[31,33,156,170,174,214,238,239] 

All these factors collectively position S. cerevisiae as an optimal chassis for NP 

production, introducing genetic information to assemble them based on the already present 

high titers of precursor molecules needed for in vivo production. With the successful 

incorporation of a PPtase (sfpBs) the first step in the generation of such a promising chassis 

strain was achieved by establishing the functional PPtase with its activating role in bioactive 

compound biosynthesis of PKS and NRPS, generating the basis strains ST003 and ST004. 

These strains were used to further introduce malonyl-CoA and shikimate pathway 

modifications. 

3.2 Engineering yeast for elevated malonyl-CoA precursor provision 

The high potential of yeast, as finally paraphrased in the previous and preceding 

chapters, is based on the mentioned compounds (e. g. resveratrol, cryptophycin, 

phytocannabinoids), relying on precursors derived from two prominent pathways. These 

precursors, represented mainly by tyrosine, phenylalanine, and malonyl-CoA, derived from the 

shikimate and malonyl-CoA pathway, have previously been demonstrated to be crucial for 

heterologous compound production. Recent examples of produced compounds, either derived 

solely from one pathway or both pathways combined, yielded product titers in the scale of 

grams per liter. [31,76,151,153]  

For the generation of such a chassis strain, the most promising modifications were 

selected for both pathways separately and with the first attempts to combine them in one 

platform strain. The introduction of the pathway modification with the combined utilization of 

both pathways was initially intended to be the first step in further modifying this strain to attain 

similar and even higher titers than reported in the literature. [76,151] Emphasising on rapid 

strain generation through attaining the genes already used in successful reports 

(acc1S659A,S686A,S1157A, ald6, pdc1, acsSe
L641P, tpi1 and aro4K229L, aro7G141S, aroLEc) and the 

corresponding reporter systems (3-HP and p-CA) to minimize the work needed to modify both 

pathways individually and combined. Target strains were modified and elevated levels of the 

targeted precursors could be reported, as concluded from reported compound titers.  

For malonyl-CoA, the decision for 3-HP as a reporter system, along with the method 

used to evaluate the progress of the modifications through determining 3-HP concentrations, 

has proven to be challenging and not the best choice, given the targeted compound was 

malonyl-CoA and not 3-HP. One reason for that probably lies in the energy-demanding two-

step conversion of malonyl-CoA to 3-HP, consuming two NADPH molecules for one 3-HP 

molecule, placing an additional energy burden on the metabolic network of the engineered 
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yeast. [195] This limitation hindering 3-HP production was also addressed and confirmed in 

the study of Qin and colleagues. [109] Such limitations could potentially be reduced by 

overexpressing ALD6, increasing the flux through glycolysis, and increasing NADPH 

production with increased ALD6 activity, hence its preference for NADPH and its role in 

cytosolic NADPH production. [240] This potentially leads to an increased flux through the 

glycolysis to cope with the high NADPH demand of 3-HP production. Additionally it could partly 

explain the discrepancy in the yield reported here with that reported in the literature, where the 

increased NADPH provision increased 3-HP production. [76] However, the relatively high 3-

HP titers before engineering NADPH supply with plasmid-based and single genomic integrated 

modifications could not be reached here. Only the multicopy integration yielded reliable and 

relatively high yields; however, it was not in the vicinity of the reported results. The plasmid-

based production problems may be attributed to the high expression and copy number 

fluctuation, respectively, and potentially a stress-induced increased enzyme degradation 

response, as previously reported and discussed earlier. [67,209] Additional to that, the recently 

discovered degradation ability of yeast for 3-HP intermediates (uga1), as well as the observed 

decreasing 3-HP titer upon glucose depletion, could play a negative role in failed 3-HP 

detection in the first modification attempts, discussed in the previous Chapter 2.2.4. 

[202,203,206] Another more likely explanation could be the fact that the plasmids were lost 

during cultivation, which was the case for a recent study using dissected MCRpCa variants, 

splitting the enzyme into two enzymes, each catalyzing one reaction step. The split expression 

experiments revealed a plasmid loss of the malonate semialdehyde catalyzing subunit, 

probably attributed to the toxicity of the malonate semialdehyde intermediate produced. Using 

this dissected variant also significantly increased 3-HP production, additionally suggesting that 

single enzyme MCRpCa is also a limiting factor for 3-HP production. [241] These points, 

coupled with measurement-associated problems, especially because of low intensities and RT 

shifts, rendered the 3-HP detection challenging for the low concentrations generated in this 

work.  

Nonetheless, the 3-HP production closely associated with the malonyl-CoA level could 

successfully be increased in the generated strains ST020 to ST024. Although the evidence for 

3-HP in ST023 is not as strong as for the other, the success in the other strains with the same 

modifications, coupled with the results from ST023, indicated successful intracellular malonyl-

CoA level improvement. The mixed results for the plasmid-based 3-HP production are most 

likely attributed to a potential plasmid loss during cultivations, which could also explain the high 

variability in the results. However, when comparing the results with the reference literature, it 

becomes evident that the generated 3-HP titers do not match the titers reported in these 

studies. [76,153,194,241] The underlying reasons for that are most likely the cultivation 

conditions. Hence, switching from minimal medium to YPD medium increased 3-HP yields. 
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The cultivation conditions employed in the literature are predominantly characterized by fed-

batch and bioreactor cultivations. [76,151–153,194,219] These conditions ensure constant 

substrate and energy supply for cell growth and compound production, which would render the 

problem of the potential NADPH depletion by MCRpCa for 3-HP production, the potential low-

level 3-HP degradation, and the reported 3-HP degradation upon glucose depletion 

neglectable, yielding substantially higher 3-HP titers. This, however, introduces the potential 

and reported problem of the 3-HP induced intracellular acidification, which with the associated 

stress of the necessary active export of 3-HP into the surrounding cell medium. These are 

factors that need to be considered when encountering probable problems associated with 

those factors. Nevertheless, this discrepancy in the reported product titers was also reported 

and admitted in a different study, failing to achieve previously reported product titers of the 

same research group, which is the same as the reference work of Kildegaard et al., 2016. 

[151,153] This underscores the importance of the cultivation conditions. However, it also 

implies that important information probably was not included in these publications. Moreover, 

it highlights the energy-demanding reporter system, which probably only works reliably with 

constant substrate and energy supply, as provided by the used conditions in the literature.  

Unfortunately, the implementation of the selected genes was only intended to be a first 

step, creating a basis to work with and introduce more modifications. This was achieved with 

the introduction of the Δadh1::tpi1 modification, successfully further increasing the 3-HP titer, 

and thus far was not reported in this configuration. However, the challenges posed by the 

measurement method and initial failures to generate 3-HP were highly time-consuming, the 

remaining time in the end was limited, and further and more thorough work, be it further 

cultivations or modifications, could not be conducted. It underscores the fact that the reporter 

system, used out of alleged simplicity, was not suitable to increase the malonyl-CoA level 

solely. Using 3-HP as a reporter and the associated challenges with MCRpCa-based 3-HP 

production brought more problems than saved time. As discussed previously, the initially 

envisioned biosensor approach would likely have been a better option for this. Nonetheless, 

the TY1 multicopy integration and the other upstream modifications of Table 1, including those 

not implemented, could further increase malonyl-CoA titers, as discussed earlier. Apart from 

the introduced modifications and those described in the introduction, another potential, and 

recent approach could be beneficial. Zhang and coworker employed the mitochondrion for 3-

HP production, albeit that the engineered NADPH supply had the biggest impact on 3-HP 

improvements. Additional expression of mitochondrial hfa1 as well as finetuned induced 

expression of mutated acc1** inside the mitochondria, could further increase 3-HP yield, in 

some cases up to 2,65-fold. [110] Making the mitochondria a potential and promising target for 

further engineering approaches.  
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Despite the extensive work undertaken on malonyl-CoA-derived products in the 

literature as well as the initial focus of this work on 3-HP derived from malonyl-CoA, it was 

stated that malonyl-CoA provision is not a limiting factor in the generation of heterologously 

produced compounds necessitating precursors from both, shikimate and malonyl-CoA 

pathways. [31] So, the successfully introduced modifications increasing malonyl-CoA are most 

likely sufficient for subsequent combinatorial compound production.  

3.3 Shikimate pathway engineering and combined pathway modifications 

The other successful task undertaken in this thesis was engineering a shikimate 

pathway-modified strain providing elevated phenylalanine and tyrosine levels. The selected 

modification method (ΔPdc5::AroL and ΔAro10::Aro4/7) and p-CA reporting system were 

analogue to the malonyl-CoA modifications. However, it has been proven to be as fast and 

unproblematic as intended, unlike for malonyl-CoA as reported previously. As reported in 

Part 3 of this work (Chapter 2.3), the modifications of the shikimate pathway could successfully 

be implemented and work well, which is consistent with prior literature findings. [151] 

Nevertheless, similar to the observed yield discrepancies for 3-HP, this study also encountered 

analogous variations compared to the literature. However, upon comparison with the existing 

strains ST008 and, notably, ST013, they displayed outcomes that align with and possibly 

surpass those reported in the literature, as previously discussed in Chapter 2.3.4. 

[152,153,156] When analyzing comparable reports from the literature, it became clear that the 

most probable reason for the relatively low yields originates in the batch cultivation approach. 

This observation was supported by reproduction attempts in the literature, which failed to 

reproduce these results. Instead, the reproduced yields were acknowledged to be comparable 

under identical conditions, highlighting the selected cultivation conditions as a critical factor 

affecting reported high yields. [153] Using the insights from this report, together with the 

observed improvements from switching to a more wholesome medium, fed-batch or bioreactor 

cultivations with extended cultivation periods are likely to yield results comparable to those 

demonstrated in the literature with the simultaneous integration and knock-out approach used 

in this work. However, the verification of this hypothesis requires further experimentation. In 

particular, when focusing on the production of p-CA, modifying the cultivation conditions to a 

pH of 6 has been reported to yield higher p-CA concentrations, potentially further improving 

target compound yields. [224] The choice of p-CA as the reported compound, in contrast to 

the 3-HP reporter compound, is highly suitable for monitoring the engineering approach. On 

one hand, it is reliably detectable using the modified method employed. [216] On the other 

hand, it serves as a common precursor for various subsequent compounds, including 

resveratrol, caffeic acid, naringenin, and kaempferol. [31,116,117,156] Although the primary 

target was the elevation of tyrosine and phenylalanine levels, which is closely related to the p-
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CA yields, p-CA seems to be an important downstream factor increasing the flux through the 

shikimate pathway. Therefore, to further increase p-CA and its preceding precursor, the 

introduction of a feedback-resistant TYR1p could alleviate the phenylalanine-inhibited TYR1p 

from yeast, as recently identified. [153] Alternatively, a PAL branch could circumvent this 

bottleneck, demonstrating superior p-CA-producing capabilities compared to direct tyrosine 

conversion, albeit requiring the expression of four additional enzymes, as discussed earlier. 

As reported, introducing a bi-functional PAL/TAL could simplify this approach, yielding 

cinnamic acid next to p-CA in the process. [31] This approach potentially broadens the 

spectrum of subsequent heterologous compounds, including cryptophycin mentioned in Part 1 

(Chapter 2.1), with its potential starter molecule, cinnamic acid. [174] Furthermore, a recent 

study postulated and confirmed that aromatic phytocannabinoid biosynthesis in plants involves 

cinnamic acid as an initiator for the biosynthesis before its reduction and activation, using 

isotope-labelled phenylalanine in their feeding experiments. [214] Through enzyme 

engineering, this pathway could potentially include p-CA as a precursor. Further considering 

cannabinoids as potential targets for subsequent compound biosynthesis, employing the 

identified stilbene synthase-type PKS from Radula marginata has the potential to produce 

dihydrostilbene acid or its direct precursor. This compound serves as an intermediate in the 

biosynthesis of perrottetinene, a substance that closely resembles the chemical structure of 

tetrahydrocannabinol. [242–244] 

These compounds, however, also require the utilization of malonyl-CoA units. 

Combining both pathways is highly promising, having already yielded products with titers in 

the gram range. [31,153] With Part 4 (Chapter 2.4) of this thesis, the first steps of the initial 

aim, to combine both pathway modifications in one working strain, were successfully taken. 

The strain ST023, modified for malonyl-CoA and because of the removable plasmid, was 

successfully modified for elevated p-CA production. Both pathways seem to have a synergistic 

effect, demonstrated by the slightly better production titers of mainly tyrosine but also p-CA 

compared to their non-malonyl-CoA modified counterparts. Further experiments are necessary 

to verify this success thoroughly. However, the results obtained for the analogous non-malonyl-

CoA-modified strains can be transferred and extrapolated to the results of the strain only 

harboring the shikimate pathway modifications, especially as the cultivation conditions play a 

significant role in compound yields derived from both pathways. Furthermore, expanding the 

malonyl-CoA modification to ST013 would likely be even more favorable, hence its superior p-

CA titer yields compared to ST003-based strains. However, the underlying reasons remain 

undetermined and require further thorough investigations. Nevertheless, even a simple 

multicopy integration, preferably TY1-based, let alone the whole upstream modifications 

utilized in this work, likely would yield a yeast production platform on the same level reported 

in the literature for the best studies so far. This is supported by the fact that malonyl-CoA is 
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not the limiting factor in compound biosynthesis using precursors from both pathways, as 

discussed and reported earlier. [31] Additionally, by introducing the Δadh1::tpi1 modification, 

which had a beneficial effect on malonyl-CoA provision, the synergistic effect, mentioned 

before, could potentially be further improved, as overexpressing ADH1p was reported to 

increase flux through the Ehrlich pathway, meaning deleting adh1 would further prevent 

degradation through this pathway. [211] 

In conclusion, although an exciting topic, metabolic engineering poses challenges, and 

the strategies selected and employed in this context have demonstrated some serious 

disadvantages, particularly in the case of 3-HP. Nevertheless, the selected modifications 

identified from literature results have been successfully implemented for both pathways, with 

some additional developments (tpi1) and the eventual combination in one production strain 

(ST027). Further experiments and cultivations are necessary and likely to yield similar titers 

as reported in the literature.  
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4.1 Devices 

The following table shows the devices used during this work. 

Table 5: Overview of the devices used in this work. 

Description  Product Manufacturer 

Centrifuge Centrifuge 5415 D + Rotor F45-24-11 Eppendorf 

 Centrifuge 5415 R + Rotor F45-24-11 Eppendorf 

 Centrifuge 5424 Eppendorf 

 4K15c Sigma  

 Centrifuge 5810 R  Eppendorf 

 MyFuge™ Benchmark scientific 

 Mini centrifuge ROTILABO® Carl ROTH 

Thermomixer Thermomixer comfort Eppendorf 

Photometer UV Spectrophotometer UV-1800 Shimadzu 

 NanoDrop™ one  Thermo Fisher 

Scientific 

Mixer  Vortex-Genie 2 Scientific Industries 

 REAX 2000 Heidolph 

 LAB VORTEX with mixing head Heathrow Scientific 

Pipette Research Pro, multi-channel, 8-channel, 

5-100 µl  

Eppendorf 

 Research Pro, multi-channel, 8-channel, 

50-1200 µl 

Eppendorf 

 Research Plus, 2-20 µl, 20-200 µl, 100-

1000 µl 

Eppendorf 

Shaker Orbitron, 2.5 cm displacement Infors  

Incubator HT Multitron Standard, 5 cm 

displacement 

Infors 

 WTB Binder KB-53 Incubator Binder 

Safety cabinet  Herasafe KS  Thermo Scientific 

Microplate reader FLUOstar Omega multidetection 

microplate reader 

BMG Labtech 

H2O filtration System GenPure UV-TOC x-CAD Plus Benchtop TKA Thermo 

Scientific 

PCR-Thermocycler Mastercycler® nexus GX2 flexlid Eppendorf 

 Veriti™ Thermal Cycler, 96-Well Applied Biosystems 

 FlexCycler2 PCR Thermal Cycler Analytik jena 
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Description  Product Manufacturer 

Gel documentation AlphaImager™ Gel Imaging System  Alpha Innotech 

 UVsolo + UVIdoc  Biometra/UVITEC 

Cambrige 

Gel electrophoresis  Electrophoresis Power Supply EV243 Consort 

 Power Supply Model 200/2.0 Biorad 

DNA concentration 

determination 

NanoDrop™ One microvolume-UV/VIS-

spectrophotometer  

Thermo Scientific 

Rotary evaporator Vacuum Pump V-700 Büchi 

 Vacuum Controller V-850 Büchi 

 Rotavapor R-210 Büchi 

 Distillation Chiller B-741 Büchi 

Drying/Evaporation Alpha 1-4 LSC Christ 

 Chemistry Hybrid Pump RC6 Vacuubrand 

 Concentrator plus eppendorf 

 RS4 Vacuubrand 

HPLC 1260 Infinity II Binary Pump Agilent 

 1260 Infinity II Multisampler Agilent 

 1260 Infinity II Multicolumn Thermostat Agilent 

 1260 Infinity II Diode Array Detector HS Agilent 

 1260 Infinity High Performance Degasser Agilent 

 1200 Infinity High Performance Degasser Agilent 

 1260 Infinity Binary Pump Agilent 

 1260 Infinity Multisampler Agilent 

 1260 infinity Refractive Index Detector Agilent 

 1260 infinity 210 nm wavelength detector Agilent 

4.2 Microorganisms, Plasmids and Oligonucleotides 

4.2.1 Microorganisms 

All microorganisms used in this work can be found in Table 6. The E. coli strain DH5α 

was used for all cloning and plasmid amplification work and the S. cerevisiae strain CEN.PK2-

1C in its two variations were used for all pathway modification experiments. 
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Table 6: Basis strains used in this work.  

Strain Genotype Source 

E. coli DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) 

U169 recA1 endA1 hsdR17 (rK–, mK+) 

phoA supE44 λ– thi-1 gyrA96 relA1  

(Infos von DH5α™ von Life 

Technologies) 

TU Dortmund 

Technische Biochemie 

S. cerevisiae 

CEN.PK2-1C Δpep4 

Δgal1 Δgal80 

MATa; gal1::loxP; pep4::loxP; 

gal80::loxP ura3-52; trp1-289; leu2-

3,112; his3Δ 1; MAL2-8C; SUC2 

TU Dortmund 

Technische Biochemie 

S. cerevisiae 

CEN.PK2-1C Δpep4 

Δgal1 Δgal80 Δmig1 

MATa; gal1::loxP; pep4::loxP; 

gal80::loxP; Dmig1; ura3-52; trp1-289; 

leu2-3,112; his3Δ 1; MAL2-8C; SUC2 

TU Dortmund 

Technische Biochemie 

4.2.2 Vectors and Plasmids 

Table 7 lists all base vectors and plasmids used in this work with their properties. The 

corresponding maps can be found in the Supplements 1.1. 

Table 7: Vectors and Plasmid used in this work.  

Vector Size [bp] Features Source 

pDionysos-

GlcRepfree 

6.883  pGal1, tCyc1, pUC ori, Leu2d, AmpR, 

ura3, 2 µ ori, f1 ori 

TU Dortmund 

pDionysos-

GlcRepfree-Sfp-

B.Sub. 

7.408 pgal1, tcyc1, pUC ori, Leu2d, AmpR, 

ura3, 2 µ ori, f1 ori, pGal1, BsSfp, 

tCyc1 

This work 

p426_Cas9_gRNA-

ARS720a 

11.117 AmpR, 2 µ ori, pUC ori, plac, lacI, pT3, 

ptyrosine, cut720a, gRNA scaffold, 

snr52T, SpCas9, Factor Xa site, 

tcyc1, pT7, f1 ori, ura3,  

Apel et al., 

2017 [68] 

pCutX-Lys5 

knockout plasmid 

11.117 AmpR, 2 µ ori, pUC ori, plac, lacI, pT3, 

ptyrosine, cutLys5, gRNA scaffold, 

snr52T, SpCas9, Factor Xa site, 

tcyc1, pT7, f1 ori, ura3, 

This work 

p0343  17.851 AmpR, X2UP, tAdh1, scAcc1S659A, 

S1157A, pTef1, pPgk1, CaMcr, tCyc1, 

loxP-KlUra3-LoxP, X2Dw, pUC ori 

DTU 
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Vector Size [bp] Features Source 

p0343* 17.851 AmpR, X2UP, tAdh1, scAcc1S686A,S659A, 

S1157A, pTef1, pPgk1, CaMcr, tCyc1, 

loxP-KlUra3-LoxP, X2Dw, pUC ori 

This work 

p0343*-acc1*** 13.000 AmpR, X2UP, tAdh1, scAcc1S686A,S659A, 

S1157A, pTef1, loxP-KlUra3-LoxP, 

X2Dw, pUC ori 

This work 

p0380 11.909 AmpR, X3UP, tAdh1, seAcsL641P, 

pTef1, pPgk1, ScAld6, tCyc1, loxP-

KlLeu2-LoxP, X3Dw, pUC ori 

DTU 

p0382 7.991 AmpR, X4UP, tAdh1, scPdc1, pTef1, 

tCyc1, loxP-His5-LoxP, X4Dw, pUC 

ori 

DTU 

p02747 8.517 AmpR, X3UP, tAdh1, pPgk1, EcAroL, 

tCyc1, loxP-KlLeu2-LoxP, X3Dw, pUC 

ori 

DTU 

pCfB9114 7.725 AmpR, XII1UP, tAdh1, ScAro4K229L, 

pTef1, pPgk1, ScAro7G141S, tCyc1, 

XII1Dw, pUC ori 

DTU 

p0376 17.308 AmpR, TY4 5’, tAdh1, scAcc1S659A, 

S1157A, pTef1, pPgk1, CaMcr, tCyc1, 

loxP-KlUra3-degradation tag-LoxP, 

TY4 3’, pUC ori 

DTU 

p0376* 17.308 AmpR, TY4 5’, tAdh1, 

scAcc1S686A,S659A, S1157A, pTef1, pPgk1, 

CaMcr, tCyc1, loxP-KlUra3-

degradation tag-LoxP, TY4 3’, pUC ori 

This work 

p0474 17.122 AmpR, TY4 5’, tAdh1, scAcc1S659A, 

S1157A, pTef1, pPgk1, CaMcr, tCyc1, 

KlUra3-degradation tag, TY4 3’, pUC 

ori 

DTU 

p0474* 17.122 AmpR, TY4 5’, tAdh1, 

scAcc1S686A,S659A, S1157A, pTef1, pPgk1, 

CaMcr, tCyc1, KlUra3-

degradation tag, TY4 3’, pUC ori 

This work 

pDesti-H-A-Esp3I-

Kan-ColE1 

1809 KanR, ColE1 ori, Overlap segment A, 

Overlap segment H,  

This work 
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Vector Size [bp] Features Source 

p0872 8160 AmpR, XI-5 Dw, loxP-SpHis5-LoxP, 

tCyc1, pTef1, TALpHa, tAdh1, XI-5 Up 

DTU 

pI-dADH1::TPI1 6033 AmpR, pUC ori, ADH1-HR Up, pTef1, 

TPI1p, tTdh1, loxP-NAT-LoxP, ADH1-

HR Dw,  

This work 

pEpi-haTal-Ura3-

2µ 

6740 KanR, ColE1 ori, tAdh1, TALpHa, 

pTef1, ura3, 2 µ ori, 

This work 

pI-deltaPDC5-

EcAroL 

7489 AmpR, Pdc5 Up, tAdh1, pPgk1, 

AroLEc, tCyc1, loxP-Kl.Leu2-LoxP, 

Pdc5 Dw, pUC ori 

This work 

pI-deltaARO10-

Aro4,Aro7 

8265 AmpR, Aro10 Up, tAdh1, Aro4K229L, 

pTef1, pPgk1, Aro7G141S, tCyc1, loxP-

SpHis5-LoxP, Aro10 Dw, pUC ori 

This work 

pCaMCR-TRP1 10743 AmpR, pTef1, pPgk1, CaMcr, tCyc1, 

TRP1, 2µ ori, pUC ori 

This work 

4.2.3 Oligonucleotides 

All used oligonucleotides were designed with the help of the Clone Manager 9/10 

software.  

The designed oligonucleotides were ordered from Sigma-Aldrich®, which were 

delivered deprotected and desalted in lyophilised condition. The most important criterium for 

stable melting points Tm of the oligonucleotides is the desalination state.  

To use the oligonucleotides for cloning and sequencing, the recommended amount of 

filtered (0.2 µm pore size) ultrapure H2O was added to a concentration of 100 µmol/L. This 

was diluted with a ratio of 1:10 before the use in PCR reactions or sequencing.  

Table 8: Oligonucleotides used for the cloning experiments. Vector specific sequences are shown in small 
letters. Complementary sequences for the hybridisation to the insert are depicted in capital letters. Added 
nucleobases for the introduction of mutations, stop codons or frameshifts are written in bold letters, cutting sites for 
restrictions enzymes are underlined. Tm: melting temperature of the complementary part of the oligonucleotide, TA: 
melting point of the completely hybridised oligonucleotide. 

Name Length 

[bp] 

Sequence (5’→3’) Tm 

[°C] 

TA 

[°C] 

OSY-fw-pDio-
Gib 

33 atcatgtaattagttatgtcacgcttacattca 65  

OSY-rv-pDio-
Gib 

31 ggttttttctccttgacgttaaagtatagag 65  

OSY-fw-Sfp-
pDio-Oh 

59 actttaacgtcaaggagaaaaaaccAAAAAAATGAAGATTTA

CGGAATTTATATGGACC 

73  
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Name Length 

[bp] 

Sequence (5’→3’) Tm 

[°C] 

TA 

[°C] 

OSY-rv-Sfp-
pDio-Oh 

49 agcgtgacataactaattacatgatTTATAAAAGCTCTTCGT

ACGAGAC 

72  

OSY-fw-Seq.-
Sfp-pDio 

20 taaagattcgaagcgatgat 56  

OSY-rv-Seq.-
Sfp-pDio 

20 ataatgttacatgcgtacac 55  

OSY-F-up720a 
25 caccacccaggaattgagtttctat 66  

OSY-R-up720a-
Ov-pG 

60 cccgctcggcggcttctaatccgtTGTAAACTCAATTATACA

AATAAACGAACAATCAAC 

64  

OSY-F-pG-s-tC-
cass 

38 ttgtataattgagtttacaACGGATTAGAAGCCGCCGA 69  

OSY-R-pG-s-tC-
cass 

46 gtttgctttttgtcactctcttgGCAAATTAAAGCCTTCGAG

CGTC 

67  

OSY-F-dw720a-
ov-tC 

61 tgggacgctcgaaggctttaatttgcCAAGAGAGTGACAAAA

AGCAAACTTATAAATAGT 

65  

OSY-R-dw720a 
26 ccgtttaattccaagagaaggagaag 65  

Oligo-for-HR-Up 90 

TGTTCAAATCTATGCAGCCAGCTGCTGCAGTTGTTTGGCTGC

TCTATAGTATAAAGCTTAAATTTTCAAGAGCTGAAATTTGAC

AAGGGC 

 81 

Oligo-for-HR-Dw 90 

GCCCTTGTCAAATTTCAGCTCTTGAAAATTTAAGCTTTATAC

TATAGAGCAGCCAAACAACTGCAGCAGCTGGCTGCATAGATT

TGAACA 

 81 

pCutX-Rv-
gRNA-exchange 

23 aaagtcccattcgccacccgaag 72  

OSY_pCutX-
Lys5-gRNA-
exchange-Fw 

68 CTTCGGGTGGCGAATGGGACTTTTTTGGCTGCTCTATAGTAA

Cgttttagagctagaaatagcaagtt 
60  

0006_OSY-
pCutX-up-
gRNA-seq.-Fw 

19 

ggtttaaggcgcaagactg 

64  

0007_OSY-
pCutX-dw-
gRNA-seq.-Rv 

18 

cccgatgtatgggtttgg 

63  

Sfp-RNA-PCR-
Fw (Up716) 

20 acaaggacgagcagacagac 67  

Sfp-RNA-PCR-
Rv (Dw863) 

20 tccggaagctcaatggatac 64  

ATi rev ACS1 
cDNA PCR 

19 cagtatagcccttgcgaac 66  

0074_LGW_AC
S1_f_oü 

18 atgtcgccctctgccgta 69  

OSY-111-ACC1-
Mut-(S686A)-Fw 

47 
CAAGATTAGCCGTTGACTCtatgactactttgttggaagttg

aaaac 63 

 

OSY-112-ACC1-
Mut-(S686A)-Rv 

45 
GAGTCAACGGCTAATCTTGtagcagcaacttcttctttccaa

tag 66 

 

113_OSY-
ACC1-Seq.-
Primer2-Fw 

19 
gccatcgggtggtactttg 

66 
 

OSY-MCR-
remov-2nd-Fw 

42 CATGCGATAAGCGATATGCGATatcgcgtcagctgaagcttc 68  

OSY-MCR-
remov-2nd-Rv 

37 ATATCGCATATCGCTTatcgcatgcacacaccatagc 68  
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Name Length 

[bp] 

Sequence (5’→3’) Tm 

[°C] 

TA 

[°C] 

OSY-MCR-
remov-2nd-Fw 
(p0474) 

48 
CATGCGATAAGCGATATGCGATATcgcgtgatcccaatacaa

cagatc 68 

 

1R-pTEF1-
Ov(ADH2) 
(Sequencing primer MCR 
removal) 

50 CTATTCAATCATTGCGCttatttcaaagtcttcaacaatttt

tctttatc 
61 

 

0057_AXP-
R704-TY4(b) 
(Sequencing primer MCR 
removal) 

20 aaggcgatgcattgggtcag 64 

 

0248_OSY_ 
Plasmid-bBone-
Amp-Fw-
Univ_Up 

22 ctcagcgcggccgcaaatttaa 

71 

 

0249_OSY_ 
Plasmid-bBone-
Amp-Rv-
Univ_Up 

21 cagcgcggccgcatttaaatc 

70 

 

OSY-MCR-
pPGK1-Fw 

48 tggggatttaaatgcggccgcgctgcgatGGAAGTACCTTCA

AAGAAT 62 
 

0171 TB 
18 cttcgagcgtcccaaaac 64  

OSY 1-tTRP1-
Fw 

58 
gggaagctccaccccggttgataatcaTGTATATTTTCCTGT

ACAATCAATCAAAAAG 
62 

 

OSY 4-pTRP-Rv 45 
TATTTAAATTTGCGGCCGCGCTGAGtgaattagtcgcgctgg

gag 
67 

 

OSY-2µ ori-Fw-
(Ov-0171) 

51 
GAAGGTTTTGGGACGCTCGAAGAGCttatcgatgataagctg

tcaaagatg 
62 

 

OSY-2µ ori-Rv-
(OvTRP) 

46 
gattatcaaccggggtggagcttccCATTGCGAATACCGCTT

CCAC 
67 

 

OSY-ADH1-HR-
Up-fw 

46 
AACACGTCTCAACCTtagccctagacttgatagccatcatca

tatc 
67 

 

OSY-ADH1-HR-
Up-rv 

36 AACACGTCTCTTGTTtccaacttaccgtgggattcg 68  

OSY-pTEF-st-fw 37 AACACGTCTCAAACaccttgccaacagggagttcttc 68  

OSY-pTEF1-ed-
rv 

56 
AACACGTCTCTAGCctttgtaattaaaacttagattagattg

ctatgctttctttc 
65 

 

OSY-TPI1-st-fw 44 
AACACGTCTCAGGCTAAaaaaatggctagaactttctttgtc

gg 
65 

 

OSY-TPI1-ed-rv 51 
AACACGTCTCTCTGActtagtttctagagttgatgatatcaa

caaattctg 
65 

 

OSY-tTDH1-st-
fw 

58 
AACACGTCTCATCAGtaaagcaatcttgatgaggataatgat

ttttttttgaatatac 
65 

 

OSY-tTDH1-ed-
rv 

43 
AACACGTCTCTGCaggcccgttcagggtaatatattttaacc

g 
67 

 

OSY-NATloxP-
st-fw 

84 
AACACGTCTCACTGccttaatataacttcgtataatgtatgc

tatacgaagttatcggcagtatagcgaccagcattcacatac 
67 

 

OSY-NATloxP-
ed-rv 

80 
AACACGTCTCTTAGTcctaataacttcgtatagcatacatta

tacgaagttatctggtagtcggtctcctacagtttagc 
66 
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Name Length 

[bp] 

Sequence (5’→3’) Tm 

[°C] 

TA 

[°C] 

OSY-ADH1-HR-
Dw-st-fw 

37 AACACGTCTCAACTActgtaggtcaggttgctttctc 65  

OSY-ADH1-HR-
Dw-ed-rv 

34 AACACGTCTCTCCTAatggaatttgggcggaggg 68  

OSY-Fw-AmpR-
pUCori 

23 cttaagactggccgtcgttttac 66  

OSY-Rv-AmpR-

pUCori-TalOv 
47 

TCTCAGGTATAGCATGAGGTCGCTCctcgcgataatgttcag

aattg 
61 

 

0112_AXP_s_Z
eo20 20 gagcgacctcatgctatacc 65 

 

OSY-pURA-Rv-
Ov-2µOri 

26 cttatcatcgataaGAGCTCGTTTTATTTAGGTTCTATCG 62  

OSY-2µori-Rv-

Ov-AmpR-ori 
46 

TTGTAAAACGACGGCCAGTCTTAAGgggcttttctgattatc

aacc 
61 

 

OSY-2µori-Fw-

Ov-pURA3 
50 

gatatcagatccactagtggcctatgCTTATCGATGATAAGC

TGTCAAAG 
61 

 

PDC5-Fw-No 

Ext. Prom. 5' 
20 caagactgaacccgaatccc 66 

 

PDC5-Rv-Ext. 

Prom. 3’ (Ov 

insert) 

80 
caggtatagcatgaggtcgctcatcgcacgcattccatgcga

gctcgctgaggacttaatCGCGACCTTTGGATATGGAG 
66 

 

PDC5-Fw-Ext. 

Term. 5’ (Ov 

insert) 

82 
agttattaggtaggtgatatcagatccactagtggcctatgc

acccaattcgccctatagCAATTGACTGCCGCTACTAACG 
66 

 

PDC5-Rv-No 

Ext. Term. 3’ 
20 ggcatgttggcctctgtttc 67 

 

OSY-Fw-AmpR-

pUC ori-PDC5ov 
76 

attaagaaacagaggccaacatgccgcgcggccgcaagccca

gggggcccgagCTTAAGACTGGCCGTCGTTTTAC 
66 

 

OSY-Rv-AmpR-

pUC ori 
54 

gggattcgggttcagtcttggcgcggccGCATCTCGCGATAA

TGTTCAGAATTG 
61 

 

0112_AXP_s_Z
eo20  20 gagcgacctcatgctatacc 65 

 

0343_OSY_Rv-
Primer Insert 
(Ov Down) 3’ 

23 gccactagtggatctgatatcac 64 
 

ARO10-Fw-No 
Ext. Prom. 5’ 

27 gtttgttaagaataatttggcgaaccc 64  

ARO10-Rv-Ext. 
Prom. 3’ (Ov 
insert) 

81 
gtaggtcaggttgctttctcaggtatagcatgaggtcgctct

catcgcacgcattccatgGAAAGTGAGCTGCCGCTGTAG 

69  

ARO10-Fw-Ext. 
Term. 5’ (Ov 
insert) 

80 
gctatacgaagttattaggtgatatcagatccactagtggcc

tatgcacccaattcgcccGGCTTTCGGCTCACCACTTG 

69  

ARO10-Rv-No 
Ext. Term. 3’ 

23 cttggcaaaccttcgacgttgac 69  

Rv-Primer Insert 
(Ov Down) 3' 

23 gccactagtggatctgatatcac 64  

OSY-Fw-AmpR-
pUC ori- 
ARO10ov 

76 
aggtcaacgtcgaaggtttgccaaggcgcggccgcaagccca

gggggcccgagCTTAAGACTGGCCGTCGTTTTAC 

66  
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Name Length 

[bp] 

Sequence (5’→3’) Tm 

[°C] 

TA 

[°C] 

OSY-Rv-AmpR-
pUC ori-
ARO10ov 

61 
gggttcgccaaattattcttaacaaaggcgcggccgcatCTC

GCGATAATGTTCAGAATTG 

61  

4.3 Media and Additives 

All media used were prepared according to the following recipes and then sterilized at 

12 °C for 20 min (Autoclave: Table 5). The ingredients listed in the following table are sufficient 

to prepare 1 L medium with ultrapure H2O (TKA Thermo Scientific GenPure UV-TOC x-CAD 

Plus Benchtop). For solid media, 2 % (w/v) agar-agar was added prior to autoclaving. The 

components marked with the symbol * were not autoclaved and were sterile filtered (0.2 µm 

pore size) before addition to the autoclaved media. Separately autoclaved solutions were 

marked with the symbol **. For selective cultivation of microorganisms, the corresponding 

antibiotics (Table 11) were added. 

4.3.1 Media for E. coli 

The following table shows all ingredients used for the media for E. coli cultivation. 

Table 9: Media for E. coli cultivation. 

Denotation Components Comments 

LB-Medium 10 g L-1  tryptone pH 7.4  

 5 g L-1  yeast extract  

 10 g L-1  NaCl  

SOB-Medium 20 g L-1
  tryptone pH 7.4 

 5 g L-1  yeast extract  

 10 g L-1  NaCl  

 10 g L-1  KCl  

 10 g L-1  MgCl2 x 6 H2O  

 10 g L-1  MgSO4 x 7 H2O  

SOC-Medium  SOB-Medium pH 7 

 + 20 mM  Glucose  

4.3.2 Media for S. cerevisiae cultivation 

The following table details the ingredients employed in the media designed for 

cultivating S. cerevisiae. The SD-Drop-out medium comprises amino acids crucial for yeast 

cell growth, excluding essential amino acids required to exert the necessary selection 

pressure. This medium was either manually prepared following the Merck-prescribed 
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composition or utilized as a ready-made synthetic yeast dropout medium, adjusted for 

autotrophy. [245] Following the sterilization of the yeast nitrogen bases (YNB) solution, the 

required filtered SD-Drop-out mixture (0.2 µm pore size) was introduced, along with the 

appropriate quantity of sterile sugar. The remaining volume was supplemented with sterile 

ultrapure H2O (TKA Thermo Scientific GenPure UV-TOC x-CAD Plus Benchtop), reaching a 

total volume of 500 mL or 1 L. 

Table 10: Media for S. cerevisiae cultivation. 

Denotation Components Comments 

YPD-Medium 10 g L-1 Yeast extract Autoclaved separately  

 20 g L-1 Peptone  

 40 ml L-1 50 % Glucose Added before each cultivation  

YNB-Medium* 6.7 g L-1 Yeast nitrogen 

base 

 

 1.39-1.92 g L-1 SD-Drop-out 

medium 

 

 40 ml L-1 50 % Glucose Added before each cultivation  

4.4 Antibiotics and instable Media additives  

For the selective cultivation of the microorganisms, a specific selection pressure was 

used that corresponds to the resistance genes encoded on the plasmids and vectors with 

which the microorganisms were transformed. As the antibiotics used are unstable at RT, they 

are stored at -20 °C and added immediately before cultivation.  

Table 11: Used antibiotics in this work. 

Media additives Stock solution Solvent Final 

concentration 

Source 

Ampicillin  100 mg ml-1 Ultrapure H2O 100µg mL-1 Roth 

Kanamycin 50 mg ml-1 Ultrapure H2O 50µg mL-1 Roth 

Hygromycin B Gold 100 mg mL-1 HEPES buffer 100µg mL-1 Invitrogen 

Zeocin 100 mg mL-1 HEPES buffer 100µg mL-1 Invitrogen 

Nourseothricin 100 mg mL-1 Ultrapure H2O 

filtered 

(0.2 µm pore 

size) 

100µg mL-1 Jena 

Bioscience 

G418 (Geneticin) 100 mg mL-1 HEPES buffer 100µg mL-1 Invitrogen 
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4.5 Solutions, Buffer and commercial Enzymes and Kits 

4.5.1 Buffer and Solutions 

All components of the buffers and solutions used are listed in this chapter. Unless 

otherwise stated, all components refer to a volume of 1 L. Ultra-pure H2O (TKA Thermo 

Scientific GenPure UV-TOC x-CAD Plus Benchtop) was used for all solutions and buffers. 

Table 12: Solutions and buffers for SDS gel electrophoresis. 

Description  Components  Comments 

5 x Running buffer 250 mM Tris  

 1.92 M Glycine  

 0,5 % (w/v) SDS  

Coomassie staining 

solution 

2 mM Coomassie brilliant blue 

G250 

 

 55 % Methanol  

 9.2 % (v/v) Acetic acid  

APS 10 % 10 % APS Total volume 10 ml, 

Aliquots, Stored at -

20 °C 

 

Table 13: Buffer and solutions for agarose gel electrophoresis. 

Description  Components  Comments 

50 x TAE-Buffer 2 M  Tris pH 8.2 

 1 M Acetic acid  

 50 mM EDTA  

1 % Agarose gel 1 % Agarose 

(w/v) 

Heated in microwave 

 In TAE 1 x   

 1:1000 20 mg mL-1 

Ethidium 

bromide 
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Table 14: Buffer for E. coli plasmid isolation. Solution I-IV were prepared for a final volume of 50 ml 
ultrapure H2O. 

Description  Components  Comments 

Solution I* 25 mM  Tris (pH 8.0) ph 8.4, stored at 4 °C 

 10 mM EDTA (pH 8.0)  

 50 mM  Glucose  

 0.1 mg mL-1 RNase  

Solution II* 0.2 M NaOH  

 34.7 mM SDS  

Solution III* 3 M  Sodium acetate pH 5.5 

Solution IV* 5 M LiCl  

 

Table 15: Additional buffer for plasmid isolation from S. cerevisiae using the NucleoSpin Plasmid (NoLid) 

kit (Macherey-Nagel, Table 22) 

Description  Components  Comments 

Wash buffer 10 mM EDTA pH 8.0 

Sorbitol buffer 1.2 mM  sorbitol  

 10 mM CaCl2  

 0.1 mM  Tris/HCl (pH 7.5)  

 35 mM  Β-mercaptoethanol  

 

Table 16: Buffer and solutions for yeast colony PCR. 

Description  Components  Comments 

Lysis buffer 20 mM Tris pH 8.0, stored on bench 

 25 mM NaCl  

 2.5 mM EDTA  

 0.05 % 

(w/v) 

SDS  

Wash buffer 10 mM Tris pH 8.0, stored on bench 

 0.1 % (w/v) Tween-20  
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Table 17: Buffer and solutions for Gibson assembly. All components for the 5 x ISO buffer are given for a total 
volume of 6 ml and for the 3.2 x Gibson cloning master mix are given for a total volume of 0.5 ml.  

Description  Components  Amount Comments 

5 x ISO Buffer 1 M Tris-HCl pH 7.5  3 ml Stored at -

20 °C in 320 µl 

aliquots 

 2 M MgCl2 150 µl  

 100 mM dNTPs (dGTP, dCTP, 

dATP, dTTP) 

240 µl  

 1 M DTT 300 µl  

  PEG-8000 1.5 g  

 100 mM NAD 300 µl  

 filtered (0.2 µm pore size) ultrapure H2O to 6 ml  

3.2 x Gibson cloning 

master mix 

 5 x ISO buffer 320 µl Aliquote in 5 µl 

aliquots and 

store at -20 °C,  

 10 U/µl T5 exonuclease 0.64 µl do not add 

water 

 2 U/µl High Fidelity DNA 

polymerase 

20 µl  

 40 U/µl Thermostable Taq ligase 160 µl  

 

Table 18: Buffers for the preparation of chemical ultra-competent E. coli cells. PIPES was prepared in 100 ml 
ultrapure H2O. 

Description  Components  Comments 

Inoue buffer 55 mM  MnCl2 x 4 H2O Always prepare 

fresh buffer 

before use 

 15 mM CaCl2 x 2 H2O 

 250 mM KCl 

 10 mM PIPES (0.5 M, pH 6.7)  

PIPES 0.5 M piperazine-N,N′-bis(2-

ethanesulfonic acid) 

pH 6.7, aliquots 

of 10 ml stored at 

-20 °C  pH adjustment KOH (0.5 M) 
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Table 19: Buffers and solutions for the preparation of chemical ultra-competent S. cerevisiae cells and their 
transformation. PEG 3350 and single-stranded carrier DNA (ssDNA) were prepared in 100 ml. Frozen competent 
cell solution was prepared in 10 ml.  

Description  Components  Comments 

PEG 3350 50 % (w/v) PEG 3350  

Li acetate 1 M Li acetate  

TE buffer 10 mM Tris pH 8.0 

 1.3 mM EDTA  

ssDNA (2.0 mg mL-1) 200 mg Salmon sperm DNA Aliquot 1 ml, 

store at -20 °C 

 Sterile TE buffer  

FCC solution 5 % (v/v) Glycerol Filtered (0.2 µm 

pore size) 

 10 %(v/v) DMSO  

 

Table 20: Buffer and solutions for HPLC. 

Description  Components  

Buffer A  Ultrapure H2O 

 0.05 % Formic acid (v/v) 

Buffer B  Methanol 

 0.05 % Formic acid (v/v) 

Sugar-HPLC mobile phase  Ultrapure H2O 

 0.05 % H2SO4 (v/v) 

4.5.2 Commercial Enzymes, Solutions and Kits 

Table 21: Overview of the used enzymes for cloning, PCR, and other uses in this work. NEB: New England 

Biolabs. 

Enzyme  Source Uses 

Q5 High-Fidelity 2X Master 

Mix  

NEB PCR for the amplification of specific 

target DNA  

Red Taq DNA Polymerase 

1.1 x Master Mix 

VWR PCR for the amplification of specific 

target DNA in colony PCRs 

T5 exonuclease NEB Used in 3.2 x Gibson cloning master 

mix for Gibson assembly reactions Phusion® High-Fidelity DNA 

polymerase 

NEB 

Thermostable Taq DNA 

ligase 

NEB 
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Enzyme  Source Uses 

T4 DNA Ligase NEB Used in GoldenGate assembly 

Esp3I NEB 

LunaScript® RT SuperMix  NEB Used for reverse transcription 

NotI NEB Used for linearisation of integrative 

plasmid 

DpnI NEB Methylated DNA restriction 

 

Table 22: Overview over the commercial substances, solutions, and kits. 

Description  Product Source 

DNA-Ladder GeneRulerTM 1kb Plus DNA Ladder  Thermo Scientific  

Loading Dye 6 x TriTrack DNA Loading Dye Thermo Scientific 

Filter paper Whatman® filter paper no.1 Merck 

Mini kit for plasmid DNA 

purification 

NucleoSpin® Plasmid (NoLid) Macherey-Nagel 

Mini kit for gel extraction 

and PCR clean up 

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel 

Mini kit for DNA 

extraction, clean up, and 

concentration 

NucleoSpin ® DNA Yeast Macherey-Nagel 

Mini kit for RNA 

extraction, clean up, and 

concentration 

NucleoSpin® RNA Plus kit Macherey-Nagel 

Ligase buffer T4 DNA ligase buffer (10 x) NEB 

Kit for reverse 

transcription 

LunaScript® RT SuperMix Kit  NEB 

 

4.6 Molecular biological methods 

4.6.1 DNA analysis with Agarose gel electrophoresis  

To separate and analyse DNA fragments generated by PCR (Chapter 4.6.3) or 

restriction digestion (Chapter 4.6.4), 0.8-1.5 % (w/v) agarose gels were used. The composition 

of the utilized buffers can be found in Table 13. The gel was prepared with 1 x TAE buffer, 

1:1000 ethidium bromide (for DNA visualisation under UV-light after intercalating into dsDNA), 

and heated in the microwave till everything was dissolved and poured into the electrophoresis 
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chamber. After the gel polymerised, it was placed in the running chamber filled with 1 x TAE 

buffer till the gel was completely covered with buffer. The DNA samples were mixed with 

6 x DNA loading dye, whereas 1-50 µl DNA samples were used and mix 1:6 with the 6 x DNA 

loading dye. If this is not possible the mixing ratio was 1:1 with very small DNA sample amounts 

(1 µl). For preparative gels with subsequent DNA purification (chapter 4.6.5.1) the whole DNA 

sample was used. Each electrophoresis approach was performed with 2-5 µl of DNA-Ladder 

(GeneRuler™ 1 kb DNA Ladder Plus, Thermo Scientific, Figure 46) for size comparison. DNA 

sample separation was done at 100-140 V for 30-45 min.  

 

Figure 46. Used DNA-Ladder (GeneRuler™ 1 kb DNA Ladder Plus, Thermo Scientific) for DNA size 

comparison. 

For DNA fragment detection, with the help of ethidium bromide, the gel was analysed 

and documented with UV light in the AlphaImager™ Gel Imaging System. 

4.6.2 Amplification of plasmid-DNA with E. coli 

With the help of the microorganism E. coli DH5α (Table 6) and its inherent DNA 

replication machinery upon its cell growth and division live cycle, plasmid DNA was amplified. 

The cells were cultivated in LB-Medium (Table 9) mixed with the corresponding antibiotics 

(Table 11) for the vector specific selection pressure. The transformed cells (Chapter 4.7.2) 

were incubated at 37 °C, 200 rpm overnight in sterile 13 ml tubes (tube 13 ml, 100 x 16 mm, 

PP, Sarstedt) with 2 ml medium or sterile 100 ml Erlenmeyer flasks (no baffles) with approx. 

10 ml medium.  
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4.6.3 Polymerase chain reaction (PCR) 

The amplification via polymerase chain reaction (PCR) of the desired genes and DNA 

fragments was done from DNA fragments, isolated plasmid DNA or from lysed cells. For each 

PCR the polymerase, the annealing temperature and additive as well as the protocol was 

adjusted. For multiple PCRs with the same protocol and to ensure reproducibility, master-

mixes were prepared and then divided into the small 200 µl PCR reactions (Biozym).  

4.6.3.1 Amplification of target Genes 

The amplification of specific DNA sequences was achieved with PCR, which consists 

of a repetitive three step protocol (denaturation, hybridisation/annealing, elongation), with two 

flanking oligonucleotides, a DNA polymerase, single nucleotides and a DNA template. [246] 

For cloning experiments, a DNA polymerase with high precision and accuracy is needed to 

amplify the anticipated DNA target, therefore the Q5 High-Fidelity 2X Master Mix (New England 

Biolabs (NEB)) was used. For the PCR reactions different thermocycler (Mastercycler® nexus 

GX2 flexlid, Eppendorf, Veriti™ Thermal Cycler, 96-Well, Applied Biosystems) and different 

reaction volumes were used. The volume was depending on the amount of DNA fragment that 

was needed. Test reactions had volumes of around 12.5 µl and preparative reactions used 

25 µl and 50 µl. 

Table 23: General overview of PCR reactions and their composition. 

Components Amount [Test] Amount [Preparative] 

DNA-Template (10-50 ng) 1-4 µl 1-5 µl 1-5 µl 

Oligonucleotide fw (10 µm) 0.75 µl 1.25 µl 2.5 µl 

Oligonucleotide rev (10 µm) 0.75 µl 1.25 µl 2.5 µl 

Nuclease free H2O 3.75-0.75 µl 9-5 µl 19-15 µl 

Q5 High-Fidelity 2X Master Mix 6.25 µl 12.5 µl 25 µl 

Sum Σ 12.5 µl 25 µl 50 µl 

 

For the generation of the desired DNA fragments, DNA templates from diverse 

plasmids (Table 7), DNA fragments and genomic DNA (E. coli and S. cerevisiae, Table 6) were 

used. The right annealing temperature for each priming oligonucleotide combination was 

calculated using the Tm Calculator from NEB. [247] 
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Table 24: General Summery of the PCR programs used for the amplification of target DNA fragments with 
Q5 High-Fidelity 2X Master Mix (NEB). The annealing temperature was adjusted for each PCR reaction according 
to the Tm of the oligonucleotides used. The number of cycles was also adjusted to optimize the DNA fragment 

yields. denat.: denaturation, anneal.: annealing/hybridisation, elong.: elongation. 

Temperature 98 °C 98 °C 50-70 °C 72 °C 72 °C 4 °C 

Time 30 sec 10 sec 20 sec 30 sec/kb 
2 min-

10 min 
ꝏ 

Step denat. denat. anneal. elong. elong. end 

Cycles 1 30-55 1 1 

 

To visualise and analyse the success of the PCR reaction 1 µl of the reaction mix was 

mixed with 1 µl of the 6 x TriTrack DNA Loading Dye (Table 22) and a gel electrophoresis 

(Chapter 4.6.1) was done. 

4.6.3.2 Reverse transcription of isolated RNA 

The reverse transcription is basically a PCR with RNA as template converting it back 

to DNA, which is call complementary DNA (cDNA). With the help of a reverse transcriptase 

and short oligonucleotides complementary to the 3’ end of the RNA the cDNA is synthesized. 

This cDNA in turn can then be used as a template for subsequent PCRs (Chapter 4.6.3.1) 

analysing the genes of interest (Chapter 4.6.1).  

For the reverse transcription the LunaScript® RT SuperMix Kit from NEB was used. Its 

single-tube supermix contains hexamer and oligo-dT primers, dNTPs, MurinRNase inhibitor 

and the Luna® reverse transcriptase (+/-RT). For each reverse transcription reaction two 

reaction tube were prepared. One tube, for the positive reaction, containing the reaction mix 

with +RT and the other, the negative reaction, contains no -RT. This procedure is done to 

check whether the samples still contain genomic DNA (fragments would be present in the -RT 

samples after subsequent PCR). In the following tables the reaction mix composition with a 

total volume of 20 µl and the reverse transcription reaction program can be found.  

Table 25: Composition of reverse transcription reaction with +/-RT (positive reaction, +RT).  

Components Amount  

LunaScript RT SuperMix (5X)  4 µl 

RNA sample (up to 1 µg) max 16 µl 

Nuclease free H2O Fill up to total volume (X µl) 

Sum Σ 20 µl 
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Table 26: Composition of reverse transcription reaction without +/-RT (negative control, -RT). 

Components Amount  

No-RT Control Mix (5X) 4 µl 

RNA sample (up to 1 µg) max 16 µl 

Nuclease free H2O Fill up to total volume (X µl) 

Sum Σ 20 µl 

 

For the revere transcription reactions different thermocycler (Mastercycler® nexus GX2 

flexlid, Eppendorf, Veriti™ Thermal Cycler, 96-Well, Applied Biosystems) were used. 

Table 27: Reverse transcription reaction program used for the conversion of RNA to cDNA fragments with 
LunaScript +/-RT SuperMix (5X) (NEB). denat.: denaturation, anneal.: annealing/hybridisation, elong.: elongation. 

Temperature 25 °C 55 °C 95 °C 10 °C 

Time 2 min 10 min 1 min ꝏ 

Step anneal.  elong. denat. end 

Cycles 1 

 

After the reverse transcription was performed a subsequent PCR (Chapter 4.6.3.1) for 

target genes or mRNA and a gel electrophoresis (Chapter 4.6.1) were performed.  

4.6.3.3 Site-directed deletion, insertion, and mutagenesis via PCR  

To introduce or delete one or more base pairs and alter the amino acid sequence of 

the desired enzyme or add e.g. a Kozak sequence in front of the genes for S. cerevisiae [248], 

PCRs were performed according to Liu and Naismith [249]. The oligonucleotides for the 

mutagenesis were designed so that the mutation is located in the middle of the 25 nucleotide 

(nt) overlapping parts (Tm~55 °C) of the 5’ end of the priming oligonucleotide. The non-

overlapping 3’ end of the priming oligonucleotides was designed with a melting point 5-10 °C 

higher than the melting point of the overlapping 5’ end (Figure 47).  
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Figure 47: Schematic overview of the oligonucleotide design for (A) single/multiple base pair alteration, (B) 
deletion, and (C) insert of DNA fragments. The figure was adapted from Liu und Naismith 2008. [249] 

Oligonucleotides for deletion and insertion were designed similarly to the mutagenesis 

oligonucleotides but missing a part for the deletion or inserting a part for insertion, like shown 

in Figure 47. The PCR protocol was then performed like described in Table 24, with the 

difference that the annealing temperature ~5 °C lower than that for the non-complementary 

part of the oligonucleotides and only 12-18 cycles. For multiple site mutation, insertions or 

deletions, after the 12-18 initial cycles an additional step with 1-12 cycles and ~5 °C lower than 

the complementary part of the oligonucleotides was performed.  

After the PCR was done 5 µl of the PCR reaction was analysed via gel electrophoresis 

(Chapter 4.6.1) and the rest of the reaction was digested with DpnI (digesting methylated 

template DNA), at 37 °C and 1h or ON. 1-5 µl of the digestion reaction was used to transform 

competent E. coli cells (Chapter 4.7.1 and Chapter 4.7.2), cultivating and harvesting them, with 

subsequent purification of plasmid DNA (Chapter 4.6.5).  

4.6.3.4 Colony PCR for the verification of E. coli colonies 

The colony PCR of E. coli works the same way a normal PCR (Chapter 4.6.3.1) works, 

however the template is not free, already pure DNA but the whole E. coli cell. Moreover, 

another polymerase enzyme is used, namely the Red Taq DNA Polymerase1.1 x Master Mix 

(VWR, cheaper with lower accuracy). To speed up the working process the Q5 High-Fidelity 

2X Master Mix (NEB) can also be used to directly generate usable DNA fragments from the 
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plasmids of the transformed cells. The following Table 28 shows the reaction components for 

the Red Taq DNA Polymerase1.1 x Master Mix (VWR) in normal and colony PCR approaches.  

Table 28: General overview of the reaction components for the Red Taq DNA Polymerase 
1.1 x Master Mix (VWR) in normal and colony PCR. 

Components Amount [Colony PCR] Amount [Test] 

DNA-Template (10-50 ng) or 1 

colony (agar plate) 
1 colony 1 µl 1-5 µl 

Oligonucleotide fw (10 µm) 0.5 µl 0.5 µl 1 µl 

Oligonucleotide rev (10 µm) 0.5 µl 0.5 µl 1 µl 

Nuclease free H2O - - 0-4 µl 

Red Taq 1.1 x Master Mix 10 µl 10 µl 45 µl 

Sum Σ 11 µl 12 µl 50 µl 

 

After the performed PCR reaction (program in Table 29) PCR results were analysed 

with gel electrophoresis (Chapter 4.6.1) using the whole PCR reaction mix in 1 % agarose gel.  

Table 29: General Summery of the PCR programs used for the amplification of target DNA fragments with 
Red Taq DNA Polymerase 1.1 x Master Mix (VWR). The annealing temperature was adjusted for each PCR 
reaction according to the Tm of the oligonucleotides used. The number of cycles was also adjusted to optimize the 
DNA fragments yields. denat.: denaturation, anneal.: annealing/hybridisation, elong.: elongation. 

Temperature 95 °C 95 °C 50-70 °C 72 °C 72 °C 4 °C 

Time 2 min 30 sec 30 sec 1 min/kb 
5 min-

10 min 
ꝏ 

Step denat. denat. anneal. elong. elong. end 

Cycles 1 35 1 1 

 

4.6.3.5 Colony PCR for the verification of S. cerevisiae Colonies 

The colony PCR protocol for S. cerevisiae cells is based on the principle that DNA can 

be entrapped and retained by Whatman® filter paper no.1. The protocol is adapted from Zou 

et al. 2017 describing a novel method of nucleic acid purification from plant, animals and 

microbes. [250] The Whatman® filter paper no.1 (Table 22) was cut in small pieces of about 2 

to 4 mm and stored in a 1.5- or 2-ml reaction tube.  

The PCR reaction tubes (200 µl reaction tubes, Biozym) were filled with 35 µl of the 

lysis buffer (Table 16) and the cells of one colony was resuspended in each of the reaction 

tubes till the liquid was milky. One piece of Whatman® filter paper no.1 was added to the cell 

suspension, shortly mixed by stirring and incubated for 1 min. The liquid was removed and 
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30 µl of the washing buffer (Table 16) was added, the suspension was incubated for 30 sec to 

1 min. After stirring carefully, the remaining liquid was removed and the PCR mix like in 

Chapter 4.6.3.4 Table 28 was added and the PCR was performed like in Table 24 and Table 

29 depending on the master mix that was used (Table 21). 

4.6.4 Restriction digestions of DNA 

The restriction digestion of DNA is based on the principle that restriction endonucleases 

are able to cut the DNA double strand either randomly or at a specific site. [251,252] These 

enzymes can be classified into four types whereas the type II restriction endonucleases 

became the most commonly used type in microbial biology. [252] The DNA can be cut within 

or outside a specific, mostly palindromic recognition site generating “sticky” ends, where one 

of the single DNA strands is longer than the other, or “blunt” ends, where both single strands 

of the DNA are equally cut. [253] Methods like the general restriction and ligation cloning or 

the Golden Gate assembly are harnessing the abilities of restriction endonucleases. [70] 

All restriction enzymes used in this work are listed in Table 21. 

4.6.4.1 Removing methylated DNA using DpnI 

PCR generated fragments (Chapter 4.6.3), which will be further used in cloning 

experiments were treated with DpnI. In Each PCR reaction mix that was not purified via gel 

electrophoresis (Chapter 4.6.1), 1 µl DpnI was used to digest all methylated template DNA that 

could interfere in final transformation experiments (Chapter 4.7.2). After the DpnI-PCR 

reaction mix is incubated at 37 °C ON the mix was purified using the NucleoSpin® Gel and 

PCR Clean-up Kit (Macherey-Nagel, Chapter 4.6.5.1) and either directly transformed, nick 

repair in E. coli with complete plasmid PCR, or used in Gibson and adapted PCRGate 

assembly (Chapter 4.6.7.2). 

4.6.4.2 Restriction digestion for linearisation or cloning 

To implement exogenous DNA into the S. cerevisiae genome a relatively high amount 

(µg) of linear DNA with homologous flanking regions is needed. For that purpose, the 

integrative plasmids (Table 7) were generated (Chapter 4.6.7), harbouring the required 

pathway modification genes, selection marker, and homologous flanking regions. These, easy 

to amplify plasmids needed to be linearised. The linearization was done with the restriction 

endonuclease NotI as previously described. [194] Another approach was the restriction 

digestion for the adapted PCRGate assembly (Chapter 4.6.7.2) preparing the DNA fragments 

for assembly. For these reactions a volume of 25 µl or 50 µl according to Table 30 was used. 
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The reaction mix was incubated at 37 °C, 200 rpm ON and afterwards the reaction was 

stopped at 65 °C for 10 min. After using the linearized DNA for the transformation of 

S. cerevisiae (Chapter 4.7.4) the rest of the reaction was stored at -20 °C.  

Table 30: Overview of the restriction digestion reaction mix used to linearize the integrative plasmids (Table 
7) or prepare DNA fragments for the assembly reaction (Chapter 4.6.7.2). The reaction buffer was selected 
based on the recommendation from NEB “NEBuffer Activity/Performance Chart with Restriction Enzymes” for each 

restriction enzyme (Table 21).  

Components Amount [25 µl approach] Amount [50 µl approach] 

Plasmid DNA [10-100 µg] 10-21.5 µl 20-44 µl 

10 x NEBuffer 3.1/2.1/1.1 or 

CutSmart 

2.5 µl 5 µl 

Restriction enzyme  1 µl 1 µl 

Filtered (0.2 µm pore size) 

ultrapure H2O 
fill up to total volume 

Sum Σ 25 µl 50 µl 

4.6.5 DNA Purification Methods 

4.6.5.1 DNA Purification with commercial Kits 

All kits used for DNA purification were purchased from Macherey-Nagel (Düren, 

Germany) and can be found in Table 22. 

i. NucleoSpin® Plasmid (NoLid) DNA purification 

For the plasmid isolation from E. coli and S. cerevisiae the NucleoSpin® Plasmid 

(NoLid) DNA purification (Table 22) was used. The isolation and purification of the desired 

plasmid DNA was done according to the protocol (MN user manual Plasmid DNA purification, 

09/2022, Rev. 13) provided by Macherey-Nagel, skipping the optional washing step with the 

AW buffer, and drying the silica membrane at 60 °C in the thermomixer (Eppendorf). A total of 

5 ml cultivation Volume was used when cultivated in sterile 13 ml tubes (tube 13 ml, 

100 x 16 mm, PP, Sarstedt) and around 2 ml when cultivated in sterile 100 ml Erlenmeyer 

flasks (Chapter 4.6.2). An overview of the protocol is shown in Table 31. 
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Table 31: Overview over the handling steps of the NucleoSpin® Plasmid (NoLid) DNA purification protocol 
used to isolate and purify plasmid DNA from E. coli. 

Step Procedure  

1  Cultivate and harvest 

 bacterial cells 

2 ml reaction tube, 11000 xg, 30 sec 

2  Cell lysis Add:  250 µl Buffer A1 

 250 µl Buffer A2 

Incubate:  5 min, RT 

Add:  300 µl Buffer A3 

3  Clarification of the 

 lysate 

11000 xg, 5-10 min 

4  Bind DNA Transfer supernatant onto no lid silica membrane tube in 

collection tube, 11000 xg, 1 min 

5  Wash silica membrane Discard flow through, add:  

600 µl Buffer A4, onto silica  membrane, 

11000 xg, 1 min 

6  Dry silica membrane Discard flow through, 11000 xg, 2 min 

7  Elute DNA Discard collection tube, place silica column in new 1.5 ml 

reaction tube, 

Dry:  1 min, 60 °C in thermomixer  (Table 5) 

Add:  30-50 µl filtered (0.2 µm pore size) ultrapure H2O,  

Incubate:  1 min, RT 

11000 xg, 1 min 

 

To isolate plasmid DNA from S. cerevisiae an additional wash buffer and sorbitol buffer 

(Table 15) as well as lyticase, for cell wall digestion was needed. Table 32 shows an overview 

of the steps for the plasmid isolation from yeast. 
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Table 32: Overview over the handling steps of the supplementary plasmid DNA isolation protocol for 
S. cerevisiae. Additional information of the NucleoSpin® Plasmid (NoLid) DNA purification protocol used to isolate 
and purify plasmid DNA from E. coli. 

Step Procedure  

1  Harvest yeast cells Use 3 ml yeast ON culture (OD600 <10), 2 ml reaction 

tube, 5000 xg, 10 min 

2  Wash cells Discard supernatant, add: 1 ml wash buffer, resuspend, 

5000 xg, 10 min 

3  Resuspend pellet Resuspend cells in 600 µl sorbitol buffer 

4  Digest cell wall  Add:  200 U lyticase 

Incubate:  30 min, 30 °C 

5  Isolate spheroplasts 2000 xg, 10 min  

6  Isolate plasmids Continue with step 2 of the NucleoSpin® Plasmid (NoLId) 

DNA purification protocol (Table 31) 

 

After eluting the plasmid DNA, the DNA concentration was determined with the 

NanoDrop™ One microvolume-UV/VIS-spectrophotometer (Thermo Scientific, Table 5, 

Chapter 4.6.6). 

ii. NucleoSpin® Gel and PCR Clean-up 

With the NucleoSpin® Gel and PCR Clean-up kit, DNA fragments generated via PCR 

(Chapter 4.6.3) were purified. Purification was done either from agarose gel cut outs of 

conducted gel electrophoresis (Chapter 4.6.1) or directly from PCR reaction samples 

(Chapter 4.6.3) using the provided protocol (MN user manual, PCR clean-up and gel 

extraction, 04/2022, rev. 07). In Table 33 an overview over the handling steps of the protocol 

is shown. 

Table 33: Overview over the handling steps of the NucleoSpin® Gel and PCR Clean-up protocol.  

Step Procedure [PCR Clean up] Procedure [Gel extraction] 

1  PCR Clean up 

 Gel extraction 

200 µl NTI buffer/ 100 µl PCR 

volume,  

200 µl NTI buffer/ 100 mg gel 

Disolving Gel: 50 °C, 5-10 min, 

500 rpm (thermomixer, Table 

5) 

2  Bind DNA Transfer solution into silica column, 11000 xg, 30 sec 

3  Wash silica 

 membrane 

Discard flow through 

2 washing steps: add 700 µl NT3 buffer, 11000 xg, 30 sec 

4  Dry silica 

 membrane 

Discard flow through, 11000 xg, 1 min 
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Step Procedure [PCR Clean up] Procedure [Gel extraction] 

5  Elute DNA Dry 1 min, 60 °C (thermomixer, Table 5), 

Add: 15-30 µl filtered (0.2 µm pore size) ultrapure H2O, incubate 

1 min, RT 

11000 xg, 1 min 

 

After eluting the DNA, the concentration was determined with the NanoDrop™ One 

microvolume-UV/VIS-spectrophotometer (Thermo Scientific, Table 5, Chapter 4.6.6). 

iii. NucleoSpin® DNA Yeast 

For the isolation of genomic DNA from yeast cells generated via transformation 

(Chapter 4.7.4) the NucleoSpin® DNA Yeast kit (MN user manual, Genomic DNA from yeast, 

7/2022, rev. 02) was used. For that the cultivated yeast cells (Chapter 4.7.5), cultivated in 

13 ml tubes (tube 13 ml, 100 x 16 mm, PP, Sarstedt) or 100 ml sterile Erlenmeyer flasks, were 

pelleted and the pellet was used for genomic DNA isolation according to the protocol in Table 

34.  

Table 34: Overview over the handling steps of the NucleoSpin® DNA yeast protocol. 

Step Procedure  

1  Prepare sample < 100 mg yeast pellet  

+100 µl BE 

2  Lyse sample Transfer sample in NucleoSpin® Bead Tube Type C, 

Add: 40 μL buffer MG and 10 μL liquid Proteinase K 

Agitate bead tubes 15–20 min 

11.000 x g, 30 sec 

3  Adjust binding 

 conditions 

Add: 600 µl buffer MG 

Vortex for 3 sec 

11000 xg, 30 sec 

4  Bind DNA  Load the supernatant onto the NucleoSpin DNA yeast 

column 

11000 xg, 30 sec 

5  Wash silica membrane 1. Step: 500 µl buffer BW → 11000 xg, 30 sec 

2. Step: 500 µl buffer B5  → 11000 xg, 30 sec 

6  Dry silica membrane 11000 xg, 30 sec 

7 Elute DNA Add: 100 µl buffer BE 

Incubate for 1 min at RT 

11000 xg, 30 sec 
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After the elution step the DNA was used for PCR (Chapter 4.6.3). 

iv. NucleoSpin® RNA Plus 

For the isolation of RNA from generated yeast cells the NucleoSpin® RNA Plus kit (MN 

user manual, RNA isolation, 04/2023, rev. 06) was used. For that the cultivated yeast cells 

(Chapter 4.7.5), cultivated in 13 ml tubes (tube 13 ml, 100 x 16 mm, PP, Sarstedt) or 100 ml 

sterile Erlenmeyer flasks, were pelleted and the pellet was used for RNA isolation according 

to the protocol in Table 35.  

Table 35: Overview over the handling steps of the NucleoSpin® RNA Plus protocol with an addition of a 
DNase incubation step. 

Step Procedure  

1 Homogenize sample  

 

+ lyse sample 

< 100 mg yeast pellet  

+350 µl Buffer LBP 

Transfer sample in NucleoSpin® Bead Tube Type C 

Agitate bead tubes 15–20 min 

11.000 x g, 30 sec 

2  Remove gDNA Transfer supernatant to a new reaction tube and add 1 µl 

DNase 

incubate 10 min at 37 °C 

incubate 10 min at 75 °C 

3  filtrate lysates Load the supernatant onto the NucleoSpin® gDNA 

Removal Column  

11000 xg, 30 sec 

3  Adjust RNA binding 

 conditions 

Add: 100 µl buffer BS and mix 

4  Bind DNA  Transfer the whole lysate to the NucleoSpin® RNA Plus 

Column 

11000 xg, 30 sec 

5  Wash silica membrane 1. Step: 200 µl buffer WB1 → 11000 xg, 15 sec 

2. Step: 600 µl buffer WB2  → 11000 xg, 15 sec 

6  Dry silica membrane Add 250 µl buffer WB2  → 11000 xg, 2 min 

7 Elute DNA Add: 2x 30 µl RNase free H2O 

Incubate for 1 min at RT 

11000 xg, 1 min 

 

After eluting the RNA, concentration was determined with the NanoDrop™ One 

microvolume-UV/VIS-spectrophotometer (Thermo Scientific, Table 5, Chapter 4.6.6). The 
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samples were subsequently used for reverse transcription (Chapter 4.6.3.2) and the PCR 

utilizing the generated cDNA (Chapter 4.6.3.1). 

4.6.5.2 Alkalic lysis of E. coli cells for high yields of plasmid DNA 

For the alkalic lysis of the transformed cells, 2 ml of the ON cultures (Chapter 4.6.2) 

were pelleted for 1 min, full speed at RT (Centrifuge 5418 D /5424, Eppendorf). The 

supernatant was discarded, and the pellet was resuspended in 50 µl of solution I. The cells 

were lysed by adding 100 µl solution II and were carefully inverted 6-8 times. After approx. 

1 min 75 µl of solution III and 225 µl of solution IV were added and everything was mixed by 

inverting 6-8 times. After centrifugating for 20 min, full speed at RT the supernatant was 

separated into a new 1.5 ml tube for further ethanol and isopropanol precipitation 

(Chapter 4.6.5.3). All solutions used for this protocol (solution I-IV) can be found in Table 14. 

Alternative to the conventional alkalic lysis, cells were lysed, and the plasmid DNA was purified 

with the help of kits from Macherey-Nagel (Chapter 4.6.5.1). 

4.6.5.3 Ethanol and Isopropanol precipitation 

To purify and precipitate DNA, typically ethanol is used. [254] Nevertheless, also 

isopropanol can be used for the precipitation. For that purpose, the supernatant of the alkaline 

plasmid isolation (Chapter 4.6.2) was mixed with 2.5 times the volume of absolute ethanol (-

20 °C) or with one volume equivalent of isopropanol (-20 °C, inverting 5-6 times). After that the 

sample mix was centrifugated for 20 min, full speed at 4 °C (Centrifuge 5415 R, Eppendorf), 

the supernatant was discarded, and the pellet was washed with 70 % ethanol. The sample 

was centrifugated again (20 min, full speed, 4 °C) and the supernatant was carefully discarded. 

The 1.5 ml reaction tube containing the DNA pellet was placed in the thermomixer 

(thermomixer comfort, 1.5 ml, Eppendorf) and dried at 42 °C for a few minutes. When no 

ethanol was left over the pellet was dissolved in 50 µl filtered (0.2 µm pore size) ultrapure H2O. 

If the pellet became too dry it will not dissolve easy.  

In the end the concentration and purity of the dissolved DNA was determined with the 

NanoDrop™ One microvolume-UV/VIS-spectrophotometer (Thermo Scientific, Table 5, 

Chapter 4.6.6). 

4.6.6 DNA quantification 

The quantification of the purified DNA samples (Chapter 4.6.5) obtained by plasmid 

isolation (Chapter 4.6.2) and PCR (Chapter 4.6.3) was performed on a NanoDrop™ One 

microvolume-UV/VIS-spectrophotometer (Thermo Scientific). The DNA is measured at its 
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absorption maximum of 260 nm with a purity indicator given through the ratio of the absorption 

at 260 nm divided by the absorption at 280 nm (A260/A280). A ration of A260/A280 of 1.7-1.9 

indicates no contamination.  

The device was calibrated with 2 µl of the solution the DNA was dissolved in, as 

reference, usually ultrapure H2O, or elution buffer, delivered with the NucleoSpin Plasmid 

(NoLid) kit (MN, Table 22). After that the 2 µl of the DNA solution was measured. After each 

measurement the surface of the optical path was cleaned with ultrapure H2O and dried. 

4.6.7 Strategies for new Vector Cloning 

Traditionally, restriction digestion and ligation have been the go-to methods for cloning 

new plasmids. However, as our understanding has advanced, several novel and modified 

cloning techniques have emerged, proving to be more efficient and often yielding greater 

success. 

4.6.7.1 Gibson assembly  

One of the most common cloning methods used in the research group was the Gibson 

isothermal assembly, which allows for connecting several DNA-fragments, mostly generated 

through PCR (Chapter 4.6.3.1) in one-step isothermal in vitro reaction. [71] The methods take 

advantage of the hybridisation abilities of complementary DNA sequences and the different 

properties of the three enzymes critical for the reaction, the 5’-T5 exonuclease (T5 exo), 

Phusion® polymerase (Phusion pol.), and the T4 DNA Taq Ligase (Taq lig, Table 21). By 

designing the oligonucleotides with overlapping complementary sequences, when amplifying 

the targeted DNA fragments, these fragments can be connected via the overlapping regions 

like shown in Figure 48. When the fragments are added to the Gibson reaction mix the 5’-T5 

exonuclease degradants the ssDNA strand of the fragments from the 5’ end, which leads to 

the hybridisation of the complementary sequence regions. The remaining gaps are than filled 

through the Phusion® polymerase with the free dNTPs and the strands are covalently 

connected with the help of the Taq DNA ligase, eventually.  
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Figure 48: Working principle of the one-step isothermal Gibson assembly reaction. Two DNA fragments are 
covalently connected through sharing the overlapping regions in one-step isothermal reaction. Figure was adapted 
from Gibson et al. 2009. [71] 

After designing the oligonucleotides (Chapter 4.2.3) and generating all DNA fragments 

(Chapter 4.6.3) for the Gibson assembly reaction, 100 ng of vector backbone DNA was used 

with the appropriately calculated DNA insert fragments [255] and added to the 3.2 x Gibson 

cloning master mix (Table 17). The reaction was performed for 60 min at 50 °C in a 

thermomixer (thermomixer comfort, 1.5 ml, Eppendorf) and after that directly used for 

transforming E. coli cells (Chapter 4.7.2). The screening for correct colonies was done by 

colony PCR (Chapter 4.6.3.4), analysed via gel electrophoresis (Chapter 4.6.1) and finally 

validated through sequencing (Chapter 4.6.8). The following table shows the Gibson assembly 

reaction mix composition. 

Table 36: Pipetting scheme for the Gibson assembly reaction. The amount of DNA used for each fragment is 
calculated with the NEBioCalculator using 100 ng of vector backbone as starting point and its bp size. [255] 

Components Amount 

Vector backbone DNA [100 ng] X µl 

Insert DNA fragment 1 [x ng, 1:1-5:1 ration] X µl 

Insert DNA fragment 2 [x ng, 1:1-5:1 ration] X µl 

Insert DNA fragment x [x ng, 1:1-5:1 ration] X µl 

3.2 x Gibson cloning master mix 5 µl (1 aliqout) 

Ultrapure H2O (filtered 0.2 µm pore size) fill up to 11 µl 

Sum Σ 11 µl 

 



Material and Methods 

117 

4.6.7.2 PCRGate Cloning  

To expand the molecular cloning capabilities in the working group, for assembling 

multiple DNA fragments a PCR based cloning method was adapted from the principles of the 

Golden Gate assembly and Green Gate cloning. [70,217] The Golden Gate assembly uses 

two enzymes to assemble multiple DNA fragments in an in vitro restriction and ligation reaction. 

Thereby exploiting the properties of the type IIS restriction enzymes, by cutting the DNA in a 

defined distance to the recognition sequence, so the cutting site can be specially designed for 

target overlapping of specific DNA fragments. [218] The key aspect for the successful reaction 

is designing the oligonucleotides so that the recognition site of the restriction endonuclease is 

cut out and therefore does not appear in the T4 ligase ligated product (Figure 38). By adapting 

and expanding the overhangs used to connect the fixed modules in Lampropoulos et al. 2013 

an oligonucleotide designing template for up to 9 insert DNA fragments was designed (Table 

S47 in Supplements 1.2). [217] Also, a destination vector with a deviating antibiotic selection 

marker for rapid cloning and transformation without the need for an ON DpnI reaction 

(Chapter 4.6.4.1) was prepared (Table 7).  

With the oligonucleotide design table (example in Table S47) the oligonucleotides for 

fragment generation can be design according to the number of insert to be assembled. After 

every fragment is generated via simple PCR (Chapter 4.6.3.1), 100 ng of the biggest DNA 

fragment (mostly the vector backbone) is used for the calculation (NEBiocalculator, [255]) of 

the amounts for each insert DNA fragment and destination vector (purified (Chapter 4.6.5.1ii) 

or directly after the PCR reaction). For the restriction Esp3I, and for the ligation the T4 ligase 

was added (Table 21). All ingredients for the reaction mix are shown in Table 37.  

Table 37: Pipetting scheme for the PCRGate assembly reaction. The amount DNA used for each fragment is 
calculated with the NEBioCalculator using 100 ng of biggest DNA fragment as starting point and its bp size. [255] 

Components Amount 

Destination vector [100 ng, if biggest DNA fragment] X µl 

Insert DNA fragment 1 [x ng, 1:1 ration] X µl 

Insert DNA fragment 2 [x ng, 1:1 ration] X µl 

Insert DNA fragment x [x ng, 1:1 ration] X µl 

T4 DNA ligase buffer (10 x) 2 µl 

Esp3I 2 µl 

T4 DNA Ligase 0.5 µl 

Ultrapure H2O (filtered 0.2 µm pore size) fill up to 20 µl 

Sum Σ 20 µl 

 



Material and Methods 

118 

The restriction and ligation reaction was performed in a PCR-thermocycler (Table 5) 

and 200 µl reaction tubes (Biozym) according to the protocol in Table 38. After that 1 µl of the 

reaction was used for E. coli transformation (Chapter 4.7.2). The results were validated by 

colony PCR (Chapter 4.6.3.4) and sequencing (Chapter 4.6.8). 

Table 38: Program for the PCRGate assembly method used in this work.  

Temperature 37 °C 37 °C 16 °C 65 °C 4 °C 

Time 15 min 2 min 5 min 5 min ꝏ 

Step restriction restriction ligation inactivation end 

Cycles 1 30-50 1 1 

 

4.6.8 DNA Sequencing 

Cloning and assembling (Chapter 4.6.7) new plasmids always represents the risk of 

errors during the cloning processes as well as the DNA fragment generation via PCR 

(Chapter 4.6.3). Despite using a very accurate polymerase (Q5 High-Fidelity 2X Master Mix, 

NEB), the possibility of point mutations, which could render a protein inactive remains. Even 

missing parts in the assembly process, doubling or other error can occur. To rule out any 

mistakes the plasmids and the genes were sequenced using an extern sequencing provider, 

Mircosynth Seqlab GmbH. Each sequencing sample contained a total volume of 12 µl 

consisting of 3 µl sequencing oligonucleotides (10 µm), filtered (0.2 µm pore size) ultrapure 

H2O, and the purified DNA sample (Chapter  4.6.5) in 1.5 ml reaction tube. The following Table 

39 shows the sequencing sample composition recommended by Mircosynth Seqlab for a 

successful sequencing reaction. 

Table 39: Recommended requirements by Mircosynth Seqlab. 

Template Concentration Volumes 

Plasmid 40-100 ng/µl 

Premixed: 

12 µl DNA template solution 

+ 3 µl 10 µM sequencing 

oligonucleotides 

PCR product General rule: 1.5 ng/µl per 

100 bp 

PCR 1000-2000 bp 30 ng/µl 

PCR 500-1000 bp 15 ng/µl 

PCR 250-500 bp 7.5 ng/µl 

PCR 100-250 bp 4 ng/µl 
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4.7 Microbiological methods 

4.7.1 Protocol for chemical ultra-competent E. coli cells 

The protocol used in the working group for ultra-competent DH5α E. coli cells is derived 

and adapted from the literature. [256] 

For ultra-competent DH5α E. coli cells 10 ml LB-medium (Table 9) was inoculated with 

a single colony of DH5α E. coli cells with or without antibiotics at 37 °C, 200 rpm over the day. 

After approx. 7-8 hours a main culture of 100 ml LB-medium in an Erlenmeyer flask with baffles 

was inoculated to an OD600nm of 0.5 and incubated ON at 20 °C, 200 rpm. After the OD600nm 

reached 0.55 the flasks were transferred to an ice water bath for 10 min. The cells were 

harvested in 50 ml screw cap tubes (tubes 50 ml, 114 x 28 mm, PP, Sarstedt) at 2500 xg for 

10 min, 4 °C. The supernatant was discarded, and the residual medium was removed by 

placing the screw cap tubes upside down on a paper towel for 2 min. The cell pellet in each 

screw cap tube then was gently resuspended in 16 ml of ice-cold Inoue buffer (Table 18) and 

centrifugated again at 2500 xg for 10 min, 4 °C. The supernatant was removed like described 

before and the pellets were again gently resuspended in 4 ml ice-cold Inoue buffer each, 

before adding 0.3 ml DMSO. The bacterial suspension was mixed by swirling and stored on 

ice for 10 min. The suspension was quickly aliquoted into sterile 1.5 ml reaction tubes 

(Eppendorf) by dispensing 100 µl. The tubes were immediately frozen in a liquid nitrogen bath 

and the tubes were stored at -80 °C. 

4.7.2 Heat-shock transformation of E. coli 

E. coli cells can become competent for the uptake of external DNA in different ways. 

One way is to use a chemical method with the help of an excess of Ca2+ ions. The most efficient 

way to transform E. coli cells with exogenous DNA is to transform the cells in their exponential 

growth phase. To increase the readiness to take up DNA a heat shock is used during the 

transformation protocol. [257] 

To amplify plasmid DNA after cloning experiments (Chapter 4.6.7) or simply to yield 

high amounts of plasmid DNA for e. g. yeast transformation (Chapter 4.7.4), the plasmid needs 

to enter the cells. First the ultra-competent E. coli cells (Chapter 4.7.1) were thawed on ice and 

1-5 µl of DNA (plasmid, ~10 ng) was added to the cell suspension and mixed via stirring. The 

mix was incubated for 10 min on ice. After that the cells were heated at 42 °C (heat-shock) for 

1 min in a thermomixer (thermomixer comfort, 1.5 ml, Eppendorf) and subsequently incubated 

on ice for 2 min. Now 450 µl of SOC medium (Table 9) were added and the transformation 

approach was incubated for 30 min at 37 °C, 300 rpm (thermomixer comfort, 1.5 ml, 
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Eppendorf). When using ampicillin as a selection marker (Table 11) the SOC medium and the 

30 min incubation step can be skipped, but for all other antibiotics it is necessary. Finally, the 

transformation mix is plated on LB agar plates containing the plasmid specific antibiotic and 

incubated ON at 37 °C. On the next day the single colonies were used for colony PCR 

(Chapter 4.6.3.4) and cultivation in liquid media (Chapter 4.6.2 and Chapter 4.7.5). 

4.7.3 Protocol for chemical competent S. cerevisiae cells 

The protocol for chemical competent S. cerevisiae cells used in this work was modified 

according to Gietz und Schiestl 2007. [258] For competent yeast cells a preculture of 10 ml 

selective medium (Table 10, Table 9) in 100 mL Erlenmeyer flasks (with baffles) was incubated 

ON at 30 °C, 200 rpm (Orbitron, 2.5 cm displacement). The main culture of 50 mL YPD-

medium (Table 10) in 500 mL Erlenmeyer flasks (with baffles) was inoculated to an OD600 of 

0.1 to 0.2 and incubated at 30 °C, 200 rpm to an OD600 between 0.5 to 0.6. When the desired 

OD600 was reached the cell culture was transferred to sterile 50 ml screw cap tubes (tubes 50 

ml, 114 x 28 mm, PP, Sarstedt) and harvested via centrifugation (2000 xg, 5 min, RT). The 

remaining cell pellet was washed by careful resuspending with 25 mL sterile ultrapure H2O 

(0.2 µm pore size) and centrifugated again under previous conditions. After removing the 

supernatant, the pellet was resuspended in 0.5 mL sterile ultrapure H2O (0.2 µm pore size) 

and transferred to a sterile 1.5 mL reaction tube (Eppendorf) for centrifugation (2000 xg, 5 min, 

RT). The resulting pellet finally was resuspended in sterile filtered frozen competent cell (FCC) 

solution (Table 19) and split into 50 µl aliquots in sterile 1.5 mL reaction tubes (Eppendorf). 

The aliquots were stored in a Styrofoam box with lid and frozen at -80 °C till further use.  

The prepared competent cell aliquots were tawed for subsequent transformation 

experiments (Chapter 4.7.4). 

4.7.4 Transformation of S. cerevisiae 

Before using alkali cations and polyethylene-glycol (PEG), the transformation of 

S. cerevisiae was very laborious.[259] Despite being not the most effective transformation 

method the 1983 established alkali cation and PEG method is one of the most common method 

used for transforming yeast. [259,260] After using single stranded carrier DNA in the alkali 

cation and PEG method the efficacy increased dramatically. [259] Together with the protocol 

of Gietz und Schiestl, 2007 for yeast transformation, reducing the procedure time, a modified 

version of the transformation protocol is used. [258] 

For the transformation protocol, to integrate exogenous DNA into the yeast genome or 

introduce plasmid DNA into the yeast cell, a transformation mix was prepared according to 
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Table 40. The ssDNA had to be freshly denaturized for each transformation experiment by 

incubating the tubes with ssDNA at 95 °C for 5 min (thermomixer comfort, 1.5 ml, Eppendorf), 

following 2 min on ice. The DNA for the transformation was also prepared in a DNA mix shown 

in Table 41. 

Table 40: Components for the transformation mix used in the yeast cell transformation protocol. Amounts 
given were for one transformation attempt. 

Component Amount 

PEG 3350 (50 % (w/v)) 260 µl 

Li acetate 1 M 36 µl 

Freshly denaturated ssDNA (2 mg ml-1) 50 ml 

Sum Σ 346 µl 

 

Table 41: DNA mix composition for yeast cell transformation. 

Component Amount 

DNA (500 ng plasmid, 1-5 µg for genome integration) x µl 

Filtered ultrapure H2O (0.2 µm pore size) Fill to final volume 

Sum Σ 14 µl 

 

Chemical competent yeast cells (Chapter 4.7.3) were defrosted for 0.5-1 min at 37 °C 

and pelleted at 13000 xg for 2 min. The supernatant was discarded, and the pellet was 

resuspended in 14 µl of the DNA mix before the transformation mix was added and mixed via 

pipette and vortex before the heat-shock. The heat-shock was performed in the thermomixer 

(thermomixer comfort, 1.5 ml, Eppendorf) at 42 °C for 40 min. After that the cells were 

centrifugated for 30 sec at 13000 xg and the supernatant was discarded. The resulting pellet 

was resuspended in 1 ml YPD medium and incubated for an additional 4 hour at 30 °C. 

Transformations using only URA3 selection markers can be plated directly onto YPD agar 

plates and do not require a 4-hour incubation step. The plated cells were then incubated at 

30 °C for several days, till colonies are visible and big enough to be used for yeast colony PCR 

(Chapter 4.6.3.5) or for the inoculation in liquid cultures for genome isolation 

(Chapter 4.6.5.1iii), cultivation and storage (Chapter 4.7.5), or the cultivation in Biolector 

experiments (Chapter 4.7.5.1). 

4.7.5 Cultivation and Storage of E. coli and S. cerevisiae 

The media used in this section are shown in Table 9 (E. coli) and Table 10 

(S. cerevisiae). The antibiotics for selection and their appropriate concentration can be found 

in Table 11. The cultivations were done in a 1:10 ration of medium to flask volume (Erlenmeyer 
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flasks) or in sterile 13 ml tubes (tube 13 ml, 100 x 16 mm, PP, Sarstedt) for 2 ml plasmid 

isolation and purification experiments (Chapter 4.6.2 and Chapter 4.6.5). The incubation was 

done with an agitation of 200 rpm at 30 °C (E. coli) or 37 °C (S. cerevisiae) ON.  

4.7.5.1 Biolector cultivation and HPLC sample preparation  

For rapid screening and highly parallelised cultivation of the modified and selected 

yeast cells, the Biolector system from M2P labs GmbH was used. With this system 48 different 

cultivations approaches can be done in parallel. For that a 48 well FlowerPlate was used, with 

and without transparent bottoms. The transparent bottoms enable live tracking of the growth 

progress of each cultivation. For every well 1000 µl cultivation medium of Table 10 was used 

depending on the respective selection marker used for the modifications. Each well was 

inoculated with one yeast colony and cultivated for 72 h at 1200 rpm agitation and 30 °C with 

80 % humidity. Upon completion of the 72 h cultivation the cells were transferred to 1.5 ml 

reaction tubes (Eppendorf) and harvested via centrifugation (30 min, full speed, Centrifuge 

5418 D /5424, 5415 R, Eppendorf). The supernatant was transferred to fresh 1.5 ml reaction 

tube and 500 µl of that were filtered (0.2 µm poresize) and mix 1:1 with sterile ultrapure H2O 

(TKA Thermo Scientific GenPure UV-TOC x-CAD Plus Benchtop) in a HPLC vial. The samples 

were either directly measured via HPLC (Chapter 4.10.1) or stored at -20 °C till analysis.  

For a better comparability already selected producing strains were pre-cultivated ON 

(Chapter 4.7.5) and used for the inoculation of each well at an OD600 of 0.5. These cultivations 

were done in triplets.  

4.8 Protein biochemical methods 

4.8.1 S. cerevisiae cell disruption 

To disrupt the resilient yeast cell, a protocol was employed, combining the established 

disruption protocol for yeast cells used in the research group with the Nucleospin® DNA Yeast 

kit (Chapter 4.6.5.1iii). Following yeast cell cultivation and harvest (Chapter 4.7.5) the pellet 

was washed with ultrapure H2O (TKA Thermo Scientific GenPure UV-TOC x-CAD Plus 

Benchtop). For the disruption, 0.5 ml or 1 ml reaction tubes were used. The cell pellet was 

transferred to these tubes and filled to the top with glass beads (Roth, Glass beads 0.75 - 

1.0 mm). Ultrapure H2O (TKA Thermo Scientific GenPure UV-TOC x-CAD Plus Benchtop) was 

added until all the air was removed, and the tubes were sealed. After agitating the cells for 

15 min at 4 °C full speed (LAB VORTEX with mixing head, Heathrow Scientific), the 

suspension was transferred to new 1.5 ml reaction tubes (Eppendorf) and centrifugated (5 min, 
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full speed, Centrifuge 5418 D /5424, Eppendorf). The resulting supernatant was transferred to 

a HPLC vial for measurement (Chapter 4.10.1.2).  

4.9 Methods for Extracting and Concentrating 

4.9.1 Speedvac DNA evaporation 

To reduce volume from DNA or compound solutions, the Concentrator plus (Eppendorf) 

was employed. This centrifuge-style device utilizes vacuum, rotation, and heat to eliminate 

excess volume from samples. The 1.5 ml reaction tubes (Eppendorf) were positioned in the 

concentrator, and the solvent-specific program was selected and applied to reduce the sample 

volume. 

4.9.2 Isolation and Extraction of 3-Hydroxypropionic acid 

To extract 3-HP from the medium of the cultivated strains, the yeast cells were 

cultivated and harvested (Chapter 4.7.5) to obtain the resulting supernatant. For larger volume 

cultivations (50 ml or more), the supernatant medium volume was initially reduced. This 

involved transferring the supernatant to a round-bottom flask, freezing it to -196 °C using liquid 

N2, and removing water from the supernatant via overnight lyophilization (Lyophille alpha 1-4 

LSC, Martin Christ Gefriertrocknungsanlagen GmbH). The resulting residues were dissolved 

in 10-25 ml ultrapure H2O (TKA Thermo Scientific GenPure UV-TOC x-CAD Plus Benchtop), 

depending on the cultivation volume, and then extracted. 

The extraction protocol was adapted and modified based on a literature protocol. [212] 

The reduced supernatant volume was adjusted to a pH of 1-2 with HCl to protonate the 3-HP 

molecules for better extraction results. The extraction was performed three times using three 

times the volume of ethyl acetate based on the supernatant volume. The resulting ethyl acetate 

volume was dried with dry MgSO4. This MgSO4 was added until no more clumps formed. 

Subsequently, the ethyl acetate was filtered and evaporated (Buchi 23022A020 Rotary 

Evaporator, Diagonal Condenser, Professional Controller, 115V, BÜCHI Labortechnik GmbH) 

until no solvent remained. The residues were dissolved either in CDCl3 or D-methanol for NMR 

measurements (Chapter 4.10.2).  



Material and Methods 

124 

4.10 Analytical Methods 

4.10.1 High-performance liquid chromatography (HPLC) 

The HPLC (high-performance liquid chromatography) in this work was performed on a 

1260 Infinity II LC System (Agilent Santa Clara, USA) for shikimate derived products. For 

malonyl-CoA derived product a 1260/1200 Infinity LC System with a 1260 Infinity binary pump, 

refractive index (RI) detector, 210 nm wavelength detector and multicolumn thermostat in 

combination with a 1200 Infinity autosampler and vacuum degassing unit (Agilent Santa Clara, 

USA) was used. All peak areas of interest were integrated with OpenLab CDS (Agilent, Santa 

Clara, USA) and quantification was performed using a standard curve.  

4.10.1.1 p-Coumaric acid and Tyrosine analysis 

The method used for the quantification of tyrosine and p-CA was adapted from 

Steinmann et al. 2022. [216] Sample separation was achieved on a reversed-phase (RP) EC 

100/2 Nucleoshell RP18 column (100 × 2 mm), with a particle size of 2.7 μm (MN). All samples 

were analysed using a gradient method with two solvents: 0.05 % formic acid in degassed 

ultrapure H2O (A) (c) and 0.05 % formic acid in degassed methanol (B). With a flow rate of 

0.3 ml/min, the following gradient was used: 0-2 min 98 % A, 2-4 min 98-75 % A, 4-15 min 75-

70 % A, 15-18 min 70-10 % A, 18-20 min 10 % A, 10-98 % 20-21 min A and 21-26 min 98 % 

A. The injection volume was 5 µl and column temperature was set to 30 °C. p-CA was detected 

at 310 nm and tyrosine at 280 nm. Retention time for p-CA was 9.05 min and for tyrosine 

1.25 min. 

4.10.1.2 3-Hydroxypropionic acid analysis 

The method used for the 3-HP analysis and quantification was a standard isocratic 

sugar analysis method in our laboratory. All samples were measured with an isocratic protocol 

of 0.05 mM H2SO4 in ultrapure H2O (TKA Thermo Scientific GenPure UV-TOC x-CAD Plus 

Benchtop), 15 min degassed and a flowrate of 0.5 ml min-1 on a Metab-AAC HPLC-column 

(BF-series, 300 x 7.8 mm), with a particle size of 10 µm (ISERA GmbH, Düren, Germany). The 

column temperature was set to 40 °C and 3-HP was detected at 210 nm at a retention time of 

16.4 min to 16.6 min depending on the samples in the measurement run. Because of this 

retention time discrepancy for each measurement a series of 3-HP standards was measured 

every time. A series of 12 dilutions was prepared starting from the highest concentration of 

10 g/L going down as far as 4.88 mg/L. The 3-HP standard was purchased from Sigma Aldrich 

as 30 % solution in water. The standard series samples were prepared using 50 % of the 
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medium the cells were cultivated in with 50 % H2O (TKA Thermo Scientific GenPure UV-TOC 

x-CAD Plus Benchtop), to ensure the same conditions as for the 3-HP culture samples.  

4.10.2 3-HP analysis with nuclear magnetic resonance (NMR) 

To confirm actual 3-HP production in the generated production strains, the nuclear magnetic 

resonance (NMR) method was employed. The extracted and concentrated cultivation samples 

were dissolved in 0.5 to 1.0 ml CDCl3 and D-methanol, respectively. These solutions were then 

transferred to NMR tubes for NMR measurements. The measurement was performed outside 

of the research group. The measurement spanned several hours measuring signal intensity in 

the 1H and 13C NMR spectrum. The measurements were carried out at 298 K with a frequency 

of 500 Hz for 1H and 125 Hz for 13C. The resulting spectra were analysed using the Bruker 

TopSpin® NMR software.  
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 Abbreviations 

+/-RT     with/without reverse transcriptase 

µm    micometer 

µmol    micromol 

13C    carbon-13 isotope 

1H     hydrogen-1 isotop, Protium 

2-OG    2-oxoglutarate 

3-HP    3-hydroxypropionic acid 

5-FOA     5-fluoroorotic acid  

AAA    aromatic amino acids 

A-ALDp     acetylating acetaldehyde dehydrogenase 

acc1    acetyl-CoA carboxylase 

ACLp    citrate lyase 

ACP     acyl carry domains 

acs1    acetyl-CoA synthase  

acsSe
L641P    acetyl-CoA synthase from Salmonella enterica 

ADH     alcohol dehydrogenase  

adh1    alcohol dehydrogenase 

ADP    adenosine diphosphate 

AGAP     any-gene-any-plasmid  

ald2    aldehyde dehydrogenase again 

ald6    aldehyde dehydrogenase 

anneal.    annealing/hybridisation 

APS    Ammonium persulfate  

aro10    2-oxo-acid (phenylpyruvate) decarboxylase 

ARO2    bifunctional chorismate synthase 
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ARO4p    DAHP synthase 

ARO7p    chorismate mutase 

aro8/9    aromatic aminotransferase,  

aroAEc    EPSP synthase from E. coli 

aroBEc     dehydroquinate synthase from E. coli 

aroLEc     shikimate kinase from E. coli 

AroLpEc    shikimate kinase from E. coli 

AT     acyltransferase  

ATP    adenosine triphosphate 

Bacillus subtilis   B. subtilis 

BC    before christ 

BMBF    Bundesministerium für Bildung und Förderung 

bp     base pair 

C domain    condensation 

C. aurantiacus   Chloroflexus aurantiacus 

Cas9    (CRISPR)–associated protein 9 

CDCl3    Deuterated chloroform 

CHA     chorismate 

cit1/2/3    citrate synthase 

CO2    carbon dioxid 

CoA    coenzyme A 

CRISPR/Cas9   clustered regularly interspaced short palindromic repeats  

crRNA    CRISPR RNA 

dATP    Deoxyadenosine triphosphate 

dCTP    Deoxycytidine triphosphate 

denat.    Denaturation 

dGTP    Deoxyguanosine triphosphate 
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DH    dehydratase 

DHAP    dihydroxyacetone phosphate  

DHAP    dihydroxyacetone phosphate 

DHCHC     5-dihydrocyclohex-1-ene-carboxylic acid  

DHQ    3-dehydroquinic acid 

DHS     3-dehydroshikimate 

DMAPP    dimethylallyl diphosphate 

DNA    deoxyribonucleic acid 

dNTP    Deoxynucleotide Triphosphate 

dsDNA    double stranded DNA  

DTT    Dithiothreitol 

dTTP    Thymidine triphosphate 

DTU    Technical University of Denmark 

DXP    2-C-methyl-d-erythritol-4-phosphate pathway 

E domain    epimerases 

E. coli    Escherichia coli 

e. g.     exempli gratia 

E4P     D-erythrose-4-phophate 

E4P    erythrose-4-phosphate 

EDTA    Ethylenediaminetetraacetic acid 

elong.    elongation 

eno1-2    phosphopyruvate hydratase 

EPSP    5-enolpyr- uvylshikimate-3-phosphate 

ER     enol reductase 

EPSP     3-enolpyruvyl-shikimate 5-phosphate  

F. johnsoniae   Flavobacterium johnsoniae 

F6P    fructose-6phosphate 
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FA    fatty alcohols 

FAEE    fatty acid ethyl ester 

fas3    acetyl-CoA carboxylase  

FCC     frozen competent cell  

FFA    free fatty acids 

FPP     farnesyl diphosphate  

G3P    glyceraldehyde 3-phosphate  

G3P    glyceraldehyde-3-phosphate 

G3P    glyceraldehydes-3-phosphate 

G6P     glucose-6-phosphate  

G6P    glucose-6-phosphate 

GABA     gamma-aminobutyrate 

GFP    Green fluorescence protein 

GGPP     geranylgeranyl diphosphate  

Gln    glutamine 

Glu    glutamate 

gnd1    phosphogluconate dehydrogenase 

gpd1    glycerol-3-Phosphate Dehydrogenase 

gpd1    Glycerol-3-phosphate dehydrogenase 

GRAS     generally regarded as safe 

GYC    glyoxylate cycle 

h     hour 

H. aurantiacus   Herpetosiphon aurantiacus 

H+     hydrogen proton 

H2O    water 

HPLC     high-performance liquid chromatography 

Hz     Hertz 



Abbreviations 

130 

IC50     Half-maximal inhibitory concentration 

InGP    indole-3-glycerol phosphate synthase 

IPP    isopentenyl diphosphate 

K     Kelvin 

kb     kilobase 

KR domain   the −keto reductase 

KR     −keto reductase  

KS     ketosynthase  

L     liter 

L. lactis     Lactococcus lactis 

L. mesenteroides Leuconostoc mesenteroides 

LAT1    dihydrolipoamide acetyltransferase  

LB-medium   lysogeny broth medium 

LPD1    dihydrolipoamide dehydrogenase  

M     Mol 

mcrCa     malonyl-CoA reductase from Chloroflexus aurantiacus 

MEP    non-mevalonate pathway 

mg    milligram 

Min    minute 

mls1    malate synthase 

mM    millimol 

mmol    millimole 

MN    Macherey-Nagel (Düren, Germany) 

MT domain   methyltransferases  

MVA    mevalonate pathway 

NAD    nicotinamide adenine dinucleotide 
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NADH    reduced nicotinamide adenine dinucleotide 

NAT    Nourseothricin Acetyltransferase 

NEB    New England Biolabs 

Nm    nanometer 

NMR    nuclear magnetic resonance  

NP    natural products 

NRPS    non-ribosomal peptide synthase 

nt     Nucleotide 

OD600    optical desity at 600 nm 

ON    over night 

PAL     phenylalanine ammonia-lyase  

PAM     protospacer adjacent motif 

p-CA    para-coumaric acid 

PCP     peptide carry domains 

PCR    polymerase chain reaction 

PDA1 and PDB1   pyruvate dehydrogenase  

pdc1    pyruvate decarboxylase 

pdc1    pyruvate decarboxylase  

pdc5    2-oxo-acid (pyruvate) decarboxylases 

pdh     pyruvate dehydrogenase complex  

PDX1    pyruvate dehydrogenase complex component X 

PEG     polyethylene-glycol  

PEG-8000   Polyethylene glycol 

PEP     phosphoenolpyruvate  

pgi1     phosphoglucose isomerase 

pgk1     phosphoglycerate kinase  

pha2    prephenate dehydratase 
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Pi      phosphate 

PIPES    piperazine-N,N′-bis(2-ethanesulfonic acid 

pKa    acid dissociation constant 

PKS     polyketide synthase 

ppm    parts per million 

PPP    pentose phosphate pathway 

PPtase    phosphopantetheinyl transferase 

PRA    phosphoribosyl anthranilate 

Pyr    pyruvate 

Pyr    pyruvate 

R5P    ribose-5-phosphate 

RI     refractive index 

RL5P    ribulose-5phosphate 

RNA    Ribonucleic acid 

RP     reversed-phase  

rpm    revolutions per minute 

Rt     retention time 

RT    room temperature 

S. entérica   Salmonella enterica 

S. cerevisiae   Saccharomyces cerevisiae 

S7P    sedoheptulose-7-phosphate 

SC-medium   synthetic complete medium 

SD-Medium   Synthetic drop-out Medium 

SDS    Sodium dodecyl sulfate 

Sec    seconds 

SFPpBs    PPTases from B. subtilis 

sgRNA    single-guide RNA 
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SOB-medium   super optimal broth medium 

SOC-medium   super optimal broth medium with glucose 

ssDNA    Single-stranded carrier DNA 

Ta  melting point of the completely hybridised oligonucleotide 

TAE    tris base, acetic acid and EDTA 

tal1     transaldolase 

TALpFj     tyrosine ammonia lyase from F. johnsoniae  

TALpHa     Tyrosin-Ammoniak-Lyase from H. aurantiacus 

TAT1     amino acid transporter for tyrosine 

TCA    tricarboxylic acid cycle 

tCPS1    terminator of CarboxyPeptidase yscS 

tdh1-3    glyceraldehyde-3-phosphate dehydrogenase 

tHis5    terminator of ATP phosphoribosyltransferase 

tkl1     transketolase 

Tm melting temperature of the complementary part of the 

 oligonucleotide 

tpi1    triose-phosphate-isomerase  

trp1    phosphoribosyl anthranilate (PRA) Isomerase,  

trp2/3    anthranilate synthase complex 

Trp3    indole-3-glycerol phosphate synthase (InGP) synthase 

trp4    phosphoribosyltransferase 

Trp5    tryptophan synthase 

tyr1     prephenate dehydrogenase 

uga1    gamma-aminobutyrate (GABA) transaminase 

USER     Uracil specific excision reagent 

UV    ultraviolett 

UV/VIS    ultraviolet and visible  
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V     volume 

v/v    volume per volume 

vs.    versus 

w/v    weight per volume 

X5P    xylulose-5-phosphate 

xfpkBb     phosphoketolase from Bifidobacterium breve 

xPKp ylulose-5-phosphate specific phosphoketolase from 

 L. mesenteroides 

Y. lipolytica   Yarrow lipolytica 

ydiBEc    shikimate dehydrogenase from E. coli 

YNB     yeast nitrogen base  

YPD    yeast extract peptone dextrose 

zwf1    glucose-6-phosphate dehydrogenase 
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 Supplements 

1.1 Vector maps and generated strains 

Table S42: This table shows all vector maps of the plasmids used and described in this work. All maps were 
created with SnapGene® Viewer.  

Vector name Map 

pDionysos-

GlcRepfree 

 

pDionysos-

GlcRepfree-sfp-

B.Sub. 
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Vector name Map 

p426_Cas9_gRNA-

ARS720a 

 

pCutX-Lys5-

Knockout 
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Vector name Map 

p0343/p0343* 

 

p0343*-acc1*** 
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Vector name Map 

p0380 

 

p0382 
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Vector name Map 

pCaMCR-TRP1 

 

p02747 
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Vector name Map 

pCfB9114 

 

p0376/p0376* 
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Vector name Map 

p0474/p0474* 

 

pDesti-H-A-Esp3I-

Kan-ColE1 
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Vector name Map 

p0872 

 

pEpi-haTal-Ura3-2µ 
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Vector name Map 

pI-deltaPDC5-

EcAroL 

 

pI-deltaARO10-

Aro4,Aro7 
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Vector name Map 

pI-dADH1::TPI1 

 

 

Table S43: List of the presented and generated strains during this work. The initial basis strains can be 
found in table 6. 

Strain Genotype 

ST003 MATa; gal1::loxP; pep4::loxP; gal80::loxP ura3-52; trp1-289; leu2-3,112; his3Δ 1; 
MAL2-8C; SUC2; 720aΔ::PGAL1-SFPBs-TCYC1 

ST004 MATa; gal1::loxP; pep4::loxP; gal80::loxP; Dmig1bs; ura3-52; trp1-289; leu2-3,112; 
his3Δ 1; MAL2-8C; SUC2; 720aΔ::PGAL1-SFPBs-TCYC1 

ST005 ST003 + pEpi-haTal-Ura3-2µ 

ST006 ST003 PDC5∆::loxp-Kl.LEU2-loxp-PPGK1-AroLEc-TCYC1+ pEpi-haTal-Ura3-2µ 

ST007 ST003 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1 + pEpi-
haTal-Ura3-2µ 

ST008 ST003 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1 + 
PDC5∆:: loxp-Kl.LEU2-loxp-PPGK1-AroLEc-TCYC1 + pEpi-haTal-Ura3-2µ 

ST009 ST004 + pEpi-haTal-Ura3-2µ 

ST010 ST004 PDC5∆::loxp-Kl.LEU2-loxp-PPGK1-AroLEc-TCYC1+ pEpi-haTal-Ura3-2µ 

ST012 ST004 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1 + pEpi-
haTal-Ura3-2µ 
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ST013 ST004 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1 + 
PDC5∆:: loxp-Kl.LEU2-loxp-PPGK1-AroLEc-TCYC1 + pEpi-haTal-Ura3-2µ 

ST018 ST003 + pCaMCR-TRP1 

ST019 ST004 + pCaMCR-TRP1 

ST020 ST003 TY4::URA3-TCYC1-McrCa-PPGK1-PTEF1- Acc1S659A, S686A, S1157A-TADH1 

ST021 ST004 TY4::URA3-TCYC1-McrCa-PPGK1-PTEF1- Acc1S659A, S686A, S1157A-TADH1 

ST022 ST003 X-2∆::loxp-URA3-loxp- TCYC1-McrCa-PPGK1-PTEF1- Acc1S659A, S686A, S1157A-TADH1 + 
X-3 ∆:: loxp-Kl.LEU2-loxp-TCYC1- AcsSe

L641P-PPGK1-PTEF1-ALD6-TCYC1 + X-4∆::loxp-
HIS5-loxp-TCYC1-PTEF1-PDC1-TADH1  

ST023 ST003 X-2∆::loxp-URA3-loxp-PTEF1- Acc1S659A, S686A, S1157A-TADH1 + X-3 ∆:: loxp-
Kl.LEU2-loxp-TCYC1- AcsSe

L641P-PPGK1-PTEF1-ALD6-TCYC1 + X-4∆::loxp-HIS5-loxp-
TCYC1-PTEF1-PDC1-TADH1

 + pCaMCR-TRP1 

ST024 ST022 ADH1∆::loxp-NAT-loxp-PTEF1-TPI1-TTDH1 

ST025 ST023 ADH1∆::loxp-NAT-loxp-PTEF1-TPI1-TTDH1 + pCaMCR-TRP1 

ST026 ST023 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1 + pEpi-
haTal-Ura3-2µ 

ST027 ST023 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1 + 
PDC5∆:: loxp-Kl.LEU2-loxp-PPGK1-AroLEc-TCYC1 + pEpi-haTal-Ura3-2µ 

ST028 ST023 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1  

ST029 ST023 ARO10∆::loxp-HIS5-loxp-TCYC1-Aro7G141S-PPGK1-PTEF1-Aro4K229L-TADH1 + 
PDC5∆:: loxp-Kl.LEU2-loxp-PPGK1-AroLEc-TCYC1  
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1.2 Supplements – Results and Discussion 

i. Results of PPTase integration 

 

Figure S49: Picture of the E. coli colony PCR gel after the construction of the pDionysosGlcRepfree-sfp 
plasmid. Number from 1-6 indicate the picked colonies for testing. The red boxes highlight the positive fragments 
with the right size of 1060 bp. L: GeneRuler™ 1 kb DNA Ladder Plus from Thermo Scientific. 

 

 

Figure S50: Agarose gel of yeast colony PCR with scheme of the PCR below. Red box highlights the positive 
colony (3238 bp) while all others are negative (2000 bp). Bold arrows on the scheme below indicate binding position 
of the used primers with the dashed arrows showing amplification direction. The roman numbers indicate the 
respective chromosome the cassette was implemented in. L: GeneRuler™ 1 kb DNA Ladder Plus from Thermo 
Scientific. 

 

Figure S51: Yeast cells after 5-FOA selection on agar plates after 2 days of incubation at 30 °C. Left: YPD-
agar plate no selection pressure, right: -URA-selection plate without uracil and no grown colonies indicating plasmid 
loss.  
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Figure S52: Results of the sfp integration cassette sequencing from the yeast genome. The sequences 
highlighted in green show matching sequence areas with the correct reference sequence. The red arrow indicates 
the starting point (atg) of the sfp sequence, while the stop highlights the ending (taa). Below the sequence a scheme 
shows the integration site with the integration cassette where the red box highlights the covered sequencing area.  

ii. CRISPR-Cas9 mediated lys5 knockout and sfpbs PPTase functionality test  

 

 

Figure S53: Sequencing result of the lys5 knockout. The first sequence from the top represents the native lys5 
sequence, below is the sequence as it should look after the knockout. Only colonies A4 and C2 (red box) carry the 
knocked out lys5 gene. 
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Figure S54: Agarose gel showing the sfpBs and acs PCR after RNA isolation without induction. The ST3/4 
+RT samples show no or only a slightly visible fragment demonstrating no or only minor basal transcription of sfpBs 
under the control of the Gal1 promotor. The housekeeping gene acs was successfully amplified indicating the 
successful RNA isolation and reverse transcription. The negative controls are indicated in the empty lanes (-RT), 
while the positive controls are shown with the fragments generated from the pDionysos-SfpBs plasmid (pDio-Sfp) 
and the acs sequence from the genome (ACS Genome). ST3/ST4: yeast strains harbouring the 720a::sfpBs 
modification (Table S43), +RT: RNA reverse transcription with reverse transcriptase, -RT: RNA reverse transcription 
without reverse transcriptase, L: GeneRuler™ 1 kb DNA Ladder Plus, Thermo Scientific. 

iii. Mutation of acc1 and the malonyl‑CoA reductase (MCR) read-out system 

 

Figure S55: Representative sequencing result of the introduction of the third mutation into the acc1 gene. 
Shown is the exchange of the codon TCC for serine with GCC for alanine by simply changing a (t) to c (g) as 
highlighted with the red box. 

 

Figure S56: Growth behaviour based on biomass development of the strains ST003, ST020, ST021. 
Cultivation was conducted in YNB SC-medium utilizing the Biolector, 72 h, 1200 rpm, 30 °C, 85 % humidity 
(Biolector, M2P labs GmbH, Germany). a. u.: arbitrary unit.  
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Table S44: Effect of 3-HP on ST003 and ST004 growth. Both strains were cultivated in the absents and 
presents of 3-HP. 

 OD600 OD660 

ST003 16,48 16,38 

ST003+3-HP 13,02 13 

ST004 13,44 13,56 

ST004+3-HP 12,06 12,34 
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Table S45: Example for the data attained from the 3-HP serial dilution. The data was also used for the comparison of the calibration curves prepared manually and attained from 
the program OpenLab CDS (Agilent, Santa Clara, USA) in Figure S57. 

3-HP Serial Dilution 3-HP Signal UV 210 nm       UV RI 

 mg/L Area_UV 210 nm Area_RI Calculated Conc. UV Calculated Conc. RI Diviation UV Diviation RI Formula: y=0,38195x y=290,22479x 

3-HP 19 mg/L 19 5,51 5449,98 14,43 18,78 3,23 0,16  0,38195 290,22479 

3-HP 39 mg/L 39 11,83 10725,43 30,97 36,96 5,68 1,45    

3-HP 78 mg/L 78 29,46 21958,85 77,13 75,66 0,61 1,65    

3-HP 156 mg/L 156 59,59 46187,71 156,02 159,14 0,01 2,22    

3-HP 312,5 mg/L 322 120,43 93393,82 315,30 321,80 4,38 0,21    

3-HP 625 mg/L 625 239,92 184739,05 628,15 636,54 2,22 8,16    

3-HP 1250 mg/L 1250 480,80 372683,74 1258,80 1284,12 6,23 24,13    

3-HP 2500 mg/L 2500 956,02 733539,35 2503,00 2527,49 2,12 19,44    

3-HP 5000 mg/L 5000 1933,09 1470917,52 5061,11 5068,20 43,21 48,23    

3-HP 10000 mg/L 10000 3807,06 2888818,74 9967,43 9953,73 23,03 32,72    
 

Table S46: Example for the data attained from acetate serial dilution. The data was also used for the comparison of the calibration curves prepared manually and attained from 
the program OpenLab CDS (Agilent, Santa Clara, USA) in Figure S58. 

Serial Dilution Acetate        UV RI 

 mg/L Area_UV 210 nm Area_RI Calculated Conc. UV Calculated Conc. RI Diviation UV Diviation RI Formel: y=0,35295x y=156,77808x 

Acetate 19 mg/L 19 6,13 3.048 17,36789914 19,4392609 1,154069589 0,310604359  0,35295 156,77808 

Acetate 39 mg/L 39 14,39 6.379 40,7706474 40,6888514 1,252036784 1,194198278    

Acetate 78 mg/L 78 28 12.750 79,07635642 81,32724932 0,761098927 2,352720557    

Acetate 156 mg/L 156 58 25.440 164,9808755 162,2646482 6,350437952 4,429775239    

Acetate 312,5 mg/L 321,5 111 49.039 315,0587902 312,7939824 4,554623131 6,156084065    

Acetate 625 mg/L 625 222 97.681 628,7009491 623,0510668 2,616966236 1,378103859    

Acetate 1250 mg/L 1250 433 191.647 1225,952685 1222,410493 17,00401985 19,50872778    

Acetate 2500 mg/L 2500 862 381.111 2442,725599 2430,892316 40,49911767 48,86651194    

Acetate 5000 mg/L 5000 1.705 761.162 4831,279218 4855,02597 119,3036091 102,5121194    

Acetate 10000 mg/L 10000 3.565 1.582.392 10101,09081 10093,19402 71,48199448 65,89812566    
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Figure S57: Obtained calibration curves from the 3-HP serial dilution and the data from Table S45. On the left side the calibration curves automatically generated from 
the OpenLab CDS (Agilent, Santa Clara, USA) and on the right side the calibration curve manually prepared. The upper diagrams show the calibration curves for the UV 
detected 3-HP and below the RI (refractive index) detector calibration curve. nRIU: nano Refractive Index Units, mAU: milli Absorbance Units. 
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Figure S58: Obtained calibration curves from the acetate serial dilution and the data from Table S46. On the left side the calibration curves automatically generated from 
the OpenLab CDS (Agilent, Santa Clara, USA) and on the right side the calibration curve manually prepared. The upper diagrams show the calibration curves for the UV 
detected acetate and below the RI (refractive index) detector calibration curve. nRIU: nano Refractive Index Units, mAU: milli Absorbance Units. 
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Figure S59: HPLC-UV/RI chromatogram (OpenLab CDS (Agilent, Santa Clara, USA)) for measured 
compound using the HPLC dedicated for carbohydrates, with the RI detector (above) and UV dector 
(210 nm, below). nRIU: nano Refractive Index Units, mAU: milli Absorbance Units. 

 

iv. Yeast genome modification for malonyl-CoA level provision 

 

 

Figure S60: Results of the linearisation of the integration plasmids. The upper fragments represent the linear 
integration cassettes, while the lower fragments represent the rest of the plasmid. The * indicates plasmids holding 
the triple mutated acc1. The plasmids with acc1 (p0343, p0376, p0474 with and without *) were linearised with and 
without the MCRp expression cassette, underlined right above each plasmid. The other plasmids (p0380 and 
p0382) are the plasmids containing acsse and ald6 (p0380) and pdc1 (p0382). L: GeneRuler™ 1 kb DNA Ladder 
Plus, Thermo Scientific. 
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Figure S61: Comparison of 3-HP RT shift between samples of the same measurement run and between measurements. Different measurement runs are seperated with a 
bold line. Samples of the same measurement run are group together. The RT shift in samples of the same measurement run differ from 0,02 min to 0,04 min and when comparing 
RT of different measurement runs the RT differs up to 0,149 min. Displayed are, from left to right, the 3-HP concentration measured, the section with RT if interest and the whole UV 
210 nm chromatogram of each sample. The data analysis was done with program OpenLab CDS (Agilent, Santa Clara, USA). mAU: milli Absorbance Units. 
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Figure S62: comparison of standard samples showing 5000 mg L-1 3-HP samples without (A) and with (B) 
5000 mg L-1 glycerol. A: 3-HP signal detected with the RI (above) and UV (210 nm, below) dector and no glycerol. 
B: 3-HP signal detected with the RI (above) and UV (210 nm, below) dector and 5000 mg L-1glycerol added 
increasing the signal in the RI dector significantly but does not affect the UV signal. The data analysis was done 
with program OpenLab CDS (Agilent, Santa Clara, USA). nRIU: nano Refractive Index Units, mAU: milli Absorbance 

Units. 
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Table S47: Template for designing oligonucleotides for Esp3I PCRGate cloning (Chapter 4.6.7.2) adapted from GreenGate cloning. [217] This template table can be used to 
design the primer for the PCRGate cloning of up to 8 fragments, by simply pasting the in the specific sequence column. The respective cutting site (“Esp3I site and filling sequence” 
column) creating the overlap (“Overhang” column with the overlapping site labelled from A to H (bold letters)) and the Esp3I recognition site are simply added to the primer sequence. 
Each colour represents a fragment generated with the respective primer pair. The calculated temperature can also be filled in at the end. Tm: melting temperature of the complementary 

part of the oligonucleotide, TA: melting point of the completely hybridised oligonucleotide. 

Fragments 
Primer 

Orientation 
  Esp3I site and filling 

sequence 
Overhang in frame addition specific sequence Tm Ta 

Fragment 1 
(destination 

Vector) 

 (Kan-ColE1) Vector-
ColE1-A  

Rv    caaca 
paste specific reverse primer 
complement sequence 

   

 
5’ aacaCGTCTCt aggt A gt next to the ColE1 sequence 3’   

  
Name     

Caaca and gt can be added in front of forward primer 
sequences between the overhang and the primer 
sequence when used when reading frame is important. 

paste specific primer sequence    

Fragement 2 

Forward  5’ aacaCGTCTCa acct A   3’  
 

Reverse  5’ aacaCGTCTCt tgtt B   3’  
 

           

Fragement 3 

Forward  5’ aacaCGTCTCa aaca B   3’  
 

Reverse  5’ aacaCGTCTCt agcc C   3’  

 

           

Fragement 4 

Forward  
5’ aacaCGTCTCa ggct C   3’  

 

Reverse  
5’ aacaCGTCTCt ctga D   3’  

   

         

Fragement 5 

Forward  5’ aacaCGTCTCa tcag D   3’  
 

Reverse  5’ aacaCGTCTCt gcag E   3’  

 

           

Fragement 6 

Forwrad  5’ aacaCGTCTCa ctgc E   3’  
 

Reverse  5’ aacaCGTCTCt tagt F   3’  

 

           

Fragement 7 

Forward  5’ aacaCGTCTCa acta F   3’  
 

Reverse  5’ aacaCGTCTCt gcag G   3’  

 
           

Fragement 8 

Forward  5’ aacaCGTCTCa tagt G   3’  
 

Reverse  5’ aacaCGTCTCt ccta H   3’  

 
           

Fragment 1 
(destination 

Vector) 

 H-Kan-Vector (Kan-
ColE1) 

Fw     paste specific forward primer sequence    

 
5’ aacaCGTCTCa tagg H  next to the Kan sequence 3’   
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v. 3-HP detection via nuclear magnetic resonance (NMR) 

 

Figure S63: 1H NMR spectrum (500 MHz, 298 K, CDCl3) of 3-HP (standard sample) in CDCl3. 

 

Figure S64: 13C NMR spectrum (125 MHz, 298 K, CDCl3) of 3-HP (standard samples) in CDCl3. 
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Figure S65: 1H NMR spectrum (500 MHz, 298 K, CDCl3) 3-HP 10 mg 3-HP extracted from YNB SC-Medium in 
CDCl3. 

 

Figure S66: 13C NMR spectrum (125 MHz, 298 K, CDCl3) of 3-HP extracted from YNB SC-medium in CDCl3. 
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Figure S67: 1H NMR spectrum (500 MHz, 298 K, CDCl3) of 3-HP extracted from ST003 cultivations in CDCl3. 

 

Figure S68: 13C NMR spectrum (125 MHz, 298 K, CDCl3) of 3-HP extracted from ST003 cultivations in CDCl3. 
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Figure S69: 1H NMR spectrum (500 MHz, 298 K, MeOD) 3-HP extract from YNB SC-medium with MeOD as 
solvent. 

 

Figure S70: 13C NMR spectrum (125 MHz, 298 K, MeOD) 3-HP extract from YNB SC-medium with MeOD as 
solvent. 
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Figure S71: 1H NMR spectrum (500 MHz, 298 K, MeOD) 3-HP extracted from ST022 cultivation. 

 

 

Figure S72: 13C NMR spectrum (125 MHz, 298 K, MeOD) 3-HP extracted from ST022 cultivations.  
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Figure S73: 1H NMR spectrum (500 MHz, 298 K, MeOD) 3-HP extract from ST024 cultivations.  

 

Figure S74: 13C NMR spectrum (125 MHz, 298 K, MeOD) 3-HP extracted from ST024 cultivations. 
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Figure S75: 1H NMR spectrum (500 MHz, 298 K, MeOD) 3-HP extract from ST020 cultivations. 

 

Figure S76: 13C NMR spectrum (125 MHz, 298 K, MeOD) 3-HP extracted from ST020 cultivations. 
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Figure S77: 1H NMR spectrum (500 MHz, 298 K, MeOD) 3-HP extract from ST021 cultivations. 

 

Figure S78: 13C NMR spectrum (125 MHz, 298 K, MeOD) 3-HP extracted from ST021 cultivations. 
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Figure S79: 1H NMR spectrum (500 MHz, 298 K, MeOD) 3-HP extract from ST023 cultivations. 

 

Figure S80: 13C NMR spectrum (125 MHz, 298 K, MeOD) 3-HP extracted from ST023 cultivations. 
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vi. Plasmid-based p-coumaric acid production as reporter compound 

 

 

 

Figure S81: Standard nucleotide BLASTn sequence comparison of the received TALp sequence from DTU. 
Results indicate sequence consensus with the TALpHa published by Jendresen et al., 2015. [219] 
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Table S48: Example for the data attained from tyrosine serial dilution. Data was analysed using the software OpenLab CDS (Agilent, Santa Clara, USA).  

  Tyrosine 280,4 nm 

Sample name Used conc. Area UV Calculated conc. Standard diviation Percentage Diviation Formular 
 [mg/L] [mAU] [mg/L]   [%] y=mx+b 

1,2 mg/L Tyr in YNB,H2O 1:1 1,2 131,88 0,49 0,50 59,34 m: 

2,34 mg/L Tyr in YNB,H2O 1:1 2,34 138,86 1,70 0,46 27,65 5,779093347 

4,68 mg/L Tyr in YNB,H2O 1:1 4,69 152,2 4,00 0,48 14,58   

9,375 mg/L Tyr in YNB,H2O 1:1 9,38 181,2 9,02 0,25 3,76 b: 

18,75 mg/L Tyr in YNB,H2O 1:1 18,75 237,71 18,80 0,04 -0,27 129,0604256 

37,5 mg/L Tyr in YNB,H2O 1:1 37,50 350,79 38,37 0,61 -2,31   

75 mg/L Tyr in YNB,H2O 1:1 75,00 574,02 76,99 1,41 -2,66   

150 mg/L Tyr in YNB,H2O 1:1 150,00 996,67 150,13 0,09 -0,09   

300 mg/L Tyr in YNB,H2O 1:1 300,00 1859,06 299,35 0,46 0,22   

 

 

Figure S82: Example of a calibration curve attained using the data from Table S48 and an example of a tyrosine chromatogram generated with the software OpenLab 

CDS (Agilent, Santa Clara, USA). 
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Table S49: Example for the data attained from p-CA serial dilution. Data was analysed using the software OpenLab CDS (Agilent, Santa Clara, USA). 

  Cumarsäure 310,4 nm 

Sample name Used conc. Area UV Calculated conc. Standard diviation Percentage Diviation Formular 

 [mg/L] [mAU] [mg/L]  [%] y=mx+b 

1,5625 mg/L CA in YNB,H2O 1:1 1,5625 177,67 1,45 0,08 7,40 m: 

3,125 mg/L CA in YNB,H2O 1:1 3,125 294,29 2,40 0,52 23,31 122,8004522 

6,25 mg/L CA in YNB,H2O 1:1 6,25 679,48 5,53 0,51 11,47   

12,5 mg/L CA in YNB,H2O 1:1 12,5 1472,58 11,99 0,36 4,07 b: 

25 mg/L CA in YNB,H2O 1:1 25 3068,69 24,99 0,01 0,04   

50 mg/L CA in YNB,H2O 1:1 50 6216,12 50,62 0,44 -1,24   

100 mg/L CA in YNB,H2O 1:1 100 12367,25 100,71 0,50 -0,71   

200 mg/L CA in YNB,H2O 1:1 200 24505,79 199,56 0,31 0,22   

400 mg/L CA in YNB,H2O 1:1 400 42275,33 344,26 39,41 13,93   

800 mg/L CA in YNB,H2O 1:1 800 61403,89 500,03 212,11 37,50 m: 

 

 

Figure S83: Example of a calibration curve attained using the data from Table S49 and an example of a p-CA chromatogram generated with the software OpenLab CDS 

(Agilent, Santa Clara, USA). 
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vii. Combining shikimate and malonyl-CoA pathway in a single strain 

 

Figure S84: Comparison of tyrosine level upon introduction of engineering modifications combining 
shikimate and malonyl-CoA pathway. Green columns indicate the measured tyrosine. Signals detected with 
HPLC-UV at 280 nm for tyrosine. Cultivation was conducted in YNB SC-medium utilizing the Biolector, 72 h, 
1200 rpm, 30 °C, 85 % humidity (Biolector, M2P labs GmbH, Germany). ST003 WT: 37,62±3,09 mg L-1; ST024: 
49,44±4,85 mg L-1; ST028: 131,11±0,29 mg L-1; ST029: 53,85±1,11 mg L-1.
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L-Tyrosine first serial 37,62 49,44432509 131,1076351 53,84934754
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