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ABSTRACT

Biological cell factories are capable of producing a wide range of products covering fuels to phar-

maceuticals without the need for harsh chemistries. They support more environmentally friendly

industrial processes and are a shift towards a bio-based economy. Currently, the development of

cell factories is time consuming and laborious. A major step is ensuring that proteins encoding

key enzymatic steps are sufficiently expressed. However, it is difficult to predict how regulatory

elements and proteins will behave when used together in new ways. Furthermore, while yeasts

like Pichia pastoris are a well-established host for industrial applications, they lack large libraries

of genetic parts and efficient methodologies to identify optimal protein expression conditions in a

systematic manner. This thesis addresses these limitations by developing an end-to-end platform

for P. pastoris strain design with a focus on protein expression and secretion.

It begins by developing a toolkit of standardised genetic parts, which can be easily composed

using a hierarchical assembly method to build large and diverse P. pastoris protein expression

libraries. A toolkit of 42 parts enabling the control of gene expression, protein secretion and

whether the genetic material is located on a self-replicating plasmid or integrated into the

P. pastoris genome was made. To characterise the performance of the regulatory elements, 242

strains expressing two different fluorescent reporter proteins (RFP and yEGFP) in many different

ways were constructed. Intracellular RFP and yEGFP expression were similar for the same

combinations of promoters, terminators and whether expressed from a plasmid or genomically

integrated. In contrast, secretion efficiency varied up to 100-fold between the fluorescent proteins

for identical regulatory elements, suggesting that optimising the regulation and secretion tag for

one type of protein will not translate to others.

Next, this thesis addresses the challenge of protein secretion by using the toolkit to find the

optimal combination of regulatory elements and protein secretion tags to express and secrete

several industrially relevant proteins. The necessary foundation to make effective randomised li-

braries and then search for optimal secretion conditions was established. The developed approach

found new combinations of genetic parts that lead to improved secretion of several enzymes

previously studied in P. pastoris. Attempts were also made to determine optimal expression

conditions for several predicted unspecific peroxygenases and bacterial alcohol dehydrogenases,

which have yet to be expressed in P. pastoris. Unfortunately, the performed screenings of these

libraries did not identify the secretion of any functional enzymes.
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Finally, to allow for the high-throughput screening of large and diverse libraries, it was

attempted to develop a novel technique that encapsulated single P. pastoris cells in polyelec-

trolyte capsules. The approach works by integrating a single cell into a solid template, which is

subsequently coated with polyelectrolyte layers before the template is dissolved. Despite thorough

characterisation of the template formation process and the testing of a variety of conditions, it

was not possible to encapsulate single cells using this approach.

The platform created in this work is a valuable resource for future strain development

projects. The flexible design of the expression toolkit allows for customisation and new extensions

to tackle future challenges in protein expression and secretion in yeast, and when combined with

high-throughput screening technologies enables the efficient optimisation of cell factories.
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ZUSAMMENFASSUNG

Biologische Zellfabriken können eine große Auswahl an Produkten wie zum Beispiel Treib-

stoffe oder Pharmazeutika nachhaltig herstellen. Sie unterstützen umweltfreundliche Indus-

trieprozesse und damit einen Wandel in Richtung einer biobasierten Wirtschaft. Die Entwicklung

von Zellfabriken ist derzeit zeitaufwändig und arbeitsintensiv. Ein wichtiger Entwicklungsschritt

ist die ausreichende Expression von Proteinen für die Katalyse von Schlüsselreaktionen. Das

Zusammenwirken von regulatorischen Elementen und Proteinen ist jedoch schwierig vorherzuse-

hen, besonders wenn diese in neuen Kombinationen getestet werden. Trotz dessen, dass die

Hefe Pichia pastoris für industrielle Anwendungen weit verbreitet ist, fehlt eine Auswahl an

genetischen Regulatoren und effizienten Methoden, die es erlauben, die optimalen Proteinexpres-

sionsbedingungen systematisch zu identifizieren. Diese Arbeit widmet sich dieser Problematik,

indem eine Plattform für die P. pastoris Stammentwicklung mit dem Fokus der Proteinexpression

und -sekretion entwickeln wurde.

Als Erstes wurde ein Werkzeugkasten aus standardisierten genetischen Elementen entwi-

ckelt. Die Elemente können unkompliziert mittels einer hierarchischen Assemblierung zu großen

und diversen P. pastoris Proteinexpressionsbibliotheken kombiniert werden. Der Werkzeugkasten

enthält 42 Elemente für die Regulation der Geneexpression und Proteinsekretion sowie den Er-

halt der heterologen DNA auf einem selbstreplizierendem Plasmid, oder für die Integration in das

P. pastoris Genom. Für die Charakterisierung der regulatorischen Elemente wurden 242 Stämme

mit unterschiedlichem Aufbau für die Expression von zwei verschieden Fluoreszensproteinen

(RFP oder yEGFP) hergestellt. Intrazellulare RFP oder yEGFP Expression waren ähnlich, wenn

die gleiche Promoter- und Terminatorkombination, sowie die Expression entweder vom Plasmid

oder genomisch integrierter DNA genutzt wurde. Im Gegensatz dazu variierte die Sekretionsef-

fizienz der beiden Fluoreszenzproteine bis zu 100-fach, wenn identische regulatorische Elemente

genutzt wurden. Daraus lässt sich schließen, dass die optimale Kombination von regulatorischen

Elementen und Sekretionssignalen von einem Protein nicht übertragbar auf ein anderes Protein

ist.

Im nächsten Schritt dieser Arbeit wurde die Schwierigkeit der Proteinsekretion adressiert.

Der Werkzeugkasten wurde für eine Auswahl an industriell relevanten Proteinen angewendet.

Ziel war die Identifikation der optimalen Kombination an regulatorischen Elementen und Sekre-

tionssignalen. Die notwendige Grundlage für die effiziente Herstellung der kombinatorischen

Bibliotheken und deren Screening nach den optimalen Sekretionsbedingungen wurde in dieser
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Arbeit gelegt. Mittels des entwickelten Verfahrens konnten neue Kombinationen an genetischen

Elementen für zuvor in P. pastoris exprimierte Enzymen identifiziert werden, die zu einer

gesteigerten Proteinsekretion führen. Zusätzlich wurde versucht, die optimalen Expressionsbe-

dingungen für eine Auswahl an prognostizierten Unspezifischen Peroxygenasen sowie bakterielle

Alkohol Dehydrogenasen zu ermitteln, jedoch konnten diese Enzyme nicht in P. pastoris ex-

primiert werden. Problematisch war hierbei, dass kein funktionales Enzym sekretiert werden

konnte.

Um Hochdurchsatz-Screenings von großen und diversen Bibliotheken zu ermöglichen, wurde

eine neue Methodik zur Verkapslung von individuellen P. pastoris Zellen in Polyelektrolytkapseln

getestet. Für diesen Ansatz sollten einzelne Zellen in ein festes Template integriert werden,

welches mit Polyelektrolytschichten umhüllt wird. Anschließend sollte das Template aufgelöst

werden. Trotz der sorgfältigen Charakterisierung der Templatebildung und der Analyse vari-

ierender Prozessbedingungen konnten keine Einzelzellen mittels dieser Methodik verkapselt

werden.

Die hier bereitgestellte Plattform ist eine wertvolle Ressource für zukünftige Stamment-

wicklungsvorhaben. Das flexible Design des Expressionswerkzeugkastens ermöglicht zukünf-

tige Anpassungen und Erweiterungen für die Herausforderungen der Proteinexpression und

-sekretion in Hefen. Die Kombination dieses Werkzeugkastens mit Hochdurchsatz-Screenings

ermöglicht die effiziente Optimierung von Zellfabriken.
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1
INTRODUCTION

The global population is rapidly growing, demanding more food, fuel, pharmaceuticals, and other

goods [27]. While the economy has managed to expand and meet these demands, declining fossil

resources and pollution require that a transition is made to more sustainable production methods

with reduced environmental impact. One such approach is to exploit living systems rather than

harsh chemistries to support a transition to a bio-based economy [39]. Key to such a transition

will be the use of efficient, robust, and versatile biological cell factories to produce the wide array

of chemicals and products we rely on [57].

Living systems provide a unique solution to build chemical units from inexpensive and

renewable carbon sources [316]. Until now, the engineering of microbes has already enabled

the production of fuels (alcohols, isoprenoids) [115], pharmaceuticals (insulin, vaccines) [269],

food/feed supplements and textile/detergent additives [158] in a sustainable and clean manner

[99, 151]. The global enzyme market is expected to grow further, from $5.01 billion in 2016

to $6.32 billion in 2021 [54]. Although many products have been successfully produced using

microbes, they are often not economically competitive in the initial stages and require significant

optimisation to ensure robust and efficient production. This process is currently time consuming

and costly [16, 309], and additional methods are needed to rapidly engineer cell factories [5].

The major challenge in the development of a cell factory is that naturally occurring micro-

biological hosts producing a desired chemical unit are not yet suitable for efficient industrial

production processes [316]. In order to exploit the complexity and diversity of nature, modifica-

tion of these production hosts in necessary. Advances in metabolic engineering and synthetic

biology offer the opportunity to develop new production routes for these products in industrially

applicable and well-studied hosts [26].
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Recombinant deoxyribonucleic acid (DNA) technologies cross the natural boundaries of organisms

and allow reconstruction and integration of production pathways into heterologous, usually

microbial, production hosts. This circumvents the constraints of the native producers such as

slow growth, high nutrition needs, or low product yields. Furthermore, it allows us to build cell

factories that can utilise carbon feedstocks from waste streams to produce a value added product

[26].

Suitable organisms for engineering are bacteria, yeast, filamentous fungi, plant and mam-

malian host systems [204]. The choice of the production organism depends on the specific applica-

tion and must consider the desired product quality and quantity, existing industrial infrastructure

and cost. For example, to produce biopharmaceutical proteins, the quality of the final product is

of crucial importance, whereas for bio-fuels, high product yields are of greater interest [241]. No

single host is currently available that addresses all these requirements at once, but understand-

ing the cellular physiology and methods to alter genetic information helps us tailor the host of

choice towards the desired properties [115].

The gram-negative bacterium Escherichia coli is probably the best-studied organism due

to its role as a prokaryotic model organism and its potential as a microbial cell factory. E. coli

offers robust growth characteristics on a variety of monomeric carbon substrates and presently

the largest toolbox of synthetic biological parts to genetically engineer it [26, 292]. The gram-

positive bacterium Bacillus subtilis is also commonly used in industry. Approximately 60 % of

the commercially available technical enzymes are produced using this bacterium [320]. Its ability

to efficiently secrete proteins outside the cell make it an interesting cell factory for simplifying

the purification of products, but genetic tools for B. subtilis are more limited and the currently

produced enzymes are mainly of homologous origin [241, 320]. Bacterial expression systems

are simple and cheap, but they may not always be ideal, as they lack the option for complex

post-translational modifications of proteins, and highly over-expressed proteins may aggregate,

which adds processing costs for protein recovery and refolding [241]. Eukaryotic hosts are more

challenging to cultivate but have cell organelles that permit natural compartmentalisation of

biosynthesis and perform protein secretion that allows post-translational modifications [295].

The yeast Saccharomyces cerevisiae has probably the longest tradition as a cell factory due to

its application in baking and brewing. Nowadays, it is a well-characterised eukaryotic model

organism [26]. The yeasts Klyveromyces lactis and Pichia pastoris or the filamentous fungi

Trichoderma reesei and Aspergillus niger are also established industrial hosts with tools for

genetic manipulations being available [218]. When high-quality proteins with human post-

translational modifications are necessary, mammalian expression systems may be required, even

through they are comparatively complicated and expensive to maintain [28].

Once a host system, or chassis as it is often known, is selected, the next step is to engineer

this organism towards the aimed production process [309]. An important consideration is to

balance the burden of product formation and ensure host viability [50, 51].
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FIGURE 1.1. Overview of the steps to create a new microbial cell factory. A microbial
chassis is selected and engineered using characterised biological parts. First, the
desired production route is designed and modelled in silico, second, the various
modules built from biological parts are integrated into the chassis and finally these
hosts are screened to find the best modules for product formation.

The field of synthetic biology approaches this with an engineering perspective to replace the

existing cellular architecture in a wholesale manner and construct genetic expression systems

from scratch [247, 262]. Well characterised regulatory elements and genes act as a foundation

that are combined to produce functional modules, which can then be integrated into a cell factory

to tune gene expression in a desired way [22, 309]. Many genetic elements have been designed and

tested, but because each production task is unique requiring different combinations of components,

predicting the behaviour of these modules in the biological environment is challenging [115, 247].

For some organisms a catalogue of well studied genetic parts have been developed and can be

“mixed and matched” [247] to identify modules that function the best. For other organisms, there

is a lack of characterised elements and new methods are needed to allow genome manipulation

[247]. To tackle this issue, screening techniques are necessary, to characterise more biological

parts en masse and study the performance of parts under various conditions [15]. This will

support the effective development of cell factories that can account for the unknowns in the

native biological system and allow for the robust production of valuable goods [247]. Figure 1.1

summarises the overall work flow necessary to design a cell factory following a synthetic biology

design approach.

In this thesis, the yeast Pichia pastoris was the chosen chassis for the development as a cell

factory for the production of enzymes. This Chapter will first introduce P. pastoris and some of

its history, then discuss the engineering of a cell factory in detail, and finally explain available

screening techniques to help improve cell factory design.
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CHAPTER 1. INTRODUCTION

1.1 The Yeast Pichia pastoris

P. pastoris (also known as Komagataella phaffi) is a unicellular eukaryote that offers advantages

of bacteria as well as higher eukaryotes and is now the most frequently used yeast for the

production of single proteins, surpassing even S. cerevisiae [30, 258]. For example, up to 2009

it has been successfully used for the production of over 1,000 industrial enzymes and 500

biopharmaceuticals [96, 329].

The application of yeasts for food processing and fermentation has a long history with roots

in the time of early biotechnology dating back around 6,000 years [195]. The discovery of yeast

as living matter in the nineteenth century started the scientific approach of studying yeast

mono-cultures and target-oriented processes [41, 201]. In 1969, Ogata et al. first described

P. pastoris, a strain that can use methanol as a sole carbon and energy source [225]. At that

time, the application of this organism was interesting for the production of yeast biomass and

single-cell proteins for human consumption or as animal feeds because methanol could be

cheaply synthesised from natural gas [67]. The Phillips Petroleum Company commercialised

the application of P. pastoris for the production of single cell protein as an animal feed additive,

but in 1973, the oil crisis made the process uneconomical [4]. In 1985, Cregg et al. developed a

heterologous protein expression system [65], which made P. pastoris an attractive industrial host

again. Their expression system was used for the production of a plant hydroxynitrile lyase [125],

which could be combined with the established Phillips Petroleum fermentation process [313].

This resulted in one of the first large-scale heterologous protein production process and to date

still holds the record for a heterologously and intracellular protein, reaching 22 g/L [125]. For

secreted protein, the record is held for expressing non-hydroxylated gelatins reaching 14.8 g/L

[319].

The patented expression system from Cregg et al. [65] was released to the scientific community

and since then P. pastoris has become a highly successful host for the heterologous production of

many proteins [30, 67]. The success of this expression system mainly stems from the application

of the strong and tightly regulated alcohol oxidase (AOX) promoter and the respiratory growth

behaviour. To grow on methanol, P. pastoris gathers energy through a specific metabolic pathway,

converting methanol into formaldehyde and later into dihydroxyacetone and glyceraldehyde-3-

phosphate [96]. The first step of this pathway is catalysed by the AOX which reaches levels of

>30 % of the total soluble protein within the cell when grown on methanol, but is not detectable

when grown on other carbon sources. This characteristic makes this regulatory promoter very

attractive for the expression of other genes [49]. The preference for a respiratory growth is also

industrially interesting, as it allows high cell density fermentations. In contrast to S. cerevisiae,

P. pastoris does not produce ethanol or other by-products that become toxic to the cell and thus

limit the cell density that can be reached in fermentations [67].
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P. pastoris is classified as a non-conventional yeast (e.g. non- S. cerevisiae yeast), which

summarises all yeasts with a lower degree of fermentative overflow metabolism [201]. Beside the

useful characteristics that made P. pastoris stand out, working with P. pastoris brings multiple

other advantages such as [4, 67, 96]:

• Ease of genetic manipulation and similar techniques to those of S. cerevisiae;

• Rapid growth to high yield on inexpensive media (up to 150 g dry cell weight/L);

• Crabtree-negative metabolism allowing high biomass yields in fermentation processes;

• Efficient secretory capabilities;

• Ability to perform post-translational modifications typical for higher eukaryotic cells such

as proteolytic processing, folding, disulphide bond formation and glycosylation;

• Engineered P. pastoris strains that allow production of fully humanised sialylated glycopro-

teins [73, 121];

• Food and Drug Administration (FDA) generally recognised as safe (GRAS) status;

• High quality genome sequences [74, 166].

One distinct feature that makes P. pastoris a successful cell factory is its ability to secrete

proteins into the extracellular environment. This is advantageous because product purification

does not require expensive cell rupture, denaturation or refolding processes of the product [269].

Product clean-up is simplified because P. pastoris secretes only a few proteases and endogenous

proteins, which results to a fermentation supernatant that contains a nearly pure product

[96, 155]. Processing of a protein through the secretion pathway also enables post-translational

modifications such as glycosylation. Sugar moieties are added to specific amino acids and are

often essential to produce a functional protein [73] or provide benefits such as increased protein

solubility, stability, and osmotolerance [81].

Protein secretion is a multi-step mechanism to process a pre-protein into a mature active

protein whilst guiding it out of the cell (Figure 1.2). To enter the secretion pathway, an N-terminal

signal sequence in the nascent protein is necessary. In the cytosol, the tagged pre-protein is

recognised by a signal recognition particle (SRP). The SRP binds first to the pre-protein and then

to its receptor, the Sec61p complex, which is an integral membrane protein in the endoplasmatic

reticulum (ER). A conducting channel is formed and the nascent protein is transferred through the

channel, either co-translationally (ribosome coupled) or post-translationally (ribosome-uncoupled).

During this process the signal peptide is removed by a membrane bound peptidase, Ste13p [127].
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FIGURE 1.2. Protein secretion in yeast. Pathway of protein secretion in eukaryotic
organisms guiding the nascent protein to the endoplasmic reticulum (ER) by
default, then further to the Golgi apparatus, and finally the protein is released
into the exterior space. Post-translational modifications are added in the ER and
further processed in the Golgi.

In the ER, protein folding and post-translational modifications such as glycosylation, and pep-

tide cleavage occur. A molecular chaperone, the heat shock protein 70 kDA (Hsp70) guides protein

folding in addition to protein degradation, protein-protein interactions, and protein translocation.

N-glycosylations occurs if the protein has the necessary recognition sites (amino acid sequence

asparagine-X-serine/threonine, with X being any amino acid, except proline). An oligosaccharide

precursor (Glc3Man9GlcNAc2) is added to the asparagine residue and modified by removal and

(re-)addition of saccharide units. For O-glycosylations, mannose from dolichyl phosphate is added

to serine or threonine residues of the protein and processed like N-glycosylations [81]. Next, the

protein is transported to the Golgi apparatus (Golgi) where it is further processed. Once it is

correctly folded and passes the protein quality control, the mature protein is released into the

medium [248, 276].

The only requirement for a protein to enter the secretion process is the signal peptide at

the N-terminus of the pre-protein. Signal peptides appear to be simple and interchangeable

domains, just like a “zip code”, which direct a protein to its designated location [91]. However, their

structure and function is far more complex and how precisely these N-terminal sequences function

as an export signal is unclear [52]. Secretion signal peptides are typically 20-30 amino acids

long and have a distinct three-domain structure, the N-domain, H-domain and C-domain. The

N-terminal (amino-terminal) domain is usually polar with a net positive charge, the H-domain is

a hydrophobic core, which is not interrupted by charged residues.
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The C-terminal (carboxyl-terminal) domain is also polar, containing proline and glycine residues

as well as uncharged amino acids at position -3 and -1 to guide cleavage of the signal peptide

from the protein [198]. In P. pastoris, the S. cerevisiae α-mating factor (αMF) signal sequence is

the most widely used signal. A variety of other exogenous or endogenous signal peptides have

also been used in P. pastoris, but finding an effective signal peptide for a protein of interest often

requires much “trial and error” [74].

Despite the challenges in developing P. pastoris cell factories, a great variety of industrial

enzymes and biopharmaceuticals produced in P. pastoris have already found their way to market

[4]. The number of P. pastoris derived enzymes is also expected to increase further, as market

trends predict increased productions especially of technical enzymes in food, feed and textile

industries [54]. Available industrial enzymes are for example: a recombinant phytase product

used as a feed additive (Phytex, USA), recombinant trypsin for proteomic research to obtain

peptide patterns for MS analysis (Roche Applied Science, Germany), a nitrate reductase for

water testing and treatment (The Nitrate Elimination Co., USA), and a phospholipase C for

the degumming of vegetable oils (Verenium, USA and DSM, The Netherlands) [4]. P. pastoris

is also an attractive host for the production of biopharmaceuticals, as it is able to perform

post-translational modifications which are vital to ensure therapeutics acceptance of the human

immune system [204]. In 2009, the first biopharmaceutical produced in P. pastoris was FDA

approved, this was Kalbitor® a recombinant kallikrein inhibitor protein used to treat hereditary

angioedema, a rare and potentially life-threatening genetic condition (Dyax, USA) [4, 271]. In

2012, Jetrea® was approved by the FDA and the European Commission, which is a drug to

treat symptomatic vitreomacular adhesion (Alcon, USA). Other biopharmaceuticals expressed

using P. pastoris include Insugen®, a recombinant human insulin (Biocon, India), Shanvac™, a

recombinant hepatitis B vaccine (Shantha/Sanofi, India), and Nanobody® ALX-0061 a rheumatoid

arthritis treatment (Ablynx, Belgium) [4, 214].

To further develop P. pastoris as an effective general-purpose cell factory, the obstacle of

unpredictable protein secretion has to be tackled. Currently, signal peptides may not be functional

in combination with a desired protein, or non-functional proteins become stuck in the secretion

pathway limiting yield [80, 190]. Many of these problems stem from our limited understanding of

the properties that drive protein secretion. New biological engineering approaches offer a means

to explore these hurdles and provide support for future development of more efficient and robust

processes using this cell factory [74].
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CHAPTER 1. INTRODUCTION

1.2 Engineering Yeast Cell Factories

The field of synthetic biology attempts to apply engineering principles to biological systems with

the aim of creating novel organisms with desired behaviour [247]. This approach is founded upon

the idea that biological systems can be broken down into functional parts that can be reassembled

in a modular way to generate new functionalities. The goals and methods of this concept are

analogous to the field of computer engineering [11].

FIGURE 1.3. Summarising the principles of synthetic biology. A Development of new
systems follows a design-built-test-learn cycle until the desired functionality is
reached [11]. B Comparison of electrical and biological engineering construction
definition. Parts are assembled into modules, which are further assembled into
devices [17].

The design of a complex system, electrical or biological, requires the assembly of well charac-

terised components or parts (e.g. transistors and capacitors or promoters and open reading frame).

Using these parts, devices are build (e.g. logic gates or expression cassette) that are combined into

modules (e.g. electrical circuits or metabolic pathways), which are finally integrated into a host

system (computer/cell) to modify its behaviour and add new functionalities. To ensure a system

responds as we expect, the individual parts should be well-characterised for the context (e.g. the

particular host) they are used in [11, 17, 90, 259, 330]. To allow interchangeability of biological

parts, common approaches from electrical and mechanical engineering such as standardisation,

abstraction, modularity, predictability, reliability and uniformity are applied to the field of syn-

thetic biology [11]. It is important to note that biological parts function in the environment of a

living cell, making reliable predictions problematic due to the effect of a continually changing

cellular environment, unavoidable expression noise, and unintended interactions of any new

devices with existing host machineries (Figure 1.3). Therefore, synthetic biological construct need

to be tested and characterised in vivo. Based on these measurements, the system may require

re-design to tweak its function following the design-build-test-learn cycle, until a working system

is established (Figure 1.3 A) [11, 17].
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1.2.1 Biological Parts to Control Enzyme Production

Synthetic biologists and bioengineers rely on toolboxes of biological parts that are modular and

well-characterised. Canton et al. defined a standard biological part as: “a genetically encoded

object that performs a biological function and that has been engineered to meet specified design

or performance requirements” [45]. Synthetic biological parts generally interact and control var-

ious cellular processes of a host and are generally specific for one type of microorganism. The

most widely used hosts in the field of synthetic biology are the bacterium E. coli and the yeast

S. cerevisiae [22]. Although the majority of synthetic biology tools have been developed for E. coli

[33], there are many advantages associated with yeast and eukaryotic cells [99, 155]. In this

section, an overview of the biological parts necessary to engineer protein production is given.

The focus here will be the parameters specific for the design of expression constructs in yeast

like P. pastoris. An overall summary of these parts is given in Figure 1.4, following the SBOL

(Synthetic Biology Open Language) visualisation recommendations [64].

The protein of interest
The goal of any protein production process is to gain high amounts of product (i.e. protein). To

achieve this goal, the design of the gene encoding the protein of interest is vitally important with

many possible options.

First, codon usage compatibility between the natural host from which the gene was sourced

and the new cell factory must be analysed. The genetic code is degenerate allowing the translation

to the same protein from different messenger ribonucleic acid (mRNA) sequences (e.g. differing

DNA sequences) because of synonymous codons for a given amino acid [17, 154]. Each organism

has a characteristic codon usage which often corresponds to its aminoacyl-tRNA availability. For

the expression of heterologous genes, the DNA sequence is ideally modified to better meet the

codon usage of the host to improve translation efficiency and product yields. However, varying

the DNA sequence only according to the most abundant synonymous codons does not consider

the mRNA secondary structure and other processes like translational pausing, which are known

to also influence the overall transitional efficiency [17, 336]. For P. pastoris, many studies have

shown an increased expression of heterologous proteins when a codon optimised DNA sequence

was applied [7, 25, 222], but this approach may not always work for the reasons described above.

Second, balancing the adenosine and thymine / guanine and cytosine (A+T/G+C) content of

the DNA sequence influences expression efficiency. P. pastoris struggles with A+T rich regions

as they can cause termination of transcription. Altering the A+T/G+C content can be used to

increase protein expression and has been shown, for example, for a glucocerebrosidase [278] and

an immunotoxin [322].

Third, mutations of the DNA that alter the amino acid sequence can be used to improve

protein folding and activity and overcome natural limitations. Many enzyme evolution strategies

are available to change substrate specificity and improve kinetics and thermostability [17, 227].

9
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Generally, mutant libraries are made supported by advanced bioinformatic tools and screened

using high-throughput methods. This results in tailor-made enzymes that are optimised for a

particular industrial process [59, 70].

Fourth, protein expression using eukaryotic chassis requires the consideration of post-

translational modifications, such as disulphide bond formation or O- and N-linked glycosylations.

N-linked glycosylations can be added when the consensus sequence is present. The addition of

N-glycosylation sites has shown improved protein secretion of a cutinase in S. cerevisiae and

P. pastoris [266] and improved enzyme activity of an elastase from P. pastoris [122]. Glycosylation

only occurs when the protein is secreted and processed through the secretion machinery. To guide

the nascent protein into the secretion machinery, signal peptides are necessary.

Finally, many different tags, peptides, domains or even proteins can be fused to the protein N-

or/and C-terminal of a product of interest. The purpose of the tags can be very diverse. Signal

peptides can be used to guide the pre-proteins to specific subcellular compartments, organelles,

or to direct secretion outside the cell [17]. To allow recognition of the N-glycosylation sites, the

pre-protein must enter the secretion pathway. The success of protein secretion in P. pastoris

is not always guaranteed. Therefore, the testing of a selection of tags is generally required to

reach high protein titres in the supernatant [4]. Other tags can be used for protein purification or

detection and quantification. Affinity tags like the poly(His)tag and Streptag are used to purify

the protein from the crude cellular extracts. Epitope tags like c-myc and FLAG are mainly used for

protein detection such as western blotting [332]. Live protein detection can also be performed in

the cell using fluoresce tags like green fluorescent protein (GFP) fused to a protein of interest [42].

Regulatory elements for protein expression

To build a functional transcriptional unit (TU), the gene of interest must be flanked up-

stream by a promoter which initiates transcription and downstream by a terminator which stops

transcription. Promoters recruit the transcriptional machinery to the gene of interest and their

activity can be constitutive or induced. Constitutive promoters allow the binding of the RNA

polymerase to the operator-binding site without a transcription factor. In contrast, inducible

promoters are regulated by activators or repressors, which assist or block the binding of the RNA

polymerase [17, 309]. Activators or repressors must be added during fermentation to initiate and

tune gene expression. The use of inducible promoters allows the stages of cell growth and protein

expression to be separated, which can be important for the expression of toxic products. The effect

of the inducer, activator and repressor on normal cellular behaviours, and basic function of these

parts under different conditions should also be validated. This includes the determination of the

basal promoter activity and the activity with/without an inducer present [17]. Promoters also vary

in their expression strength, resulting in differing amounts of protein being expressed. For the

production of recombinant proteins, strong and controllable promoters are generally preferred to

maximise product production [301]. However, high expression levels may not always be beneficial.

10



1.2. ENGINEERING YEAST CELL FACTORIES

FIGURE 1.4. Selection of biological parts to tune cellular processes. For the design of
a functional protein expression construct, the role and impact of many biological
functions needs to be considered.

For example, overexpression of a secreted protein can overload the secretion machinery and lead

to the aggregation of misfolded intracellular protein [155].

In P. pastoris the strong and tightly controlled methanol inducible alcohol oxidase promoter

pAOX1 or the constitutive glyceraldehyde-3-phosphate dehydrogenase promoter pGAP are most

commonly used. Both promoters have been studied extensively [242, 328] and several libraries

varying transcription factor binding sites [18, 124] or using sequence mutagenesis [250] have

been developed. Since methanol is inflammable and toxic, the application of the pAOX1 is not

always suitable for large-scale applications. Alternatives include synthetic promoters which allow

induction with glycerol or glucose [265], the nitrogen source dependent promoter pFLD1 [275], or

strong promoters which can be repressed by methionine or inorganic phosphate [81].

Terminators are necessary to avoid transcriptional read-through and can also ensure a stable

mRNA is produced [33]. Despite the importance of the terminator on overall protein expression,

due to its impact on mRNA half-life [68], they are rarely considered in synthetic biology toolboxes

[259]. For S. cerevisiae expression constructs, the strong effect of terminator choice was recently

shown [212, 314]. However, in P. pastoris, the work of Vogl et al. [305] showed only minor effects

in the expression of eGFP when varying the terminator used.
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1.2.2 Assembling DNA Parts to Create Expression Constructs

In order to create a cell factory, genetic parts must be combined to form a functional expression

module. This is achieved by physically piecing together DNA fragments encoding the relevant

parts. DNA assembly generally requires cloning methods that are often performed in vitro using

enzymes. The final DNA products are then inserted into and maintained by the microbial host

[113].

In 1970, the first generation of cloning techniques was developed which enabled the “cut and

paste” of DNA fragments by using restriction enzymes to cleave the DNA at specific sites and

DNA ligases to connect DNA fragments together [61, 152, 343]. This biotechnological revolution

opened up opportunities for genetic engineering, but the methods created often lacked flexibility

and required sequential workflows that hindered the rapid assembly of multi-fragment designs

[31]. Second generation cloning technologies have been developed over the past few decades to

address this limitation and allow high-throughput and combinatorial construction of recombinant

DNA in a flexible, fast, and precise manner [31, 176]. These assembly techniques extend both the

number and the size of fragments that can be assembled and fall into four broad categories: (i)

restriction enzyme-based methods, (ii) in vivo and (iii) in vitro sequence homology-based methods,

and (iv) bridging oligo-based methods [53] (Figure 1.5).

FIGURE 1.5. Overview of DNA assembly methods.
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Physical standards defining how DNA parts should be encoded have also been developed to en-

sure DNA parts act as modular entities that are easily interchanged [48]. For example, standards

exist for parts to be assembled using restriction digestion and ligation to ensure common DNA

overhangs that can be used to mediate the correct sequence in the ligated product. Similar to other

engineering disciplines, the standardisation of parts allows for large collections to be created that

can be used across the field [15]. Based on this idea, “The Registry of Standard Biological Parts”

(http://www.partsregistry.org) was founded to collect information on parts adhering to the Bio-

Brick standard and share them globally. Even though these efforts have had some success, there

is still much debate regarding the supporting information that should accompany these parts

[255], with Canton et al. suggesting a comprehensive datasheet like in engineering disciplines

[45]. Comprehensive reviews on the development of part and assembly standards can be found

in the works of Casini et al. [48], Tsai et al. [295], Chao et al. [53], as well as Li and Borodina [175].

DNA cloning methods based on DNA restriction digestion and ligation
Basic restriction digestion cloning techniques have been improved by standardising the prefix

and suffix of parts. The BioBrick™ assembly was one of the first attempts [161, 232] using

common flanking sequences to enable sequential cycles of restriction digestion and in vitro

ligation. In each step, two parts are assembled to create a new composite part that has the same

prefix and suffix. This allows composite parts to then be assembled together using an identical

set of steps. The prefix and suffix each define two restriction enzyme recognition sequences to

facilitate this process. Due to the nature of restriction digestion, all BioBrick compatible parts

must have the recognition sequences present in the prefix and suffix (i.e. EcoRI, XbaI, SpeI

and PstI) removed within the rest of the part. Variations on the BioBrick standard are also

available which differ in the enzymes used, e.g. BglBricks [9], ePath Brick [327] and iBrick [184].

A limitation of this approach is that scars remain between assembled parts and the number of

parts that can be assembled in one reaction is limited to two.

This issue was overcome with the development of the Golden Gate assembly standard [93, 94],

which uses a one-pot in vitro reaction to simultaneous perform restriction and ligation steps.

Type IIs restriction enzymes are used, which cut outside their recognition site and allow for

user-defined four bp overhangs to be produced. By designing complementary overhangs between

parts that should be connected, the process allows large numbers of elements to be simultaneously

assembled. Similar to the BioBrick standard, parts must have recognition sites for the specific

TypeIIs restriction enzymes removed. Broader standards that exploit this approach have been

developed that extend to the permissible DNA overhangs, the specific Type IIs restriction enzyme

used, and vector backbones used. The modular cloning (MoClo) standard [312] uses two sets of

backbone vectors that contain different Type IIs restriction sites. By alternating the backbone

used to hold the product of an assembly reaction, hierarchical assembly becomes possible.
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MoClo has seen wide acceptance with the development of toolkits including: mammalian MoClo

[89], Yeast MoClo (YTK) [172] as well as plant [95] and E. coli variants [210]. An alternative

standard to Golden-Gate based approaches is the Golden Braid standard which evolved over

time (Golden Braid 2.0 (GB2.0), Golden Braid 3.0 (GB3.0)) as an online platform for part design,

assembly and characterisation (https://gbcloning.upv.es). Other standards that rely on Golden

Gate assembly include Green Gate [168], Biopart Assembly Standard for Idempotent Cloning

(BASIC) [287] and the Mobius Assembly [10].

DNA cloning methods not based on DNA restriction digestion and ligation
A disadvantage of restriction digestion/ligation dependent methods is the requirement to

remove recognition sites from genetic parts. Sequence homology methods both in vitro and in vivo

use overlapping regions between parts to facilitate scarless assembly and require no modifications

of any parts [48].

Overlap Extension Polymerase Chain Reaction (OE-PCR) [133] uses linear parts with over-

lapping ends (15-25 bp) that are normally generated by PCR. These fragments are annealed to

each other and are extended by a DNA polymerase. One major drawback is the need for a set

of unique primers for each junction between parts. To allow for multiple inserts in a one-step

reaction, Circular Polymerase Extension Cloning (CPEC) [252] was developed, which requires

only a DNA polymerase making it a relatively cheap method. Multi-fragment assembly is also

possible by applying Sequence and Ligation-Independent Cloning (SLIC) [177] where 3´ ends of

linearised vector and a desired insert are chewed back by a T4 DNA polymerase, without dNTPs.

The single stranded fragments are combined by the RecA protein in the presence of adenosine

triphosphate (ATP) and after E. coli transformation, gaps are fixed in vivo. Zhang et al. [339]

modified the SLIC method developing the Seamless Ligation Cloning Extract (SLiCE). E. coli cell

extract is used to guide homology-mediated DNA assembly and to reduce the cost of enzymes.

Another widely used homology-based DNA assembly method is Gibson assembly [108, 163].

5´ ends of a linearised vector and a desired insert are chewed back by a T5 exonuclease to make

single-stranded overhangs. These usually are 40 bp long and are joined by a DNA polymerase

and Taq DNA ligase. It is a one-step in vitro reaction which is suitable for multi-fragments

with an efficiency of 90 % when assembling 3-4 fragments. It is also suitable for the assembly

of large fragments, but is generally seen as less useful for large numbers of fragments as the

complementary ends for these are generally generated using PCR, which requires a large number

of unique primers. Fragments less than 250 bp should also be avoided as T5 exonuclease may

completely chew through the fragment. Alternative methods that rely on a similar concept

are Uracil-specific excision reagent cloning (USER™) [32, 105] or the commercially supported

methods of In-Fusion® [280] (clontech manual Cat. No. 121416) and Gateway® Technology (Life

technologies™), but they are expensive compared to other methods and less suitable for the

assembly of multiple fragments.
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DNA assembly of overlapping regions can also be facilitated in vivo. The homologous re-

combination machinery of microorganisms have been proven for DNA assembly of linear DNA

fragments with overlapping sequences. A variety of organisms such as S. cerevisiae with a method

called “DNA assembler-yeast” [107, 274], B. subtilis [138], white maize [342] or E. coli [100] have

been shown suitable for this methodology.

One drawback of in vitro and in vivo sequence homology based methods is the requirement

that each part must be designed with the defined homologous sequence of its neighbouring part.

This hampers interchangeability of parts as these are often unique to a particular design. The

Ligase Cycling Reaction (LCR) [163] circumvents this issue by applying single stranded 60-90 bp

long bridging oligomers which are 5´-phosphorylated and span the two ends of the neighbouring

DNA. A thermostable ligase joins the DNA backbones. It is a one-pot scarless reaction for up

to 12 DNA parts with an efficiency of 60-100 %. However, a disadvantage is that the fragments

must be 5´-phosphorylated via PCR using 5´-phosphorylated primers or enzymatic treatment.

1.2.3 Host Considerations

The key features of a useful host for biotechnology applications according to Kim et al. are (i) its

lifestyle, in other words growth behaviour and low nutrition demands or metabolic side-products,

(ii) a robust cell-envelope towards physical stress, (iii) the accessibility for genetic manipulations,

and (iv) a balanced and desired interaction between the host and the new biological modules [156].

P. pastoris meets many of these demands and is already an established industrial host [96, 329].

In the past, P. pastoris had been engineered further, to address some of these properties [103, 156]

and is an attractive alternative to the model organism S. cerevisiae [103]. The most widely used

and commercially available P. pastoris strains are GS115 [288] and the prototrophic strain X-33

[66], which are both derived from P. pastoris NRRL Y-11430, deposition CBS7435 at the CBS

(Centraalbureau voor Schimmelcultures). These strains, but not their parental strain CBS7435,

are restricted by patent protection or materials ownership policy for commercial applications [4].

Both strains are fully sequenced, supporting strain engineering efforts [74, 166].

The lifestyle of P. pastoris using an aerobic mode of respiration has always been interesting as

cell densities of up to 150 g/L (dry cell weight) [313] are possible and no cell toxic compounds are

produced [144]. The growth of P. pastoris using methanol as the sole C-source was undesirable for

a long time as it is a fire hazard, unsuitable for products of the food industries and can hamper

the cell viability and protein yields [96]. However, recently the use of methanol is receiving

considerable interest in the transition towards a bio-based economy [238]. For future biorefinery

projects, methanol could be made from CO2 by reduction with renewable energy and used during

the growth of methylotrophic microorganisms such a P. pastoris [103].
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The genetic manipulations of P. pastoris rely on biosynthetic markers or markers based on

antibiotic resistance genes [96]. For P. pastoris, a selection of host strains containing the required

autotrophies are available for various biosynthetic pathways or genes (histidine pathway, gene

deletions HIS1, HIS2, HIS5, HIS6; arginine pathway, gene deletions ARG1, ARG2, ARG3 [217];

uracil pathway, gene deletions URA3, URA5; homoserine-O-transacetylase gene, PpMTE2 [293]

and formaldehyde dehydrogenase, FLD1 [290]). Antibiotic selection is most widely performed

using the Sh ble gene from Streptoalloteichus hindustanus as it provides resistance in E. coli as

well as P. pastoris using Zeocin, a bleomycin-like compound [66]. Alternatively, the kanamycin

Tn903 Kanr gene from E. coli provides resistance to the G418 antibiotic [272] and the blasticidin

S-deaminase gene from Aspergillus terreus provides resistance to blasticidin [157]. To expand

the availability of selection markers a variety of selection marker recycling plasmids are also

available [174, 283].

Classic P. pastoris transformation procedures rely on homologous recombination (HR) and

non-homologous end joining (NHEJ) [215], with the requirement of plasmid linearisation and

selection based on the antibiotic markers or strain auxotrophy. Besides the variety of auxotrophic

strains [4, 182], strains with improved homologous recombination due to an impaired NHEJ

mechanism and ade1 or his4 knockouts for selection [215] are available. For the construction

of more sophisticated libraries, transformation based on HR is unfavoured as multiple random

integration events can occur, making the comparison of different expression levels challenging

[234]. Perez-Pinera et al. [234] have therefore developed a strain with three recombinase “landing

pads” for the single-copy integration of plasmids at a defined locus. At the Trp2 locus in the

P. pastoris genome (Chromosom 2) attP sites for each of the recombinases BxbI, R4 and TP-901

were classically integrated via HR and kanamycin selection. For genetic engineering purposes,

the desired plasmid for transformation must contain the respective attB site and can be co-

transformed with the plasmid for the transient expression of BxbI, R4 or TP901. The recombinase

mediates integration at the corresponding locus (Figure 1.6). Throughout the work presented in

this thesis, this strain containing the recombinase “landing pads” is used.

Recently, technologies such as Yeast Oligo-Mediated Genome Engineering (YOGE) [84] and

the CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR associated

protein 9) technology have also become established for P. pastoris [318] allowing more rapid gene

insertions and deletions with high efficiency and accuracy.

For the integration of synthetic modules and their long-term stability in the host P. pas-

toris, they are preferably integrated into the yeast genome [309] using either HR [215], BxbI

recombinase-mediated integration [234] or the CRISPR/Cas9 technology [318]. However, for rapid

and intermediate testing, episomal plasmids are also useful. Applying the Pichia Autonomous

Replication Sequence (PARS) as a vector replication origin, higher transformation efficiencies

than with the classic HR are achieved, which can be attractive for library screenings [65, 309].

16



1.2. ENGINEERING YEAST CELL FACTORIES

FIGURE 1.6. Recombinase based P. pastoris transformation. A Via HR three “landing
pads” (attP sites) for the recombinases BxbI, TP901-1 and R4 are integrated at the
Trp2 locus. B For the P. pastoris transformation, the strain is co-transformed with
the desired vector containing a corresponding attB site and the expression vector
for a recombinase, C which mediates single copy integration at the desired locus D.

The final key feature to address is the host capacity and capability to produce the desired

product [156]. In addition to a synthetic construct being “readable” by the host (as discussed

in Section 1.2.1), the host cell should also be able to provide sufficient amounts of precursors,

co-factors, energy and enzyme processing capacity for product expression [175].

Endogenous proteases may cause difficulties when heterologous proteins are expressed in

P. pastoris. Protein degradation by proteases occurs either intracellularly within the secretory

pathway during transport in vesicles or in the extracellular space by secreted or cell-wall as-

sociated proteases [4]. These can degrade the protein of interest and lower the overall yield as

well as complicate downstream purification. Protease-deficient strains have been engineered

which lack known proteases such as the vacuolar aspartyl protease (PEP4), the carboxypeptidase

Y (PRC1), or the proteinase B (PRB1) [4, 66]. The strains SMD1168 (his4 pep4::URA3 ura3),

SMD1168H (∆pep4) or the PichiaPink strains 2-4 (∆prb1 ∆pep4) are commercially available (Life

technologies™) to circumvent this problem [137].

P. pastoris has been used for the production of several biopharmaceutical proteins, but is

naturally incapable of many of the necessary modifications. For example, recombinant proteins

for biopharmaceutical applications often require correctly humanised glycosylation for their

function, their pharmacokinetic behaviour, and the acceptance in the human body [73]. P. pastoris

adds high-mannose glycan structures to the protein, which are a severe problem as they can

result in allergic reactions or a shorter in vivo half-life of the protein [4, 137].
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Engineering P. pastoris to prevent N-glycosylation is challenging, as it is a complex multi-

step process occurring during secretion. For the humanisation of N-glycosylation, first, the

enzymes responsible for the hyperglycosylation must be deleted and additional glycosidases and

glycosyltransferases as well as the biosynthetic pathways and transporter for missing sugars (e.g.

sialic acid) added [302]. For all of these enzymes, enzyme localisation and concentration must be

correctly tuned to ensure accurate processing and high overall efficiency. Hamilton et al. [120]

performed this complex engineering feat by deleting four glycosylation genes and introducing

14 heterologous genes for human glycosylation patterns. This led to the successful recombinant

expression of functional erythropoietin [120]. Additionally, Jacobs et al. [139] have engineered the

N-glycosylation pathway of P. pastoris using their GlycoSwitch technology and shown successful

expression of three murine cytokines. Their GlycoSwitch strain is commercially available (Pichia

Technology from RCT) and can be used under licence.
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1.3 Screenings to Optimise Design Choices

A major challenge when choosing a host and assembling a genetic construct is knowing which

combination of parts and host will work best. This uncertainty has led to the widespread use of

screening technologies to study large heterogeneous pools of cells where each contains a different

combination of parts, overall design or varies other expression parameters. The information

gained from these studies provides insight on the influential parameters and helps to guide

future design-build-test iterations towards industrial applications [300]. Currently available

screening technologies allow for the analysis of genetic part combinations to tune expression [75],

but also can be used to engineer enzymes themselves to alter substrate specificity and increase

stability or tolerance to exterior influences like temperature, pH and solvents [263].

The linkage between genotype and phenotype for each library member is essential during

a screening. This is normally handled by spatially separating each library member. For enzy-

matic products, separated cells are incubated with a screening substance and analysed after a

defined time. Results from substrate depletion or product formation are usually measured as a

biochemical readout (e.g., fluorescence, absorption). Samples with beneficial characteristics then

have their DNA construct sequenced to identify the genotype encoding the beneficial properties

[186, 281].

FIGURE 1.7. Screening methods with low- or high-throughput. As higher the throughput
for any screening, as smaller the reaction volume is. Application of shake flasks
only allows screening of few samples per day. However, reducing the reaction
volume form mL to µL or pL, using deep-well plates or micrometric compartments
allows screening of millions of samples.
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With drops in the price of DNA synthesis, library sizes are continuously increasing. Clas-

sical screening methods such as expression in shake flasks, which allows only low-throughput

experiments, are insufficient to handle these demands [300]. Currently, most screenings are

performed using 96-well plates, but these also have limited throughput for complex libraries,

require significant manpower or liquid handling equipment, and are costly due to the amount of

reagents needed [62, 300] (Figure 1.7). 384-well plates have been developed to have an identical

footprint as a 96-well plate, but scale screenings to four times the number of samples. The

average working volume on 384-well plates is about 25-100 µL and many assays can be adapted

to this format. Pharma and Biotech companies also prefer this format for compound storage

[202]. Miniaturisation of screenings has continued and 1536-well and 3456-well plates have

been developed with working volumes of 2.5-10 µL and 1-2 µL respectively. Some processes

could be adapted for the 1536-well format [160, 202], but due to logistical challenges of these

ultrahigh-density plates and practical challenges due to the high liquid volume to surface ratio,

these plates are less commonly used [202]. To further increase throughput and reduce cost and

time, other technologies have been developed to screen greater than 10 million variants per day

using micrometric compartments. These reduce the reaction volume even further to a pico- or

femtolitre scale [62]. These technologies can be grouped according to their separation technique:

(i) cells as reaction compartments, (ii) synthetic droplets for in vitro compartmentalisation (IVC)

and (iii) microchambers [186]. They differ significantly in their compartmentalisation strategy to

maintain genotype and phenotype linkages, but separate individual variants; their screening

method to detect a readout signal; and their sorting technique to separate remarkable hits for

the identification of the genetic origin.

Cells themselves offer natural compartments for enzymatic reactions that can be used for

measuring and sorting. Fluorescence activated cell sorting (FACS) devices are widely available to

screen and sort cells based on an intracellular fluorescent signal. This requires that any assay

is linked either to the expression, folding or trafficking of a fluorescent protein or fluorescently

labelled compounds [186]. Such screenings can not only utilise fluorescence signals within the

cell, but also allow for screenings based on the cell or phage surface display of reactions [3].

Surface display screenings allow unhindered access to the substrate and reaction conditions can

be more easily tuned. However, maintaining the linkage between superior product formation and

the enzyme variant producing it is challenging. Libraries of up to 107 variants are possible and

depending on the transformation efficiency of the organism used, libraries of up to 1011 till 1012

are not out of reach [3].

Artificial compartments such as droplets and microchambers have been developed to overcome

the limitation of cell-tethered signals. Droplet microfluidics are independent microcompartments

of water-in-oil emulsions. These emulsions are made by dispersing an aqueous solution in an oil

phase and are stabilised by surfactant molecules [62].
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1.3. SCREENINGS TO OPTIMISE DESIGN CHOICES

Encapsulation of microorganisms into the water droplets follows the Poisson distribution and

allows tuning the number of cells per droplet by varying droplet size and cell density [300].

Droplets have an average volume of femto- to picolitre and an average of 107 to 109 droplets can

be generated per experiment [62]. This reduces the cost by about 1-million-fold and increases the

speed of the screenings by around 1000-fold [1]. Simple water in oil emulsions can be generated

by mixing an aqueous phase and an hydrophobic oil phase using a stirring bar or emulsifier.

These basic approaches generate polydisperse compartments, i.e. compartments with varying

size that are suitable for screenings based on amplified DNA as the read-out information for

screening. To enable analysis using flow cytometry, double emulsions have been developed,

which utilise a second emulsification step to make water-in-oil-in-water droplets [62]. Again the

droplets are coupled with a fluorescence read-out to allow FACS applications. A major drawback

of this approach is the large size differences of the compartments, which results in varying

signal strength and difficulties quantifying the droplet creation process [62]. More sophisticated

technologies have been developed to generate monodisperse emulsion droplets with a defined

and uniform size [186]. A lithographically-defined microfluidic device with precise channel

dimensions and tunable fluid flow rates is generally used. Based on fluorescence or absorption

signals, sorting can be performed using dielectrophoresis or acoustic waves at around 2 kHz [62].

For monodisperse compartments water-in-oil or also double emulsions are possible. To study

intracellularly expressed proteins, lysing reagents can be added during the encapsulation process.

To perform more complex studies, additional microfluidic technologies have been developed to add

reagents later to the droplets via picoinjections or through the merging of multiple droplets [186].

Alternatively, gel-shell beads with uniform size have been developed by using a microfluidic device

and generation of hydrogel beads coated in a polyelectrolyte shell [97]. The shell is size-selective

allowing buffer exchange or supplementation of small molecules whilst capturing enzyme and

coding DNA [97]. In summary, man-made droplets allow analysis and screening of a variety

of enzymatic reactions, not only fluorescence coupled, and are compatible with a variety of

protein expression systems. However, these screenings have to be tuned for each problem and if

monodisperse droplets are required the approach is costly.

Microchambers are physically separate reaction vessels like a minimized microtiter plate. Two

major types have been developed: microwell arrays and microcapillary arrays [186]. Microwell

arrays are micron-scale wells etched into a glass slide where each well has an open top. The wells

are loaded using discontinuous dewetting to place liquid droplets in the wells. Microcapillary

arrays are bottom less high-aspect-ratio microcapillaries, loaded using capillary action. As for

the microfluid droplets, Poisson statistics are applied to ensure controlled loading of microwell

and microcapillary arrays with single cells [186]. Both microwell and microcapillary arrays

allow signal detection over time and analysis of the library before deciding the precise sorting

parameters. However, no later modification of the sample is possible and special equipment is

needed to extract the desired samples [186].
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CHAPTER 1. INTRODUCTION

1.4 Aim and Objectives

This thesis aim is to establish and explore a versatile platform for the generation of Pichia pastoris

cell factories. Biological cell factories are becoming increasingly important for a transition to a

bio-based economy, but current approaches using established model organisms are limited. The

non-conventional yeast P. pastoris offers unique capabilities such as growth to high cell densities

and efficient protein secretion. This makes it ideally suited for use in many biotechnology

applications, but a lack of tools to control gene expression and identify effective expression

conditions make cell engineering a challenge. This thesis has three major objectives that aim to

address these issues (Figure 1.8).

FIGURE 1.8. Objectives and approaches. The aim of a versatile P. pastoris cell fac-
tory is addressed by a toolkit enabling randomised library generation and the
consideration of a novel screening technology.
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1.4. AIM AND OBJECTIVES

The first objective is to overcome the lack of tools to control protein expression and secretion

in P. pastoris. The aim is to develop a new modular and standardised toolkit of genetic parts

that can be efficiently pieced together to create expression and secretion constructs. Crucially,

the toolkit should enable rapid combinatorial assembly of many potential designs quickly and

be easy to explore the potential design space, plus include a means of transforming P. pastoris

at a high-efficiency. Where possible it is aimed to leverage existing synthetic biology assembly

methodologies and part libraries (e.g., the Yeast Toolkit [172]) to expand the potential future

scope of the toolkit.

The second objective is to demonstrate how such a toolkit opens up new ways of accelerating

strain development for enzyme secretion. Specifically, it is planned to use the ability to generate

diverse libraries of expression and secretion constructs to search for optimal genetic designs for

producing industrially relevant enzymes. This will require the application of an approach where

genetic parts like promoters, terminators and secretion tags are “shuffled” randomly to create a

diverse library of designs. Furthermore, the ability to transform P. pastoris cells with this mixed

library is required such that strains can be assayed and those performing well re-sequenced to

find the precise combination of parts achieving a desired output.

The final objective is to develop a new screening method for P. pastoris that allows analysis of

enzymes secreted from individual cells in high-throughput. This method must enable cultivation

of physically isolated cells and the accumulation of secreted enzymes. Microencapsulation of

single cells in polyelectrolyte capsules could be a mean to achieve this objective. These capsules

offer tunable permeability allowing nutrients to be provided to the cells and can be assayed in

bulk using high-throughput methods such as flow cytometry.
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2
MATERIALS AND METHODS

2.1 Materials

2.1.1 Devices, Consumables and Chemicals

Special devices used are given in Table 2.1. General consumables such as petri dishes, tubes

(1.5 mL and 2.0 mL) and reaction tubes (15 mL and 50 mL) were purchased from Sarstedt AG &

Co. KG (Nümbrecht, Germany). Pipettes and tips were purchased from BRAND GmbH + Co. KG

(Wertheim, Germany). Other consumables are summarised in Table 2.2. All chemicals used were

at least of analytical grade. Chemical suppliers are listed in Table 2.3. For every experiment,

ultrapure water was utilised.

2.1.2 Software

Data analysis and plotting was performed using Phyton, Excel and Omnigraffle. The evaluation of

microscopic images was done using ZEN 2.3, NIS Elements viewer, and Fiji. In silico cloning and

DNA sequence alignments were performed using SnapGene, Benchling, and T-Coffee. Sequence

codon optimisation was performed using the GeneOptimizer, and analysis thereof was done using

the graphical codon usage analyser. Phylogenetic studies were done using phyloT (Phylogenetic

Tree Generator). The FACS analysis was supported by the FACSDiva software and analysis

of flow cytometry data was performed using FloJo. The experiments using the liquid handling

platform were conducted using custom scripts written with the Freedom EVOware, Table 2.4.

25



CHAPTER 2. MATERIALS AND METHODS

TABLE 2.1. Devices

Device Company

Autoklav Varioklav 135S Thermo Fisher Scientific, Waltham, MA, USA

Centrifuges Rotanta 460R Hettich, Tuttlingen, Germany
Sorvall RC-6 Plus Thermo Fisher Scientific, Waltham, MA, USA
Rotors: SS-34, SH-3000, PN
11779
Heraeus Fresco 21 Thermo Fisher Scientific, Waltham, MA, USA
Heraeus Pico 17 Thermo Fisher Scientific, Waltham, MA, USA
Galaxy Ministar VWR International GmbH, Ismaning, Germany

Colony picker CP-7200 Norgren Systems, Fairlea, WV, USA

Dispenser MicroFlo Select BioTek Instruments GmbH, Winooski, VT, USA

Electroporator Micro Pulser Bio-Rad Laboratories GmbH, München, Germany

Flow cytometer BD LSR II HTS-2 BD Biosciences, San Jose, CA, USA

DNA
Gel-documentation

Gel iX Imager Intas Science Imaging Instruments GmbH,
Göttingen, Germany

Transiluminator DR-46B MoBiTec GmbH, Göttingen, Germany

Incubators, Heraeus BK 6160 Thermo Fisher Scientific, Waltham, MA, USA
shaking incubators Heraeus B12 Thermo Fisher Scientific, Waltham, MA, USA

Klimaschrank KBF 240
E5.1/C

BINDER GmbH, Tuttlingen, Germany

KS4000ic control IKA, Wilmington, NC, USA
MaxQ Mini 4450 Thermo Fisher Scientific, Waltham, MA, USA
Incubation room Albert GmbH, Rain, Germany
TiMix 5 control Edmund Bühler GmbH, Hechingen, Germany
HAT Minitron Infors AG, Bottmingen, Switzerland

Liquid handling FreedomEvo 200 Tecan Group Ltd., Männedorf, Switzerland
platform Multi Channel Arm MCA96

Liquid Handling Arm LiHa
Incubator StoreX IC LiCONiC Services Deutschland GmbH, Montabauer,

Germany

Microscopes Axio LabA.1 Zeiss, Oberkochen, Germany
Axio ObserverZ.1 Zeiss, Oberkochen, Germany
ECLIPS Ti-E Nikon, Tokyo, Japan

Shakers MaxQ 2000 Thermo Fisher Scientific, Waltham, MA, USA
TiMix 5 control Edmund Bühler GmbH, Hechingen, Germany
TiMix
Rocking Platform VWR International GmbH, Ismaning, Germany

Plate reader Infinite 200 pro Tecan Group Ltd., Männedorf, Switzerland

Rotator Rotator SB2 Stuart, Staffordshire, UK
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2.1. MATERIALS

TABLE 2.2. Consumables

Consumables Manufacturer

Cryo pure tube 1.5 white Sarstedt AG & Co., Nümbrecht, Germany
Millipore "V" Series Membranes (0.025 µm) Merck KGaA, Darmstadt, Germany
Gene Pulser® Cuvette 0.1 cm (Catalog #165-2089) Bio-Rad Laboratories GmbH, München, Germany
Gene Pulser® Cuvette 0.2 cm (Catalog #165-2086) Bio-Rad Laboratories GmbH, München, Germany
PP-Masterblock, 2.0 mL® (#780271) Greiner Bio-One GmbH, Frickenhausen, Germany
Nunc™ 96-Well MicroWell™ (#249944) Thermo Fisher Scientific, Waltham, MA, USA
96-well plate (polystrol, F-ground) Greiner Bio-One GmbH, Frickenhausen, Germany
96-well plate (UV-star) Greiner Bio-One GmbH, Frickenhausen, Germany
96-well plate (ploystrol, U-ground, #655101) Greiner Bio-One GmbH, Frickenhausen, Germany
96-well plate (black, F-ground, #732-2701) Greiner Bio-One GmbH, Frickenhausen, Germany
Breathable adhesive film (#BF-400-S) Axygen, Inc., Union City, CA, USA
Aluminium adhesive film PCR/AS Axygen, Inc., Union City, CA, USA
His GraviTrap™ GE Healthcare, Little Chalfont, United Kingdom
PD-10 Desalting Column (#17-0851-01) GE Healthcare, Little Chalfont, United Kingdom
96-Well SpinColumns™ (25-100 µL) Harvard Apparatus, Holliston, MA USA
Centrifugal filters (516-0230) VWR International GmbH, Darmstadt, Germany

TABLE 2.3. Chemical suppliers

Manufacturers

AppliChem GmbH, Darmstadt, Germany
Bio-Rad Laboratories GmbH, München, Germany
Biozym Scientific GmbH, Hess. Oldendorf, Germany
BODE Chemie GmbH, Hamburg, Germany
CARL ROTH GmbH & Co. KG, Karlsruhe, Germany
GE Healthcare Europe GmbH, Freiburg, Germany
GERBU Biotechnik GmbH, Gailberg, Germany
MERCK KGaA, Darmstadt, Germany
Rapidozym, Berlin, Germany
SERVA Electrophoresis GmbH, Heidelberg, Germany
Sigma-Aldrich, Deisenhofen, Germany
VWR International GmbH, Darmstadt, Germany

TABLE 2.4. Software

Software Origin

Python version 2.7.11 Python Software Foundation, Wilmington, DE, United States
Excel for Mac version 16.12 Microsoft, Redmond, WA, USA
OmniGraffle The Omni Group, Seattle, WA, USA
ZEN 2.3 (blue edition) Zeiss, Jena, Germany
NIS Elements Viewer Nikon, Tokyo, Japan
Fiji version 2.0.0-rc-54/1.51h Image J [268]
SnapGene Viewer 4.2.4 GSL Biotech LLC, Chicago, IL, USA
Benchling Benchling, San Francisco, CA, USA
T-Coffee Notredame et al. [221]
GeneOptimizer Thermo Fisher Scientific, Waltham, MA, USA
Graphical codon usage analyser http://gcua.schoedl.de
phyloT https://phylot.biobyte.de
FACSDiva BD Biosciences, San Jose, CA, USA
FloJo BD Biosciences, San Jose, CA, USA
Freedom EVOware 2 PLUS Tecan Group Ltd., Männedorf, Switzerland
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CHAPTER 2. MATERIALS AND METHODS

2.2 Cell Manipulation

2.2.1 E. coli and P. pastoris Strains

E. coli strains DH5α and NEB Turbo were used for plasmid construction purposes. P. pastoris

containing the attP site for BxbI guided recombination [234] was used for expression studies,

Table 2.5, and it will be referred to as the wild type throughout this work. P. pastoris strains

designed in this study are listed in the Appendix Tables A.5, A.4, A.6, A.7, A.8 and A.9.

TABLE 2.5. E. coli and P. pastoris strains

Strain Genotype Manufacturer

E. coli DH5α F- Φ80lacZ∆M15 ∆(lacZYA-argF) U169 recA1
endA1 hsdR17(rk

-, mk
+) phoA supE44 thi-1

gyrA96 relA1 λ-

Thermo Fisher Scientific, Waltham, MA,
USA

E. coli Turbo F´ proA+B+ lacIq ∆ lacZ M15/ fhuA2
∆(lac-proAB) glnV gal R(zgb- 210::Tn10)TetS

endA1 thi-1 ∆(hsdS-mcrB)5

New England Biolabs, Ipswich, MA, USA

P. pastoris attP NRRL Y-11430 + attP Lu Lab, Massachusetts Institute of
Technology, Cambridge, USA

2.2.2 Media and Growth Conditions for E. coli Cultivation

E. coli cultivation was performed in lysogeny broth (LB) for cloning purposes, Table 2.7. All

solutions were autoclaved (121 °C, 20 min, 2 bar) and stored at room temperature (RT), if

not stated otherwise. Depending on the strain or resistance, antibiotics were added, Table 2.6.

Antibiotics dissolved in water were sterile filtered (0.2 µm filter) and all antibiotics were stored

at - 20 °C. Liquid cultures were cultivated in shaking flasks (37 °C, 160 rpm, 12 h) or cultivation

tubes (37 °C, 300 rpm, 12 h) on an orbital shaker. Cryo-cultures were prepared by mixing liquid

cultures with a sterile 60 % (v/v) glycerol solution to a final glycerol concentration of 30 % (v/v)

and stored at -80 °C.

TABLE 2.6. E. coli antibiotics for selection and cultivation

Solution Stock
concentration

Final
concentration

Solvent

Ampicillin 100 mg/mL 100 µg/mL ddH2O
Carbenicillin 100 mg/mL 100 µg/mL ddH2O
Chloramphenicol 34 mg/mL 25 µg/mL 100 % (v/v) ethanol
Kanamycin sulfate 30 mg/mL 30 -50 µg/mL ddH2O
Zeocin 100 mg/mL 25 µg/mL ddH2O
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2.2. CELL MANIPULATION

TABLE 2.7. Media and stock solutions for E. coli cultivation.

Solution Composition

LB Lysogeny broth
10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride (NaCl)
Desired antibiotics were added prior use.

LB agar plates 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L agar
After autoclaving, the agar was cooled to 55 °C, the desired antibiotic was added and
agar was poured into 10 cm petri plates. After solidification, plates were stored at 4 °C.

TSS buffer 10 % (w/v) polyethylene glycol (PEG) 6000, 30 mM magnesium chloride (MgCl2),
5 % (v/v) dimethyl sulfoxide (DMSO) in LB medium
Filter sterilised (0.2 µm filter) and stored at 4°C.

SOB Super optimal broth
20 g/L tryptone, 5 g/L yeast extract, 10 mM NaCl, 2.5 mM potassium chloride (KCl),
10 mM MgCl2

SOC Super optimal broth with catabolite repression
SOB-medium with 20 mM glucose

2.2.3 Media and Growth Conditions for P. pastoris Cultivation

P. pastoris strains were cultivated at 30 °C and shaken on an orbital shaker at 130 rpm -

160 rpm for shaking flasks with baffles, 300 rpm for cultivation tubes and 900 rpm for deep-well

plates (dwp). Cultivation was done in YPD for growth and in BMGY/BMMY (buffered complex

glycerol/methanol) or BMD/BMM (buffered minima dextrose/methanol) for protein expression,

Table 2.8. To improve readability throughout this thesis, media names are shortened from 1 %

(v/v) BMM to 1 % BMM, 0.2 % (w/v) or 1 % (w/v) BDM to 0.2 % or 1 % BDM and respectively

0.4 % (v/v) or 2 % (v/v) BMGY to 0.4 % or 2 % BMGY.

The antibiotic zeocin was added to a final concentration of 75 µg/mL to all media except for the

growth of the wild type P. pastoris attP. All solutions were autoclaved (121 °C, 20 min, 2 bar) and

stored at room temperature, if not stated otherwise. Cryo-cultures were prepared in cryo-tubes

by mixing liquid cultures grown in YPD with 60 % (v/v) glycerol to a final concentration of 30 %

(v/v) and are stored at -80 °C. Cryo-culture back-ups of randomised screenings were prepared

by mixing 180 µL 16.66 % (v/v) glycerol with 20 µL sample in flat bottom assay plates. These

screening backup plates were first used to determine OD600 and subsequently frozen at -80 °C

for backup purposes.

Modifications to the medium were done depending on the expression strategy and enzyme

being expressed. For all screenings, cultivation was carried out in 96-deep-well plates at 30 °C,

900 rpm on a microtiter plate shaker (Edmund Bühler GmbH, Germany). A pre-culture was

inoculated from a glycerol stock master plate or a 96-well backup agar plate using the colony

picker (Norgren Systems, Fairlea, WV, USA) and grown until saturation for 48 hours. The

expression-culture, either for constitutive expression or induced expression, was inoculated from

the pre-culture. Inoculation was done using the liquid handling platform and applying its multi-

channel arm MCA96 (Tecan Group Ltd., Männedorf, Switzerland), which was controlled using

custom scripts written using the Freedom EVOware software (Tecan Group Ltd., Männedorf,
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CHAPTER 2. MATERIALS AND METHODS

Switzerland). The expression plates were incubated and when required, methanol induction was

performed every 24 h to maintain 1 % (v/v) methanol in the expression medium.

Screening for expression of RFP and yEGFP was performed as described by Qin et al. [249],

with modifications, Table A.5 and A.4. A 900 µL 0.2 % BMD glucose pre-culture was inoculated

manually from a glycerol stock master plate. The expression-culture in 1 % BMD glucose or

1 % BMM methanol was inoculated with 30 µL of the pre-culture and incubated, Table 2.9.

Measurements were performed after 24, 48 and 72 hours, with a set of plates for each time point.

The cultivation conditions for the phytase screening were as described by Hesampour et al.

[129], with modifications. 1.2 mL pre-culture was inoculated from a 96-well backup agar plate

using the colony picker. 100 µL of the pre-culture was used to inoculate 900 µL expression-culture

and incubated for 48 h. For the phytase screening with inducible promoters, the pre-culture

was 2 % BMGY-PP, the expression-culture 1 % BMMY-PP and to keep methanol induction, 10 %

BMMY-PP was added after 24 h of expression to maintain 1 % (v/v) methanol. For the screening

using constitutive promoters, the pre-culture was 0.4 % BMGY-PP and the expression-culture 2 %

BMGY-PP, Table 2.10. The control strains for screening establishment can be found in Table A.6;

strains identified via the screening and integrated to the strain collection are listed in Table A.7.

The unspecific peroxygenase (UPO) screening cultivation conditions were similar to Molina-

Espeja et al. [209] and Krainer et al. [164], with modifications. For screenings utilizing inducible

promoters, 1.2 mL 1 % BMD were inoculated from 96-well backup agar plates using a colony

picker. In a new dwp, 500 µL pre-culture was used to inoculate 500 µL 2 % BMM+2H to reach

a final concentration of 1 % (v/v) methanol, 10 µM hemine, and 3 mM MgSO4. After 24 h of

incubation, 100 µL 10 % BMM was added to maintain induction, Table 2.11. For the constitutive

expression of UPOs, 1.2 mL 0.2 % BMD was inoculated as before. 100 µL of the pre-culture was

used to inoculate 900 µL 1 % BMD+H, containing 1 % (w/v) glucose, 10 µM hemine and 3 mM

MgSO4, and grown for 48 h, Table 2.12. The control strains for the UPO screening establishment

can be found in Table A.6, strains identified via the screening and integrated to the strain

collection are listed in Table A.8.

UPO expression studies performed in baffled shaking flasks were performed following the

same scheme as for the screening. A pre-culture was made either in cultivation tubes or baffled

shaking flasks and used to inoculate the expression-culture. A typical inoculation volume was

10 % (v/v) of the expression-culture volume. The media used were identically to the media of the

screening, except for the induced expression of UPO´s, where 1 % BMM+H was used.
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2.2. CELL MANIPULATION

TABLE 2.8. Media and stock solutions for P. pastoris cultivation.

Solution Composition

Zeocin 75 µg/mL dissolved in water
20 % (w/v) Dextrose 200 g/L D-glucose dissolved in water
2X YP 20 g/L yeast extract, 40 g/L peptone dissolved in water
YPD medium Yeast extract peptone dextrose medium

10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose
To make 100 mL YPD: 50 mL 2X YP, 40 mL sterile water, 10 mL 20 % (w/v)
dextrose

YPD Agar 10 g/L yeast extract, 20 g/L pepton, 20 g/L agar, 20 g/L dextrose
10 g yeast extract, 20 g peptone and 20 g agar were dissolved in 900 mL deionised
water and autoclaved (121 °C, 20 min, 2 bar). Once cooled down to 55 °C, 20 %
(w/v) dextrose and if desired zeocin were added and agar was poured into 10 cm
petri plates. After solidification plates were stored at 4 °C in the dark.

10X YNB 13.4 % (w/v) yeast nitrogen base with ammonium sulfate without amino acids
100 g/L ammonium sulfate , 34 g/L yeast nitrogen base
The solution was heated to dissolve completely in water, filter sterilised (0.2 µm
filter) and stored at 4 °C.

500X B 0.02 % (w/v) biotin
The solution was filter sterilised (0.2 µm filter) and stored at 4 °C.

1 M phosphate buffer 132 mL of 1 M dipotassium phosphate (K2HPO4) were combined with 868 mL of
1 M monopotassium phosphate (KH2PO4)
pH = 6.0 ± 0.1, adjusted if necessary using phosphoric acid or potassium hydroxide
(KOH).

10X GY 10 % (v/v) glycerol
30 mM MgSO4 Magnesium sulfate dissolved in water.
1.25 mM Hemin Hemine dissolved in 10 mM KOH.

Filter sterilised (0.2 µm filter) and stored at 4 °C.
1 M Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

pH 6.8, autoclaved (121 °C, 20 min, 2 bar) and stored at RT.
1 M DTT 1,4-Dithiothreitol

Freshly prepared and filter sterilised (0.2 µm filter)
PERS Pichia electroporation recovery solution

YPD : 1 M sorbitol (1:1 v/v)
PBS Phosphate buffer saline

137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 * 7 H20, 1.4 mM KH2PO4

TABLE 2.9. P. pastoris media for RFP and yEGFP expression

Stock Final concentration 0.2 % BMD 1 % BMD 1 % BMM

1 M Phosphate buffer 100 mM potassium phosphate 100 mL 100 mL 100 mL
10X YNB 1.34 % (w/v) YNB 100 mL 100 mL 100 mL
500X B 4 × 10-5 % (w/v) biotin 2 mL 2 mL 2 mL
20 % (w/v) Dextrose 0.2 % - 1 % (w/v) glucose 10 mL 50 mL -
Methanol 1 % (v/v) methanol - - 10 mL
ddH2O ad 1 L ad 1 L ad 1 L
Zeocin 75 µg/mL 750 µL 750 µL 750 µL
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CHAPTER 2. MATERIALS AND METHODS

TABLE 2.10. P. pastoris media for phytase expression

Stock Final concentration 0.4 % 2 % 1 % 10 %
BMGY-PP BMGY-PP BMMY-PP BMMY-PP

2X YP 1 % (w/v) yeast extract,
2 % peptone

500 mL 500 mL 500 mL 500 mL

10X YNB 1.34 % (w/v) YNB 100 mL 100 mL 100 mL 100 mL
500X B 4 × 10-5 % biotin 2 mL 2 mL 2 mL 2 mL
10X GY 0.4 % - 2 % (v/v) glycerol 40 mL 200 mL - -
Methanol 1 % - 10 % (v/v) methanol - - 10 mL 100 mL
ddH2O ad 1 L ad 1 L ad 1L ad 1L
Zeocin 75 µg/mL 750 µL 750 µL 750 µL 750 µL

TABLE 2.11. P. pastoris media for induced UPO expression

Stock Final concentration 1 % 2 % 10 %
BMM+H BMM+2H BMM

1 M Phosphate buffer 100 mM potassium phosphate 100 mL 100 mL 100 mL
10X YNB 1.34 % (w/v) YNB 100 mL 100 mL 100 mL
500X B 4 × 10-5 % (w/v) biotin 2 mL 2 mL 2 mL
Methanol 1 % - 10 % (v/v) methanol 10 mL 20 mL 100 mL
30 mM MgSO4 6 mM MgSO4 100 mL 200 mL -
1.25 mM Hemine 10 - 20 µM hemine 8 mL 16 mL -
ddH2O ad 1 L ad 1 L ad 1L
Zeocin 75 µg/mL 750 µL 750 µL -

TABLE 2.12. P. pastoris media for constitutive UPO expression

Stock Final concentration 0.2 % 1 %
BMD BMD+H

1 M Phosphate buffer 100 mM potassium phosphate 100 mL 100 mL
10X YNB 1.34 % (w/v) YNB 100 mL 100 mL
500X B 4 × 10-5 % (w/v) biotin 2 mL 2 mL
20 % (w/v) Dextrose 0.2 % - 1 % (w/v) glucose 10 50
30 mM MgSO4 3 mM MgSO4 - 100 mL
1.25 mM Hemine 10 µM hemine - 8 mL
ddH2O ad 1 L ad 1L
Zeocin 75 µg/mL 750 µL 750 µL
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2.2. CELL MANIPULATION

2.2.4 Preparation of E. coli Competent Cells and Transformation

Preparation of E. coli competent cells was done as described by Chung and Miller [60]. A 5 mL

overnight pre-culture was grown in LB medium to inoculate 50 mL LB medium to an OD600 0.1.

The 50 mL culture was grown until an OD600 0.2-0.5 was reached (37 °C, 150 rpm). The cells were

transferred to a sterile 50 mL reaction tube, incubated on ice for 10 minutes, and subsequently

centrifuged (4 °C, 1800 x g, 10 min). The supernatant was discarded and remaining medium

was pipetted out. The pellet was gently dissolved in 5 mL chilled TSS buffer, Table 2.7. 100 µL

aliquots were prepared in chilled 1.5 mL reaction cups and stored at -80°C until further use.

For E. coli transformation, cells were thawed on ice, DNA (about 200 ng) was added and the

cup was kept on ice for 30 minutes. Next, a heat shock at 42 °C for 90 seconds was performed and

immediately afterwards the cells were placed back on ice. 1 mL of SOC or LB medium (Table 2.7)

was added, and recovery of cells was performed (37 °C, 200 rpm, 1 h). Respective dilutions were

plated on LB agar plates with the appropriate antibiotic.

2.2.5 Preparation of P. pastoris Competent Cells and Transformation

Transformation of P. pastoris was performed via electroporation either as described by Perez-

Pinera et al. [234] or Madden et al. [192]. P. pastoris strains pUO_pL001 - pUO_pL124 and

pUO_pL600 - pUO_pL662, Table A.5 and Table A.4, were prepared according to Perez-Pinera et

al. [234]. For the preparation of competent cells, 5 mL YPD was inoculated in a 50 mL flask from

a single, freshly grown colony (30 °C, 140 rpm). 50 µL of this pre-culture was used to inoculate

100 mL YPD in a 1 L flask and grown to an OD600 1.3 - 1.5 (30 °C, 140 rpm). The cells were spun

down (4 °C, 1500 x g, 5 min) and the pellet was gently washed as follows:

• 100 mL sterile, ice-cold water (centrifugation: 4 °C, 1500 x g, 5 min);

• 50 mL sterile, ice-cold water (centrifugation: 4 °C, 1500 x g, 5 min);

• 20 mL sterile, ice-cold 1 M sorbitol (centrifugation: 4 °C, 1500 x g, 5 min).

After the final centrifugation, the supernatant was decanted and remaining liquid on the pellet

was carefully pipetted off. The pellet was dissolved in 1 mL 1 M sorbitol. 80 µL cell solution was

transferred to chilled 1.5 mL reaction cups and directly used for transformation. The competent

cells were mixed with 5 µg circular recombinase expression vector (BxbI plasmid) and 5 µg

circular cassette vector. The solution was transferred into an electroporation cuvette (2 mm),

incubated on ice (5 min) and then pulsed according to the parameters for S. cerevisiae as suggested

by the manufacturer (1500 V, 25 µF, 200 Ohm). Immediately afterwards, 1 mL 1 M sorbitol was

added to the cells and transferred into a 2 mL cup containing 0.8 mL 2X YP. After recovery (30

°C, 100 rpm, 8 h), 50 µL of cell culture was plated on YPD supplemented with 0.75 µg/mL zeocin.

Transformation of P. pastoris based on the PARS (Pichia autonomously replication sequence) was

performed as described above, but no BxbI plasmid was added and recovery was 2 h.
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For all other P. pastoris strains, preparation of competent cells and transformation was

performed according to Madden et al. [192]. A single fresh colony was used to inoculate 10 mL

YPD in a 50 mL flask and grown over night (30 °C, 140 rpm). This pre-culture was used to

inoculate 25 mL YPD in a baffled 100 mL flask to an OD600 0.2 and grown to an OD600 1.5 (30 °C,

140 rpm). Once the cells were grown sufficiently, the culture was placed on ice for 15 minutes.

The cells were harvested in a sterile 50 mL tubes by centrifugation (4 °C, 1000 x g, 5 min) and

resuspended in 2 mL YPD-Hepes (1.6 mL YPD + 0.4 mL 1 M Hepes, pH 6.8, Table 2.8). Carefully

75 µL of freshly prepared 1 M DTT (Table 2.8) was added and the sample was incubated (30 °C,

100 rpm, 25 min). After incubation, the sample was diluted by adding sterile, ice-cold water to

make a final volume of 50 mL. The cells were centrifuged (4 °C, 1000 x g, 5 min) and the pellet

was gently washed as following.

• 50 mL sterile, ice-cold water (centrifugation: 4 °C, 1000 x g, 5 min);

• 20 mL sterile, ice-cold 1 M sorbitol (centrifugation: 4 °C, 1000 x g, 5 min);

• 20 mL sterile, ice-cold 1 M sorbitol (centrifugation: 4 °C, 1000 x g, 5 min).

After the final centrifugation, the supernatant was poured off, and the remaining solution on

the pellet was carefully pipetted off. The pellet was dissolved in 300 µL 1 M sorbitol. 30 µL E-

competent cells aliquots were prepared in 1.5 mL reaction tubes, which were either directly used

for transformation or stored at -80 °C until use. For P. pastoris transformation, the competent

cells were mixed with 200-500 ng BxbI plasmid and 200-500 ng circular expression vector

and transferred into an electroporation cuvette (1 mm). The mix was pulsed according to the

parameters for E. coli as suggested by the manufacturer (1800 V, 25 µF, 200 Ohm). Immediately

afterwards, 1 mL PERS, Table 2.8, was added to the cuvette and the mix was transferred

into a 2 mL cup. After recovery (30 °C, 100 rpm, 3.5 h), 100 µL of the cell solution and the

cell pellet (8000 rpm, 30 s) were plated on YPD supplemented with 0.75 µg/mL zeocin. The

strains pUO_pL730 - pUO_pL771 were prepared by directly using the Golden Gate reaction for

transformation, Table A.4.
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2.3 DNA Manipulation

2.3.1 Plasmids and Primers

A summary of the part plasmids used can be found in the supplemental information A.1, along

with the information of the DNA sequence. The DNA for part plasmid design was either obtained

via PCR or DNA synthesis, and fragments were subsequently integrated into the pYTK001 entry

vector, Table A.2, via Golden Gate reaction. For the PCR amplification, template plasmids are

listed in Table A.12 and the respective primers are given in Table A.3. DNA fragments or complete

ready to use part plasmids were ordered at Eurofins Genomics GmbH (Ebersberg, Germany),

Twist Bioscience (Santa Clara, CA, USA) or Integrated DNA Technologies (Coralville, IA, USA).

The MoClo-YTK was obtained from Addgene Kit: 1000000061 (Cambridge, MA, USA) Lee et al.

[172]. Plasmids used from the YTK are listed in Table A.2. Expression plasmids made via Golden

Gate reaction from part plasmids are listed in Tables A.5, A.4, A.6 and A.9. Oligonucleotides used

for plasmid construction or sequence verification are listed in Table A.3 and were ordered from

Integrated DNA Technologies (Coralville, IA, USA) or biomers.net GmbH (Ulm, Germany).

2.3.2 Isolation of Plasmid DNA from E. coli

For plasmid preparation, 7 mL cell culture was harvested by centrifugation (RT, 3500 x g, 5 min)

and prepared as described in the corresponding kit (GeneJET™ Plasmid Miniprep Kit #K0503

(Thermo Fisher Scientific, Waltham, MA, USA) or Pure Yield Plasmid Miniprep System #A1222

(Promega, Madison, WI, USA)). DNA concentration and purity was measured by photometric

absorption detection using the nanophotometer. The plasmid DNA was stored at 4 °C for frequent

usage, otherwise at -20 °C.

2.3.3 Isolation of Genomic DNA from P. pastoris

Extraction of genomic DNA was performed as described by Looke et al. (2011) [187], with

modifications. A single colony was resuspended in 100 µL genomic DNA extraction buffer (0.2 M

lithium acetate, 1 % (w/v) SDS) and incubated (70 °C, 5 min). 300 µL 96 % (v/v) ethanol was

added, the sample vigorously vortexed, and the cell debris were spun down (RT, 15000 x g, 3 min).

The pellet was washed with 300 µL 70 % (v/v) ethanol (RT, 15000 x g, 3 min) and the dried pellet

(70 °C, 5 min) was dissolved in 100 µL water. 2 µL solution was used for PCR applications.

2.3.4 Gel Electrophoresis

To separate DNA fragments based on size, electrophoresis was carried out as described by Ausubel

et al. [21] using the Mini-Sub® Cell GT Cell system (Bio-Rad Laboratories GmbH, München,

Germany). Samples were mixed with 5X loading dye and loaded to the solidified 1 % (w/v) agarose

gel with a nucleic acids stain, Table 2.13.
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To determine the DNA fragment size, a marker was added (Quick-Load® Purple 1 kb DNA

Ladder #N0552G or Quick-Load® Purple 2-Log DNA Ladder #N0550S (NEB, Ipswich, MA, USA))

and the sample was run at 120 V for 20 minutes. Preparative visualization was performed using

blue light, gel documentation occurred under UV-radiation. To purify distinct DNA fragments, the

respective fragment was extracted from the agarose and prepared according to the corresponding

kit (NucleoSpin® Gel and PCR Clean-up Kit #740609.250 (Macherey-Nagel GmbH & Co. KG,

Düren, Germany) or Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA)).

TABLE 2.13. Solutions for DNA gel electrophoresis

Solution Composition

TAE buffer Tris-acetate-EDTA
40 mM Tris (pH 7.6), 20 mM acetic acid, 1 mM Ethylenediaminetetraacetic acid
(EDTA)
A 50X TAE stock solution was prepared and prior the electrophoresis the 1X TAE
buffer was made.

1 % (w/v) Agarose 10 g/L agarose in 1X TAE buffer
The solution was brought to a boil and stored at 60 °C. A nucleic acid stain was
added prior use.

5X Loading dye 0.075 mM Tris pH 7.6, 0.05 mM EDTA, 50 % (v/v) glycerol, 0.025 % (w/v) bromphe-
nol blue, 0.025 % (w/v) xylene cyanol

Nucleic acids stain 20000X SERVA DNA Stain Clear G (Serva, Heidelberg, Germany) or
10000X SYBR Safe DNA Gel Stain (Thermo Fisher Scientific, Waltham, MA, USA)

2.3.5 Polymerase Chain Reaction

Polymerase chain reaction (PCR) was performed as described by Ausubel et al. [21]. For gene

amplification and fusion of fragments, the Phusion® High-Fidelity DNA Polymerase #M0530 (New

England Biolabs (NEB), Ipswich, MA, USA) or the KAPA HiFi DNA Polymerase (Kapa Biosystems,

Wilmington, MA, USA) were used as described by their manufacturer, Table 2.14 and Table 2.15.

To verify E. coli transformation, the Taq DNA Polymerase with ThermoPol® Buffer #M0267

(NEB, Ipswich, MA, USA) was applied and a single colony was directly dissolved in the PCR

reaction, Table 2.16. To check P. pastoris transformation, genomic DNA was extracted according

to Section 2.3.3 and the GoTaq® G2 DNA Polymerase #M7845 (Promega, Madison, WI, USA) was

applied according to the manufacturer, Table 2.17. The KAPA2G Robust DNA Polymerase (Kapa

Biosystems, Wilmington, MA, USA) was also used to verify E. coli and P. pastoris transformation.

For E. coli, a single colony was directly resuspended in the PCR reaction. For P. pastoris a

colony was resuspended in 20 mM NaOH, heated (95 °C, 10 min) and 1 µL of supernatant after

centrifugation (RT, 6200 x g, 30 s) was used, Table 2.18.
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Table 2.14: Conditions for the Phusion® High-Fidelity DNA Polymerase

Composition Program

Component Amount Step [s] [°C] Cycles

5X HF-buffer 10.0 µL Initial denaturation 30 98 1
10 mM dNTP mix 1.0 µL Denaturation 10 98
10 µM Primer fw 2.5 µL Primer annealing 30 60 30
10 µM Primer rev 2.5 µL Elongation 20/kb 72
DNA template 100 ng Final elongation 600 72 1
Phusion polymerase 0.5 µL Hold 12 ∞
ddH2O ad 50 µL

Table 2.15: Conditions for the KAPA HiFi Polymerase

Composition Program

Component Amount Step [s] [°C] Cycles

5X Kapa HiFi buffer 10.0 µL Initial denaturation 180 95 1
10 mM dNTP mix 1.0 µL Denaturation 20 98
10 µM Primer fw 1.5 µL Primer annealing 15 60 25
10 µM Primer rev 1.5 µL Elongation 12/kb 72
DNA template 100 ng Final elongation 60 72 1
Kapa polymerase 1 µL Hold 12 ∞
ddH2O ad 50 µL

Table 2.16: Conditions for the Taq DNA Polymerase

Composition Program

Component Amount Step [s] [°C] Cycles

10X ThermoPol 2.5 µL Initial denaturation 30 95 1
10 mM dNTP mix 0.5 µL Denaturation 30 95
10 µM Primer fw 0.5 µL Primer annealing 30 60 30
10 µM Primer rev 0.5 µL Elongation 60/kb 68
DNA template variable Final elongation 300 72 1
Taq polymerase 0.125 µL Hold 12 ∞
ddH2O ad 25 µL

Table 2.17: Conditions for the GoTaq® G2 DNA Polymerase

Composition Program

Component Amount Step [s] [°C] Cycles

5X Green Buffer 5.0 µL Initial denaturation 120 95 1
10 mM dNTP mix 0.5 µL Denaturation 30 95
10 µM Primer fw 1.25 µL Primer annealing 30 60 30
10 µM Primer rev 1.25 µL Elongation 60/kb 72
DNA template variable Final elongation 300 72 1
GoTaq G2 polymerase 0.125 µL Hold 12 ∞
ddH2O ad 25 µL
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Table 2.18: Conditions for the KAPA2G Robust DNA Polymerase

Composition Program

Component Amount Step [s] [°C] Cycles

5X Kapa 2G buffer 5.0 µL Initial denaturation 180 95 1
10 mM dNTP mix 0.5 µL Denaturation 15 95
10 µM Primer fw 1.25 µL Primer annealing 16 60 35
10 µM Primer rev 1.25 µL Elongation 20/kb 72
DNA template 1.0 µL Final elongation 90 72 1
Kapa Robust polymerase 0.1 µL Hold 12 ∞
ddH2O ad 25 µL

2.3.6 Digestion, Ligation and Golden Gate Assembly

For each restriction, 1 µg DNA was digested by 10 units of restriction enzyme at the respective

digestion temperature, using the suitable buffer for each enzyme. The digestion duration was

2-12 hours. The enzymes used were BsaI, BsmBI, NdeI and XhoI (NEB, Ipswich, MA, USA).

After agarose gel purification of the DNA fragment, DNA ligation occurred as described by the

manufacturer. T4 and T7 ligase (NEB, Ipswich, MA, USA) were utilised. DNA, the respective

ligase buffer, and water were mixed and ligase was added last. After incubation (RT, 30 min) the

ligation mixture was directly used for chemical transformation of E. coli, Section 2.2.4. When

required for the cloning strategy, linear DNA ends were treated with the Alkaline Phosphatase,

Calf Intestinal (CIP) #M0290S or the Blunt Enzyme Mix #E1201S (NEB, Ipswich, MA, USA).

Plasmids following the MoClo standard were designed using Golden Gate assembly [312]. The

design of the Pichia Toolkit (PTK) was performed using the specific design rules and characteristic

overhangs as suggested for the Yeast Toolkit(YTK) by Lee et al. [172]. Part plasmids were

assembled using the part plasmid entry vector pYTK001 and the insert originated from a PCR

fragment, gBlock or plasmid (Section 2.3.1), using the conditions in Table 2.19.

Expression vectors or expression vector libraries were assembled from part plasmids, ensuring

a plasmid for each functional element. Various assembly strategies were utilised. Plasmids

pUO_pL001-pUO_pL124 were prepared by individual restriction enzyme digestion and ligation

as described above, from each individual part plasmid. All other expression vectors as well as

the randomised libraries utilised the backbone vector pUO_pL501. Expression vector assembly

was performed according to Table 2.19 and the Golden Gate reaction was used for chemical

transformation of E. coli or for plasmids pUO_pL730 – pUO_pL771 directly for P. pastoris

transformation (Section 2.2.5). For randomised libraries, the Golden Gate reaction was performed

as described in Table 2.20 [93]. The total amount of insert for each functional element was twice

as much as the backbone vector pUO_pL501. For each functional element which was aimed to be

shuffled, the total amount of insert was divided by the number of plasmids for the shuffling.
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E.g. for a Golden Gate shuffling with 300 fmol insert and 3 plasmids to be shuffled, 100 fmol

of each plasmid were used for the assembly reaction. After the Golden Gate shuffling, chemical

transformation of E. coli was performed.

Table 2.19: Golden Gate reaction for part plasmid design

Composition Program

Component Amount Step [min] [°C] Cycles

Insert or plasmid 0.5 µL Digestion 2 42 25
T4 ligase buffer 1.0 µL Ligation 5 16
T7 ligase 0.5 µL Final digestion 10 60 1
Restriction enzyme 0.5 µL Heat inactivation 10 80 1
ddH2O ad 10 µL Hold 12 ∞

Table 2.20: Golden Gate reaction for shuffling approach

Composition Program

Component Amount Step [min] [°C] Cycles

Total insert 300 fmol Initial digestion 10 37 1
Plasmid backbone 150 fmol Digestion 5 37

50
T4 ligase buffer 1.0 µL Ligation 5 16
T4 ligase 0.5 µL Final digestion 10 37 1
Restriction enzyme 0.5 µL Heat inactivation 10 65 1
ddH2O ad 20 µL Hold 12 ∞

2.3.7 DNA Sequencing

Sequencing was done externally (GATC Biotech AG, Konstanz, Germany or Eurofins Genomics

GmbH, Ebersberg, Germany). The primer was directly added into the sample, primers are listed

in Table A.3. Evaluation was done using SnapGene (GSL Biotech LLC, Chicago, IL, USA) or

Benchling (San Francisco, CA, USA). Information on the genomic DNA of P. pastoris was gathered

from National Center for Biotechnology Information (NCBI) (Bethesda, MD, USA).
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2.4 Protein Purification and Characterisation

2.4.1 SDS-PAGE

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed for pro-

tein separation as described by Ausubel et al. [21] with modifications. To prepare polyacrylamide

gels, the Mini/PROTEAN® Tetra Cell Casting Stand and Clamps (Bio-Rad Laboratories GmbH,

München, Germany) were used. For 2 gels, a separating gel was prepared according to Table

2.21, the solution was swirled gently, immediately used to load the chambers and covered with

water. After polymerization (RT, 60 min), the water layer was removed, the stacking gel layer

added, and the desired comb inserted. After polymerization (RT, 60 min), the gels were stored

at 4 °C until usage, wrapped in wet paper towels. To analyse a protein sample, it was mixed

with 5X loading buffer (50 % (v/v) glycerol, 12.5 % (v/v) β-mercaptoethanol, 7.5 % (w/v) SDS,

0.25 g/l bromphenol blue) and heated (95 °C, 5 min). The sample was loaded to the SDS-PAGE,

1X SDS electrophoresis buffer (0.1 % (w/v) SDS, 25 mM Tris, 192 mM glycine) was added to

the Mini-PROTEAN® Tetra Vertical Electrophoresis Cell and the gel was run for about 45 min

with 40 mA for each gel. To determine the protein size, the PageRuler Unstained Protein Ladder

#26614 or the PageRuler Prestained Protein Ladder #26616 (Thermo Fisher Scientific, Waltham,

MA, USA) were applied. After the electrophoretic run, the gel was washed with water, stained

using a coomassie-staining solution (0.2 % (w/v) coomassie brilliant blue G250 and R250, 50 %

(v/v) ethanol, 10 % (v/v) acetic acid, filtered and stored protected from light) and discoloured using

water. To study the glycosylation content of a protein, the sample was treated with PNGase F

#P0705S (NEB, Ipswich, MA, USA) as described by the manufacturer and loaded to a SDS-PAGE.

TABLE 2.21. Solutions for SDS-PAGE

Solution Separating gel Stacking gel Composition

Acrylamide concentration 12 % 5 %

Acrylamide 4 mL 0.83 mL 30 % (v/v) acrylamide / 0.8 % (v/v) bisacry-
lamide

ddH2O 3.29 mL 2.77 mL
Separating gel buffer 4X 2.5 mL - 0.8 % (w/v) SDS, 1.5 M Tris/HCl, pH 8.8

using hydrochloric acid (HCl)
Staking gel buffer 4X - 1.25 mL 0.8 % (w/v) SDS, 0.5 M Tris/HCl, pH 6.8

using HCl
APS 100 µL 50 µL 10 % (w/v) ammoniumpersulfate
TEMED 10 µL 5 µL N,N,N’,N’-tetramethylethane-1,2-

diamine

2.4.2 Protein Quantification Assay According to Bradford

Quantification of the protein amount was performed according to the method of Bradford [37],

using Roti-Quant (CARL ROTH GmbH & Co. KG, Karlsruhe, Germany) according to the manu-
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facturers description. A calibration curve was made using bovine serum albumin (BSA) in a range

from 20 to 100 µg/mL. In a Greiner 96 Flat Transparent plate, 50 µL sample or BSA reference

was added first and subsequently the Roti-Quant assay solution (2 volume Roti-Quant, 5.5 volume

ddH2O) was added . After 5 minutes of incubation at RT, the absorption of the Coomassie Brilliant

Blue Dye-G250 was measured at 595 nm. The BSA reference absorption values were used to

determine the protein concentration in the sample.

2.4.3 Fluorescence Assay for RFP and yEGFP Determination

For fluorescence measurements, 100 µL culture or 100 µL culture supernatant (centrifugation:

4 °C, 500 x g, 10 min) were measured, Table 2.22 for plate reader settings. Fluorescent intensity

of each sample was normalized to its OD600, if not stated otherwise. For OD600 determination,

samples were diluted using Phosphate-buffered saline (PBS) buffer, pH 7.4. Background fluores-

cence was determined from the parent P. pastoris strain not expressing any fluorescent protein.

This strain was assayed along with the constructs on each plate. The mean background was

calculated over all parent P. pastoris strains and subtracted from the expression strains.

TABLE 2.22. Plate reader settings for fluorescence measurements

Parameter Setting

Name UO_Fluoreszenz_RFP_GFP_BMD.mth
Plate Nunclon 96 Flat Black
Fluorescence Label: GFP
Excitation wavelength 488 nm
Excitation bandwidth 9 nm
Emission wavelength 515 nm
Emission bandwidth 20 nm
Measuring mode From top
Delay time 0 µs
Integration time 20 µs
Flashes 25
Gain 50
Fluorescence Label: RFP
Excitation wavelength 561 nm
Excitation bandwidth 9 nm
Emission wavelength 600 nm
Emission bandwidth 20 nm
Measuring mode From top
Delay time 0 µs
Integration time 20 µs
Flashes 25
Gain 100

Name UO_OD600.mth
Plate Greiner 96 Flat Transparent
Absorption One measurement
Wavelength 600 nm
Bandwidth 9 nm
Flashes 25
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2.4.4 Colorimetric Assay Determining Phytase Activity

The phytase activity was determined in the P. pastoris culture supernatant by assessing the

free phosphate released from phytate using ammonium molybdate as colouring agent to perform

colorimetric quantification. Cells were separated from the culturing broth via centrifugation (4 °C,

500 x g, 10 min). The supernatant was then subjected to gel-filtration chromatography to purify

the secreted protein from smaller molecules such as free phosphate. 96-Well SpinColumns (25-100

µL) (Harvard Apparatus, Holliston, MA USA) were used as described by the manufacturer. New

columns or columns stored in 20 % (v/v) ethanol were centrifuged (RT, 2000 x g, 2 min), hydrated

for 20 min using 200 µL water per well and centrifuged again (RT, 2000 x g, 2 min). The columns

were washed 3 x using 150 µL water and were centrifuged again (RT, 2000 x g for 2 min), except

for the last centrifugation step where 1000 x g were used. 35 µL P. pastoris supernatant was

loaded to each of the SpinColumn wells and the plate was centrifuged (RT, 1000 x g, 2 min) using

a Nunc 96-Well MicroWell plate to collect the filtrate. The SpinColumn plate was washed as

before using 3 x 150 µL water (centrifugation: RT, 2000 x g, 2 min) and either used again for gel

filtration or stored with 150 µL 20 % (v/v) ethanol in each well at 4 °C.

Phytase activity was measured as described by Bae et al. [24], and adapted for 96-well-plate

applications. 13.5 µL of the gel filtration filtrate, or a 1:10 dilution thereof using water to dilute,

was transferred into a 96-well assay plate. 53.5 µL freshly prepared phytate substrate solution

was added to each well and the plate was incubated (37 °C, 30 min). To terminate the reaction,

66.6 µL stop solution as well as 66.6 µL colouring solution were added and absorbency was

measured at 700 nm, Tables 2.23. To determine phytase units (U), a calibration curve using

potassium phosphate in a range from 0.8 - 20 mM was used.

TABLE 2.23. Colorimetric phytase assay, solutions and plate reader conditions

Solution Composition

Substrate solution 1.5 mM sodium phytate in 0.1 M sodium acetate buffer
pH 5.0 using acetic acid
Always prepared fresh.

Stop solution 5 % (w/v) trichloroacetic acid (TCA)
Stored at RT.

Colouring reagent A 1.5 % (w/v) ammonium molybdate in 5.5 % (v/v) sulfuric acid solution
Stored at 4 °C in the dark.

Colouring reagent B 2.7 % (w/v) ferrous sulfate solution
Stored at 4 °C in the dark.

Colouring solution 4 volumes colouring reagent A and 1 volume colouring reagent B
Always prepared fresh.

Parameter Setting

Name UO_Phytase_700_Endpunkt.mth
Plate Greiner 96 Flat Transparent
Absorption One measurement
Wavelength 700 nm
Bandwidth 9 nm
Flashes 5
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2.4.5 Colorimetric Assay Determining Unspecific Peroxygenase Activity

TABLE 2.24. Colorimetric UPO assay, stock solutions and plate reader conditions

Stock Solution Composition

100 mM sodium phosphate / citrate puffer 27.8 mL 0.1 M citric acid, 22.2 mL 0.2 M dibasic sodium
phosphate, 50 mL water, pH 4.4
stored at RT

3 mM ABTS 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) in 100
mM sodium phosphate / citrate puffer
Stored at - 20 °C.

20 mM H2O2 Hydrogen peroxide in 100 mM sodium phosphate / citrate
puffer, prepared freshly.

Parameter Setting

Name UO_UPO_418_Steigung_15Min.mth
Plate Greiner 96 Flat Transparent
Kinetics 30 cycles, wait: 30 sec
Absorption One measurement
Wavelength 418 nm
Bandwidth 9 nm
Flashes 5

Name UO_UPO_418_480_Endpunkt.mth
Plate Greiner 96 Flat Transparent
Absorption Measurement with reference
Wavelength 418 nm
Bandwidth 9 nm
Reference wavelength 480 nm
Reference bandwidth 9 nm

Unspecific peroxygenases (UPOs) were assayed for their peroxidase activity. The oxidation of

ABTS in the presence of the sole cofactor H2O2 was monitored photometrically at 418 nm. The

expression supernatant was prepared by centrifugation (4 °C, 500 x g, 10 min) and used without

further purification. The enzymatic assay was performed as described by Molina-Espeja et al.

[208] with modifications.

The UPO assay solution was prepared freshly from the stock solutions (Table 2.24). For the

screening studying induced expression of UPOs, 20 µL of supernatant was added to a 96-well

assay plate and the reaction was started by addition of 180 µL assay solution. The final assay

conditions were 0.3 mM ABTS and 0.2 mM H2O2 in 100 mM sodium phosphate / citrate puffer.

For the screening studying constitutive UPO expression, 50 µL P. pastoris supernatant was used,

and respectively 150 µL UPO assay solution was added. The final assay conditions were 0.75 mM

ABTS and 0.2 mM H2O2 in 100 mM sodium phosphate / citrate puffer. For both screenings, the

absorption was measured at 418 nm for 15 min, every 30 s. After total reaction times of 1 h or

12 h endpoint measurements were performed, detecting absorption at 418 nm and 480 nm Table

2.24.
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To concentrate the expression supernatant, centrifugal filters (PES membrane, pore size 10

K) were used. 400 µL supernatant was added to the column and centrifuged (RT, 10000 x g, 5

min). The flow through was discarded and more sample was loaded to the column and centrifuged

as before. This process was repeated until the supernatant was concentrated as desired. The

concentrated sample was removed from the column filter and used for UPO peroxidase activity

determination or SDS-PAGE.

2.4.6 Alcohol Dehydrogenase Purification and Analysis

Alcohol dehydrogenase (ADH) activity was studied following the cofactor turnover for the reduc-

tion of an aldehyde to an alcohol. The substrate butyraldehyde was applied and the NADPH

or NADH decrease was photometrically monitored at 340 nm. The expression supernatant was

prepared by centrifugation (4 °C, 500 x g, 10 min) and either used directly or a affinity chro-

matography and subsequent sample clean-up using a desalting column of the supernatant was

performed.

For the ADH purification, a His GraviTrap pre-packed, gravity-flow column containing

precharged Ni Sepharose 6 Fast Flow was used according to the manufacturers description.

10 mL His column binding buffer, Table 2.25, were used for column equilibration. Subsequently,

300 mL expression supernatant, followed by 10 mL His column binding buffer were added to the

column and the flow through was discarded. Protein elution was performed in two consecutive

steps each using 3 mL His column elution buffer and the elution fraction were collected in a fresh

tube. To wash the column before storage, one after the other solution was added to the column:

20 mL His column elution buffer, 20 mL ddH2O, 20 mL 20 % (v/v) ethanol.

To desalt the His GraviTrap eluate, a PD-10 Desalting Column containing Sephadex G-25

was used. The column was washed using 10 mL ddH2O and subsequently 25 mL 50 mM Bis-Tris

buffer, pH 6. The first His GraviTrap elution fraction (approximately 3 mL) was loaded to the

column. For sample elution, in two consecutive steps, 3 mL 50 mM Bis-Tris buffer, pH 6 were

added to the column and each faction was collected in a fresh tube. The column was washed using

30 mL ddH2O and 30 mL 20 % (v/v) ethanol before storage. The elution fractions were used for

ADH activity assay or loaded on a SDS-PAGE for protein size analysis.

For the ADH assay, the cofactor NADPH was used for AdhZ2_Ec or AdhZ2_7476, and the

cofactor NADH was used for AdhZ2_DIN, AdhZ3_LND or AdhZ3_242. For the measurements,

50 µL supernatant or purified supernatant were added to a 96-well assay plate and the reaction

was started by the addition of freshly made and to 37 °C pre-warmed assay solution, containing

5 mM butyraldehyde, 0.5 mM NADH or 0.3 mM NADPH in 50 mM Bis-Tris buffer. The cofactor

turnover was followed at 340 nm for 15 min, every 30 s, Table 2.25.
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TABLE 2.25. Alcohol dehydrogenase purification and assay

Purification buffer Composition

His column binding buffer 50 mM potassium phosphate, 500 mM NaCl, 10 % (v/v) glycerol,
20 mM imidazole, pH 8

His column elution buffer 50 mM potassium phosphate, 500 mM NaCl, 10 % (v/v) glycerol,
500 mM imidazole, pH 8

Desalting buffer 50 mM Bis-Tris buffer, pH 6

ADH Assay stock solution Composition

50 mM Bis-Tris buffer pH 6.0, stored at RT
50 mM Butyraldehyde in 50 mM Bis-Tris buffer
5 mM NADH in 50 mM Bis-Tris buffer
3 mM NADPH in 50 mM Bis-Tris buffer

Parameter Setting

Name UO_ADH_340_Steigung_15Min.mth
Plate Greiner 96 Flat Transparent
Temperature 37 °C
Shaking 10 s, 44.3 U/min
Kinetics Duration: 15 min, wait: 30 s
Absorption One measurement
Wavelength 340 nm
Bandwidth 9 nm
Flashes 10

2.4.7 SYPRO Orange Thermal Shift Assay

The detection of enzymes (aiming alcohol dehydrogenases) in the P. pastoris expression-culture

supernatant was performed using a SYPRO® Orange thermal shift assay. SYPRO Orange is

10-100 times more sensitive than the commonly used colorimetric assays [136] and can be used

to monitor protein unfolding during increasing temperatures [185]. A SYPRO Orange working

solution was made using 3 µL SYPRO Orange Protein Gel Stain (Sigma-Aldrich, Deisenhofen,

Germany, S5692-50UL) and 237 µL ddH2O. 23 µL expression supernatant were combined with

2 µL SYPRO Orange working solution in Hard-Shell® PCR Plates (thin wall, #HSP9601) and

sealed with Microseal® ’B’ (MSB1001), (Bio-Rad Laboratories GmbH, München, Germany). A

C1000™ Thermal cycler (Bio-Rad Laboratories GmbH, München, Germany) was used to monitor

change of the fluorescence using the FRET Scan mode (extinktion 485/20nm, emission: 530/30nm).

The temperature was keep at 5 °C for 5 minutes and then increased by 1 °C per min to a final

temperature of 95 °C.
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2.5 Cellular Imaging Techniques

2.5.1 Microscopy

Microscopy was performed either using a Axio Lab.A1, Axio ObserverZ.1 (Filter sets 38 HE

and 43 HE) or ECLIPS Ti-E Microscope (Table 2.1). Subsequent image analysis was performed

using the corresponding software ZEN 2.3 (blue edition), NIS Elements Viewer, or Fiji version

2.0.0-rc-54/1.51h. For comparative cell imaging of RFP and yEGFP expression, the conditions

were kept identical such as for TL Bright: 15000 msec, 3.5 V, processing 20-15000, for RFP

(mCherry): 5000 msec, 3.5 V, processing 300-8000, and for yEGFP (EGFP): 500 msec, 3.5 V,

processing 300-15000.

2.5.2 Flow Cytometry

Analysis of cells and capsules was performed using a BD LSR II HTS-2 flow cytometer (Table 2.1).

For data acquisition, the corresponding FACS Diva software was used and the parameters for the

individual channel were: FSC: 220 V, SSC: 150 V, FITC: 500 V, PETexRed: 600 V. A threshold was

set for FSC at 200 and for each run, 10.000 events were measured. Data analysis was performed

using the software FloJo.

46



2.6. CELL ENCAPSULATION TECHNIQUE

2.6 Cell Encapsulation Technique

Calcium carbonate template formation and the layer-by-layer (LbL) technology was studied based

on protocols previously described in literature [72, 85, 98, 236]. The overall methodology was

performed as described below, however modifications to this protocol were made and are discussed

in detail in Chapter 5. The solutions used are listed in Table 2.26.

TABLE 2.26. Solution for polyelectrolyte microcapsules

Name Final Solvent Comment
concentration

Calcium chloride, CaCl2 0.66 M ddH2O Filtered, 0.2 µm
Ethylenediaminetetraacetic acid, EDTA 0.25 M ddH2O pH 8 using NaOH
Glycerol 60 % (v/v) ddH2O Filtered, 0.2 µm
Poly(allylamine hydrochloride), PAH 5 mg/mL 0.05 M NaCl Filtered, 0.2 µm
Poly(sodium 4-styrenesulfonate), PSS 5 mg/mL 0.05 M NaCl Filtered, 0.2 µm
Poly(sodium 4-styrenesulfonate), PSS 5 mg/mL 0.66 M CaCl2 Filtered, 0.2 µm
Sodium carbonate, Na2CO3 0.33 M ddH2O Filtered, 0.2 µm
Sodium chloride, NaCl 0.05 M ddH2O pH 6.5 using NaOH,

autoclaved
Sodium hydroxide, NaOH 10 M ddH2O Filtered, 0.2 µm

For cell co-precipitation studies, 1 mL of P. pastoris culture with an OD600 5 was washed

three times with 1 mL 0.05 M NaCl (each centrifugation: RT, 9000 x g, 1 min). The final cell pellet

was resuspended in 0.5 mL 60 % (v/v) glycerol and transferred into a small beaker containing a

stirring bar. 0.5 mL 0.66 M CaCl2 containing 5 mg/mL PSS were added while mixing at 500 rpm.

For the calcium carbonate precipitation, 1 mL 0.33 M Na2CO3 was added while mixing (RT, 500

rpm, 1 min). This solution was transferred to a 2 mL reaction tube and taped to a rotator for

incubation (RT, 20 rpm, 10 min). These templates were washed two times with 1 mL 0.05 M NaCl

(each centrifugation: RT, 500 x g, 30 s).

For the LbL coating, the polyelectrolytes were alternatively adsorbed with thorough washing

between each adsorption step. Adsorption was performed as following, until a total of 8 layers

(PAH/PSS)4 resulted.

• 1 mL 5 mg/mL PAH, incubation on rotator: RT, 20 rpm, 10 min;

• 3 x washing using each 1 mL 0.05 M NaCl, each centrifugation: RT, 500 x g, 30 s;

• 1 mL 5 mg/mL PSS, incubation on rotator: RT, 20 rpm, 10 min;

• 3 x washing using 1 mL 0.05 M NaCl for each centrifugation: RT, 500 x g, 30 s.

Optionally, an additional layer of FITC-PAH was added. To achieve this, the coated templates

were incubated in 2 mg/mL FITC-PAH (RT, 20 rpm, 10 min), centrifuged (RT, 500 x g, 30 s) and

washed 3 x using 1 mL 0.05 M NaCl (each centrifugation: RT, 500 x g, 30 s).
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Finally, the calcium carbonate template was dissolved to make hollow capsules. The coated

templates were incubated in 1 mL 0.25 M EDTA, pH 8.0 (RT, 20 rpm, 3 min) and the coated

templates/capsules were centrifuged (RT, 1500 x g, 3 min). To ensure complete dissolving of the

template, the coated templates/capsules were again incubated in EDTA and centrifuged as before.

The capsules were washed twice using 1 mL 0.05 M NaCl (each centrifugation RT, 1500 x g,

3 min) and studied using microscopy of flow cytometry.
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A MODULAR TOOLKIT FOR P. pastoris EXPRESSION LIBRARIES

The yeast Pichia pastoris is a well-established expression host, but optimisation of protein

secretion in this host remains a challenge due to the multiple steps involved during secretion and

a lack of genetic tools to tune this process. A toolkit of standardised regulatory elements specific

for P. pastoris was developed to overcome this issue, allowing the tuning of gene expression

and choice of protein secretion tag. As protein secretion is a complex process, these parts are

compatible with a hierarchical assembly method to enable the generation of large and diverse

libraries in order to explore a wide range of secretion constructs, achieve successful secretion,

and better understand the regulatory factors of importance to specific proteins of interest. In

this Chapter, the performance of the parts is validated by constructing 242 P. pastoris strains to

study different regulatory elements for the expression and secretion efficiency of two established

fluorescent reporter proteins (RFP, yEGFP). These parts are used more extensively in Chapter 4,

to build randomised secretion libraries for industrially relevant proteins. Excerpts of this work

were previously published and are reproduced herein with permission from Obst U., Lu T.K. &

Sieber V. (2017) “A Modular Toolkit for Generating Pichia pastoris Secretion Libraries.” ACS

Synth. Biol. 6, 6, 1016-1025. Copyright 2017 American Chemical Society [224].

3.1 Design of the Toolkit

Genetic parts often have varying performance when used in different contexts [46, 267], which

makes it difficult to predict the parts necessary to achieve optimal expression for a particular

gene of interest. High-throughput screening techniques are widely employed in bacterial systems

to tackle this problem and explore many different combinations of genetic parts to tune gene

expression. In contrast, yeast expression libraries are relatively small, with limited diversity in

their sequence and functionality [259].
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To allow effective P. pastoris screenings, the Yeast Toolkit (YTK) [172] was extended with addi-

tional elements that allow the control of protein expression and secretion in P. pastoris. Further-

more, functional elements of the YTK were characterised in P. pastoris.

FIGURE 3.1. The S. cerevisiae yeast toolkit (YTK) hierarchical assembly strategy. A
Template DNA needs to be assigned to a certain part type to define the characteris-
ing 4 base overhang and can be made via PCR or DNA synthesis. B Thereof the
part plasmid is assembled using a BsmBI Golden Gate reaction together with the
entry vector. All ‘part plasmids’ of one specific type have the identical overhang to
allow interchangeability. C A functional expression vector is then assembled via
a BsaI Golden Gate reaction and due to the defined overhangs correct assembly
is ensured. Multigene plasmids containing up to 6 transcriptional units can be
designed applying ‘assembly connectors’ via a BsmBI Golden Gate reaction. Figure
adapted from Lee et al. 2015 [172].
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The YTK was originally developed for S. cerevisiae to offer a simple and robust method for

hierarchical bottom-up design and construction of expression vectors (Figure 3.1). It consists of

96 ‘part plasmids’ that encode the basic elements of the expression vector. These are combined

to produce ‘cassette plasmids’ that contain elements necessary to express a single gene, and

optionally, these can be assembled into ‘multigene plasmids’ that encode an entire metabolic

pathway or genetic circuit. The assembly method relies on MoClo [94, 312] using Type IIs

restriction enzymes. A core feature of the YTK is the carefully defined structure of 8 primary

encoding parts, which combine in a pre-defined order to a functional plasmid. Three of the parts

are transcriptional units (TU) comprising of a promoter, gene of interest, and terminator, which

allow the fine-tuning of gene expression. Five other types of parts control aspects such as the

position of integration in the yeast genome or E. coli marker and origin (Figure 3.2 C) [172].

Several of these types of parts can be split into sub-parts to allow for cases where tags might need

to be appended (e.g., His-tagged coding regions). When designing cassette plasmids for P. pastoris,

some parts (assembly connectors and E. coli marker and origin) can be directly applied from the

YTK. However, parts of the transcriptional unit, as well as the marker and origin, have to be

designed specifically for the application in P. pastoris.

42 new P. pastoris specific control elements (10 promoters, 29 secretion tags, 1 terminator,

and 2 origins of replication) as well as red fluorescent protein (RFP) and yeast enhanced green

fluorescent protein (yEGFP) genes that can be expressed either intracellularly or secreted were

designed. DNA for these parts was obtained via PCR or synthesised and where necessary

(see Table A.1), BsmBI or BsaI restriction sites were removed to ensure compatibility with

the assembly method. These new P. pastoris parts, combined with the selection of tested and

functional YTK parts in P. pastoris, offer the ability to express a gene of interest in 580 different

ways. By combining the P. pastoris parts with all YTK’s existing S. cerevisiae parts (that may

also function in P. pastoris), over 13,000 different possibilities could be obtained. Regulatory

elements were successfully applied from the S. cerevisiae YTK in P. pastoris, highlighting the

flexible platform design that offers the potential for further extensions to other yeast hosts.

The combinatorial possibilities increase even further when considering multi-gene expression

cassettes [172]. These multi-gene cassettes can open up opportunities for the co-expression of

secretion-related proteins. The overexpression of chaperones, foldases and trafficking proteins

may enhance secretion capacities by improving protein-trafficking for ER-to-Golgi and Golgi-to-

plasma membrane processes or by supporting the folding and modification processes in the ER

[137, 155]. For the part characterisation, 242 cassette plasmids were designed and characterised

for RFP and yEGFP expression (Tables A.5, A.4).
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FIGURE 3.2. P. pastoris protein secretion platform. A Proteins produced in P. pastoris
may either be expressed intracellularly or secreted extracellularly. The secretion
pathway offers the possibility of protein modifications such as proteolytic mat-
uration, glycosylation or disulfide bonds [4]. B After P. pastoris transformation,
high-throughput screening of expression construct libraries can be performed in
96-well plates to find the optimal expression constructs. C Standardised and com-
binatorial assembly strategy for designing expression vectors. Parts are defined
by flanking overhangs and are flexible and interchangeable. (*) For intracellular
protein expression the coding sequence must be designed as a part with type 3 to
ensure the correct overhang to the previous part type 2. For protein secretion, the
secretion signal (part type 3a) and the coding sequence (part type 3b) are needed.
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3.2 Characterisation of Promoter Strengths

Strong production of a protein requires precise tuning of gene expression. Promoter elements

that control the rate of transcription initiation are important to this process. When choosing a

suitable promoter, many intrinsic properties are to be considered. These include: whether the

promoter is constitutive or inducible, inducer concentrations that are necessary for activation, the

promoter’s leakiness when inactive and overall promoter strength (e.g., induced expression fold-

change) [17]. Furthermore, the gene itself may have toxic effects on the host, making selection

of appropriate expression strength critical for successful expression and cell viability. Ten new

promoter parts which are compatible with the YTK and are specific for P. pastoris were developed

[246, 301, 304]. These included three strong and tightly regulated methanol inducible promoters

(pAOX1, pDAS1, pPMP20) and seven constitutive promoters (pGAP, pENO1, pTPI1, pPET9, pG1,

pG6, pADH2). These were selected to cover a broad range of expression levels (Supplementary

Table A.1). In addition, nine existing YTK promoters from S. cerevisiae were included to test

their function in P. pastoris (pTDH3, pCCW12, pPGK1, pHHF2, pTEF1, pTEF2, pHHF1, pHTB2,

pRPL18B), (Supplementary Table A.2). Two of these S. cerevisiae promoters (pTEF1, pPGK1) have

previously been shown to be functional in P. pastoris, too [286]. To ensure efficient termination of

transcription, which can also affect gene expression levels, a new terminator part taken from the

alcohol oxidase gene (tAOX1) of P. pastoris was constructed [296].

The strength of promoters in S. cerevisiae, in contrast to bacteria, are mostly independent of

the downstream coding region [171]. To verify this for P. pastoris, each promoter expressing two

different fluorescent reporter genes (RFP and yEGFP, intracellular variants) were tested (Figure

3.3). All promoters except pTEF1 and pPGK1 were combined with the terminator tAOX1 and the

constructs were genomically integrated. The promoters pTEF1 and pPGK1 were combined

with the terminator tPGK1 and being genomically integrated, too. Promoter strength was

determined from bulk fluorescence measurements from a plate reader (Materials and Methods

2.2.3). Promoter strengths were found to span over three orders of magnitude and is relatively

independent of downstream sequence context, with both RFP and yEGFP genes showing a similar

ranking of expression levels, as it was previously shown for S. cerevisiae [171]. The inducible

promoter pAOX1 results to highest expression levels for RFP and yEGFP. The other inducible

promoters (pDAS1, pPMP20) and two constitutive promoters (pPET9, pGAP) show equally strong

expression. The P. pastoris promoters pADH2, pG6, pG1 and the S. cerevisiae promoters pTEF1,

pHHF1 and pTEF2 show intermediate expression levels with all promoters resulting in higher

RFP expression levels than yEGFP expression levels. The S. cerevisiae promoter pPGK1 also

results in intermediate expression, but having higher yEGFP than RFP expression levels. Only

weak expression results from the other promoters (pTDH3, pRPL18B, pENO1, pTPI, pHTB2,

pCCW12).
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FIGURE 3.3. Characterisation of constitutive promoters. A Design of characterisation
constructs. All promoters were characterised for RFP and yEGFP expression with
the tAOX1 terminator, except the grey shaded parts (pTEF1 and pPGK1) were
combined with tPGK1. B The relative strength of 19 promoters was evaluated for
intracellular RFP and yEGFP expression. Three biological replicates were analysed
and the mean fluorescence normalised to the OD600 is presented with error bars
that denote ± 1 standard deviation. Characterisation was performed in 1 % BMM
for pAOX1, pDAS1, pPMP20 and 1 % BMD for all other constitutive promoters.

To vary the overall expression mode, gene expression either from a genomically integrated

construct (attB) or plasmid-based expression system (PARS) (see Section 3.7) was studied for a

selection of promoters. For plasmid-based constructs, promoters also displayed similar rankings

of strength for RFP and yEGFP (Figure 3.4 B). However, weaker promoters had a tendency for

stronger production of RFP than yEGFP when genomically integrated, and the weak pPGK1,

pENO1 and pTPI1 promoters showed higher overall RFP and yEGFP expression when expressed

from a plasmid.
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FIGURE 3.4. Characterisation of constitutive promoters. A Design of characterisation
construct. For 6 promoters the expression strength of the construct being genomi-
cally integrated (attB) was compared to the expression level from the plasmid-based
expression (PARS). The promoters pTEF1 and pPGK1 were coupled with tPGK1,
all others with tAOX1. B The relative strength was evaluated for intracellular RFP
and yEGFP expression. Three biological replicates were analysed and the mean
fluorescence normalised to the OD600 is presented with error bars that denote ± 1
standard deviation. Characterisation was performed in 1 % BMM for pAOX1 and
1 % BMD for all other constitutive promoters.

The bulk fluorescence measurements using the plate reader are a simple and straight forward

approach to study expression levels. However, to compare gene expression at a cellular level,

a closer look with techniques such as flow cytometry or fluorescence microscopy is necessary

and a selection of strains were studied with a fluorescence microscope. Samples were expressed

in a deep-well plate format in 1 % BMD for all pGAP strains and the pAOX1 strains studying

leaky expression. For induced pAOX1 expression, strains were also cultivated in 1 % BMM.

To ensure comparability of the images, excitation conditions were kept constant for brightfield

(15000 ms, 3.5 V), RFP (Filter set 43 HE, 5000 ms, 3.5 V) and yEGFP (Filter set 38 HE, 500

ms, 3.5 V) imaging. Figure 3.6 and 3.5 compare fluorescence levels across the cell population

from genomically integrated constructs to plasmid-based expression. For pGAP as well as pAOX1

driven intracellular RFP and yEGFP expression, cells with the genomically integrated construct

have similar expression strength, whereas cells with plasmid-based expression show a more

diverse fluorescence output across the cell population. In the study of Camattari et al. [44], the

copy number of expression plasmids carrying the PARS sequence was determined and varied

from 6-18 copies per cell and consequently resulted in varying expression levels. The aim of the

PTK is to obtain a shuffled screening of expression constructs to find the optimal expression

condition. Screenings at the cellular level are aimed, to increase the throughput.
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Therefore, the application of plasmid-based expression is not favoured, as expression variation

from cell to cell is already substantial. Expression from the genomically integrated construct offers

more homogenous expression levels and only variations which stem from differing transcriptional

units are of interest.

The leakiness of the pAOX1 promoter was studied in Figure 3.5. The pAOX1 promoter is

highly inducible in the presence of methanol and tightly repressed in the presence of other carbon

sources such as glucose, glycerol, or ethanol. The microscopical evaluation does show some basal

expression for RFP and yEGFP, but only in the smaller cells.

FIGURE 3.5. Microscopical comparison of pAOX1 driven RFP and yEGFP expression.
Leaky expression in 1 % BMD and methanol induced expression in 1 % BMM for
the expression construct being genomically integrated was studied. Induced RFP
and yEGFP expression is also studied for plasmid-based expression (PARS). The
scale bar denotes 5 µm.
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FIGURE 3.6. Microscopical comparison of pGAP driven RFP and yEGFP expression.
Constitutive expression of RFP or yEGFP either from the plasmid (PARS) or being
genomically integrated (attB). The scale bar denotes 5 µm.

For the methylotrophic yeast P. pastoris, methanol-inducible promoters are typically used

to control protein expression and pAOX1 is one of the most commonly used inducible promoter

systems [301]. It is strongly activated in the presence of methanol and repressed in the presence

of glucose, glycerol or ethanol [96]. Additionally, the strong and tightly regulated promoters

pDAS1 and pPMP20 were characterised for varying methanol concentrations and expression

times to optimise protein expression (Figure 3.7). pAOX1 was characterised for the construct

being genomically integrated as well as plasmid-based expression, pDAS1 and pPMP20 were

solely characterised for being genomically integrated. For the analysis, methanol was the sole

carbon source and its concentration was found to strongly influence cell growth. High methanol

concentrations (> 4 % (v/v)) were found to be toxic, leading to decreased cell growth (Figure

3.7). The highest OD600 was reached for all strains after 72 hours and at a 2 % (v/v) methanol

concentration for all pAOX1 constructs and at a 4 % (v/v) methanol concentration for pDAS1

and pPMP20. Highest fluorescence levels were reached at 2 % (v/v) methanol and 72 hours

expression time for the genomically integrated RFP and yEGFP, and the plasmid-based yEGFP.

RFP expression from plasmids was highest at 1 % (v/v) methanol at 72 hours. For pAOX1 the

genomic integration was found to generally lead to higher expression levels than for plasmid-

based expression. For pDAS1 and pPMP2 highest RFP and yEGFP expression was found at 4 %

(v/v) methanol after 72 hours expression time.

57



CHAPTER 3. A MODULAR TOOLKIT FOR P. PASTORIS EXPRESSION LIBRARIES

FIGURE 3.7. Characterisation of methanol-inducible promoters. A, D Design of pAOX1,
pPMP20, pDAS1 promoter characterisation constructs. B, C, E, F The relative
strength of the promoters under varying methanol concentrations was evaluated.
RFP and yEGFP were expressed from the genomically integrated constructs and
for pAOX1 also from the plasmid-based construct. Sampling was performed at
three different time points: 24 hours (circle, light red/green/grey), 48 hours (square,
medium red/green/grey) and 72 hours (triangle, dark red/green/grey). Total fluo-
rescence in arbitrary units as well as the corresponding OD600 is shown. Three
biological replicates were analysed with the mean shown and error bars denoting
± 1 standard deviation.
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3.3 Characterisation of Terminator Strengths

To control the protein expression level of heterologous expressed proteins, the promoter driving

gene expression is generally altered. However, the terminator sequence has been shown to play an

important role in protein expression by influencing mRNA cleavage, mRNA stability, and mature

RNA levels in S. cerevisiae [68, 212]. Terminator characterisations in S. cerevisiae have shown

the importance of terminator choice [68, 314], with up to 35-fold varying expression strength

caused by the terminator. The effect of the terminator for P. pastoris expression was previously

studied for the eGFP expression under the control of pAOX1 for 20 terminators [304]. Vogl et

al. [304] describe only minor differences in expression between the studied terminators. The

study describes 57-89 % expression level variation for the P. pastoris terminators and 62-78 %

expression level variation of the S. cerevisiae terminators in comparison to the tAOX1 terminator.

Here, intracellular expression levels of RFP were measured for eight P. pastoris promoters

coupled with six different S. cerevisiae terminators of the YTK and the P. pastoris terminator

tAOX1. Fluorescence measurements were performed as described for the promoters (Section

2.4.3). The terminators studied do alter the expression level considerably more than previously

described [304]. For each promoter the expression strength is tuned additionally by the terminator

with 5-fold differences in expression for all promoter-terminator combinations except for pAOX1

where differences are up to 10-fold high (Table 3.1). The choice of the terminator can also be

ordered according to its influence on expression modulation and this ranking is valid for almost

all promoters, with few exceptions (pGAP-tPGK1, pPET9-tENO2, pADH2-tTDH1) (Figure 3.8).

Here, tAOX1 leads to higher expression levels while tSSA1 leads to lower expression levels.

TABLE 3.1. Characterisation of promoter-terminator combinations. Values given in a.u.
(mean fluorescence normalised to the OD600)

pPMP20 pAOX1 pDAS1 pGAP pPET9 pADH2 pG6 pG1

tAOX1 320.3 391.5 197.7 106.7 62.2 57.8 37.8 12.9
tTDH1 302.1 101.2 98.4 46.6 30.8 90.0 16.4 9.7
tADH1 133.9 77.3 76.2 41.2 30.1 24.0 16.9 5.6
tPGK1 147.6 72.5 91.8 112.7 30.8 18.9 12.6 4.8
tENO2 124.8 66.6 78.7 47.0 88.4 16.9 12.6 3.7
tENO1 108.8 58.7 72.7 38.7 25.1 13.6 11.8 4.4
tSSA1 62.1 33.4 37.6 22.2 15.7 9.1 6.0 2.5

59



CHAPTER 3. A MODULAR TOOLKIT FOR P. PASTORIS EXPRESSION LIBRARIES

FIGURE 3.8. Characterisation of promoter-terminator combinations. A Design of the
terminator characterisation constructs. All transcriptional units were expressed
from genomically integrated constructs. B Heat map of RFP fluorescence values
given in a.u. (fluorescence normalised to the OD600) in a logarithmic scale.

3.4 Design and Characterisation of Synthetic Secretion Signal
Peptides

The overproduction of recombinant proteins can be challenging if protein folding in the ER and

secretion capacity are overloaded. This can lead to the accumulation of misfolded or unfolded

protein and consequently to cellular stress and low protein production yields [81]. To overcome

secretory bottlenecks and enhance secretion strength, optimisation of the secretion signal or

overexpression of translocon components and stabilising cytosolic chaperones can be performed

[80]. The only requirement for a protein to enter the secretion pathway is a secretion signal

peptide to be present at the N-terminus of the nascent polypeptide [81, 178]. The secretion

efficiency of a recombinant protein fused to a given signal peptide can differ strongly even for

similar genes with only small differences in protein sequence, structure or gene expression

regulation [81]. The PTK allows for the rapid testing of multiple combinations of promoters,

secretion tags or any other functionality to find optimal secretion conditions.

The recognition of the secretion tag has a high degree of flexibility. A study where random

sequence modifications were performed on the invertase signal sequence showed that 20 % of the

signal peptides were still recognised [146].
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Even though signal peptides appear to have a simple structure with interchangeable domains

and a low information content, even minor variations can affect protein targeting, translocation,

signal sequence cleavage, and further postcleavage processes [127]. The most commonly used

signal peptide is the S. cerevisiae α-mating factor (αMF) (Figure 3.9). To enhance efficiency of

the secretion tag, various studies have been performed. Random mutagenesis to substitute a

single amino acid did not make a significant difference [183]. Site-directed mutagenesis and the

generation of deletion mutants gave higher activities of the horseradish peroxidase (HRP) reporter

protein [183]. Also, alternative signal sequences, including invertase, inulinase or glucoamylase

signal peptides, are available (Figure 3.9; Table A.1) [4].

FIGURE 3.9. Design of synthetic secretion signal peptides. A Overall structure of the
α-mating factor secretion signal. The secretion signal is composed of a pre- and
pro-region. The pre-region interacts with the signal recognition particle to guide
the protein into the ER. It consists of a basic amino terminus, a hydrophobic
core as well as a polar region at the carboxy terminus. The pre-region is cleaved
off by signal peptidases. The pro-region slows down transport to ensure proper
protein folding and is thought to be important for the transport from the ER to the
Golgi. It consists of hydrophobic amino acids, which are interrupted by charged
or polar amino acids. The pro-region is cleaved at the dibasic KR site by the endo-
protease Kex2p and the two EA repeats are removed by the Ste13p dipeptidy amino
peptidase [4, 106, 183]. The Ste13p cleavage is often problematic and results in a
non-native amino acid sequence at the N-terminus of the heterologous protein [74].
The αMF_no_EAEA sequence is the same as the αMF sequence except that the
EAEA amino acids at the C-terminus are removed. B Design of new secretion tags.
The newly designed tags were composed of a varying amino terminus followed by a
deletion mutant of the α-mating factor [183].
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Here, synthetic secretion tags were designed by combining established leader sequences (N-

terminal) with an optimised α-mating factor secretion tag (C-terminal) (Figure 3.9). Modulation

in the N-terminal region was expected to influence the signal recognition. As the Ste13p cleavage

is often problematic, the C-terminus ends at the Kex2p recognition site [74]. Additionally, to

prevent the tag from being too long, a double deletion variant of the α-mating factor that has

been previously shown to have higher cleavage activity in comparison to the full length α-mating

factor secretion peptide was used [183]. Additionally, various modified signal peptides of the

α-mating factor were studied.

To test the suitability of this library and the feasibility of the combinatorial approach in

identifying optimal combinations of elements for protein secretion, a library of 100 secretion

constructs was designed. By applying the hierarchical assembly method with the recombinase-

based system for integration into a defined P. pastoris locus, this library could be made in a matter

of weeks. If more common P. pastoris cloning methods were used [67, 215], the same library would

have taken months to complete. RFP and yEGFP were applied as reporters to allow for accurate,

but indirect measurement of protein levels being expressed intracellularly or secreted (Figure

3.10 A). For each reporter, 10 different signal peptides, each under the control of 5 different

promoters were analysed. Characterisation was performed in 1 % BMM for all pAOX1 constructs

and in 1 % BMD for all constitutive constructs. Results of overall expression and secretion

efficiency are shown in Figure 3.10 C. First, bulk measurements of the total fluorescence from

individual wells were taken. Next, the cells were spun down and pelleted and the supernatant

was re-measured to provide the secreted level. The secretion efficiency Se was then calculated

as Se = Ss/St, where St is the total fluorescence measurement of the cells in culture in arbitrary

units (a.u.), and Ss is the fluorescence measurement from the supernatant in a.u. The value of Se

ranges from 0, when no protein is secreted, to 1, when all protein is secreted (Table 3.2).

TABLE 3.2. Secretion efficiency for combinations of tags, promoters and genes.

RFP yEGFP
Secretion tag pAOX1 pGAP TEF1 pENO1 pPGK1 pAOX1 pGAP pTEF1 pENO1 pPGK1

None 0.01 0.02 0.00 0.00 0.08 0.06 0.00 0.00 0.00 0.00
αMF∆ 0.04 0.00 0.38 0.52 0.33 0.19 0.02 0.00 0.00 0.00
Invertase-αMF∆ 0.02 0.02 0.00 0.00 0.04 0.12 0.00 0.00 0.00 0.00
Killer-αMF∆ 0.02 0.01 0.04 0.00 0.00 0.13 0.00 0.00 0.00 0.00
Glucoamylase-
αMF∆

0.02 0.01 0.00 0.00 0.01 0.12 0.00 0.00 0.00 0.00

αMF 0.87 0.00 0.88 0.72 0.60 0.75 0.78 0.00 0.00 0.00
αMF∆_no_Kex 0.01 0.00 0.00 0.00 0.00 0.11 0.02 0.00 0.00 0.00
αMF_no_EAEA 0.92 0.78 0.78 0.00 0.81 0.77 0.67 0.00 0.00 0.00
SA-αMF∆ 0.38 0.37 0.13 0.00 0.81 0.59 0.00 0.00 0.00 0.00
Inulinase-αMF∆ 0.25 0.00 0.13 0.00 0.00 0.53 0.00 0.00 0.00 0.00
αAmylase-αMF∆ 0.00 0.02 0.00 0.00 0.00 0.71 0.44 0.44 0.79 0.47
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3.4. DESIGN AND CHARACTERISATION OF SYNTHETIC SECRETION SIGNAL PEPTIDES

FIGURE 3.10. Characterisation of synthetic secretion tags. A Vector design for secretion
analysis. Ten different secretion tags, as well as the intracellular variant, were
analysed for fluorescent reporter expression under the control of 5 different promot-
ers. White boxes correspond to new elements developed in this study; grey shaded
boxes are taken from existing YTK. B For all samples, the total fluorescence as
well as the fluorescence of the supernatant after centrifugation was determined.
The characterisation was performed in 1 % BMM for all pAOX1 constructs and in
1 % BMD for all constitutive constructs. C Bars represent the mean fluorescence of
three biological replicates normalised to OD600 (a.u./OD600). Error bars denote ± 1
standard deviation.
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CHAPTER 3. A MODULAR TOOLKIT FOR P. PASTORIS EXPRESSION LIBRARIES

Even though RFP and yEGFP are both beta-barrel proteins [337], their secretion was found

to differ when expressed from identical regulatory elements. Furthermore, high overall protein

expression did not necessarily result in high protein secretion. The most commonly used secretion

tag is the αMF and its derivative, αMF_no_EAEA, in which the EA repeat is removed. Using

these secretion tags generally led to the largest amount of secretion, especially for RFP, while for

yEGFP secretion exhibited a rather reduced dependence on the tag used. Remarkably, using these

secretion tags was either highly efficient, with almost all of the expressed protein being secreted,

or there was no detectable protein expression. The αMF and αMF_no_EAEA secretion tags

guided RFP secretion very efficiently for all promoters (Se = 0.6-0.92) except for the combinations,

pGAP-αMF and pENO-αMF_no_EAEA, where no RFP was detectable. For yEGFP, these tags

strongly drove secretion under the regulation of pAOX1 and pGAP (Se = 0.67-0.78) but for all

weak promoters, no yEGFP was detectable.

The newly designed synthetic hybrid tags were less efficient, but achieved significant protein

secretion, thus demonstrating that there is flexibility in the secretion tag design. In contrast

to the most commonly used αMF and αMF_no_EAEA tags, a majority of constructs showed

protein expression without successful secretion. However, the synthetic SA-αMF∆ tag secreted

RFP well when this cassette was under the control of a strong promoter. For RFP secretion

under the control of a weak promoter, there were only three tags leading to secretion: αMF,

αMF_no_EAEA, and αMF∆. For yEGFP expression, the synthetic αAmylase-αMF∆ tag was the

only tag resulting in secretion in the presence of weak promoters. When using a strong promoter

with the αAmylase-αMF∆ tag, secretion was not achieved for RFP but was seen for yEGFP.

Thus, in contrast to promoter strength, the efficiency of these secretion tags was found to be

unpredictable and varied based on the promoter and the downstream coding region used. It

is unclear if these contextual effects arise due to interactions at DNA, RNA or, protein levels

with components in the secretion process or between the gene and secretion tag used. However,

the findings do highlight the importance of testing multiple tags when designing new secretion

constructs.

3.5 Characterisation of Predicted Secretion Signal Peptides

The design and characterisation of the newly designed secretion signal peptides showed strong

differences in efficiency for RFP and yEGFP. To find optimal secretion conditions for any protein,

a wider selection of signal peptides should be available. To extend the toolkit, 9 endogenous

P. pastoris (Table 3.3), 8 exogenous and 2 synthetic signal peptides (Table 3.4) were added and

characterised for the secretion of RFP and yEGFP under the control of the strong constitutive

promoter pGAP. The selection of these tags was based on predictions of potential P. pastoris

signal peptides, previously established signal peptides or natural signal peptides of the proteins

applied for the randomised library approach (Chapter 4).
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TABLE 3.3. Predicted endogenous signal peptides for protein secretion.

Name Description of the coding region Locus in P. pastoris Amino acid sequence Reference
genome (N-region H-region C-region)

SP_Cyclophilin Peptidyl-prolyl cis-trans isomerase (cyclophilin) of
the endoplasmic reticulum

PAS_chr1-1_0267 MKLLNFLLSFVTLFGLLSGSVFA [200]

SP_Disulfide
isomerase

Protein disulfide isomerase, multifunctional pro-
tein resident in the endoplasmic reticulum lumen

PAS_chr1-1_0160 MKILSALLLLFTLAFA [200]

SP_Peptidylprolyl
isomerase

Hypothetical protein (Peptidylprolyl isomerase) PAS_c131_0001 MKVSTTKFLAVFLLVRLVCA [200]

SP_Cell wall protein Cell wall protein that functions in the transfer of
chitin to beta(1-6)glucan

PAS_chr1-1_0293 MRPVLSLLLLLASSVLA [200]

SP_C4R6P1 Hypothetical protein (C4R6P1) PAS_chr4_0040 MWSLFISGLLIFYPLVLG [200]
SP_C4R8H7 Hypothetical protein (C4R8H7) PAS_chr4_0643 MSTLTLLAVLLSLQNSALA [200]
SP_Mucin Mucin family member PAS_chr1-3_0276 MINLNSFLILTVTLLSPALA LPKN-

VLEEQQAKDDLAKR
[200]

SP_PHO1 Acid phosphatase PHO1 PPU28658 MFSPILSLEIILALATLQSVFA [128]
SP_Scw11p Cell wall protein with similarity to glucanases PAS_chr2-1_0052 MLSTILNIFILLLFIQASLQ [178, 200]
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TABLE 3.4. Predicted exogenous signal peptides for protein secretion.

Name Description of the coding
region

Locus Amino acid sequence (N-region H-region C-region) Reference

αMF_no_EAEA Alpha mating factor no EAEA S. cerevisiae, Synthetic MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAV
IGYSDLEGDFDVAVLPFSNSTNNGLLFINTTIASIAA-
KEEGVSLEKR

[183]

αMF Alpha mating factor S. cerevisiae
MFAL1_YEAST

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAV
IGY SDLEGDFDVAVLPFSNSTNNGLLFINTTIASIAA-
KEEGVSLEKREAEA

[183]

SP_An_phyA 3-phytase A A. niger PHYA_ASPNG MGVSAVLLPLYLLSGVTSG(LAVP) NYC
SP_Pl_phyA Phytase P.lycii Q96VH9_9HOMO MVSSAFAPSILLSLMSSLALSTQFSFVAA NYC
SP_Th_phyA Histidine acid phosphatase

phytase
T.heterothallica
V5M269_THIHE

MTGLGVMVVMVGFLAIASLQS NYC

SP_Aae_UPO Aromatic peroxygenase A. aegerita APO1_AGRAE MKYFPLFPTLVFAARVVAFPAYASLAGLSQQELDAII
PTLEAR

[208]

SP_Aae_UPOeng Aromatic peroxygenase tag
engineered

A. aegerita, synthetic MKYFPLFPTLVYAVGVVAFPDYASLAGLSQQELDAII
PTLEAR

[208]

SP_SUC2 Invertase 2 S. cerevisiae INV2_YEAST MLLQAFLFLLAGFAAKISA [29, 167,
206, 228]

SP_ALB Serum albumin H. sapiens ALBU_HUMAN MKWVTFISLLFLFSSAYS [162, 326]
SP_CSN2 Beta-casein B. taurus CASB_BOVIN MKVLILACLVALALA [126]
SP_PHA-E Phytohaemag-glutinin P. vulgaris I0J8I4_PHAVU MASSNLLSLALFLVLLTHANS [254]
MF41 Synthetic signal peptide

MF41
Synthetic MAIPRFPSIFIAVLFAASSALAAPVNTTTEDETAQIPAE

AVIGYSDLEGDFDVAVLPFSNSTNNGLLEEAEAEAEP-
KFINTTIASIAAKEEGVSLE

[325]
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3.5. CHARACTERISATION OF PREDICTED SECRETION SIGNAL PEPTIDES

The prediction of signal peptides is complex due to the variation in amino acid sequence

and the sequence length itself. Nevertheless, computational programs are available, looking

for conserved regions within the amino acid sequence. Massahi et al. performed an in-silico

analysis of 41 potential signal peptides [200] based on a proteomic analysis of the P. pastoris

secretome [135]. In their study, five computer programs (SignalP4.1, Phobius, WolfPsort0.2,

ProP1.0, NetNGlyc1.0) were used to predict the suitability of proteins from the secretome to

be potential signal peptides [200]. One widely used program is SignalP4.1, which looks at the

possible cleavage site and the discrimination of different segments to predict signal peptides.

The likelihood for secretion is given as D-score (discrimination score), and values of D-score >0.7

implies that a peptide is very likely a secretory signal peptide [200]. To confirm their prediction,

Massahi et al. showed the functionality of five of the predicted signal peptides for the secretion of

recombinant human growth hormone (rhGH), the following year [199]. Here, these five predicted

and confirmed signal peptides as well as three additionally predicted tags were designed and

studied.

Another source of signal peptides can be the variety of signal peptides of proteins being

secreted in their native organism. Heterologous protein expression has shown the suitability

of exogenous tags with either the corresponding protein [162, 208] or another heterologous

protein [326]. A selection of seven previously described exogenous signal peptides was studied.

Additionally, three signal peptides from differing fungal hosts guiding the secretion of a phytase

and a native as well as an engineered signal peptide of Agrocybe aegerita guiding the secretion of

an Unspecific Peroxygenase (UPO) were included (for more detailed information regarding the

phytase and UPO selection, see Chapter 4).

All signal peptides were characterised for the secretion of RFP and yEGFP, genomically

integrated, and regulated by the strong constitutive pGAP promoter. The overall fluorescence, as

well as fluorescence in the supernatant were measured using the plate reader. The fluorescence

normalised to the OD600 is displayed in Figure 3.11, the secretion efficiency Se (Se = Ss/St) is

given in Table 3.5. The D-score was determined suggesting the efficiency of all tags to be probable

signal peptides (D-score > 0.7) except for SP_Aae_UPO and SP_Aae_UPOeng, which have a

D-score of 0.56.

The efficiency of the tags varies for the secretion of RFP and yEGFP, as shown for the synthetic

tags. Four RFP constructs with the signal peptides SP_An_phyA, SP_SUC2, SP_Aae_UPO, and

SP_Pl_phyA express more RFP overall than the expression construct without a signal peptide.

However, only two (SP_SUC2, SP_Aae_UPO) result to protein secretion with secretion levels

higher than the commonly used αMF_no_EAEA tag. For yEGFP, none of the tested constructs

expresses as much as the intracellular expression construct without a tag. The comparison of the

secreted amount of yEGFP shows more protein for the tags SP_Scw11p, SP_ALB, SP_Cyclophilin,

SP_Disulfide isomerase, SP_Peptidylprolyl isomerase, SP_Cell wall protein and SP_Aae_UPOeng

in comparison to the widely applied αMF_no_EAEA or αMF.
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Comparing the overall efficiency of the tags, there is no preference for either endogenous

P. pastoris signal peptides or exogenous peptides. For the six newly characterised signal peptides

that have not yet been studied in P. pastoris (grey boxed in Figure 3.11 A) two (SP_Cyclophilin

and SP_Th_phyA) guide good secretion, two (SP_An_phyA, SP_Pl_phyA) result in very high

overall protein amounts but no secretion, and two (SP_C4R8H7, SP_Mucin) guide only low

amounts of RFP and yEGPF outside the cell. The tags SP_Aae_UPO and SP_Aae_UPOeng with

a low D-score actually show high protein secretion, in contrast SP_PHO1 and SP_PHA-E had

promising D-sores (> 0.79), but do not efficiently guide secretion.

FIGURE 3.11. A Vector design for secretion analysis. 21 secretion tags under the control
of pGAP were analysed for RFP and yEGFP expression and secretion. Grey boxed
signal peptides highlight peptides which to our knowledge have not been tested
before. B For all samples, the total fluorescence as well as the fluorescence of
the supernatant after centrifugation was determined. The characterisation was
performed in 1% BMD. Bars represent the mean fluorescence of three biologi-
cal replicates normalised to OD600 (a.u./OD600). Error bars denote ± 1 standard
deviation.
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3.5. CHARACTERISATION OF PREDICTED SECRETION SIGNAL PEPTIDES

TABLE 3.5. Predicted signal peptides for protein secretion.

Name D-score RFP
prediction P4.1

D-score yEGFP
prediction P4.1

Se RFP and
pGAP

Se RFP and
pGAP

None - - 0.00 0.04
SP_Cyclophilin 0.87 0.893 0.89 0.39
SP_Disulfide isomerase 0.862 0.908 0.84 0.42
SP_Peptidylprolyl isomerase 0.858 0.893 0.76 0.49
SP_Cell wall protein 0.867 0.904 0.77 0.48
SP_C4R6P1 0.904 0.912 0.75 0.23
SP_C4R8H7 0.877 0.895 0.07 0.18
SP_Mucin 0.866 0.868 0.22 0.31
SP_PHO1 0.795 0.829 0.11 0.57
SP_Scw11p 0.797 0.854 0.72 0.54
αMF_no_EAEA 0.884 0.884 0.97 0.78
αMF 0.884 0.884 1.84 0.77
SP_An_phyA 0.815 0.807 0.01 0.06
SP_Pl_phyA 0.739 0.743 0.05 0.09
SP_Th_phyA 0.746 0.653 0.72 0.48
SP_Aae_UPO 0.56 0.568 0.78 0.58
SP_Aae_UPOeng 0.56 0.568 0.65 0.36
SP_SUC2 0.79 0.837 0.61 0.10
SP_ALB 0.817 0.868 0.87 0.59
SP_CSN2 0.838 0.899 0.71 0.57
SP_PHA-E 0.837 0.894 0.25 0.24
MF41 0.9 0.9 0.89 16.33

The strains pGAP–SP_SUC2–RFP and pGAP–SP_Scw11p–yEGFP which showed highest

secretion fluorescence signals, and the strain pGAP–SP_An_phyA–RFP which showed high

intracellular RFP expression were studied using fluorescence microscopy in comparison to the

wild type (Figure 3.12). P. pastoris pGAP–SP_SUC2–RFP and pGAP–SP_Scw11p–yEGFP show

as expected only moderate fluorescence within the cell. In contrast, the pGAP–SP_An_phyA–RFP

strain shows very high RFP expression, as expected from the plate reader screening. The RFP

distribution within the cell is not as homogenous across the cell as for intracellular expression,

but denser at distinct locations, suggesting that the RFP enters the secretion pathway (e.g.,

endoplasmatic reticulum and Golgi apparatus), but gets stuck in it and is not released out of the

cell.
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FIGURE 3.12. Microscopical study of the wild type and secretion strains. The expression
constructs are all being genomically integrated and BMD was used for expression.
The scale bar denotes 5 µm.

3.6 Effect of Methanol on Protein Secretion

An interesting result from the characterisation of the secretion tags was that while the two

strongest promoters, pAOX1 and pGAP, were found to produce similar total amounts of protein,

pAOX1 displayed significantly higher levels of secretion. This was puzzling because the protein

itself should have been constant, and thus, a similar secretion was expected. A potential cause

for this difference could be the use of BMM medium for the inducible pAOX1 promoter, which

could affect normal cell physiology, versus the use of BMD medium for pGAP. In comparison to

glucose utilization, growth on methanol has high oxygen demands that can be critical for high

cell density cultivation [143, 153]. To understand whether higher fluorescent titres arose from

the secretion construct itself or due to differences in medium composition, we further analysed

all pGAP expression constructs in 1 % BMM medium (Figure 3.13). Overall cell growth was

significantly higher in BMD (OD600 of 4.6-6.1) than in BMM (OD600 of 1.7-2.3), which led to

overall higher fluorescence. However, fluorescence normalised to the OD600 was higher in BMM.

Importantly, the fraction of secreted protein, when compared to the overall expressed protein,

was much higher for samples grown in BMM.
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3.6. EFFECT OF METHANOL ON PROTEIN SECRETION

FIGURE 3.13. Comparison of pGAP-guided secretion in 1 % BMM and 1 % BMD
medium. Total OD600 and fluorescence as well as fluorescence of the supernatant
after centrifugation was determined from three biological replicates. The mean of
these experiments is shown with error bars that denote ± 1 standard deviation.

The choice of carbon source has a strong impact on the metabolism of recombinant strains

as it can result in different biomass yields and product concentrations. Prielhofer et al. [245]

analysed the gene-specific response of P. pastoris to varying carbon sources and showed an

upregulation of genes involved in protein production for cells grown on methanol compared to

glycerol. Their study revealed that the power of methanol induction is not only due to the strong

pAOX1 promoter itself, but it is also linked to differential growth effects of methanol. To achieve

strong secretion, the central energy metabolism, the additional burden of heterologous protein

production, and the capacity of the secretory machinery must be balanced [188, 190]. Therefore,

the characterisation of genetic constructs must account for cultivation conditions in addition

to regulatory elements. Growth on glucose allowed for higher specific growth rates and higher

overall product titres while growth on methanol enabled fine tuning and higher secretory capacity

[96].

P. pastoris is a widely-used host for the secretion of heterologous proteins because of few

contaminants of the host cell protein. Furthermore, the majority of P. pastoris expression processes

utilise methanol as a substrate and inducer as it offers tight gene regulation and high product

titres. However, methanol is not always favoured for large-scale production. Jahic et al. [140]

compared host cell protein release from cultures grown on methanol and glucose. The degree of

cell lysis in cells grown on methanol and therefore contamination of the secreted protein was

much higher.
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This combined with the fact that it is a highly flammable substrate and results in strong heat

production and oxygen consumption limits the use of methanol in the pAOX1 system and may

not always be the ideal method of choice. However, pAOX1 does offer users of the PTK a way to

tune the expression rate using a single construct before deciding on the strength of constitutive

promoters to use in the final design.

3.7 Transformation of Pichia pastoris

High-throughput screening methods rely on efficient transformation strategies to ensure that a

large portion of a potential range of designs can be tested. In general, yeast transformations have

a significantly lower transformation efficiency (P. pastoris 103-105 transformants/µg DNA [65]) in

comparison to E. coli (109-1010 transformants/µg DNA [86]). This can become a limiting factor

for the generation of libraries.

For P. pastoris, expression can either be plasmid-based or from a genomically integrated gene

of interest. Even though transformation efficiency of plasmid systems is one to two orders of mag-

nitude higher than integrations, the latter is usually preferred as it is more stable [65, 215]. Here,

a P. pastoris strain containing a attP site [234], which enables a precise and single-copy insertion

of plasmid DNA into a known genomic region via BxbI recombinase-mediated integration was

used. Therefore, the strain was co-transformed with the cassette plasmid encoding the genetic

construct of interest and the attB site as well as a plasmid for the transient expression of BxbI.

For a selection of promoters, plasmid-based expression was studied using the Pichia Autonomous

Replication Sequence (PARS) [65]. For both expression strategies, no vector linearisation was

required for transformation. Throughout this study, two different protocols for the generation of

competent cells were applied, which significantly influenced the transformation efficiency.

Following the method of Perez-Pinera et al., transformation efficiency was approximately

102 transformants/µg DNA for recombinase-based genomic integration and 2 x 102 transfor-

mants/µg DNA for plasmid-based constructs. By applying the method of Madden et al. [192] with

modifications (see Methods Section 2.2.5), the transformation efficiency could be increased to

104 transformants/µg DNA. This method is suitable for the generation of comparatively large

libraries and should be applied when the transformation efficiency is of concern.

To further accelerate the strain construction, the constructs for the terminator characterisa-

tion (42 strains, pUO_pL730 – pUO_pL771, Table A.4) were made by directly using the Golden

Gate mixture for P. pastoris transformation. After the Golden Gate reaction, the solution should

contain 40 fmol cassette plasmid (approximately 250 ng DNA) in 10 µL, which was used for

P. pastoris electroporation (cells prepared according to Madden et al. [192]). This method can be

applied when strain generation time is of concern as the protocol duration was shortened by one

working day, but transformation efficiency was reduced (2 x 102 transformants/µg DNA) making

this method less applicable for the generation of libraries.
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3.8. CONCLUSION

All transformants were PCR verified and for P. pastoris strains made directly from the

Golden Gate reaction, a selection of fragments was sequence verified. For genomically integrated

constructs, primers spanning the defined BxbI locus were applied. For PARS-based constructs,

primers within the expression construct were used to verify correct strains.

FIGURE 3.14. Overview of P. pastoris transformation procedures. Comparison of the
laboratory effort for the different P. pastoris strain construction methods.

3.8 Conclusion

To economically engineer yeasts as a protein production platform, many parts have to be tuned

and thus the fast generation of expression variations is necessary. Standards are essential to

efficiently design expression vectors and engineer heterologous protein production using flexible

libraries based on well characterised parts. To avoid the creation of different standards and

increase the rational diversity of an existing toolbox, the YTK [172] was extended. Specifically,

new functional modules that allow heterologous protein expression and secretion in P. pastoris

were added. 242 expression constructs were built and characterised for protein expression and

secretion, a library size that was made possible due to the efficient assembly protocol and

recombinase-based integration procedure.
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4
APPLICATION OF THE P. pastoris TOOLKIT FOR

SECRETION LIBRARIES

The ideal conditions for protein secretion in P. pastoris are currently challenging to predict,

especially the choice of the signal peptide to guide secretion. To achieve high amounts of secreted

protein, various signal peptides (tags) should be tested for a gene of interest. As described in

Chapter 3, the PTK allows a simple and straight forward cloning approach for the generation

of defined P. pastoris strains. However, the generation of large libraries is still laborious and

time consuming. In this chapter, the application of the PTK for the generation of randomised

libraries is studied. Three industrially relevant enzymes are used as a proof-of-concept: phytases,

unspecific peroxygenases (UPO) and alcohol dehydrogenases (ADH). Golden Gate shuffling is

applied for phytases and UPOs, to generate libraries of varying promoters and secretion tags. A

variety of phytases previously successfully expressed in P. pastoris and unspecific peroxygenases

either previously heterologously expressed or solely predicted are used. First, the underlying

studies allowing Golden Gate shuffling and library generation of P. pastoris were performed.

Second, the screenings for phytase and UPO secretion were developed, and finally, screenings for

constitutive and induced expression were performed for each enzyme. For the phytases and one

unspecific peroxygenases the preferred secretion tags could be identified. Bacterial ADHs were

studied for heterologous expression in P. pastoris, but no secreted ADH could be detected under

the tested conditions to establish a screening set-up.
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CHAPTER 4. APPLICATION OF THE P. PASTORIS TOOLKIT FOR SECRETION LIBRARIES

4.1 Prerequisites for Pichia pastoris Library Design

Golden Gate shuffling is a technique that allows for the generation of diverse genetic libraries

in a single restriction-ligation reaction [93]. As for the Golden Gate reaction, this method relies

on Type IIs restriction enzymes and carefully designed parts/modules, see Chapter 1. For the

shuffling approach, multiple variations of a part are used in the restriction-ligation reaction.

Because of the carefully designed overhangs, a part can only ligate to the designed consecutive

part, ensuring the correct order of assembly, but allowing varying final plasmids as for a single

part different options are possible. With each restriction-ligation cycle, the complete constructs

will accumulate as they do not contain restriction recognition sites, however, the individual parts

do and will be immediately digested. As the overhang is identical for each homologous part,

ligation should occur with equal probability across all variations of one part to the matching

part of a contiguous set. However, as recently reported by Potapov et al., special care has to be

taken while designing the overhang as ligation efficiency varies [243]. Previously, Golden Gate

shuffling was applied for enzyme engineering purposes as described in the case of trypsinogen

[93] or lipase A [251] assembly. Here, the enzyme of interest is assigned to one individual part as

defined in the PTK and the parts of the transcriptional unit are varied by Golden Gate shuffling,

Figure 4.1. In a one-pot reaction, the previously built promoters and secretion signal peptides

(Chapter 3) are shuffled for the desired enzymes of interest. The limitation in transformation

efficiency of P. pastoris still hampers the design of big libraries. Here, the aim is to overcome this

bottleneck and take a step towards high-throughput screens directly in P. pastoris.

To use P. pastoris as the host for enzyme expression screenings, the generation of sufficient

amounts of variants is the main bottleneck. The overall procedure for the generation of a

P. pastoris library starts with the Golden Gate reaction which is used for the transformation of

E. coli. From the E. coli colonies, a plasmid library is prepared, which is subsequently used for the

transformation of P. pastoris (Figure 4.2). To address the bottleneck for the generation of large

libraries, two procedures need to be considered. First, the Golden Gate shuffling needs to produce

sufficient amounts of correctly assembled expression vector constructs, without leaving any

backbone vector or falsely assembled vectors. Second, the P. pastoris transformation procedure

must be efficient enough to produce a sufficient number of transformants to screen.

A variety of protocols are available for the Golden Gate shuffling [93, 270]. Different Golden

Gate approaches were tested to study the influencing factors by varying the type of ligase as

well as the final digestion and heat inactivation step (Table 4.1). T7 DNA ligase and T4 DNA

ligase are commonly used for Golden Gate reactions, T7 ligase only ligates sticky-ends but no

heat inactivation is possible. T4 ligase can be heat inactivated, but it will also ligate blunt-ends.
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FIGURE 4.1. Golden Gate shuffling methodology. A In a one-pot reaction a backbone
vector, the GOI, a terminator, as well as a selection of promoters and secretion
signal peptides are merged to a randomised library B.
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The consideration is, that the final step should be a restriction digestion, leaving only desired

expression vectors. Therefore, at the end, DNA ligase activity should be reduced as much as

possible to not re-ligate residual backbone fragments. For this analysis, the primary steps of the

pre-digestion, and the cycling of digestion and ligation were performed as described by Engler et

al. [93]. Then, a variety of digestion temperatures and heat inactivation procedures were studied.

Furthermore, an extended digestion step was included after the cycling, by adding 1 µL fresh

restriction enzyme (BsaI) to the Golden Gate reaction with incubation for 1 h at 37 °C. After

E. coli transformation and incubation, the number of white colonies (expression vectors) and

green colonies (backbone vector with GFP) were evaluated. Application of the T4 ligase, a final

digestion at 37 °C, and heat inactivation at 65 °C lead to the highest amount of transformants

and no backbone colony, and was therefore used for the library design. To decrease the probability

of any backbone vectors in the screening even further, the backbone was separately digested with

BsaI and the correct fragment was purified via an agarose gel. The Golden Gate shuffling was

then performed using this linear backbone fragment and the plasmid parts of the transcriptional

unit in equimolar ratios.

To ensure whether all plasmids generated via Golden Gate shuffling were screened, the

P. pastoris transformation efficiency should allow generation of thousands of strains. First,

the original protocol for generation of competent cells and P. pastoris transformation from

Perez-Pinera et al. [234] was used, but transformation efficiency for recombinase-based genomic

integration was approximately 2 x 102 transformants/µg DNA. Then, the method of Madden et al.

[192] was tested and a transformation efficiency of approximately 104 transformants/µg DNA

was achieved. To expand the understanding of influencing parameters for the transformation

procedure, transformations of P. pastoris were performed by varying the DNA quantity, the DNA

containing liquid volume, the cuvette, and electroporation settings, as suggested by Madden et al.

[192].

TABLE 4.1. Golden Gate shuffling parameter variation.

Pre-digestion 37 °C, 10 min

Digestion 37 °C, 5 min
50 x

Ligation 16 °C, 5 min

Experiment 1 [93] 2 3 4 5

Ligase T4 T4 T7 T4 T7
Digestion 50 °C, 10 min 37 °C, 10 min 37 °C, 10 min +1 µL BsaI, +1 µL BsaI,

37 °C, 1 h 37 °C, 1 h
Heat inactivation 80 °C, 20 min 65 °C, 20 min 65 °C, 20 min - -

White colonies 350 1000 800 80 800
Green colonies 0 0 20 0 5
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The plasmids for constitutive and intracellular expression of RFP and yEGFP were used

because of the change in colour of colonies the positive transformants can be directly counted on

the transformation plate. Varying the DNA amount of the pGAP – RFP plasmid (pUO_pL_002)

showed a higher transformation efficiency for 250 ng compared to 1 µg of DNA. Concentration

variation e.g., variation of the amount of DNA and water to the competent cells did not affect the

efficiency for pGAP – RFP, as opposed to pGAP – yEGFP (pUO_pL_008). However, there was no

clear trend in the behaviour. These transformations were performed as suggested by Madden

et al. [192] using a 1 mm cuvette and electroporation parameters for E. coli (1800 V, 25 µF, 200

Ohm). Transformation parameters as suggested by Perez-Pinera et al. using a 2 mm cuvette

and electroporation settings for S. cerevisiae (1500 V, 25 µF, 200 Ohm) but with competent cells

made as described by Madden et al. [192] reduced transformation efficiency. These results provide

initial data on the influential parameters for the transformation of P. pastoris, as transformation

was done only once for each reaction. To draw conclusions with statistical significance, the

experiments would need to be performed in triplicate. However, sufficient understanding of the

influential parameters for the P. pastoris transformation was gained to define the operating

conditions.

TABLE 4.2. Transformation of P. pastoris

Sample DNA amount
[ng]

DNA concentration
[ng/µL]

Cuvette
[mm]

Transformation efficiency
[cfu/µg DNA]

pGAP - RFP
1000

720 1
1.5 * 104

500 3.4 * 104

250 6.1 * 104

pGAP - RFP 500
500

1
2.2 * 104

250 2.2 * 104

125 2.5 * 104

pGAP - yEGFP 500
500

1
8.0 * 104

250 1.3 * 104

125 4.0 * 104

pGAP - RFP 500 500
2

8.0 * 102

pGAP - yEGFP 500 500 3.3 * 103

Wild type 0 - 1 0

The procedure for the generation of a P. pastoris library with varying parts of the transcrip-

tional unit using Golden Gate shuffling is shown in Figure 4.2. First, Golden Gate shuffling is

performed and used for E. coli transformation. The E. coli colonies are washed off the trans-

formation agar plate and used for plasmid preparation. Finally, 250 ng DNA is to be used for

transformation of P. pastoris.
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FIGURE 4.2. Generation of P. pastoris randomised library.

4.2 Phytases

Phytate (myo-inositol(1,2,3,4,5,6)hexakisphosphate) is the main storage form of phosphorus

(P) and inositol in plants, especially in grains and legumes, the main sources for animal feeds.

However, monogastric and agastric animals lack sufficient amounts of digestive enzymes to

use phytate and utilise the phosphorus. Therefore, phytases are one of the most important

enzyme additives of cereal and grain feed for monogastric animals such as poultry, swine, and

fish [55, 257]. Phytases (myo-inositol hexakisphosphate phosphohydrolase) hydrolyse phytate

ester bonds to less phosphorylated myo-inositol and inorganic phosphates, providing the main

phosphorus source for animals [257]. Phytate also binds important minerals such as Ca2+, Mg2+,

Zn2+, Cu2+, Fe2+, Mn2+, and proteins, reducing their availability [55]. In addition to phytate

being an antinutritional compound for animal feed itself, undigested phytate results in unwanted

ecological consequences. Phytate, when excreted by animals will be degraded by soil bacteria

releasing high concentrations of PO4
2−, leading to the eutrophication of lakes and rivers [110].

The industrial application of phytases in animal feed improves phosphate and mineral uptake,

diminishing the need to supplement inorganic phosphorus necessary for the animal nutrition

and significantly lowering environmental pollution [257].
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FIGURE 4.3. Reaction mechanism of phytate hydrolysis. Phytase cleaves the phos-
phoester bonds releasing phosphate groups, myo-inositol, metal ions, and bound
proteins. Figure adapted from Chen et al. [55].

Phytases are wide spread across almost all forms of life such as bacteria, fungi, plants, and

animals [55]. Just like their diverse origin, the enzymatic structure and the reaction mechanism

cleaving phosphate groups vary considerably [213]. Phytases can be classified based on their opti-

mal pH, the catalytic mechanism, or the initiation site of dephosphorylation [205]. Categorization

according to pH yields acid, neutral, or alkaline phosphatases, with acid phosphatases being

the most studied ones, as they will most likely be active in the digestive tract of monogastric

animals [213]. Considering the reaction mechanism, three groups can be defined: (1) histidine

acid phosphatases or acid phosphatases (EC 3.1.3.2), (2) β-propeller phytases (EC 3.1.3.8), and (3)

purple acid phosphatases or cysteine phytases (EC 3.1.3.2) [257]. Finally, classification according

to the initiation site of dephosphorylation defines 3-phytases, 6-phytases, and 5-phytases [257].

Ever since the commercialisation of phytases in 1991 by Gist-Brocades (now DSM) and sold by

BASF [257], the phytase market has exceeded $300 million, growing about 10 % per year [55].

Hence, there is still substantial interest in improving catalytic efficiency, substrate specificity,

thermostability, modification of the pH profile, and reduction in production cost [55].

To test the randomised library approach for finding suitable expression and secretion condi-

tions in the yeast P. pastoris, a screening of 4 industrially interesting phytases was performed.

These four phytases have previously been successfully secreted in P. pastoris, providing the ideal

starting point to test the Golden Gate shuffling for randomised libraries. The selection of the

phytases was done so as to ensure comparability of each phytase screening. The selected phytases

are all histidine acid phosphatases or acid phosphatases with a conserved active site sequence

(RHGXRXPT) [226, 257].
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TABLE 4.3. Summary of phytases.

Taxa Fungi Bacteria
Ascomycetes Ascomycetes Basidiomycetes Gram-negative

Microorganism A. niger T. heterothallica P. lycii E. coli
NCBI accession number CAA78904 KF535924 CAC48195 M58708
Molecular function 3-phytase activity 3-phytase activity 4-phytase activity 4-phytase activity
Gene phyA phyA phyA appA
bp 2665, 1 intron in

tag
1521,1 intron in
tag

1568 1296

Amino acids (signal
peptide + chain)

467 (23+444) 487 (21+466) 439 (29+410) 432 (22+410)

N-linked glycosylation 10 4 10 3

FIGURE 4.4. Phylogenetic tree and sequence alignment of phytase selection. A Phy-
logenetic tree generated using phyloT (https://phylot.biobyte.de). B Sequence
alignment performed using T-Coffee Expresso multiple sequence alignment
(http://tcoffee.crg.cat/apps/tcoffee/do:expresso) [221].

Three fungal phytases (phyA) from Aspergillus niger (A. niger), Thielavia heterothallica (T. het-

erothallica), Peniophora lycii (P. lycii) as well as a bacterial phytase (appA) from Escherichia coli

(E. coli) were studied, Table 4.3, Figure 4.4 A showing the phylogenetic relationship of the

phytases and B an excerpt of a sequence alignment along the conserved active site. Aspergillus

phytases are mainly utilised for industrial applications as feed additives and a variety of phy-

tase products are authorised by the European Union for this usage [118]. Han et al. [123] first

expressed an Aspergillus phytase heterologous in P. pastoris and ever since, multiple studies

have been performed to improve the thermostability [129, 180], the specific activity [181], or to

reach higher expression levels in P. pastoris by varying expression conditions such as varying the

secretion signal peptide or using a codon optimised sequence [324].
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The phytase from the thermophilic mould T. heterothallica is industrially attractive as it offers

high acid stability and thermostability, a wide substrate spectrum as well as resistance to

proteolytic cleavage [279]. Expression using P. pastoris was previously done by Ranajan et al.

[256] using a codon optimised sequence. The basidiomycete fungi P. lycii secretes a phytase

showing 4-phytase activity [169] and a codon optimised version was successfully secreted in

P. pastoris using a synthetic signal peptide (MF41) by Xiong et al. [325]. Lately, bacterial phytases

have been of interest as their catalytic activity is competitively better than fungal phytases [55].

The phytase appA from E. coli has been expressed and secreted in P. pastoris using various

expression strategies [6] or additional glycosylation sides [261].

To study these phytases, all sequences have been designed to be compatible with the PTK,

see Figure 4.5. Each enzyme coding sequence was made to be a suitable part 3b for the Golden

Gate assembly (removal of BsaI and BsmBI sides) and codon optimisation for P. pastoris using

GeneOptimized (ThermoFischer). The annotated secretion signal sequences of the fungal phytases

were designed as 3a parts. The signal peptides of A. niger and T. heterothallica each contained

one intron, which was removed. For all tags, BsaI or BsmBI restriction sides were removed but

the sequences were not codon optimised.

FIGURE 4.5. Part design for phytases. Based on the phytase open reading frame, a 3a
part for the secretion signal sequence and a 3b part for the enzyme coding sequence
were designed.
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4.2.1 Development and Validation of a Screening Quantifying Phytase
Activity

The fundamental requirement for any screening is the need to differentiate positive hits (expres-

sion of active enzyme) from negative variants (no expression or no active enzyme) and quantify

the active enzyme. Therefore, the process from strain cultivation until the enzymatic assay must

ensure enzyme expression and a sensitive measurement.

FIGURE 4.6. Workflow of P. pastoris screening for phytases.
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Figure 4.6 summarises the final workflow of the phytase screening. To allow measurements of

phytase activity in higher throughputs, an established colorimetric phosphate analysis was used

measuring the released phosphate [253]. A major challenge for this approach was the occurrence

of high phosphate in the commonly used media for P. pastoris cultivation. To asses this, first

the colorimetric phosphomolybdate analysis method from Bae et al. [24] was adapted to suit

the 96-well format and subsequently commonly used P. pastoris media, as well as their main

components were measured (Figure 4.7 A). Except for water and biotin, all media and their

components already resulted in high absorption signals. Therefore, a more detailed look at the

screening procedure was needed and positive controls were made for each phytase as previously

described in literature, but using the parts of the PTK/YTK [6, 123, 230, 325] Figure 4.7 B. These

controls were expressed in a selection of media and gel-filtration chromatography was performed

for the expression supernatant. This purification step helps to remove most of the phosphate from

the medium and enables measurement of phosphate released from the substrate sodium phytate

by the secreted phytase. Figure 4.7 C shows that even after the gel-filtration step, the absorption

measured for the media BMM and BMMY is almost as much as for the expression constructs

expressing active phytase and therefore these are unsuitable for the screening. However, 1 x YP

+ 1 % methanol as well as BMMY-PP (buffered complex methanol medium without phosphate

buffer) are suitable for the screening as the phosphate release due to phytase activity can be

differentiated from the phosphate content of the medium. BMMY-PP was further assessed (Figure

4.7 D) and the supernatant before and after gel filtrations and dilutions were assayed. A dilution

step is necessary in order to differentiate the expression levels of different constructs as without

the dilution step, the upper range of measurement is already reached.

The Z-factor was determined, to validate the suitability of the screening and determine the

quality of the assay. The Z-factor was introduced by Zhang et al. as a simple statistical parameter

for the evaluation of assays [338] and is ever since widely used [202, 335]. The screening procedure

as described in Figure 4.8, was performed for one plate of wild type (i.e. control) and one plate of

the P. pastoris strain pUO_pL666 expressing the E. coli phytase (i.e. sample), Figure 4.8. The

Z-factor can be calculated according to Formula 4.1 (SD standard deviation). The determined

Z-factor of 0.8268 stands for an excellent screening with a high degree of confidence and overall,

a high-quality screening that can be applied for the targeted secretion libraries [338].

(4.1) Z = 1− 3 ·SD of sample+3 ·SD of control
|mean of sample−mean of control|

(4.2) Z = 1− 3 ·0.0347+3 ·0.0017
|0.7489−0.1186|

(4.3) Z = 0.8268
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FIGURE 4.7. Colorimetric phosphate analysis of media and phytase expressions. A
Widely used media and their components were evaluated for their initial phosphate
content. B P. pastoris controls expressing each phytase were made and C the
enzyme activity was measured after gel-filtration of the supernatant. D Phytase
expression in BMMG-PP with gel-filtration of the supernatant and determination
of the phytase activity was performed and different dilutions of the gel-filtration
filtrate were assayed. Bars represent the mean absorption from the phytase assay
of triplicates measured at 700 nm. Error bars denote ± 1 standard deviation.

FIGURE 4.8. Wild type landscape to determine Z-factor. A Expression of positive control
and B the wild type to determine quality of assay. Bars represent absorption at
700 nm after the phytase assay.
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4.2.2 P. pastoris Screening of Phytase Secretion

The aim for the library generation using Golden Gate shuffling and subsequent screening in

P. pastoris is to find good secretion conditions at the genetic level e.g., a suitable combination of

promoter, tag and the desired gene of interest to reach high amounts of secreted protein. To do so,

a secretion library for induced expression (3 different promoters) and constitutive expression (5

different promoters) were made for each phytase variant (A. niger, T. heterothallica, P. lycii and

E. coli), Figure 4.9. The Golden Gate shuffling reactions were made by preparing a master mix

containing the linearised backbone, 20 secretion signal peptides as well as the terminator part,

Figure 4.9 A. This primary master mix was divided into two secondary master mixes, Figure 4.9

B, and the respective promoter parts for each induced and constitutive expression were added.

These secondary master mixes were each split into 4 reactions for each phytase respectively. The

final master mixes contained 50 fmol of backbone, 100 fmol for all parts of one functionality (part

type), restriction enzyme BsaI as well as T4 ligase and assembly was performed as described in

Section 2.3.6. The detailed list of parts in each shuffling set-up can be found in the Appendix

Table A.10. After transformation of E. coli and plasmid preparation, transformation of P. pastoris

was performed to obtain the P. pastoris library.

FIGURE 4.9. Parts for Golden Gate shuffling of phytase library.
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To confirm sufficient statistical evidence, the expected coverage, i.e. the expected percentage

of all possible variants that are represented in the library, was calculated according to Formula

4.4. The calculation relies on the assumption that the resulting randomised expression plasmids

generated via Golden Gate shuffling are all likely with equal probability. For each constitutive

phytase library, the number of equiprobable variants n = 100 and for the inducted phytase

library n = 60. After E. coli transformation, the number of E. coli colonies used to prepare the

plasmid library were counted and the expected coverage Yi within E. coli was calculated. After

transformation of P. pastoris with the respective plasmid library, the library size x was defined

as 364 colonies were picked for each constitutive screening and 182 for each induced screening.

The expected P. pastoris library coverage (Formula 4.4), as well as the final expected coverage

(Formula 4.5) could be calculated [231]. For the constitutive library, the expected coverage of all

100 possible combinations represented in the library is > 97 % and for the induced library with

60 possible combinations the expected coverage is > 95 %.

(4.4) Yi = 1− (1− (
1
n

))x

(4.5) Yi (final)=Yi (E. coli) ·Yi (P. pastoris)

TABLE 4.4. Calculation of library coverage for constitutive library.

Estimation of Yi E. coli P. pastoris Yi P. pastoris Yi (final)
E. coli colonies library size

Phytase A. niger 3200 100.00 %

364

97.42 % 97.42 %
Phytase T.
heterothallica

1100 100.00 % 97.42 % 97.42 %

Phytase P. lycii 950 99.99 % 97.42 % 97.42 %
Phytase E. coli 950 99.99 % 97.42 % 97.42 %

TABLE 4.5. Calculation of library coverage for induced library.

Estimation of Yi E. coli P. pastoris Yi P. pastoris Yi (final)
E. coli colonies library size

Phytase A. niger 1050 100.00 %

182

95.31 % 95.31 %
Phytase T.
heterothallica

400 99.88 % 95.31 % 95.19 %

Phytase P. lycii 500 99.98 % 95.31 % 95.29 %
Phytase E. coli 800 100.00 % 95.31 % 95.31 %
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FIGURE 4.10. Screening of phytases. For each phytase a screening for constitutive and
induced expression was performed. Constitutive expression was performed in 2 %
BMGY-PP and induced expression in 1 % BMMY-PP. For induced expression, the
controls for each phytase (Figure 4.7 B) were assayed along with each respective
phytase plate (green bar, error bar denoting ± 1 standard deviation of all phyatse
specific controls measured). To remove background noise, absorption values pre-
sented are measured absorption for each well subtracted by the average absorption
of 3 medium controls which were assayed on each plate. The x-axis defines the
number of samples screened in a ranked order.
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The screenings were performed as described in Section 2.2.3 and absorption was measured at

700 nm, Figure 4.10. For all screenings, strains showing active enzyme could be found, however,

the overall distribution of high or low protein secretion and measured activity varies significantly

between the phytases. The overall trend for each landscape shows similarities between the

constitutive and induced screening. For the screening of the A. niger and P. lycii phytases, the

gradually decreasing slope indicates a clear preference of the promoter and secretion tag. For the

E. coli phytase, the landscape slope is much smaller with many strains showing high activity,

indicating a much higher degree of flexibility in the choice of secretion tag and promoter. The

overall measured activity of the T. heterothallica phytase is less then all the other phytases,

especially for its constitutive expression only few secreting strains could be detected. For induced

T. heterothallica phytase secretion, the slope is similar to the one of the A. niger phytase secretion

with the performance decreasing more quickly than for E. coli phytase secretion.

To confirm the results of this screening, a re-screening was done for each library. The highest

performers of the induced (10 colonies) and constitutive screening (22 colonies), as well as colonies

not expressing phytase (3 and 5 colonies, respectively) were picked onto fresh agar plates. For

these samples, the screening using three biological replicates was repeated and the genetic origin

was determined for a selection of these strains via sequencing, Figure 4.11 and 4.12. All the hits

with the highest phytase activity prefere a small selection of signal peptides.

For the A. niger phytase, the signal peptides SP_Cyclophillin, SP_C4R8H7 and SP_PHO1 in

combination with the pGAP promoter lead to the highest constitutive expression, while SP_CSH2,

SP_Peptidyl isomerase and also SP_C4R8H7 in combination with pAOX1 lead to the highest

induced expression. The tag SP_CSH2 results in 22 % more activity than the strain using the

αMF secretion tag as previously described in the literature [340].

For the T. heterothallica phytase, the pGAP promoter drives highest expression levels in

combination with SP_Cyclophillin, SP_PHO1 and SP_Disulfide isomerase. For the induced

T. heterothallica phytase expression the three best hits all use SP_C4R8H7 to drive protein

secretion in combination with the pPMP20 or the pAOX1 promoter. In comparison to the control

pAOX1-αMF, the pPMP20 - SP_C4R8H7 construct leads to 28 % higher activity.

P. lycii phytase expression and protein secretion do not favour the most widely used and very

strong pGAP or pAOX1 promoter, but instead prefer the weaker pG6 and pAHD2 promoter for

constitute expression and pPMP20 and pDAS1 for induced expression. For constitutive expression,

the tags SP_Disulfide iosmerase, SP_Scw11p, and SP_Mucin guide highest amounts of phytase

outside the cell and for induced expression SP_Mucin and αMF_no_EAEA were found to be the

best during the screening. Nevertheless, for the induced expression, the control combination

pAOX1-αMF results in 10 % more measured phytase activity, a combination that was not found

by the screening.

Also for the induced E. coli phytase expression, no construct being better than the control

could be found, however the control combination pAOX1-αMF was identified within the screening.

90



4.2. PHYTASES

Almost identical amounts were determined by applying pAOX1-SP_PHO1 and pDAS1-MF41.

The signal peptide MF41 in combination with pGAP also results in the highest measured phytase

activity for the constitutive expression too.

Summarising the appearance and impact of the tags, each phytase secretion process prefers

certain tags over others and some tags are not suitable for any of the sequenced phytases. 60

strains have been prepared for sequencing and six of the twenty tags did not appear in any strain.

These are the three phytase signal peptides SP_An_phyA, SP_Pl_phyA, SP_Th_phyA as well

as αAmylase-αMF∆, SP_SUC2 and SP_PHA-E. For the secretion of RFP and yEGFP, the tags

SP_An_phyA and SP_Pl_phyA have been identified to be unsuitable, Chapter 3.5, indicating

that P. pastoris may not be capable of recognising these heterologous tags for its own secretion

machinery. As the other tags have guided proteins out of the cell previously (Chapter 3), their

functionality might have been hampered by the phytatse. The tag SP_PHO1 stands out, as

for all constitutive phytase expression strains, it guides secretion very well. Otherwise, the

more frequently appearing tags have preferences for certain phytases, such as the SP_C4R8H7

for A. niger and T. heterothallica, SP_Mucin for P. lycii, and MF41 or the related αMF and

αMF_no_EAEA tags for E. coli. For constitutive expression, the pGAP promoter often results in

highest expression levels, except for the expression of the P. lycii phytase, where pG6 and pAHD2

result in highest expression levels. Five different constitutive promoters have been applied in the

constitutive screening and all except the pPET9 promoter appeared in the sequenced samples.

For the induced expression, all three promoters resulted in high phytase expression levels, but

pAOX1 and pPMP20 generally guided highest expression levels, as seen before for RFP and

yEGFP (Chapter 3.2).
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FIGURE 4.11. Re-screening of A. niger and T. heterothallica phytases. For each phytase,
a re-screening of the constitutive and induced expression constructs was performed.
Bars represent the mean absorption from the phytase assay of three biological
replicates, subtracted by the mean absorption of three medium samples. Error
bars denote ± 1 standard deviation. For the samples that were characterised via
sequencing, the genetic composition of promoter and secretion tag are indicated.
The green bars describe the respective A. niger and T. heterothallica positive
controls (Figure 4.7 B), the medium sample is highlighted in orange and strains
not showing activity in the first screening are highlighted with dark grey bars, the
selected hits from the first screening are presented with blue bars.
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FIGURE 4.12. Re-screening of P. lycii and E. coli phytases. A re-screening of the con-
stitutive and induced expression constructs was performed. Bars represent the
mean absorption from the phytase assay of three biological replicates, subtracted
by the mean absorption of three medium samples. Error bars denote ± 1 standard
deviation. For the samples that were characterised via sequencing, the genetic
composition of promoter and secretion tag are indicated. Colour coordination of
bars is done as in Figure 4.11. The respective positive controls for induced P. lycii
and E. coli phytase expression are presented in green, the genetic composition is
given in Figure 4.7 B.
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Finally, a selection of 16 different phytase secreting strains were selected and the reference

strains for each phytase were expressed in a shake flask format. The expression was done

according to the same scheme as for the screening, using a pre-culture to inoculate the expression-

culture. The expression was performed twice and each measurement was performed in triplicate.

Figure 4.13 shows the average of these measurements. The phytase activity was determined

in phytase units (U), i.e. the amount of phytase that releases 1 µmol of inorganic phosphate

per minute at 37 °C, pH 5.0 from sodium phytate [82, 118, 123]. The inorganic phosphate

concentration was determined from a calibration curve using potassium phosphate. Additionally,

the OD600 of the culture and the protein concentration of the supernatant was determined.

The protein concentration was measured according to the method of Bradford [37] and for the

calibration curve bovine serum albumin was used. A fraction of supernatant was concentrated

15X using ‘centrifugal filters’ (Section 2.4.5) and loaded on an SDS-PAGE for protein separation.

The determined enzyme activity in the screening could be reproduced for the shake flask

experiment. However, for the samples pAOX1–SP_C4R8H7–Phytase_T_heterothallica the values

of the re-screening could not be reproduced. This was surprising as the tag SP_C4R8H7 was

also found for the best hit of this enzyme and should be suitable for the secretion of this

enzyme. Surprisingly, the OD600 is overall low, with strains grown in BMMY-PP having an

average OD600 of 3 and in BMGY-PP of 5. The average OD600 for expression in the deep-well

plate format was 3-4 and 5-9 for BMMY-PP and BMGY-PP, respectively. This may explain the

comparatively low activity determined for secreted phytases in the supernatant but certainly

highlights the importance of optimising the expression conditions to make use of the high cell

density fermentation capacity of P. pastoris.

Akbarzadeh et al. had previously optimised the induced heterologous E. coli phytase ex-

pression (codon optimised) in P. pastoris and reported 237.2 U/mL activity, when cultivation

was performed at pH 6, 1 % methanol, 20 °C for 3 days [6]. Han et al. reported 25–65 U/ml

for the secretion of the A. niger phytase (phyA) in P. pastoris [123] and Rodriguez et al. 128

U/mL for a A. fumigatus phytase [260]. Here, cultivation was done for 2 days at 30 °C to prove

the first scale up from a deep-well plate format to the shake flak format. Except for one strain,

the measured phytase activity could be reproduced in this varied setting and for each phytase,

a combination of promoter and tag could be found that is better than the most widely used

pAOX1-αMF combination.

The novel tags are of particular interest, as the highest secreted phytase activity measured in

the supernatant was found from constitutively expressed A. niger and T. heterothallica phytases

with SP_Cyclophilin, and induced expression of T. heterothallica phytase with SP_C4R8H7. The

induced expression of P. lycii phytase resulted in the highest measured activity with SP_Mucin.

For the E. coli phytase, the established αMF or related tags (αMF_no_EAEA or MF41) were the

most suitable for this phytase.
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The protein amount determined from the supernatant shows greater levels for strains cultivated

in BMMY-PP medium with methanol than in the BMGY-PP medium, without methanol, indicating

either secretion of other proteins or as seen in Chapter 3, a higher degree of cell lysis. The SDS-

PAGE analysis clearly shows the presence of many proteins other than the expected phytases.

The A. niger phytase has an expected protein size of 85 kDa and is highly glycosylated [226], as

the sequence contains ten N-linked glycosylation recognition sites (Table 4.3). The SDS-PAGE

also indicates the high degree of glycosylation as the phytases are visible as a smear from 75 kDa

to 120 kDA. Despite the fact, that an identical protein is being expressed, the protein size varies

between the five different A. niger phytases, indicating a potential influence of the secretion tag

to the degree of glycosylation. The P. lycii phytase also has ten N-linked glycosylation recognition

sites and an expected protein size varying from 65 kDA to 120 kDA [324]. The varying size for

this phytases seems even more pronounced as the SDS-PAGE does not show a strong protein

band that can be assigned to this phytase. The T. heterothallica and E. coli phytase have each four

N-glycosylation recognition sites. The lower degree of glycosylation for this phytases is indicated

by the distinct protein bands for each phytase. The T. heterothallica phytase has an expected

protein size of about 70 kDA [230] which could be confirmed in the SDS-PAGE. The E. coli

phytase has an expected protein size of 42 kDA [226], but the SDS-PAGE shows it to be a bit

bigger as a strong protein band is at 50 kDa. Surprisingly, the strain pGAP-MF41-E. coli_phytase

does not have a protein band at this size, despite resulting in similar measured protein activity.

For future applications, the purity here is not a major concern as phytases are mainly used as

a feed additive. These strains could now be used for fermentation studies like those by Parashar

et al. to perform high cell density cultivation of P. pastoris and reach phytase expressions of 780

U/mL [230].
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FIGURE 4.13. Expression of phytases in shake flask format. The reference phytase
expression strains each having pAOX1-αMF as well as the best two strains of each
screening (induced and constitutive) were used for phytase expression in 75 mL
medium in shake flasks. The shake flask expression was done twice and values
presented are the average absorption of the both expressions measured in triplicate.
The error bars denote ± 1 standard deviation. For each expression the phytase
activity, OD600, and the protein concentration of the supernatant was measured.
The supernatant was concentrated 15 x for the SDS-PAGE analysis.
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4.3 Unspecific Peroxygenases

Unspecific peroxygenases (UPOs) are heme-containing oxidoreductases secreted by fungi that

catalyse the oxyfunctionalisation of a variety of organic compounds, requiring only hydrogen

peroxide (H2O2) as a cofactor [207, 235]. Naturally, UPOs belong to the ligninolytic enzyme

consortium involved in the biodegradation of lignocelluloses and lignins or the conversion of

humic substances, organohalogens, or other complex compounds [131]. Due to their exceptional

and diverse catalytic properties, many applications of this biocatalyst are of interest to substitute

harsh organic and pharmaceutical syntheses for more environmentally friendly and sustainable

processes [197]. UPOs are also known as aromatic peroxygenases (APOs) and form a separate

peroxidase subclass (EC 1.11.2.1). They perform mono-peroxygenase reactions to transfer an

oxygen atom from hydrogen peroxide to a variety of organic substrates such as aromatics,

linear and cyclic alkanes/alkenes, fatty acids, and others [130]. This substrate spectrum and the

product pattern of UPOs are very similar to those of cytochrome P450 monooxygenases (P450s)

and classic heme peroxygenases. P450s are intracellular proteins with low stability, moderate

turnover numbers, and requirements for expensive NAD(P)H as electron donor and auxiliary

flavin-reductases for electron transfer to O2 [23]. UPOs are a “self-sufficient” alternative [196]

that only require H2O2 [130].

In 2004, the first natural peroxygenase (AaeUPO) was isolated from the basidiomycete Agro-

cybe aegerita [298] and ever since AaeUPO has been used for the conversion of over 100 substrates

with high regio- and enantio-selectivity [149, 159, 235]. Two other UPOs have been identified

and characterised one from Coprinellus radians (CraUPO) [12] and another from Marasmius

rotula (MroUPO) [114]. Furthermore, one Coprinopsis cinereal peroxygenase was heterologous

expressed by Novozymes A/S (Bagsvaerd, Denmark) [23, 191]. The three characterised UPOs

(AaeUPO, CraUPO, MroUPO) all contain a heme moiety as the prosthetic group, are highly

glycosylated, and have a molecular mass of 29 – 46 kDA. Within the kingdom of fungi, about one

thousand putative UPOs have been predicted from BLAST searches in GenBank and public se-

quence databases [130, 131]. These sequences are mainly from the basidiomycota and ascomycota

phylum, fewer representatives are also form mucoromycotina, chytridiomycota, glomeromycota

and the oomycota (fungus-like eukaryotic microorganisms), but no homologous sequence was

found in ascomycoteos yeast [131]. UPOs can be classified as short or long UPOs depending on

the enzyme structure. Short UPOs have an average mass of 29 kDA and are distributed amongst

all fungal phyla, like the MroUPO. Their active site contains a conserved histidine as charge

stabilizer and an overall conserved PCP-EHD-E motif. Long UPOs, like the AaeUPO and CraUPO,

have an average mass of 44 kDA and are solely found in ascomycetes and basidiomycetes. These

have an internal disulphide bridge, the charge stabilizing amino acid is an arginine, and the

overall conserved motif is PCP-EGD-R-E. However, variations are possible when not part of the

AaeUPO subgroup [131, 150].
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The main bottleneck for industrial applications of UPOs are the low amounts of this enzyme

being secreted from their natural host and laborious cultivation conditions of these hosts. To

overcome this, Molina-Espeja et al. performed directed evolution experiments of the AaeUPO for

heterologous expression in S. cerevisiae introducing 9 mutations to increase activity by 3250-fold

[208]. Later they used this engineered UPO variant for expression in P. pastoris, with a fed-batch

fermentation reaching 217 mg/L product yield [209].

FIGURE 4.14. Phylogenetic tree of UPOs. A selection of UPO sequences provided by
Ullrich et al. [131] was studied using phyloT (https://phylot.biobyte.de). UPOs
selected for the P. pastoris screening are highlighted in colour.
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The aim of the work presented here is to apply the improved AaeUPO (AaeUPOeng) for

UPO expression as well as to make use of the great variety of predicted UPOs, and utilise

them for the Golden Gate shuffling approach of the PTK. Molina-Espeja et al. [209] kindly

provided the AaeUPOeng expressing P. pastoris strain, which was used for the development

and validation of the screening. Furthermore, a P. pastoris codon optimised version of the

AaeUPOeng (AaeUPOeng_co) was designed as part 3b type to be compatible with the PTK and

the original secretion signal peptide (SP_Aae_UPO), as well as the engineered secretion peptide

(SP_Aae_UPOeng) were designed as type 3a parts. To expand the screening, five additional

UPO sequences were designed as type 3b parts: the previously described, but not heterolo-

gously expressed C. radians CraUPO, as well as four other putative UPOs from P. infestans,

D. septosporum, N. haematococca and A. fumigatus (Table 4.6).

FIGURE 4.15. Sequence alignment of selected UPOs. A section of the UPO amino acid
sequences is given, presenting the conserved amino acid residues, highlighted in
blue. Engineered amino acid position form AaeUPO and AaeUPOeng are framed.
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All sequences have been codon optimised for P. pastoris, the BsaI and BsmBI sites were

removed when necessary, annotated introns were removed as Molina-Espeja et al. [208] have

performed for AaeUPOeng, and the annotated tags of P. infestans and D. septosporum have been

removed as well. For the selection of the four predicted UPOs, the detailed BLAST research of

heme-thiolate peroxidases e.g. chloroperoxidases (CPOs) and aromatic peroxidases (APOs) kindly

provided by Ullrich et al. [131] was studied. From the 98 provided sequences, 25 sequences were

unspecific peroxygenases with sufficiently annotated sequence information at the National Center

for Biotechnology Information (NCBI) GenBank and the Universal Protein Resource (UniProt).

A phylogenetic tree was generated (Figure 4.14) and besides the UPOs form A. aegerita and

C. radians, the additional UPOs were selected such as to cover a broad species variety. Alignment

of the selected sequences (Figure 4.15) highlights the consensus PCP motif across all these UPOs

and the EGD amino acid motif of long UPOs for the original as well as the engineered A. aegerita

UPO, the C. radians UPO and the N. haematococca UPO. The D. septosporum long UPO has a

varying ESD amino acid motif. For the short UPOs of P. infestans and A. fumigatus, the conserved

amino acids at the active site are DHD and EHD respectively.
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TABLE 4.6. Summary of unspecific peroxygenases.

Organism Protein (Gene) Taxa Enzyme
structure

NCBI
GenBank

Genomic
sequence

Protein
UniProt

Amino acids

Phytophthora
infestans T30-4

Hypothetical protein
(PITG_07698)

Oomycetes short EEY54006.1
(Genom:
DSO28128)

792 bp, no
introns

D0N8X1 236 (+ 27 signal
peptide)

Agrocybe aegerita Aromatic
peroxygenase
(AaeUPO)

Basidiomycota long FM872457 1374 bp, 5
Introns

B9W4V6 328 (+ 43 signal
peptide)

Coprinellus radians Aromatic
peroxygenase
(CraUPO)

Basidiomycota long FM872459 687 bp, no
introns

B9W4V8 261 (no tag found)

Dothistroma
septosporum

Putative oxidase
(dotB)

Ascomycota long AAL87046.1,
AF448056

1245 bp, no
introns

Q8TFD4 396 (+ 18 signal
peptide)

Nectria haematococca
mpVI 77-13-4

Hypothetical protein
(NECHADRAFT
_80813)

Ascomycota long EEU45282.1 1734 bp, 4
Introns

C7YSQ2 471 (no tag found)

Aspergillus fumigatus
A1163

Peroxidase, putative
(AFUB_050830)

Ascomycota short EDP51081.1,
(Genom:
DS499597)

828 bp, no
introns

B0Y2B1 275 (no tag found)
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4.3.1 Development and Validation of an UPO Screening

A screening of induced P. pastoris unspecific peroxygenases expression was previously performed

by Molina-Espeja et al. [209] and these screening conditions offered an ideal starting point for

the intended screening. Following the established overall scheme of agar backup, pre-culture,

expression-culture, enzyme activity determination and identification of hits (Figure 4.16), enzyme

specific parameters such as the medium and enzyme assay had to be assessed.

FIGURE 4.16. Workflow of P. pastoris screening for UPO activity.
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Expression of active heme proteins such as the UPOs require successful incorporation of the

heme group. Krainer et al. [164] have studied strategies to increase the yield of actively expressed

heme peroxidase in P. pastoris and described the supplementation of the medium with hemine

to be most effective. In contrast to the studies with supplementation of 5-aminolevulinic acid

or the co-overexpression for genes of the endogenous heme biosynthesis pathway, recombinant

enzyme production was not improved. Therefore, the UPO screening was performed using a final

concentration of 10 µM hemin [164] and not as described by Molina-Espeja et al. [209] 20 mg/L

haemoglobin.

To screen the UPO library, a suitable high-throughput assay is necessary. Previous UPO

screenings did not screen for their mono-oxygenase activity but their side activity, which is the

peroxidase activity [209]. For the peroxidase reaction of UPOs, hydrogen peroxide (H2O2) or other

hydroperoxides are used as co-substrate to catalyse one-electron oxidations of substrates [131]. In

contrast to the peroxygenase reaction, the peroxidase reaction can be followed with a colorimetric

assay, where the substrate 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and

the co-substrate H2O2 is used. To develop the suitable assay conditions, the P. pastoris strain

expressing AaeUPOeng provided by Molina-Espeja et al. [209] was cultivated as described in

Chapter 2.2.3 and the supernatant was used to define the assay conditions. Too high H2O2 con-

centrations may inhibit the enzyme activity [235], and therefore a variety of H2O2 concentrations

were tested (Figure 4.17 A). A concentration of 0.2 mM H2O2 resulted in optimal conditions.

Subsequently, various AaeUPOeng enzyme concentrations were studied for 0.2 mM H2O2 and a

suitable correlation of absorption after 12.5 minutes can be assumed for further screenings.

The Z-factor [338] (Section 4.2.1) was determined for the absorption after 14.5 minutes (Figure

4.17 E) and 45 minutes with 0.371 and 0.708 respectively (Figure 4.17 C and D). A Z-factor

of 0.371 allows separation of sample and controls, but is not ideal. Meanwhile, the Z-factor of

0.708 allows better separation of sample and control, however, here high absorption values may

not be in the required linear range of the photometer. Therefore, the screening was performed

measuring the absorption increase for 15 minutes to allow correlation of high expressing samples

and the final absorption was measured after 45 minutes, to identify samples expressing less

enzyme in order to be more sensitive.
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FIGURE 4.17. UPO assay development. AaeUPOeng enzyme activity. A Activity was
studied for differing H2O2 concentrations and B for a H2O2 concentration of 0.2 mM
for various enzyme concentrations [209]. With the assay conditions of 0.2 mM H2O2
and 0.3 mM ABTS a landscape of the AaeUPOeng [209] and the wild type was
performed, (C, D ) measuring the final absorption after 45 min and E the activity
slope for 14.5 minutes. For A, B the mean of three replicates is shown and the
error bar denotes ± 1 standard deviation

104



4.3. UNSPECIFIC PEROXYGENASES

4.3.2 P. pastoris Screening of UPO Secretion

The aim of the UPO screening is to gain a better understanding of the applicability of the PTK

shuffling for the development of novel enzyme production processes. The identification of novel

UPOs is industrially very interesting and the developed library generation approach could provide

a suitable platform for the identification of novel heterologous secretion processes. Additionally,

the greatly engineered A. aegerita UPO will be studied to discuss the highly fruitful directed

evolution approach performed by Molina-Espeja et al. [208] in context with the Golden Gate

shuffling. First, a single library was made to shuffle all UPOs, utilizing 19 secretion tags and

three promoters for induced expression, Figure 4.18. The library generation was performed as in

Chapter 4.2, a detailed list of the shuffling setup can be found in Table A.11, Formula 4.5 was

used to determine the expected coverage of this library. For the plasmid preparation, 2420 E. coli

colonies were used, and it was subsequently used to make the P. pastoris library where 1092

colonies were screened resulting in an expected coverage of 95.83 %.

FIGURE 4.18. Parts for Golden Gate shuffling of induced UPO expression library. One
library was generated for all UPOs combined.
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FIGURE 4.19. Screening of induced UPO expression library. 1274 P. pastoris variants
were screened for induced UPO secretion, blue bars. Along on each plate, three
replicates of the engineered A. aegerita UPO [208] were screened. The overall
average and ± 1 standard deviation thereof are depicted as the green bar (left). For
the assay 0.2 mM H2O2 and 0.3 mM ABTS were applied.

Figure 4.19, presents the outcome of the first screening showing the measured adsorption

after 45 minutes at 418 nm for the screened samples and the average of the engineered A. aegerita

UPO [208], screened along in triplicate on each plate. As planned for the screening development,

the kinetics were measured as well, but adsorption values are so low that the evaluation can be

based on the 45 minutes measurement. 1087 of the 1092 samples show only very low absorption,

the remaining 5 samples result in considerable activity, but all below the engineered A. aegerita

UPO [208].

To identify the samples showing activity, a re-screening was performed looking at 25 samples

of the screening in triplicates. To be able to assess the high-performance and low-performance

variants, again a kinetic for 15 minutes was measured and a final measurement after 45 minutes

was performed, Figure 4.20. In Figure 4.20 C the data of the final measurement is presented

and samples have been identified using sequencing. The high-performance samples are the

codon optimised variants of the A. aegerita UPO in combination with the A. aegerita UPO signal

peptide either in its original form or engineered. Evaluating the kinetics in Figure 4.20 B, a

superior activity of the control A. aegerita UPO can be seen. Nevertheless, the signal peptides

SP_PHO1, SP_Peptidylprolyl isomerase and SP_C4R6P1, and the novel tags SP_Cyclophillin

and SP_C4R8H7 also mediate secretion, but with much lower efficiency. Two samples other than

the AaeUPOeng_co appear in this screening, the AfuUPO and the DseUPO, both combined with

the novel tag SP_C4R8H7 and the pDAS1 and pAOX1 promoter, respectively.
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FIGURE 4.20. Re-screening of induced UPO expression library. 25 samples of the
screening as well as the engineered control A. aegerita UPO were measured in
triplicate. To meet the requirements for low- and high-performance samples, the
kinetic was determined for 15 minutes, A and B , and a final measurement was
done after 45 minutes, C. For the assay, 0.2 mM H2O2 and 0.3 mM ABTS were
used. Samples were identified using sequencing and identical samples based on
the sequencing are presented in the identical colour.
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This screening shows once again that for a specific enzyme there are preferences of which tag

works best. This was already seen in Chapter 3 and has been reported in the literature as well

[81]. A key finding from this screening was that one screening for all UPOs is inadequate. The

data is challenging to present as for low- and high-performance samples, the adsorption values

are across such a large range (0.0 - 4.0), that the laboratory methods must be expanded to address

these requirements. More importantly, a comparison of the highly towards the substrate ABTS

engineered AaeUPOeng with none engineered putative UPOs is not realistic. If a novel UPO is

heterologous expressed, we expect the expression level to be much lower than for AaeUPOeng,

which would not allow their identification in a screening containing the AaeUPOeng. Therefore, a

screening for constitutive expression was performed individually for each UPO.

A screening was performed for each UPO as depicted in Figure 4.21. A master mix containing

the linearised backbone, 19 tags, 5 constitutive promoters and the tAOX1 terminator was made,

separated for six individual master mixes to each added the corresponding UPO plasmid. After

Golden Gate shuffling, they were used for E. coli transformation and at least 1500 colonies with

equal size were used for plasmid preparation. These plasmid libraries were used for P. pastoris

transformation and for each library 297 colonies were screened, resulting in an expected coverage

of 95.68 %.

FIGURE 4.21. Parts for Golden Gate shuffling of constitutive UPO secretion library. For
each UPO an individual library was made, based from one master mix containing
the linearised backbone vector, 5 promoters, 19 secretion tags and one terminator.
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To improve the screening sensitivity, a higher ABTS concentration was used and the assay

contained final concentrations of 0.2 mM H2O2 and 0.75 mM ABTS. Again, enzyme kinetics

were measured at 418 nm for 15 minutes, and the absorption was measured at 418 nm and 480

nm after 1 h. Additionally, the absorption was measured after 16 h of incubation at RT, to test

whether the sensitivity of the screening approach can be increased further. Figure 4.22 shows the

results of the screening for the secretion of constitutive AaeUPOeng_co expression after 1 h and

16 h. For 16 samples, the measured absorption is already out of the suitable linear range of the

photometer, highlighted as overflow measurement and show in comparison to the AaeUPOeng

higher absorption. This indicates comparatively more secreted protein. For the measurement

after 16 h, values are presented in an identical order showing a similar trend, but much higher

measured absorption.

FIGURE 4.22. Screening for AaeUPOeng_co UPO secretion from constitutive expression.
Absorption measured at 418 nm subtracted by the reference value at 480 nm are
shown with incubation times of 1 h A and 16 h B , blue bars. The control strain of
induced expression of the engineered A. aegerita [208] was screened on each plate
as triplicate and the overall absorption with ± 1 standard deviation is given, green
bar at left. The overall ordering of the screened samples of A and B is identical.
The assay contained final concentrations of 0.2 mM H2O2 and 0.75 mM ABTS.
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Here, a differentiation of the low-performing samples to samples with no secreted protein

and no measured activity is much clearer. As the kinetics for the other UPOs measured after 1 h

did not show activity, the value after 16 h was considered to be suitable to find small amounts of

potential UPO activity. Figure 4.23 shows the results of the activity assay for UPOs of C. radians,

P. infestans, D. septosporum, A. fumigatus and N. haematococca. The measurements show no

measurable activity, except potentially very low activity for one C. radians sample and two

D. septosporum samples. Also, N. haematococca does not show any activity except one, where an

absorption three times higher than the average is measured.

FIGURE 4.23. Screening of constitutive UPO secretion. ABTS assay evaluation for A
C. radians, and the putative UPOs B D. septosporum, C P. infestans, D A. fumigatus
and, E N. haematococca. Absorption at 418 nm was subtracted by absorption at
480 nm. The assay contained final concentrations of 0.2 mM H2O2 and 0.75 mM
ABTS. The x-axis defines the number of samples screened in a ranked order.
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A re-screening of 28 AaeUPOeng_co samples as well as a selection of 21 putative UPOs was

performed, Figures 4.24 and 4.25. For the secretion of AaeUPOeng_co guided from constitutive

promoters, three strong expression conditions could be identified that resulted in higher measured

activity than the reference strain from Molina-Espeja et al. The reference strain was assayed along

with the screened samples in triplicate, using the necessary conditions for induced expression. The

beneficial conditions for AaeUPOeng_co are the promoter pG6 in combination with SP_AaeUPO,

and the promoters pG6 and pADH2 for the engineered tag SP_AaeUPOeng. Lower levels of

secretion could be detected with other tags such as, SP_Peptidylprolyl isomerase, SP_CSN2,

αMF_no_EAEA, SP_C4R6P1, and the novel tag SP_Mucin.

FIGURE 4.24. Re-screening for constitutive expression of AaeUPOeng_co. Comparison
of absorption detected from the ABTS assay with 0.2 mM H2O2 and 0.75 mM ABTS,
A showing the absorption after 7 minutes for 418 nm subtracted by the reference
absorption at 480 nm and B the kinetic at 418 nm. A Bars of samples identified
via the screening as identical are coloured using the identical colour, each bar
showing the mean for a triplicate determination and the error bar denoting ± 1
standard deviation. B identical samples are combined, and the error bard denotes ±
1 standard deviation across all samples from the identical origin. The control from
Molina-Espeja et al. was expressed on the screening plate too, using the respective
conditions for induced expression.
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The re-screening of the putative UPOs did not show any activity for any of the selected sam-

ples, Figure 4.25 A. The difficulty in screening putative UPOs stems from four main challenges:

• The selected UPOs are solely predictions, meaning the selected sequences could potentially

not be real enzymes, even in the natural host.

• The conditions to express the enzyme heterologously could be not suitable.

• The detection method could not be sensitive enough, when the secreted protein amounts

are too low.

• The detection method could not be specificity enough. The applied assay screened for their

side activity, which is the peroxidase activity. The predicted UPOs may lack this side

activity and only have peroxygenase activity, which was not considered in this screening.

To address the concern of low sensitivity, the supernatant of the three replicates of the

putative UPOs was merged and concentrated 10X using ‘centrifugal filters’ (Section 2.4.5) and

the final assay in a total reaction volume of 100 µL with final concentrations of 0.2 mM H2O2

and 0.75 mM ABTS was performed and evaluated after 24 h, Figure 4.25 B. Besides one sample

from P. infestans, all samples show lower absorption values than the wild type not expressing

any UPO.
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FIGURE 4.25. Re-screening for constitutive UPO expression. Comparison of absorption
from putative UPOs using the ABTS assay with final concentrations of 0.2 mM
H2O2 and 0.75 mM ABTS. A Triplicates for each sample were measured after 1 h
of reaction time and the error bare denotes ± 1 standard. B The triplicate samples
were combined, 10 times concentrated, and absorption was measured after 24 h of
incubation at RT.
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4.4 Alcohol Dehydrogenases

Alcohol dehydrogenases (ADHs, EC 1.1.1.1 and EC 1.1.1.2) are oxidoreductases that catalyse

the reversible reduction of ketones and aldehydes to their corresponding alcohols. They are

nicotinamide adenine dinucleotide (NAD+)- or nicotinamide adenine dinucleotide phosphate

(NADP+)- dependent enzymes and are widely distributed across all domains of life, such as

archaea, bacteria and eukaryotes [117, 216]. Dehydrogenases are highly chemo-, regio-, and

stereo-selective, which is very interesting for the production of chiral alcohols, an important

pre-cursor for the production of pharmaceuticals and fine chemicals [219]. Furthermore, ADHs

convert various primary and secondary alcohols to aldehydes and ketones generating NADP+

from NADPH, which can be used as a comparatively flexible cofactor recycling system [87]. ADHs

have also attracted a large research interest for the production of gasoline substituents to meet

our increasing demand of energy and reduce environmental pollution [20]. Production of biofuels

from renewable resources is a likely step and alcohols (e.g., isobutanol, 1-butanol, 2-methyl-

1-butanol, 3-methyl-1-butanol and 2-phenylethanol) could be favourable over the traditional

biofuel, ethanol, due to the higher energy density, lower hygroscopicity and higher-octane numbers

[19, 20]. Despite the production of these alcohols being challenging [20], metabolic engineering

approaches for E. coli have been shown, for example at DuPont, the production of 1,3-propanediol

using the native alcohol dehydrogenase YqhD [92, 141], the production of isobutanol from glucose

using an engineered E. coli strain [19], or a cell-free production system [116]. The final step of

these approaches, reduction of an aldehyde to an alcohol, is generally catalysed by an alcohol

dehydrogenase.

4.4.1 Studies for an ADH screening

Here, two alcohol dehydrogenases AdhZ2 (previously named YahK, UniProt P75691) and AdhZ3

(previously named YjgB, UniProt: A1YN40), which were identified after purification from the

crude extract of E. coli K12 by Pick et al. [240] were selected for heterologous expression and

secretion in P. pastoris. These ADHs have a similar substrate specificity as the industrially

applied YqhD and are interesting candidates for the production of alcohols from lignocellulosic

hydrolysates [240]. For AdhZ3, an engineered enzyme was applied (AndZ3_LND) having an

improved cofactor preference towards NADH [239].

When expressing a non-glycosylated, natural bacterial protein heterologous in yeast, the

possibility of protein glycosylation has to be considered. Yeasts perform N-glycosylation at

asparagine residues, when the consensus sequence N-X-S/T is present or O-glycosylation on

the hydroxy groups of threonine or serine residues, with no recognition motif necessary [38].

This can be of great interest as glycosylations may increase the protein secretion [266], enhance

the proteins thermostability [122] or are simply necessary for the functionality of therapeutic

proteins [73].
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TABLE 4.7. Summary of alcohol dehydrogenases.

Name Cofactor preference Glycosylation motifs a Reference

AdhZ2_Ec NADPH One natural [335-337 (NRT)] [240]
AdhZ2_DIN NADH (shift [204-206 (DIN)] One natural [335-337 (NRT)] [239, 240]
AdhZ2_7476 NADPH One natural [335-337 (NRT)], one added [74-

76 (NCT)]
[223]

AdhZ3_LND NADH (shift [199-201(LND)] One natural [240-242 (NVS)] [239, 240]
AdhZ3_242 NADH (shift [199-201(LND)] None, removed [240-242(NVA)] [223]

aSpecific position of the mutations are given in brackets: [position (amino acid sequence)]

However, if glycosylation of a bacterial enzyme is performed without being desired, it may hamper

the process of protein secretion or the enzyme functionality.

The selected ADHs each contain one naturally occurring N-glycosylation motif. For the AdhZ2,

this is almost at the C-terminal end of the enzyme, and for the AdhZ3 it is in middle of the

sequence, with the amino acids present on the enzymatic surface. In a previous study, an enzyme

engineering approach was taken to include additional N-glycosylation motifs or remove the AdhZ3

glycosylation motif, while still maintaining enzyme activity when expressed in E. coli [223]. The

enzymes AdhZ2_7476, an engineered version of AdhZ2_Ec, with an additional N-glycosylation

motif, and AdhZ3_242 an engineered version of AdhZ3_LND with the glycosylation motif removed

were used for expression studies in P. pastoris. Additionally, AdhZ2_DIN was used along with an

engineered version of AdhZ2_Ec with a changed cofactor preference towards NADH [239].

To study these enzymes, part plasmids compatible with the PTK have been designed for each

ADH, in the format of a 3b part. Each ADH was already cloned with an N-terminal hexahistidine

tag (His-tag) suitable for protein purifications when expressed in E. coli, which was kept to

the designed part (His-Adh). As stated previously for the phytases (Section 4.2), P. pastoris

reference strains were built to establish a sensitive screening. For each ADH, three reference

strains for constitutive expression (pGAP) in combination with each of the three signal peptides

αMF, αMF_noEAEA or SA-αMF∆ (Figure 4.26 A) were built. Test expressions for each strain in

either the complex medium BMGY or the minimal medium BMD were performed. The enzyme

activity of ADH was measured using the substrate butyraldehyde and the cofactor conversion was

observed at 340 nm (Chapter 2.4.6). Unfortunately, no activity could be determined. As for the

UPOs, the main question to address was whether any protein was secreted or not, and whether

the assay was sensitive enough to detect the low amount of protein being secreted.
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FIGURE 4.26. P. pastoris strains for AdhZ2 and AdhZ3 expression and assay after
affinity chromatography. A For each ADH, three reference strains were built for
constitutive expression using three different secretion tags. B Enzyme activity
was measured following the cofactor conversion (NADH) and 340 nm. As positive
control AdhZ3_LND expressed in E. coli with a concentration of 629 µg/mL was
applied. The expression supernatant, the supernatant 25 x concentrated and the
two first elution fraction from the desalting column after affinity chromatography
were measured. Expression was performed once, triplicates were measured, and
the mean is shown, the error bar denotes ± 1 standard deviation.

To overcome the potential issue of too low protein amounts to detect, the use of the N-terminal

His-tag was tried. For AdhZ3_LND, the strains pGAP - αMF and pGAP – αMF_no_EAEA

were used for expression in BMGY and BMD, and the supernatant was purified using affinity

chromatography and a Ni-Sepharose™ column, as well as subsequent sample-clean-up using a

PD-10 desalting column. Additionally, the supernatant was concentrated 25X using ‘centrifugal

filters’. The ADH activity was measured once again, but no activity was detected. Figure 4.26 B

shows examples for pGAP – αMF – His-AdhZ3_LND from BMGY expression.

Since no enzymatic activity could be determined even after affinity chromatography, it

indicates that no ADH is being secreted. In contrast to the UPOs, in this case it is absolutely

certain, that the enzyme itself is an active enzyme and the assay in general is suitable to

determine ADH activity [240]. Therefore, the expression conditions chosen are not suitable. The

first concern was the presence of the N-terminal His-tag to potentially interfere with the process

of protein secretion. Therefore, a variaty of new 3b parts for AdhZ3 were designed without the

His-tag. Subsequently, expression strains were build without any His-tag and with a C-terminal

His-tag using the 4a part 6xHis_3xFlag from the YTK and a 4b part tAOX1 terminator designed

in this thesis.

The enzyme activity for both strains either newly made or previously used was determined as

shown in Figure 4.28. However, none of the tested strains showed any activity.
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FIGURE 4.27. P. pastoris strains for AdhZ3 expression. For AdhZ3_LND and AdhZ3_242
in total 16 additional strains were built to remove the N-terminal His-tag and
allow for induced or constitutive expression, either without a His-tag or with a
C-terminal His-tag. The 6xHis_3xFlag is a 4a part from the YTK was used with
the suitable 4b tAOX1. For expression without a His-tag, the 4 part terminator
could be used.

Finally, the supernatant was used for a SYPRO Orange thermal shift assay, Figure 4.29

(Section 2.4.7). As P. pastoris is supposedly not secreting many endogenous proteins [96, 155], the

supernatant should contain mainly the protein of interest. Therefore, a difference of the protein

amount in the supernatant from the P. pastoris wild type to the strain secreting protein should be

detectable, if any protein is being secreted. SYPRO Orange is a fluorescent dye used for protein

detection, which is 10-100 times more sensitive than more commonly used colorimetric assays

[136]. For the thermal shift assay, the unfolding of proteins is monitored during a continuous

increase of the incubation temperature. The unfolding exposes hydrophobic regions of the protein

and results in an increase in the measured SYPRO Orange fluorescence [185]. The determined

melt curve has characteristic features for each protein and can help in the study of impure

supernatant to identify ADHs. Figure 4.29 A and B present the melting curves of all AdhZ2

and AdhZ3 reference strains under the control of the constitutive promoter pGAP and being

expressed in BMGY. None of the supposed ADH expression samples, the wild type, or the medium

sample show any peak, whereas the ADH reference has a distinctive peak at 50-55 °C. The AdhZ3

expression samples under the control of the methanol induced pAOX1 promoter were expressed

in BMMY, a complex medium containing 1 % (v/v) methanol, and all strains show a peak at

around 60-65 °C. As this peak is largest for the wild type and not at the desired location of the

ADH sample, this peak does also not indicate ADH secretion.

Therefore, it has to be concluded that none of the designed strains secreted alcohol dehydroge-

nases and the foundation necessary to establish a screening for the Golden Gate shuffling was not

possible. Unfortunately, the process of protein secretion in P. pastoris is still poorly understood

and the list of dials to tune is long. For example, a codon optimised version of the ADHs could be

tried or strain engineering approaches could be used to aid secretion of the desired enzyme. As

this was outside the scope of this work, the ADHs were not further investigated.

117



CHAPTER 4. APPLICATION OF THE P. PASTORIS TOOLKIT FOR SECRETION LIBRARIES

FIGURE 4.28. ADH enzyme activity assay for ADH reference strains. For all ADH
reference strains, cultivation was performed in a dwp format in BMGY and the
supernatant was used for ADH enzyme activity determination using the substrate
butyraldehyde and the cofactor NADPH for AdhZ2_Ec and AdhZ2_7476 as well
as NADH for AdHZ2_DIN, AdhZ3_LND and AdhZ3_242. Mean absorption values
of three biological replicates are presented, with error bars denoting ± 1 stan-
dard deviation. The positive control AdhZ3_LND expressed using E. coli was also
measured (315 µg/ml).
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FIGURE 4.29. SYPRO Orange thermal shift assay of ADH expression supernatant. A
and B Expression of all reference samples for AdhZ2 and AdhZ3 under the control
of the pGAP promoter as well as the wild type in BMGY medium. C Expression
of all AdhZ3 reference strains with the pAOX1 promoter and the wild type in
BMMY. As positive control AdhZ3_LND expressed in E. coli (concentration in assay
144.9 µg/ml) was used. The mean fluorescent signal of three biological replicates is
presented and the error bar denotes ± 1 standard deviation.
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4.5 Conclusion

Application of the PTK to randomised library generation allows for the identification of suitable

expression conditions at the genetic level. The prerequisite experiments performed in Chapter

3 paved way for increasing library size and simplify cloning for a desired library complexity.

Industrially relevant enzymes were used to study and validate the approach. Libraries for four

different phytases and six different (partly predicted) UPOs were built.

For the phytases a total number of 2184 colonies were screened and for the unspecific

peroxygenases 2874 colonies were screened. The approach enabled the identification of beneficial

combinations of promoters, secretion signal peptides, and the gene of interest for all studied

phytases and the previously described AaeUPO. The screenings also highlighted the challenge

of cell factory development. For predicted enzymes such as the selected UPOs or heterologous

enzymes that are difficult to express in P. pastoris such as the ADHs, the cell factory design still

remains a challenge.
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POLYELECTROLYTE MICROCAPSULES FOR CELL SCREENING

A great variety of screening technologies have been developed, however, most of these require

special equipment and lack the ability to easily change the environment in which the cells are

grown. Advanced polyelectrolyte microcapsules could act as smart micro-reactors for short-term

cultivation and screening of individually isolated cells, thereby overcoming some of the limitations

of existing approaches. Their manufacturing requires only standard laboratory equipment and

their tunable permeability is ideal for enabling desired media transfer and thus cell cultivation.

Here, polyelectrolyte microcapsules are considered for yeast encapsulation. First, calcium carbon-

ate templates are studied with the goal of trapping single P. pastoris cells such that subsequent

calcium carbonate crystallisation occurs around them. A variety of influencing parameters are

studied and a design of experiments approach is used to systematically identify influencing

factors. Despite the variety of parameters tested, cells were not found to be the major origin of

precipitation and thus were rarely coated in calcium carbonate. Second, a layer-by-layer approach

was used in an attempt to cover encapsulated cells in a permeable shell such that the calcium

carbonate template could be later dissolved. We found that cells alone could be encapsulated in a

polymer shell and studied their properties using flow cytometry and microscopy.
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5.1 Microencapsulation using Layer-by-layer Techniques

Directed evolution approaches for generating cell factories require suitable screening methods

to select fitter individuals from a mixed population. The key for any cell screening approach is

the linkage of a desired phenotype to the underlying genotype that supports it. In terms of cell

factories this generally involves isolating individual cells (e.g., by compartmentalisation) and

measuring the critical enzymatic reactions using high-throughput optical technologies such that

those cells with a good performance can be separated and their genotype identified (e.g., through

re-sequencing) [186].

To meet the increasing demands of screening in terms of the numbers of cells that need to

be tested, ultrahigh-throughput screening methodologies such as microchamber arrays, droplet

based in vitro compartmentalisation, or screenings using the cells directly have been developed

[300]. A more detailed description of these screening methods can be found in Chapter 1.3.

High and ultrahigh-throughput screening approaches have been successfully applied for strain

engineering purposes or screenings of environmental samples [300]. Despite the great scope

of applications, limitations remain with every method and alternative approaches may help to

address some of these bottlenecks for specific use cases.

Here, advanced polyelectrolyte microcapsules are considered as a method for yeast encap-

sulation and subsequent screening. In 1998, Donath et al. [85] first described hollow polymer

shells which were made by applying the layer-by-layer (LbL) technique. In an alternating fash-

ion, polyanions and polycations are adsorbed on a colloid template, which is dissolved once the

polyelectrolyte shell is completely assembled. The key benefit of these micro- and nano-sized

capsules is the potential to tune the permeability of the shell and to vary the number of layers and

incorporation of functional groups to further modify their characteristics [237]. The overall poly-

electrolyte adsorption and final core removal for the generation of polyelectrolyte microcapsules

is summarised in Figure 5.1.

FIGURE 5.1. Layer-by-layer technique for polyelectrolyte microcapsules. A Cationic and
B anionic polyelectrolytes are adsorbed in an alternating fashion on a colloid core.
Once the desired number of layers has been added D, the core is decomposed E
and a hollow capsule is obtained F. Figure adapted from Donath et al. [85].
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Multi-layered capsules have mainly been studied as a carrier for drug delivery purposes where

the size, shape, charge, and surface characteristics are of high importance [331]. In this context

the aim is to create “smart” micro- and nano-containers that protect the drug from external

influences and release it at the desired location upon triggering by the external surroundings

[79, 142]. As polymeric capsules formed by the LbL approach are responsive to a range of stimuli

such as temperature, pH and ionic strength, their use is promising as a material for other life

science applications [237]. For example, polyelectrolyte capsules were built to be pH and salt

sensors that could be evaluated using flow cytometry [119] or to rupture under specific conditions

for pulsed drug delivery [71].

For the design of new cell factory screening technologies, polyelectrolyte microcapsules may

offer interesting characteristics as these monodisperse vesicles have a tunable permeability

and various functionalities can be added to their shell. For example, the polyelectrolyte can

be tuned to allow diffusion of fresh medium into the capsules while incubating the entrapped

cells. Furthermore, reacting agents or proteins can be co-precipitated with the template core or

adsorbed onto the core to be trapped in the capsules. A reaction of the additional reactant with

the cell or potentially secreted proteins will only occur once the encapsulation process is complete.

The PTK for protein expression and secretion libraries described in Chapters 3 and 4 requires

a suitable high-throughput screening technique. A potential capsule-based approach to assay

secretion efficiency would be to tag the secreted product with part of a split-GFP [42, 43]. By

encapsulating the cells with the complementary part of the split-GFP and cultivating cells in the

capsules for sufficient time to allow for expression and secretion, proteins secreted would allow for

a functional GFP protein to be produced causing the capsule to become fluorescent. Furthermore,

the level of fluorescence is proportional to the amount of secreted protein. High-throughout

fluorescence activated cell sorting (FACS) and then sequencing of capsules would then allow the

genotype of effective secretion constructs to be recovered.

Polyelectrolyte capsules could offer exciting screening opportunities to study cell factories.

The aim of this chapter is to validate the applicability of polyelectrolyte microcapsules for yeast

cell screenings. Therefore, cells need to be integrated into the calcium carbonate template which is

subsequently coated by polymer layers. Under conditions favourable for cell growth, the template

has to be dissolvable to finally obtain a single cell in a polymer capsule. The desired process is

summarised in Figure 5.2.
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FIGURE 5.2. The process of cell polyelectrolyte encapsulation. The goal of encapsulation
is to obtain a calcium carbonate template using calcium chloride and sodium
carbonate within which a single yeast cell is integrated A, B. This template is
then applied for a layer-by-layer encapsulation, C, after which, the template is
removed D. Cells within the capsules are accessible for screening approaches.
Polyelectrolyte capsules are interesting screening vessels as E the capsules can be
used as small incubation vessels. If the polyelectrolyte layers are tuned correctly,
medium will diffuse into the capsules, but the cells or secreted proteins will be
entrapped. Furthermore, F, additional reactants or screening additives such as
the GFP detector fragment can be added during template formation and assembly
of the GFP fragment with secreted proteins linked to the GFP tag will result in a
functional GFP protein and a readable fluorescent signal.
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5.2 Calcium Carbonate Templates for Cell Enclosure

The generation of capsules is a multistep process where the choice of polyelectrolytes predom-

inantly defines the properties of the final product. The choice of the core template is of equal

importance for successful capsule formation [13]. Suitable templates should ideally be spherical

and must be stable under the LbL process. To generate hollow capsules comprised solely of the

LbL coating, the core template must be dissolvable under conditions that are not harmful to

the structure [237]. To use such capsules for cell screenings, the template must also incorporate

individual yeast cells and dissolving the template should also not hurt cell viability.

Commonly used templates can be grouped according to their properties and dissolution

products [13]:

• Organic cores, dissolved into water-insoluble oligomers

• Ionic or molecular crystals, dissolved into small molecules or ions

• Biological cells

Organic cores such as melamine formaldehyde [102], polystyrene [76] or polylactic acid/

polylactic-co-glycolic acid are widely used templates, but unsuitable for cell encapsulation and

template formation, as their removal from the capsules are not compatible with living cells due

to the solutions and pH conditions used [13]. Ionic or molecular crystals are more promising,

as removal occurs under either acidic or basic conditions, or even in organic solvents. This is

not ideal, but the core can be removed completely without causing significant osmotic stress to

the cells. Various carbon particles (CaCO3, CdCO3, MnCO3) or silicon particles (SiO2) have also

been used as templates [76]. Lastly, biological cells have been used as templates themselves for

layer-by-layer coating to either modify the outer surface of the cells, (e.g., for the generation of

multi-layered tissues) [220], or to act purely as a template where the cell is finally dissolved using

deproteinizing sodium hypochlorite [104].

Here the aim of the screening approach is to identify living cells, therefore, a closer look

at crystal particles was taken. CdCO3, MnCO3 as well as silicon particles were dismissed as

their respective crystal precursors are very toxic or crystallisation occurs under harsh conditions.

Nevertheless, calcium carbonate (CaCO3) a mineral abundantly found in nature, can be simply

crystallized from supersaturated solutions and due to its industrial importance, crystallisation

conditions are highly studied in geo-, bio- and material science [306].
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Calcium carbonate possesses three different anhydrous polymorphs: calcite, aragonite and

vaterite, which have a rhombohedral, needle-like or spheroidal morphology, respectively. The

morphological characteristics strongly influence the properties of calcium carbonate, and the

parameters for the precipitation are well-studied [8, 34, 211, 284]. The overall process of calcium

carbonate formation at a lab-scale is shown in Figure 5.3. The parameters are discussed in more

detail below, nevertheless the necessity to work with living cells excludes some approaches for

homogenous crystal formation.

FIGURE 5.3. Lab scale calcium carbonate precipitation. For the precipitation of calcium
carbonate, supersaturated solutions of calcium chloride (solution 2) and sodium
carbonate (solution 1) are combined. The salt concentration and additives to the
solutions will influence the precipitation behaviour. The combined solutions are
vigorously mixed and subsequently incubated for crystal formation, were the
operating conditions (time, temperature, reaction set-up) will influence the final
crystal structure.

126



5.2. CALCIUM CARBONATE TEMPLATES FOR CELL ENCLOSURE

5.2.1 Survey of Operational Parameters for Calcium Carbonate
Precipitation

Calcium carbonate crystals are mainly generated using saturated 0.33 M solutions of calcium

chloride and sodium carbonate [77, 78, 98, 236, 306, 331], but higher concentrations such as

0.5 M [333] and 1 M [165] have been used. Calcium carbonate crystals may also be made using

ammonium bicarbonate and calcium chloride [56], but less information on influencing parameters

are available. A wide variety of additives has been tested to alter the availability of Ca2+ and

CO3
2- ions and their interaction behaviour to build morphologically different structures [8].

Previous works with additives such as polymers (polyacrylic acid, polyvinyl alcohol) or organic

halides (cetrimonium bromide, polydiallyldimethylammonium chloride, cetyltrimethylammonium

bromide) [8, 333] did not show significant effects at 30 °C or 25 °C, but led to a reduced aragonite

formation and more monodisperse particles at 80 °C. The addition of glycol, glycerol ethers or

aldehydes was studied at 80 °C and resulted in aragonite shape or aragonite and calcite shape

particles, as expected without any additives [173]. The influence of polyethylene glycol was

studied and did not modify the particle structure at 25 °C or 80 °C [333]. However, the addition

of ethylenediaminetetraacetic acid (EDTA), which contains four carboxylic and two amine groups

and is also a known complexing agent of Ca2+, resulted in an apple core-type morphology at

ambient conditions [8].

For the mixing of calcium chloride and sodium carbonate, varying mixing speeds (250 – 1000

rpm) [77, 78, 331] and times (20 s - 60 s) [77, 78, 98, 165, 236, 331] are published but the effect is

to our knowledge not studied in detail. In contrast, the conditions for the incubation and crystal

ageing are extensively studied. The incubation temperature is very important for the crystal

morphology, with temperatures from 20 °C to 50 °C reported to result in calcite and vaterite

crystals and temperatures higher than 50 °C resulting in aragonite particles [8, 56]. Incubation

times from 0 h to 24 h of incubation are reported. Using ambient and cell-compatible conditions,

calcite or vaterite templates with rhombohedral or spheroidal shape of around 2 µm - 8 µm could

be generated [165]. Differing incubation times resulted in differing particle size, for example to

4 µm - 6 µm (no incubation) [165], 3.5 µm - 4 µm particles (3-4 min incubation) [77] or to 2.5 µm

- 3.5 µm particles (4 min incubation) [78]. For the generation of calcium carbonate templates

containing single cells, the main challenge is how to integrate the cells into spheroidal templates,

while still maintaining the cell viability during the encapsulation procedure and cell screening

[132]. This reduces the number of tuning parameters (e.g., no crystallization at 80 °C), but still

leaves plenty of influencing parameters that can be examined. Before the integration of cells

into the template, the calcium carbonate precipitation was solely studied by varying the main

influencing parameters such as the incubation temperature and time, Figure 5.4.
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For at least 500 templates under each condition, the diameter was determined using Fiji

(plugin: automatic particle counting). As cell viability is pivotal, incubation was performed at

room temperature or on ice for 10 – 90 min. Particle diameter was as previously described in

the literature [165] at around 2 µm - 4 µm with outliers. Shorter incubation time resulted in

slightly larger particle sizes. This preliminary test of calcium carbonate formation without cells

shows that the generation of spherical templates at room temperature is possible. However, the

challenge of integrating P. pastoris cells which have an oval shape with an average size of 2∼3 x

4.5∼6.8 µm [225] remains.

FIGURE 5.4. Calcium carbonate template formation at varying incubation times and
temperatures. A Box plot for at least 500 templates for each depicted condition
and B templates incubated at room temperature and on ice for 10 minutes and 40
minutes respectively. The scale bar denotes 20 µm. The precise conditions for these
test were: 1. solution: 0.3 M CaCl2, 2. solution: 0.3 M Na2CO3, stirring at: RT, 300
rpm, 30 sec, incubation: varying temperature, 0 rpm, varying time.

5.2.2 Identification of Suitable Tuning Parameters for Templates

To apply polyelectrolyte microcapsules for cell screening purposes, individual cells must be in-

tegrated into the core template. Therefore, P. pastoris strains either constitutively expressing

yEGFP (pGAP – yEGFP, pUO_pL_008) or methanol induced expressing RFP (pAOX1 - RFP,

pUO_pL_001) are used to ensure good microscopic visualisation of the cells. For cell integration,

the precipitation has to start on the yeast cell surface and form a uniform layer around the whole

cell. The yeast cell wall is composed of mannose, glucose polymers, and N-acetylglucosamine

polymers, resulting in an overall uncharged surface and a low density of electronic charge [2].
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This is not beneficial as for the nucleation the spontaneous formation of the solid phase from

the supersaturated solutions a minimal electronic charge is needed to form chemical bonds

[194]. Wang et al. [310] studied artificial biomimetic mineralisation with the aim of encapsu-

lating S. cerevisiae in a calcium phosphate shell. Scanning electron microscopy revealed that

co-precipitation of bare cells was not efficient to cover the cells as the calcium phosphate crystals

precipitated either separately or non-uniformly at parts of the cell surface. The researchers

performed a layer-by-layer coating with 8 polyelectrolyte layers on the cells and used these

charged cells successfully for cell mineralisation. However, the enclosed cells became biologically

inactive throughout the procedure [310].

To make use of the advantageous polyelectrolyte microcapsules for cell screenings, the cells

should still be viable and not directly coated in the polymer. Therefore, extensive layers on the

cells are unsuitable. Also, the template should act as scaffold around the cell to provide sufficient

reaction volume. However, the low density of electronic charge on the cell surface has to be

considered, when performing the calcium carbonate precipitation. Therefore, first precipitation

experiments were performed with cells having the polymer poly(sodium 4-styrenesulfonate) (PSS)

added to the CaCl2 solution along with the cells. PSS is an anionic polyelectrolyte widely applied

for the layer-by-layer technology [308]. S. cerevisiae cells have previously been directly coated

in poly(allylamine hydrochloride) (PAH) and PSS, suggesting the polymers will adsorb onto the

cell surface [83]. Figure 5.5, shows the first precipitation experiments together with cells, by

varying the parameters important for crystal growth such as the incubation time, temperature,

and the stirring speed while mixing the two solutions. All crystals formed did not incorporate

cells. Faster stirring and shorter incubation resulted in rhombohedral crystals with up to 10 µm

in size, whereas incubation for 30 min with faster or slower mixing and incubation at RT or on

ice resulted in spheroidal crystals with up to 8 µm in size.

Different numbers of cells were tested and evaluated via microscopy, Figure 5.6. Differentia-

tion of templates and cells is important, but the fluorescence signal of free cells can potentially

overpower the weaker signal of cells within a crystal. Additionally, the formation of calcium

carbonate crystals and cell cubes make the evaluation challenging. However, areas with lower

cell numbers allowed for suitable evaluation without too many free cells disturbing the imaging.

A study from Mann et al. [194] of biological environments performing biomineralisation

shows the effect of increasing the supersaturation to perform nucleation. A reduction in the

activation energy takes place and nucleation is favoured [194]. Hence, different CaCl2 and

Na2CO3 concentrations were tested, see Figure 5.7. None of the tested concentration resulted in

the incorporation of cells, however, the widely applied 0.3 M for each reaction results in spherical

templates and a higher concentration of 0.5 M and 1 M yielded smaller and less distinctive

crystals.
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FIGURE 5.5. Template formation varying incubation time (A, B, C), stirring (C, D), and
incubation temperature (E, F). Two saturated solutions with PSS and P. pastoris
cells expressing yEGFP were combined in a beaker with vigorous stirring and
was incubated in this beaker. Subsequently, templates and cells were analysed
microscopically. The scale bar denotes 10 µm for A, B, C, D and 20 µm for E, F.
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FIGURE 5.6. Calcium carbonate template formation with varying cell amount. To study
different OD600, P. pastoris cell constitutively expressing yEGFP were resuspended
in 0.3 M CaCl2. 0.3 M Na2CO3 was added while vigorously mixing, the templates
were incubated for crystal formation and subsequently analysed microscopically.
The scale bar denotes 10 µm.

FIGURE 5.7. Calcium carbonate template formation using varying salt concentrations.
P. pastoris cells expressing RFP after MeOH induction were resuspended in CaCl2
with varying concentration. Na2CO3 with the respective concentration was added,
the solution vigorously mixed and then incubated. Analysis was performed micro-
scopically with the scale bar denoting 10 µm.
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FIGURE 5.8. Template formation varying mixing and incubation conditions for different
PSS concentrations. P. pastoris yEGFP expressing cells were co-precipitated and
studied microscopically. For each condition, the appearance of the washed templates
was documented. The scale bar denotes 15 µm.

For the first trial, PSS was added at a concentration of 0.25 mg/mL to mediate the nucleation

of calcium carbonate on the cell, but no cells could be incorporated into the templates. Then,

more PSS (2 mg/mL) was tested under different mixing and incubation conditions, see Figure

5.8. 2 mg/ml PSS results in more homogenous sized templates, however, none of these conditions

resulted in suitable cell templates.

Other additives were considered to influence the nucleation process of calcium carbonate.

EDTA is a complexing agent of Ca2+ and the presence should reduce the amount of free Ca2+ ions.

Thus, the driving force for nucleation should be lowered [321]. Altay et al. [8] observed a change

of morphology for calcium carbonate precipitates at various temperatures (30 °C – 90 °C) in the

presence of EDTA, Figure 5.9. The addition of glycerol was also studied, as organic solvents will

influence the solubility [173]. Again, neither the addition of EDTA nor the addition of glycerol

supported cell integration, but templates with glycerol are homogeneous and spherical.
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FIGURE 5.9. Template formation with cells and addition of glycerol or EDTA. P. pastoris
yEGFP expressing cells were resuspended in glycerol or EDTA. Precipitation was
performed using CaCl2 with 0.25 mg/mL PSS and Na2CO3. Templates were washed
before the microscopic evaluation.

Of all parameters studied so far, some had an influence on the calcium carbonate structure,

but none mediated the nucleation on the cell surface encapsulating the cell. This highlights

the requirement of modifying the cell charge. Therefore, the cells were pre-incubated in PAH,

a cationic polyelectrolyte also applied for layer-by-layer technology [308] and applied for tem-

plate formation with various salt, glycerol, and PSS concentrations. Despite small variations in

template size, no templates contained cells, Figure 5.10.

In summary, the cell amount, cell pre-incubation condition, the salt concentration, additives

to the cells containing solution (EDTA, glycerol, PSS), as well as conditions of the mixing and

incubation procedure were studied, but none resulted in the incorporation of cells. Table 5.1

summarises the tested parameters and the subsequent observation. Due to the number of

possible influencing parameters, a variation of one parameter at a time is not feasible and a

more systematic approach must be taken. Therefore, a systematic screening to narrow down the

influential parameters was necessary.
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FIGURE 5.10. Template formation with cells studying cell pre-incubation while varying
the concentration of glycerol, PSS and salts. Pre-incubation of P. pastoris expressing
yEGFP was studied using PAH. If cells were incubated in PAH, cells were incubated
in 1 mL 5 mg/mL PAH for 30 min, while rotating (20 rpm). The sample was
centrifuged and the pellet was resuspended in glycerol and then the CaCl2 part
was added or resuspended directly in the CaCl2 solution to make 1 mL. During
addition of 1 mL Na2CO3 the sample was mixed and then incubated for crystal
formation. The scale bare denotes 15 µm.
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TABLE 5.1. Influential factors for template formation.

Parameter Tested conditionsa Observation single variation approach

Salt
Concentration 0.3 M, 0.5 M, 1 M Strong effect, 0.3 M results in spherical tem-

plates, concentrations higher form less round
and less defined templates

Cells
Pre-incubation 30 min in PAH No visible effect
OD600 1, 3, 5 Evaluation using a fluorescent microscope possi-

ble with either concentration

Additives
EDTA 60 % (w/v) No visible effect
Glycerol 30 % (v/v), 60 % (v/v), 90 % (v/v) Effect on size and homogeneity
PSS 0.25 mg/mL, 2 mg/mL, 5 mg/mL Strong effect on template shape, size and homo-

geneity

Mixing
Time 0 min, 0.5 min Effect on template size and shape
Speed 300 rpm, 350 rpm, 700 rpm No effect visible

Incubation
Time None, 10 min, 20 min, 30 min Strong effect on template shape, homogeneity

and shape
Temperature 0 °C, RT No obvious effect
Condition In beaker, tube or tube rotating

(20 rpm)
Effect on template homogeneity

aConcentrations given of the operating solution.

5.2.3 Design of Experiments Approach for Template Formation

The task of cell integration into the calcium carbonate templates was not as straight forward as

hoped. The main challenges were the many independent variables and time-consuming evaluation

using microscopy. Additionally, the traditional approach of altering a single parameter while

keeping all others constant – one-factor-at-the-time (OFAT) – was not feasible. Therefore, a

more efficient strategy was needed to understand the system and narrow down the influential

parameters [40]. The Design of Experiments (DoE) approach is a statistical methodology for

process optimisation to quickly determine the important factors affecting yield or quality [111].

It can be of use during process development to identify those parameters that are critical for

an established processes and to optimise conditions (e.g., towards a more robust or a more

environmental friendly process) [315]. For biological systems that are often multifactorial, the

DoE approach is a valuable method as these systems have responses that are not linear and often

noisy [40].
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When using a DoE approach, a limited number of experiments is performed with the aim of

gaining the maximum amount of information about the parameters that can be varied in a system.

Each parameter can relate to an environmental factor (e.g. temperature or media), or in the case

of an expression construct some aspect of the genetic design (e.g. the promoter or secretion tag

used). Each parameter is allowed to take a limited number of settings or levels as they are also

known. For example, for a promoter parameter it might be possible to select a strong, medium

and weak variant. There are numerous ways of selecting which combinations of settings/levels

should be chosen for each parameter, but one of the most widely used approaches is to create

fractional factorial designs using the Taguchi method. This relies on precomputed matrices called

orthogonal arrays that define for a number of parameters and associated levels, the specific

combinations of parameters that should be tested (i.e., the experiments performed). The matrix is

composed of rows corresponding to specific experiments, where each column denotes a parameter.

The number in each cell of the matrix provides the level that the associated parameter should

have in that experiment. By performing this limited number of experiments it is possible to

predict the influence of each parameter on the desired output and thus target future experiments

towards those factors to optimise the process further [58, 145, 277].

As an example, for a system that has four parameters where each has three different set-

tings/levels, an OFAT approach would require 81 trials to analyse the full combinatorial effects

and 243 experiments when performed as triplicates. In contrast, when using the Taguchi ap-

proach the number of trials is reduced to nine (defined by what is termed the L9 orthogonal

array) and thus if performed in triplicate a total of 27 experiments would be required.

For the identification of influencing factors of the template formation, three to four parameters

were studied each using an L9 orthogonal array (four three-level factors), with each trial per-

formed in triplicate. The L9 orthogonal array is shown in Table 5.2. The influence of the additives

glycerol and PSS, the mixing time as well as incubation time, temperature and experimental

set-up were studied, and the 3 levels for each parameter are shown in Table 5.3, Table 5.4 and

Table 5.5. The results of the respective microscopy evaluations are shown in Figure 5.11, Figure

5.12 and Figure 5.13. To identify to important parameters of the calcium carbonate crystallisation

for the cell encapsulation, the following output criteria are considered: (i) the resulting template

shape being homogenous spheres and (ii) cells entrapped within the template.
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TABLE 5.2. Taguchi L9 orthogonal array.

Experiment Level for each Parameter
No. A B C D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

TABLE 5.3. Taguchi DoE parameters I.

Parameter Level 1 Level 2 Level 3

A Glycerol concentration (v/v) 30 % 60 % 90 %

B PSS concentration 1 mg/mL 5 mg/mL 7.5 mg/mL

C Incubation time - 10 min 30 min

D Incubation condition 0 rpm, RT 0 rpm, 4 °C Rotating, 20 rpm,
RT

TABLE 5.4. Taguchi DoE parameters II.

Parameter Level 1 Level 2 Level 3

A PSS concentration 0 mg/mL 2.5 mg/mL 7.5 mg/mL

B Stirring time/condition Manual mixing 10 s, 750 rpm 1 min, 750 rpm

C Incubation time - 10 min 60 min

TABLE 5.5. Taguchi DoE parameters III.

Parameter Level 1 Level 2 Level 3

A Stirring time 1 min 10 min 30 min

B Incubation time 10 min 30 min 60 min

C Incubation condition 0 rpm, in beaker 0 rpm, in tube Rotating, 20 rpm,
in tube
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FIGURE 5.11. Taguchi DoE approach studying template formation with cells I. Cells
were resuspended in 0.5 mL glycerol (30-90 %), then 0.5 mL 0.66 M CaCl2 with
PSS (1-7.5 mg/mL) was added while vigorously stirring. 1 mL 0.33 M Na2CO3
was added (750 rpm, 20 s) and the beaker was place for incubation at the defined
condition. The scale bar denotes 10 µm.
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FIGURE 5.12. Taguchi DoE approach studying template formation with cells II. Cells
were resuspended in 0.5 mL 60 % glycerol, 0.5 mL 0.66 M CaCl2 with or without
PSS (0-7.5 mg/mL) added. Subsequently, 1 mL 0.33 M Na2CO3 was added while
mixing (manually by swivelling the beaker or at 750 rpm, 10-60 s) and the sample
in the beaker was either analysed directly or the beaker was placed for incubation
(0 rpm, 10 min or 1 h). The scale bar denotes 10 µm.
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FIGURE 5.13. Calcium carbonate template formation at varying incubation times and
temperatures. First, cells were resuspended in 0.5 mL 60 % glycerol, second, 0.5
mL 0.66 M CaCl2 with 2.5 mg/mL PSS was added and third, 1 mL 0.33 M Na2CO3
was added while stirring (750 rpm, 1 min to 30 min). Finally, the beaker was placed
at RT for sample incubation (10 min to 60 min). The scale bar denotes 10 µm.
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To determine the effect of the parameters tested at the three different levels, the templates

were studied using a light microscope. Unfortunately, free cells are clearly differentiated from

the templates under all conditions and most settings show significant numbers of free cells.

Therefore, the output variable (ii), addressing cells entrapped within the template does not

allow the identification of conditions suitable for forming a crystallisation mantle around the

cells. However, the approach did enable the identification of parameters that result in templates

which are homogenous spheres, addressing output variable (i). The addition of glycerol and PSS

has a strong influence on crystal shape and homogeneity. 30 % (v/v) glycerol resulted mostly in

consistent sized templates. The addition of PSS significantly supports the formation of spherical

shaped templates and 7.5 mg/mL PSS always resulted in spherical templates irrespective of all

other conditions. The mixing condition strongly influenced template formation. Shorter mixing

times with defined mixing conditions using a stirring bar were better for spherical, homogenous

templates. The longer the mixing, the less defined the templates were, and it appeared that they

had become grounded. With increasing incubation times, less uniform templates were obtained,

but the temperature does not influence the procedure significantly. Furthermore, regardless of

whether the incubation was done in a beaker without stirring or in a tube being slowly rotated

(20 rpm), the outcome was similar.

Despite no suitable conditions for cell integration into a calcium carbonate template being

found, parameters important to reliably produce spherical and homogenous sized templates could

be identified. These templates are suitable to study the layer-by-layer coating.
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5.3 Layer-by-layer Approach for Capsule Generation

The layer-by-layer (LbL) assembly is a promising technology for thin-film research and the coating

of microparticles [72]. Highly tailored layers can be generated by the alternation of charged

cationic and anionic polyelectrolytes on a charged surface, driven by electrostatic interactions

at each step [237]. The LbL technique is comparatively simple and does not require expensive

equipment, but offers great flexibility in terms of the final chemical and physical properties of

the three-dimensional structures generated [119]. The choice of polyelectrolytes and number

of assembled layers precisely tunes the shell thickness and consequently, the permeability.

Generally, capsules are semipermeable allowing the bi-directional diffusion of small molecules

in and out, but do not allow the diffusion of high molecular mass molecules. Exterior conditions

such as the pH, ionic strength, or solvents can be used to tune the permeability. The addition

of functional polymers like weak polyelectrolytes or thermosensitive polymers can furthermore

link the permeability of the capsule to external stimuli [13]. The most widely used polyelectrolye

couple are the strong polyanion poly (sodium styrene sulfonate) (PSS) and the relatively weak

polycation poly (allylamine hydrochloride) (PAH). They have been extensively studied for layer

formation on flat and spherical surfaces and are sensitive to pH changes [14]. The laboratory

method for capsules formation is depicted in Figure 5.14.

FIGURE 5.14. Lab scale layer-by-layer technology on spherical particles. In a reaction
tube scale, charged polyelectrolytes are adsorbed in an alternating fashion. For the
first polymer deposition, templates are incubated in PAH. These coated templates
are then centrifuged and washed multiple times to remove all free polymer before
the next adsorption step of the oppositely charged polymer PSS. Afterwards, the
coated templates are washed thoroughly. Once the desired number of layers is
reached, the core template is removed via EDTA dissolution of CaCO3 and an
empty capsule remains.
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Despite the challenges in template formation with cells integrated into the calcium carbonate

core, the LbL technology was tested using the spherical templates produced. Plenty of protocols for

the LbL formation are published [14, 47, 78, 236, 307], all applying the “centrifugation technique”

[289], to spin down the coated templates for thorough washing and addition of the next polymer

layer. First, templates were made by resuspending P. pastoris cells in 1 mL 0.3 M CaCl2 + 0.25

mg/mL PSS, and adding 1 mL 0.3 M Na2CO3 while mixing at RT, 300 rpm, 30 sec in a beaker

with the string bar and subsequently incubation at RT, 10 min without stirring. The templates

were washed 3 times (1 mL 0.05 M NaCl, centrifugation RT, 500 x g, 30 sec) before the coating.

For the coating, the templates were first incubated in 1 mL PAH (5 mg/mL) (RT, varied mixing,

10 min). Next, the coated templates were spun down (RT, 500 x g, 30 sec) and thoroughly washed

using 1 mL 0.05 M NaCl 3 times. Subsequently, a layer of PSS was added (1 mL PSS (5 mg/mL)),

incubated (RT, varied mixing, 10 min) and finally the excess polyelectrolyte was removed by

washing three times using NaCl as before. Eight layers of polymer were added (PAH/PSS)4,

before the calcium carbonate template was dissolved using 1 mL 0.25 M EDTA each for two

consecutive incubations (RT, mixing varied, 3 min) and lastly washing three times using 1 mL

0.05 M NaCl (all dissolution centrifugations: RT, 1500 x g, 3 min) [98, 236, 307]. A more detailed

description can be found in Chapter 2.6.

Template incubation in the polyelectrolyte solution, was performed in two different experi-

mental set-ups. First, in a beaker while mixing with a stirring bar at 300 rpm [98], which resulted

in only few intact spherical capsules, see Figure 5.15. Second, in 1.5 mL reaction tubes while

rolling on a rotator (20 rpm), see Figure 5.16. Despite the fact that cells were not integrated into

the templates (Figure 5.16), spherical capsules were made via this approach.

Spherically intact, but empty capsules can be clearly evaluated using the microscope, however,

evaluation of polymer coated or potentially encapsulated cells is challenging. Therefore, a layer

of fluorescent labelled PAH was added using fluorescein isothiocyanate – PAH (FITC-PAH)

[308]. Unfortunately, the polymer capsules stick together and microscopy images of individual

capsules were rare, see Figure 5.17 A and B. Nevertheless, a few individual capsules could be

visualised, see Figure 5.17 C, and as indicated with the arrow a cell was coated in polymer. As

the RFP signal of the intracellularly expressed RFP fills the whole capsule, it is likely that the

cell was directly coated with the polymer, as opposed to the assumption of first being entrapped

in calcium carbonate and then encapsulated. Nevertheless, the encapsulation of some cells could

be performed as desired (Figure 5.18), with comparatively small cells enclosed in capsules with

sufficient reaction volume around the cells.
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FIGURE 5.15. Layer-by-layer approach with mixing in a beaker. The incubation of the
templates in the polyelectrolyte solutions as well as the dissolution of calcium
carbonate via incubation of the capsules in EDTA was performed in a beaker and
mixing was performed through a stirring bar. The templates coated in a (PAH/PSS)4
polyelectrolyte layer A as well as (PAH/PSS)4 polyelectrolyte capsules B, each with
GFP expressing.

FIGURE 5.16. Layer-by-layer approach with rolling mixing using a rotator. A Round
templates are made via calcium carbonate precipitation, in the presence of RFP
expressing cell. B Templates are coated and the templates were dissolved using
EDTA. All incubations were performed in the reaction tube being gently mixed via
rolling on a rotator (20 rpm).
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FIGURE 5.17. Layer-by-layer approach for cell encapsulation and FITC labelled polymer
shell I. A and B Imaging of individual capsules is challenging as the capsules stick
together and the overlay of fluorescent signals does not support evaluation. C A
individual cell was coated with polymer, as the whole interior capsule space is
taken up by the cell. The scale bar denotes 10 µm.
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FIGURE 5.18. Layer-by-layer approach for cell encapsulation and FITC labelled polymer
shell II. Individual cells could be encapsulated, allowing reaction volume around
the cell as desired for this approach. The scale bar denotes 10 µm.

The final goal of the polyelectrolyte microcapsules for cell screening is to perform a fluorescent

activated cell screening (FACS) for identification. The capsules have previously been shown to

be suitable for flow-cytometry analysis and therefore were subjected to this procedure [273]. In

Figure 5.19, capsules of (PAH/PSS)4 and (PAH/PSS)4+FITC-PAH without cells were studied. For

both samples, the distribution of capsules represented by the forward scatter (FSC) and side

scatter (SSC) shows one population. For the capsules with FITC-PAH labelling, the respective

FITC signal is strongly detectable.

FACS was performed on the RFP expressing cells, free cells (non-encapsulated), cells exposed

to LbL technology for (PAH/PSS)4 capsules and (PAH/PSS)4+FITC-PAH capsules, Figure 5.20.

Free cells form one population according to the evaluation of SSC and FSC for the size of the

cells. Two populations were detected for the RFP signal, the main group with RFP expression but

also some cells without RFP expression. Exposure to the LbL method for (PAH/PSS)4 capsules

modifies the size distribution, but a single population remains. The measured RFP signal still

shows the two populations despite seeing an increased RFP signal for the population expressing

the protein.
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The cells exposed to the approach for (PAH/PSS)4+FITC-PAH capsules also show one popu-

lation considering the size distribution, which is wider than for the (PAH/PSS)4 capsules. The

overlay of fluorescence signals shows the largest population having both the RFP and FITC

signal, meaning FITC coated or encapsulated cells. Only a small population of empty capsules

corresponding to the FITC signal were measured, and an even smaller population of free cells is

seen. Thus, the flow cytometry analysis of encapsulated single cells was possible, despite what

was seen under the microscope. Cells exposed to the LbL approach could be successfully coated in

polyelectrolytes, however, successful encapsulation as desired, remains questionable.

FIGURE 5.19. Flow cytometry analysis of capsules. A (PAH/PSS)4 and B (PAH/PSS)4 +
FITC-PAH capsules were analysed, for their size distribution (SSC and FCS), and
fluorescence signals of FITC and RFP. Analyses performed using FlowJo.

147



CHAPTER 5. POLYELECTROLYTE MICROCAPSULES FOR CELL SCREENING

FIGURE 5.20. Flow cytometry analysis of P. pastoris cells and capsules. A RFP express-
ing P. pastoris cells and B RFP expressing cells in (PAH/PSS)4 capsules. C RFP
expressing P. pastoris in (PAH/PSS)4 + FITC-PAH capsules. Analyses performed
using FlowJo.
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5.4 Conclusion

Polyelectrolyte microcapsules offer a great scope of application covering drug delivery purposes

or sensitive pH sensors. The objective of this chapter was to test their applicability for cell

encapsulation and screening. The approach was to study the integration of cells into round

calcium carbonate crystals and perform subsequent coatings via a layer-by-layer methodology

with polyelectrolytes.

The calcium carbonate crystallisation process has previously been intensively characterised

due to its industrial use. In this study, we investigated the crystallisation at ambient conditions

to form a coating of calcium carbonate around single yeast cells. Despite the variety of conditions

tested, we did not succeed in forming a crystalline shell around the cell. Hence, it was not possible

to develop a novel screening technology as desired for P. pastoris cultivation and screening in

polyelectrolyte microcapsules. However, P. pastoris cells could directly be coated in polyelectrolytes

and were viable for flow cytometry analysis. The polyelectrolyte layer should be permeable for

nutrients to feed the cells, but not permeable for proteins being secreted from the cell. A modified

approach for a cell screening technology could consider these directly coated cells, but future

investigations into their viability would be required.
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DISCUSSION AND OUTLOOK

6.1 Discussion

This thesis set out to develop an end-to-end platform for creating and optimising P. pastoris cell

factories for protein expression and secretion. The motivation was to overcome the difficulties

identifying genetic constructs for efficient protein secretion and to simplify the creation and

testing of diverse libraries of genetic designs. The work strived to highlight the potential of

P. pastoris as a protein expression platform and provide the tools and methods needed to expand

its use in biotechnology.

6.1.1 A Toolkit to Build Expression and Secretion Libraries

Acting as a foundation for this work the PTK was developed to allow for P. pastoris expression

vectors to be built in a modular way (Chapter 3). This enables the design of diverse expression

constructs to meet varying demands [144]. The toolkit consists of 42 regulatory elements covering

promoters, terminators, secretion signal peptides, and a yeast origin of replication for P. pastoris.

It builds upon the widely used YTK from Lee et al. [172] providing a wealth of parts from

S. cerevisiae as well as expanding the core functionality to include elements controlling secretion

and parts that are compatible with P. pastoris.

The modular structure of the toolkit allowed for the flexible assembly of different combinations

of genetic parts. The PTK was used to build 242 strains expressing either RFP or yEGFP as

a reporter protein to systematically characterise the new regulatory components as well as a

selection of existing YTK parts in P. pastoris. To our knowledge, previous work solely addressed

the characterisation of promoters [124, 250, 286, 303] and terminators [304] separately.
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Here with the PTK more complex interactions between promoters, secretion tags, and ter-

minators, and their impact on recombinant protein expression in P. pastoris were studied. The

studied constitutive P. pastoris and S. cerevisiae promoters were found to allow tuning of ex-

pression across three orders of magnitude with their strength being mostly independent of the

downstream coding region for intracellularly expressed proteins. The three methanol inducible

promoters resulted in high protein expression independent of the downstream coding region and

facilitated fine-tuning of protein expression with varying methanol concentrations. Testing of a

broad range of expression levels is often necessary for the identification of optimal expression

conditions [250] and the PTK promoters provide the necessary tools to carry out such studies.

The combinatorial capabilities of the PTK were useful for the characterisation of terminators

to study the influence of promoter-terminator combinations. Terminators from S. cerevisiae

and P. pastoris were studied in combination with a variety of promoters to assess intracellular

expression of RFP. It was found that these terminators provide an additional dial to tune

expression strength. For a single promoter the expression level could be tuned by five- to ten-fold

depending on the terminator used. This is in contrast to a previous study that compared yEGFP

expression from a pAOX1 promoter with 20 different terminators, where similar fluorescence

was seen in all cases [304].

Overall, the consistent behaviour of these regulatory elements enables expression levels to

be directly related to DNA sequences, enabling the design of expression vectors with a more

predictable outcome. Furthermore, the ability for S. cerevisiae regulatory parts to function in

P. pastoris highlights the benefit of compatibility with the YTK, opening up access to a range of

existing parts that can be directly used to accelerate strain development.

Stable expression is essential for any protein production process [65] and therefore the

influence of expression constructs being genomically integrated or placed on a self-replicating

plasmid was studied. Overall, expression strength did not vary significantly between the two

modes. However, microscopy showed strong variation of intracellular RFP and yEGFP expression

across the population when expressed from a plasmid. This finding is important to consider when

high and ultrahigh-throughput screenings are performed [186] as changes in expression due to

plasmid variability may hamper an accurate assessment of the average expression level for a

particular design.

The major reason for developing the PTK was to study protein secretion. A bottleneck when

developing strains that secrete a desired protein is identifying the optimal expression conditions

and secretion tag [69]. To address this, 29 secretion tags from endogenous, exogenous and

synthetic sources were designed, and their efficiency to secrete RFP and yEGFP in P. pastoris was

systematically tested. It was found that commonly used combinations of promoter and secretion

tag did not always result in optimal expression, highlighting the importance of testing many

options when optimising secretion [200]. Another interesting observation was that the secretion

tags not only influenced the amount of protein secreted, but also the total amount of protein
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expressed (intra and extracellular).

Six of the secretion tags tested in this work have not been studied before. Some of these

would make good candidates for designing future secretion constructs. Previously, the endogenous

P. pastoris tags SP_Cyclophilin, SP_C4R8H7, and SP_Mucin have been predicted to work effec-

tively [200] and in this thesis were shown to successfully drive secretion of a variety of proteins.

The exogenous signal peptide SP_An_phyA did not guide RFP secretion, but resulted in an almost

2.5-fold increase in measured intracellular RFP expression compared to strains constructed for

intracellular expression (Section 3.5). The application of this tag to solely increase the overall

expression yield could be an interesting future direction, but further testing for a wider range of

proteins is required. The phytase secretion signals SP_Pl_phyA and SP_Th_phyA did not enable

efficient protein secretion, but RFP and yEGFP were still expressed intracellularly.

In addition to natively occurring secretion tags, synthetic hybrid tags were constructed. These

were designed to have an initial recognised leader sequence which was then coupled to a shortened

αMF secretion tag. The idea was that the leader sequence guides secretion and the αMF part

supports the correct processing and cleavage of the tag from the protein to ensure successful

protein folding once secreted [276]. Despite this design being built with a limited understanding

of the secretion process, some did guide secretion of RFP and yEGFP, demonstrating the flexibility

and modularity of secretion tag design.

Improving protein secretion still remains to be one of the most important goals for engineering

in P. pastoris [4, 144, 329]. The demonstrated potential of novel endogenous and synthetic

secretion tags will further support the development of protein secretion cell factories.

Previously, the integration of expression constructs into the genome of P. pastoris during

strain development was challenging. Procedures dependent on homologous recombination often

result in varying numbers of integration events within the genome or ectopic integration, i.e.,

integrations at a locus other then the one desired. This makes it difficult to directly compare

strains when studying diverse libraries of expression constructs [65]. Here, this issue is addressed

by using a recombinase guided transformation procedure developed by Perez-Pinera et al. [234].

This method allowed for a single construct to be integrated at a specific locus in the genome

and enabled direct comparisons between strains. In this work, the transformation procedure

is further improved to enable quicker strain generation and higher transformation efficiency.

The ability to now efficiently and accurately generate P. pastoris expression strains containing a

defined combination of genetic parts opens up possibilities to perform high-throughput screenings

to find optimal designs and potentially learn key design constraints via machine learning.

The published toolkit containing a selection of the parts described in this thesis (4 promoters,

10 secretion tags, 1 terminator and 2 origin of replication) has already gained recognition within

the Pichia community [63, 103, 233, 264, 271, 334] as Schwarzhans et al. write: “The publication

[Obst et al.] marks the first P. pastoris library of characterized, sequenced and standardized DNA

parts for modular vector construction.” [271].
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The availability of these parts through the Addgene repository (#1000000108) further pro-

motes the application and development of the toolkit. At present (27.08.2018), the provided toolkit

has been requested seven times and seventeen individual part plasmids have been acquired by

different groups world-wide. The compatibility of the PTK with the YTK makes it attractive to

researchers who may already be familiar with the YTK. The PTK is also a step towards more

standardised methods for engineering yeast, of any sort, to broaden the availability of tools for

the expression of desired proteins [103].

Since the publication of the PTK, two alternative Golden Gate based toolkits for P. pastoris

have been developed [244, 270]. The toolkit by Schreiber et al. was developed for the production

of antimicrobial peptides and allows the flexible design of the transcriptional unit into a defined

backbone vector [270]. The GoldenPiCS toolkit from Prielhofer et al. supports, like the PTK, the

design of complete expression vectors and the design of multi-gene constructs [244].

6.1.2 Toolkit Application for Enzyme Secretion

To explore the potential of the PTK for developing cell factories, randomised protein secretion

libraries were constructed, where genetic regulatory elements driving both expression and

secretion of a protein were varied (Chapter 4). The aim was to achieve high-levels of secretion for

three industrially relevant proteins. Establishing a suitable approach for library generation in

P. pastoris and sensitive screenings for each enzyme was crucial. It has already been shown that

Golden Gate shuffling enables the creation of randomised expression construct libraries [93], and

this technique was successfully applied in this work to assemble the PTK parts. Important for the

successful generation of P. pastoris libraries was ensuring that correctly assembled expression

plasmids were produced and a sufficiently high transformation efficiency could be reached [323]

to guarantee full library coverage. This was tested in this thesis for three different enzymes:

phytases, unspecific peroxygenases (UPOs), and alcohol dehydrogenases (ADHs).

Four different phytases were used for each screening with varying secretion tags and promot-

ers for induced or constitutive expression. For each phytase, suitable combinations of promoters

and tags were identified that enabled protein secretion. The finding was not only the identifi-

cation of suitable secretion tags, but also the overall applicability of signal peptides for certain

enzymes. In particular, it was found that enzymes differ strongly in the number of tags that

enable efficient secretion. The fungal phytases from A. niger, T. heterothallica and P. lycii showed

a clear preference for specific tags indicated by the significant slope of the screening landscape

(Section 4.2). In contrast, the E. coli phytase landscape slope is much shallower for the 150 best

expression strains, indicating that tag choice has less of an effect. As already seen in Chapter 3 for

RFP ad yEGFP, the efficiency of tags vary between the four phytases, despite these enzymes have

a similar amino acid sequence and structure. Generally, the strong pGAP and pAOX1 promoters

resulted the in highest protein secretion levels except for the P. lycii phytase, where the pPMP20,

pDAS1, pG6 and pAHD2 promoters yielded the best results.
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These findings should be considered in future studies as the construction of libraries with

fewer promoters may miss beneficial combinations. Although the promoter strengths were found

to be independent of the downstream coding region for intracellular expression, secretion is

strongly effected by the combination of promoter, tag, and gene of interest. The most widely

used tag αMF [183] showed high levels of secretion for the proteins tested here, but novel tags

such as SP_C4R8H7, SP_Cyclophillin or the less commonly used tags such as SP_CSN2, or

SP_PHO1 [112, 126, 148] also resulted in high protein secretion and thus are viable candidates

during strain development. The application of the SP_CSN2 instead of the tag αMF increased the

amount of secreted A. niger phytase by 20 %. Considering that the global phosphatase enzyme

market has exceeded 300 million US$, an increase in production of 20 % by merely choosing an

alternative secretion signal is an attractive means for strain improvement.

Scale-up experiments were performed to test expression between deep-well plates and shake

flasks. P. pastoris is known for its ability to achieve high cell density cultivations [103]. However,

the procedure used here resulted in low cell densities and thus low protein yields, leaving

space for optimisation. To use the identified strains for enzyme expression applications, further

cultivation studies or high-cell density fermentations must be considered to improve enzyme

yield. The pharmaceutical company Huvepharma (Sofia, Bulgaria) already uses P. pastoris for

the production of a 6-phytase from E. coli. Their product OptiPhos® was launched in 2008 and is

currently the fastest phytase in the market [299].

Six different UPOs were tested: the AaeUPO previously engineered and successfully secreted

by P. pastoris [209], the CraUPO not yet heterologously expressed [207], and four predicted UPOs

never expressed before [131]. A single library with all UPOs for induced expression, as well as 6

libraries for each UPO using constitutive expression were constructed and screened. The library

containing all UPOs for induced expression found that none of the novel UPOs could be identified

as expressible, but did demonstrate the approach as suitable for generating complex libraries

when searching for high expression strains. Previously described combinations of secretion tags

for the AaeUPO [209] as well as suitable combinations with other tags for AaeUPO did result in

measurable secretion. AaeUPO expression levels were highest for AaeUPO with SP_Aae_UPO or

SP_Aae_UPOeng. However, SP_PHO1, SP_Cyclophillin, or SP_Mucin were found to also guide

AaeUPO secretion.

At this point, a limitation of the shuffling approach became clear. The AaeUPO was engineered

by Molina et al. [208] using multiple rounds of directed evolution via mutagenic PCR and in vivo

DNA shuffling to increase activity by 3250-fold. The other UPOs have not been heterologously

expressed before or even confirmed as active enzymes. Our work demonstrates that our shuffling

methodology supports the identification of suitable enzyme secretion condition. It allows high-

throughput screenings for a great variety of expression conditions and can contribute to our

understanding of protein secretion. However, the expression conditions alone do not enable

enzyme secretion. Enzyme engineering approaches are still required to improve enzyme activity,
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increase expression levels, and support protein secretion, necessary for the development of a cell

factory [36].

An enzyme engineering approach may also support the secretion of the alcohol dehydrogenases

(ADHs) tested. Two different ADHs, each engineered with varying number of glycosylation

recognition sites, were studied with individually designed secretion strains. Despite varying

numerous genetic parameters (signal peptides, promoters, or the location of a His-tag), and the

medium for enzyme expression, no condition seemed to yield effective secretion. To enable ADH

secretion, a codon optimised sequence might have worked better. Alternatively, P. pastoris itself

expresses the ADHs ADH3 (XM_002491337) and ADH (FN392323) [147] that could be studied

instead.

An objective of this work was to identify protein expressing strains from a diverse library,

and then sequence the expression construct from strains with high enzymatic activity to identify

beneficial combinations of genetic parts. Studying the randomised libraries directly would also

be interesting, to gain further insight into the DNA assembly process and to calculate precise

statistics of part ligations. Deep-sequencing of the libraries would provide this information [291].

The application of the PTK provides a useful solution for rapid strain engineering by enabling

the construction of diverse expression libraries. The development of this approach and the

supporting screening methods provides a means of identifying useful promoter and secretion

tag combinations for a particular enzyme of interest and will contribute to our understanding of

protein secretion. For industrial applications of P. pastoris cell factories, the presented approach

supports ongoing enzyme engineering efforts and the optimisation of expression conditions.

6.1.3 Polyelectrolyte Capsules for Cell Screening

As our ability to assemble diverse libraries of strains improves, there is growing demand for

flexible high-throughput screening technologies. Polyelectrolyte microcapsules could provide

a novel cell screening platform due to the flexible design of the polyelectrolyte capsule and

the modification opportunities that are available. Therefore, the ability to use polyelectrolyte

microcapsules for yeast cell encapsulation was studied (Chapter 5).

Initially it was intended to encapsulate P. pastoris cells in calcium carbonate templates and

coat these via a layer-by-layer technique using polyelectrolytes. However, the development of a

screening platform for P. pastoris cells using polyelectrolyte capsules could not be implemented

due to the inability to incorporate cells into calcium carbonate templates. The uncharged yeast

surface did not mediate nucleation around the cell, which was required to create a micro-reaction

vessel. Nevertheless, suitable conditions for the formation of reliably round templates and

stable polyelectrolyte capsules were determined (see Chapter 2.6 for the final protocol). A few

cells could be encapsulated as desired, but presumably these cells were encapsulated together

with a neighbouring template. Interestingly, evaluation with flow cytometry highlighted the

successful coating of most cells with a polymer shell. To make use of this alternative encapsulation
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approach, more research is necessary. First, the coated cells should be tested for protein secretion,

as the polyelectrolyte capsule should still allow the mass transfer of sufficient nutrients and

secreted proteins could still be secreted very close to the cell surface. Tests would also need to be

performed that address cell viability and recovery time, as well as the diffusion properties for the

desired medium. Also, a suitable read-out approach must be developed, to be able to differentiate

intracellular and secreted proteins.

Alternatively, other templates and other microorganisms could be tested. Magnesium phos-

phate or calcium phosphate could be an alternative crystalline template that may be more

accessible to nucleation around the uncharged cell surface. To circumvent the precipitation

bottleneck, microgels such as degradable dextran-based gels, alginate gels, or agarose beads could

be used as reported elsewhere [71, 88, 132, 203, 229, 282]. Other commonly used expression hosts

such as E. coli or B. subtilis could be also considered as their differing cell wall structure may be

more accessible for template formation.

To conclude, the polyelectrolyte capsules have outstanding characteristics useful for cell

screening, but many challenges remain that hamper their application. Despite the fact that only

standard laboratory equipment is needed, the method is fairly laborious, requiring more than 40

centrifugation steps and a resulting hands-on bench time of >4 h. This is very stressful for the

cells and could hamper the applicability of this method for screenings.

Other ultrahigh-throughput screening technologies such as microfluidic droplets may there-

fore offer a better approach [101]. Microfluidic droplets are less harmful to the cells, as cells are

suspended in water droplets present in a water-in-oil emulsion. These droplets can be sorted

according to fluorescence or adsorption signals. Microfluidic screenings also offer short-term

cultivation options in incubation-chips or off-chip reservoirs and addition of nutrients and other

supplements via pico-injection. However, the drawback of this approach in contrast to the poly-

electrolyte microcapsules is the price of each device needed for the screening, incubation, and

pico-injection of microfluidic droplets [300].
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6.2 Future Perspectives

The work presented in this thesis opens up many future directions to develop cell factories

important for industrial applications. New approaches could use the PTK and the developed

library generation approaches to establish screenings with higher throughput, perform deeper

analyses to improve P. pastoris as cell factory, or expand the reach of this toolkit to other hosts.

6.2.1 Future Direction for the P. pastoris Toolkit

An immediate future application of the PTK is its use for protein expression and secretion

screenings of other industrially relevant enzymes. Our work provides the necessary methods

and tools that can directly be applied to built new P. pastoris expression strains. The secretion of

enzymes with varying characteristics such as codon usage or glycosylation patterns will further

deepen our understanding of parameters influencing secretion. Due to the improved transfor-

mation procedure, higher transformation efficiencies enable enzyme engineering experiments

with protein expression and screening performed directly in P. pastoris cells. Previously, enzymes

engineering approaches required tandem expression systems, where S. cerevisiae was used to

perform directed evolution studies [208] and once a suitable enzyme was found it was used

in P. pastoris for fermentation studies [209]. This was mostly due to the low transformation

efficiency of P. pastoris. In the future, this indirect engineering approach is not necessary and

plasmid libraries from mutagenic PCR studied or DNA shuffling experiments can directly be

used for screenings in P. pastoris.

The value of the modular toolkit is that more regulatory elements can be easily added to

expand the functionality. Since the secretion tags have such an important influence on the result-

ing expression level, more tags could be investigated. Many more secretion tags are predicted

[200] that provide an ideal starting point for future investigations. Additional promoters and

terminators could also be incorporated to improve strain engineering. To broaden expression

levels, additional promoters from other well-characterised libraries can be easily integrated.

For example, promoter libraries of pGAP [250], pAOX1 [124], and synthetic promoters [303]

are available for P. pastoris. Currently, the PTK does not include regulatable promoters that do

not rely on methanol. Unfortunately, methanol is unsuitable for large-scale processes due to is

toxicity and flammability [301]. Therefore, the inclusion of other regulatable promoters would

also be a valuable future direction.

6.2.2 Improving P. pastoris as a Cell Factory

Our understanding of the P. pastoris metabolism is currently limited, which hampers the pre-

dictable design of efficient protein expression strains. To exploit the full potential of P. pastoris, a

better understanding of the whole-cell metabolism under differing conditions is necessary. The

tools to manage the cellular machinery in a holistic manner and tune all precursors precisely as
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desired will take time to develop, but ultimately support a more holistic cell factory development

[201].

Currently, the overexpression of chaperones has proven valuable in improving protein ex-

pression levels [201, 334]. New approaches could implement the overexpression of chaperones

such as the heat shock factor 1, which may improve protein secretion by preventing the risk of

protein accumulation [155] or trafficking proteins (e.g., Sly1p and Sec1p) which support guiding

proteins from the ER to the Golgi and further outside the cell to improve protein secretion [134].

These strain engineering approaches could be realised using the CRISPRS/Cas9 system [318] or

by making multi-gene constructs with the PTK.

6.2.3 Extending the P. pastoris Toolkit to Other Hosts

The PTK shows the ability to effectively expand the capabilities of the widely used YTK to a new

host and new functionality. To take this approach even further, the extension of these toolkits

to a wider spectrum of organisms is proposed. For example, other non-conventional yeasts such

as Kluyveromyces lactis, Hansenula polymorpha, and Yarrowia lipolytica are interesting cell

factories. They are designated as GRAS [189], grow fast on cheap carbon sources, and have

high secretion capacities [155]. These yeasts still lack the genetic toolkits needed to control

gene expression efficiently [309], but strain design faces the same challenges as for P. pastoris.

Well-characterised promoters and a selection of secretion signal peptides is necessary to build

functional expression vectors [309]. For K. lactis and K. marxianus the widely applied αMF

secretion tag from S. cerevisiae is known to be functional, which indicates the broad functionality

of secretion tags across many types of yeast [285, 330, 341]. The most commonly used procedures

for transformation of K. marxianus or Y. lipolytica are still based on vector linearisation and

construct integration via NHEJ, which has comparatively low transformation efficiencies [109,

193].

In this thesis, the advantages of using a recombinase-based transformation procedure for

P. pastoris was demonstrated and its consideration for other non-conventional yeast is suggested.

Alternatively, the CRISPR/Cas9 system has been implemented and improved extensively for

conventional and non-conventional yeasts and allows rapid and highly efficient genome editing

[258, 317]. How the CRISPR/Cas9 system is set up in each yeast varies and further optimisation

may be required that consider the nuclear localization, codon optimisation and expression of the

Cas9 DNA endonuclease, as well as the expression and processing of the guide RNA [258].

The expansion of the toolkit to other hosts may also open up future research in comparing

types of yeast to find the optimal host organism for a protein of interest. A shared pool of genetic

parts that can be easily used in a wide variety of hosts expands the available platform to tackle

challenges beyond the capacity of a single type of cell.
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6.3 Conclusion

This thesis describes a versatile platform for the generation of P. pastoris cell factories. The

power of taking a synthetic biology approach to develop a toolkit that allows for the control of

protein expression and secretion in P. pastoris was shown. This toolkit and the newly developed

approach to generate “shuffled” genetic libraries of expression constructs helps to accelerate

strain engineering and lays the foundation for future P. pastoris protein expression and secretion

studies. Combining the work in this thesis with ongoing developments in related fields of en-

zyme engineering and high-throughput screening technologies will pave the way for systematic

approaches to cell factory design.
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Table A.1: List of part plasmids

Plasmid Part Name Type Origin Plasmid Description pPTK References
pUO-pp-302 pGAP 2 gBlock Entry vector Glyceraldehyde-3-phosphate

dehydrogenase, BsaI site removed
pPTK002 [311]

pUO-pp-303 pAOX1 2 PCR product from plasmid PP117
(primer 1, 5)

Entry vector Alcohol oxidase 1 pPTK001 [296]

pUO-pp-321 pENO1 2 gBlock Entry vector Enolase 1, BsaI and BsmBI site removed pPTK003 [297]
pUO-pp-322 pTPI1 2 gBlock Entry vector Triose phosphate isomerase 1 pPTK004 [206]
pUO-pp-353 pPET9 2 PCR product from genomic DNA

(primer 92, 93, 94, 95)
Entry vector ADP, ATP carrier - [286]

pUO-pp-354 pG1 2 PCR product from genomic DNA
(primer 96, 97)

Entry vector Hypothetical protein (PAS_chr1-3_0011) - [246]

pUO-pp-355 pG6 2 PCR product from genomic DNA
(primer 114, 109) and gBlock

Entry vector Hypothetical protein (PAS_chr2-1_0853) - [246]

pUO-pp-356 pADH2 2 PCR product from genomic DNA
(primer 100, 101, 102, 103)

Entry vector Methylformate synthase, alcohol
dehydrogenase

- [304]

pUO-pp-357 pDAS1 2 PCR product from genomic DNA
(primer 104, 105, 106, 107)

Entry vector Dihydroxyacetone synthase, isoenzymes - [304]

pUO-pp-358 pPMP20 2 PCR product from genomic DNA
(primer 98, 99)

Entry vector Peroxisomal glutathione peroxidase - [304]

pUO-pp-328 αAmylase-αMF∆ 3a PCR product from plasmid PP280
(primer 52, 61)

Entry vector α-Amylase followed by aMF∆ pPTK009 [228]

pUO-pp-329 αMF∆ 3a PCR product from plasmid PP168
(primer 53, 61)

Entry vector α-mating factor, pre-sequence shortened pPTK007 [106, 183]

pUO-pp-330 αMF∆ _no_Kex 3a PCR product from plasmid PP264
(primer 54, 61)

Entry vector α-mating factor no Kex recognition site pPTK008 [106, 183]

pUO-pp-331 Glucoamylase-
αMF∆

3a PCR product from plasmid PP265
(primer 47, 58)

Entry vector Glucoamylase followed by αMF∆ pPTK010 [170]

pUO-pp-332 SA-αMF∆ 3a PCR product from plasmid PP270
(primer 48, 61)

Entry vector Serum albumin followed by αMF∆ pPTK011 [162]

pUO-pp-333 Inulinase-αMF∆ 3a PCR product from plasmid PP266
(primer 49, 61)

Entry vector Inulinase followed by αMF∆ pPTK012 [35]

pUO-pp-334 Invertase-αMF∆ 3a PCR product from plasmid PP267
(primer 50, 61)

Entry vector Invertase followed by αMF∆ pPTK013 [29, 206]

pUO-pp-335 Killer-αMF∆ 3a PCR product from plasmid PP281
(primer 51, 61)

Entry vector Killer followed by αMF∆ pPTK014 [294]

Continued on next page
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Table A.1 – continued from previous page
Plasmid Part Name Type Origin Plasmid Description pPTK References

pUO-pp-336 αMF 3a gBlock, PCR modification
(primer 59, 60)

Entry vector α-mating factor pPTK005 [106, 183]

pUO-pp-337 αMF_no_EAEA 3a gBlock, PCR modification
(primer 59, 61)

Entry vector α-mating factor no EAEA pPTK006 [106, 183]

pUO-pp-360 SP_Disulfide
isomerase

3a gBlock Entry vector Protein disulfide isomerase - [200]

pUO-pp-361 SP_C4R6P1 3a gBlock Entry vector Hypothetical protein (C4R6P1) - [200]
pUO-pp-362 SP_Cell wall protein 3a Complete DNA synthesis Twist vector Cell wall protein - [200]
pUO-pp-363 SP_Cyclophillin 3a Complete DNA synthesis Twist vector Peptidyl-prolyl cis-trans isomerase - [200]
pUO-pp-364 SP_CSN2 3a Complete DNA synthesis Twist vector Beta-casein - [126]
pUO-pp-365 SP_PHA-E 3a gBlock Entry vector Phytohaemag-glutinin - [254]
pUO-pp-366 MF41 3a Complete DNA synthesis Twist vector Synthetic signal peptide MF41 - [325]
pUO-pp-367 SP_C4R8H7 3a Complete DNA synthesis Twist vector Hypothetical protein (C4R8H7) - [200]
pUO-pp-368 SP_Peptidylprolyl

isomerase
3a gBlock Entry vector Hypothetical protein (Peptidylprolyl

isomerase)
- [200]

pUO-pp-369 SP_ALB 3a PCR product, plasmid pUO-pp-332
(primer 48, 111)

Entry vector Serum albumin - [162, 326]

pUO-pp-370 SP_Scw11p 3a gBlock Entry vector Cell wall protein - [179, 200]
pUO-pp-371 SP_Mucin 3a gBlock Entry vector Mucin family member - [200]
pUO-pp-372 SP_An_phyA 3a gBlock Entry vector A. niger 3-phytase A - NYC
pUO-pp-373 SP_Pl_phyA 3a Complete DNA synthesis Twist vector P.lycii phytase - NYC
pUO-pp-374 SP_Th_phyA 3a Complete DNA synthesis Twist vector T.heterothallica phytase - NYC
pUO-pp-375 SP_Aae_UPO 3a Complete DNA synthesis Twist vector Aromatic peroxygenase - [208]
pUO-pp-376 SP_Aae_UPOeng 3a PCR product from plasmid pPICB_

UPOeng (primer 112, 113)
Entry vector Aromatic peroxygenase tag engineered - [208]

pUO-pp-377 SP_PHO1 3a gBlock Entry vector Acid phosphatase PHO1 - [128]
pUO-pp-378 SP_Suc2 3a PCR product from plasmid pUO-pp-

334 (primer 50, 110)
Entry vector Invertase 2 - [29, 167,

206, 228]

pUO-pp-324 yEGFP 3 PCR product from plasmid pLC152
(primer 43, 57)

Entry vector Green fluorescent protein, P. pastoris
codon optimised

pPTK015

pUO-pp-325 yEGFP 3b PCR product from plasmid pLC152
(primer 44, 57)

Entry vector Green fluorescent protein, P. pastoris
codon optimised

pPTK017

pUO-pp-326 RFP 3 gBlock, PCR modification (primer 45,
55)

Entry vector Red fluorescent protein, BsaI removed, P.
pastoris codon optimised

pPTK016

Continued on next page
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Plasmid Part Name Type Origin Plasmid Description pPTK References
pUO-pp-327 RFP 3b PCR product from plasmid pUO-pp-

326 (primer 45, 56)
Entry vector Red fluorescent protein, BsaI removed, P.

pastoris codon optimised
pPTK018

pUO-pp-338 yEGFP_1-10 3b PCR product from plasmid pUO-pp-
325 (primer 44, 81)

Entry vector Green fluorescent protein β-barrel 1-10 - [43]

pUO-pp-339 yEGFP_11 4a PCR product from plasmid pUO-pp-
325 (primer 82, 83)

Entry vector Green fluorescent protein β-barrel 11 - [43]

pUO-pp-380 An_phA 3b Complete DNA synthesis Twist vector A. niger 3-phytase A, P. pastoris codon
optimised

- [123]

pUO-pp-381 Th_phA 3b Complete DNA synthesis Twist vector T.heterothallica phytase, P. pastoris
codon optimised

- [279]

pUO-pp-382 Pl_phA 3b Complete DNA synthesis Twist vector P.lycii phytase, P. pastoris codon
optimised

- [169]

pUO-pp-383 Ec_appA 3b Complete DNA synthesis Twist vector E. coli appA, P. pastoris codon optimised - [55]

pUO-pp-384 AaeUPOeng_co 3b Complete DNA synthesis Twist vector A. aegerita aromatic peroxygenase, P.
pastoris codon optimised

- [208]

pUO-pp-385 CraUPO_co 3b Complete DNA synthesis Twist vector C. radians potential aromatic
peroxygenase, P. pastoris codon
optimised , P. pastoris codon optimised ,
P. pastoris codon optimised

- [131]

pUO-pp-386 PinUPO_co 3b Complete DNA synthesis Twist vector P. infectans potential aromatic
peroxygenase

- [131]

pUO-pp-387 DseUPO_co 3b Complete DNA synthesis Twist vector D. septosporum potential aromatic
peroxygenase

- [131]

pUO-pp-388 NhaUPO_co 3b Complete DNA synthesis Twist vector N. haematococcus potential aromatic, P.
pastoris codon optimised peroxygenase

- [131]

pUO-pp-389 AfuUPO_co 3b Complete DNA synthesis Twist vector A. fumigatus potential aromatic
peroxygenase, P. pastoris codon
optimised

- [131]

pUO-pp-340 His+AdhZ2_Ec 3b PCR product from plasmid CBR
P_511 (primer 64, 65)

Entry vector E. coli alcohol dehydrogenase - [239, 240]

pUO-pp-341 His+AdhZ2_DIN 3b PCR product from plasmid CBR
P_512 (primer 64, 65)

Entry vector E. coli alcohol dehydrogenase, cofactor
shift towards NADH

- [239, 240]

pUO-pp-342 His+AdhZ2_7476 3b PCR product from plasmid CBR
P_513 (primer 64, 65)

Entry vector E. coli alcohol dehydrogenase - [223]

Continued on next page
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Table A.1 – continued from previous page
Plasmid Part Name Type Origin Plasmid Description pPTK References

pUO-pp-343 His+AdhZ3_LND 3b PCR product from plasmid CBR
P_514 (primer 64, 66, 67, 68)

Entry vector E. coli alcohol dehydrogenase - [239, 240]

pUO-pp-344 His+AdhZ3_242 3b PCR product from plasmid CBR
P_515 (primer 64, 66, 67, 68)

Entry vector E. coli alcohol dehydrogenase - [223]

pUO-pp-347 AdhZ3_LND_no_HIS 3b PCR product from plasmid pUO-pp-
343 (primer 74, 77)

Entry vector E. coli alcohol dehydrogenase - [239, 240]

pUO-pp-348 His+AdhZ3_LND 3 PCR product from plasmid pUO-pp-
343 (primer 76, 77)

Entry vector E. coli alcohol dehydrogenase - [239, 240]

pUO-pp-349 AdhZ3_LND_no_HIS 3 PCR product from plasmid pUO-pp-
343 (primer 75, 77)

Entry vector E. coli alcohol dehydrogenase - [239, 240]

pUO-pp-350 AdhZ3_242_no_HIS 3b PCR product from plasmid pUO-pp-
344 (primer 74, 77)

Entry vector E. coli alcohol dehydrogenase - [223]

pUO-pp-351 His+AdhZ3_242 3 PCR product from plasmid pUO-pp-
344 (primer 76, 77)

Entry vector E. coli alcohol dehydrogenase - [223]

pUO-pp-352 AdhZ3_242_no_HIS 3 PCR product from plasmid pUO-pp-
344 (primer 75, 77)

Entry vector E. coli alcohol dehydrogenase - [223]

pUO-pp-308 tAOX1 4 PCR product from plasmid PP117
(primer 46, 89)

Entry vector Alcohol oxidase 1 pPTK019 [296]

pUO-pp-307 tAOX1 4b PCR product from plasmid PP117
(primer 88, 89)

Entry vector Alcohol oxidase 1 - [296]

pUO-pp-301 attB 7 gBlock Entry vector BxbI recognition site, BsaI site removed pPTK020 [234]
pUO-pp-323 PARS 7 gBlock Entry vector Pichia autonomously replicating

sequence
pPTK021 [65]

pUO-pp-501 ConLS-sfGFPdrop- Backbone Golden gate - Backbone plasmid - -
ConE-ZeoR-attB-
KanaR
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DNA sequence of parts
attB, pUO-pp-301
TGGCCGTGGCCGTGCTCGTCCTCGTCGGCCGGCTTGTCGACGACGGCGGTCACCGTCGTCAGGATCATCCGGGCCACAAGCT
TGCTGACAGAAGCCTCAAGAAAAAAAAAATTCTTCTTCGACTATGCTGGAGGCAGAGATGATCGAGCCGGTAGTTAACTATAT
ATAGCTAAATTGGTTCCATCAC

pGAP, pUO-pp-302
TTTTTGTAGAAATGTCTTGGTGTCCTCGTCCAATCAGGTAGCCATCTCTGAAATATCTGGCTCCGTTGCAACTCCGAACGACCT
GCTGGCAACGTAAAATTCTCCGGGGTAAAACTTAAATGTGGAGTAATGGAACCAGAAACGTGTCTTCCCTTCTCTCTCCTTCC
ACCGCCCGTTACCGTCCCTAGGAAATTTTACTCTGCTGGAGAGCTTCTTCTACGGCCCCCTTGCAGCAATGCTCTTCCCAGCAT
TACGTTGCGGGTAAAACGGAGGTCGTGTACCCGACCTAGCAGCCCAGGGATGGAAAAGTCCCGGCCGTCGCTGGCAATAATA
GCGGGCGGACGCATGTCATGAGATTATTGGAAACCACCAGAATCGAATATAAAAGGCGAACACCTTTCCCAATTTTGGTTTCT
CCTGACCCAAAGACTTTAAATTTAATTTATTTGTCCCTATTTCAATCAATTGAACAACTAT

pAOX1, pUO-pp-303
GATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCCGACATCCACAGGTCCATTCTCACACATAAGTGCCA
AACGCAACAGGAGGGGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTTCTCCTCAACACCCACTTTTG
CCATCGAAAAACCAGCCCAGTTATTGGGCTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCATGAC
TTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGTTTATTTCCGAATGCAACAAGCTCCGCATTACACCCGA
ACATCACTCCAGATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGGCCCAAAACTGACAGTTTAAAC
GCTGTCTTGGAACCTAATATGACAAAAGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACGGCCAGT
TGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTA
ATGCTTAGCGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAAATGGGGAAACACCCGCTTTTTGGA
TGATTATGCATTGTCTCCACATTGTATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGATCAAAATTT
AACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTA
GCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACTTTTAACGACAACTTGAGAAGATCAAAAA
ACAACTAATTATTCGAAACG

tAOX1, pUO-pp-307 and pUO-pp-308
TCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTAACCTATATAGTATAG
GATTTTTTTTGTCATTTTGTTTCTTCTCGTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGCTGATGAATATCTTGTGGTAGG
GGTTTGGGAAAATCATTCGAGTTTGATGTTTTTCTTGGTATTTCCCACTCCTCTTCAGAGTACAGAAGATTAAGTGAGA

pENO1, pUO-pp-321
AGAAAGCATACTATACTATTCGACATTCCTTTCAATCCTGGAATTAACAGTCACTTTTAAAAAAGACATCTACCGTGAAGGTGC
CGTAGAGTATCGCGTTACCATATCGCCAAAAACTGATATACGCCGCGGAAACCAGGCAAACAATTGAAAAGAAAAATTTTGAG
GAACTCTCTGCATCGAAGCCGTCTAGAGTTACCACTAGTCAGATGCCGCGGGCACTTGAGCACCTCATGCACAGCAATAACAC
AACACAATGGTTAGTAGCAACCTGAATTCGGTCATTGATGCATGCATGTGCCGTGAAGCGGGACAACCAGAAAAGTCGTCTAT
AAATGCCGGCACGTGCGATCATCGTGGCGGGGTTTTAAGAGTGCATATCACAAATTGTCGCATTACCGCGGAACCGCCAGATA
TTCATTACTTGACGCAAAAGCGTTTGAAATAATGACGAAAAAGAAGGAAGAAAAAAAAAGAAAAATACCGCTTCTAGGCGGGT
TATCTACTGATCCGAGCTTCCACTAGGATAGCACCCAAACACCTGCATATTTGGACGACCTTTACTTACACCACCAAAAACCAC
TTTCGCCTCTCCCGCCCCTGATAACGTCCACTAATTGAGCGATTACCTGAGCGGTCCTCTTTTGTTTGCAGCATGAGACTTGCA
TACTGCAAATCGTAAGTAGCAACcTCTCAAGGTCAAAACTGTATGGAAACCTTGTCACCTCACTTAATTCTAGCTAGCCTACCC
TGCAAGTCAAGAGcTCTCCGTGATTCCTAGCCACCTCAAGGTATGCCTCTCCCCGGAAACTGTGGCCTTTTCTGGCACACATGA
TCTCCACGATTTCAACATATAAATAGCTTTTGATAATGGCAATATTAATCAAATTTATTTTACTTCTTTCTTGTAACATCTCTCT
TGTAATCCCTTATTCCTTCTAGCTATTTTTCATAAAAAACCAAGCAACTGCTTATCAACACACAAACACTAAATCAAA

pTPI1, pUO-pp-322
GTGTTTAAAGATTACGGATATTTAACTTACTTAGAATAATGCCATTTTTTTGAGTTATAATAATCCTACGTTAGTGTGAGCGGG
ATTTAAACTGTGAGGACCTTAATACATTCAGACACTTCTGCGGTATCACCCTACTTATTCCCTTCGAGATTATATCTAGGAACC
CATCAGGTTGGTGGAAGATTACCCGTTCTAAGACTTTTCAGCTTCCTCTATTGATGTTACACCTGGACACCCCTTTTCTGGCAT
CCAGTTTTTAATCTTCAGTGGCATGTGAGATTCTCCGAAATTAACTAAAGCAATCACACAATTCTCTCGGATACCACCTCGGTT
GAAACTGACAGGTGGTTTGTTACGCATGCTAATGCAAAGGAGCCTATATACCTTTGGCTCGGCTGCTGTAACAGGGAATATAA
AGGGCAGCATAATTTAGGAGTTTAGTGAACTTGCAACATTTACTATTTTCCCTTCTTACGTAAATATTTTTCTTTTTAATTCTAA
ATCAATCTTTTTCAATTTTTTGTTTGTATTCTTTTCTTGCTTAAATCTATAACTACAAAAAACACATACATAAACTAAAA
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PARS, pUO-pp-323
CCTTCGTTTGTGCGGATCCAATTAATATTTACTTATTTTGGTCAACCCCAAATAGGTTGATTTCATACTTGGTTCATTCAAAAAT
AAGTAGTCTTTTGAGATCTTTCAATATTATAATAAATATACTATAACAGCCGACTTGTTTCATTTTCGCGAATGTTCCCCCAGCT
TATCG

yEGFP, pUO-pp-324 and pUO-pp-325
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCA
GCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGT
GCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC
TTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGC
CGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTG
GGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACT
TCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCC
CGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGAGCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTC
CTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

RFP, pUO-pp-326 and pUO-pp-327
GCAACTTCCGGTATGGTGTCAAAGGGAGAGGAAAATAATATGGCTATTATTAAGGAGTTTATGCGTTTTAAGGTACATATGGA
AGGTTCTGTCAACGGTCACGAATTCGAAATTGAAGGTGAGGGGGAGGGGAGGCCATACGAGGGAACTCAGACTGCTAAGTTA
AAGGTCACTAAAGGTGGTCCTTTACCTTTCGCCTGGGATATCCTGTCTCCACAGTTTATGTACGGTTCAAAGGCTTATGTGAAA
CATCCTGCCGATATCCCAGATTATCTTAAACTTTCTTTCCCTGAGGGTTTTAAGTGGGAGAGGGTAATGAACTTTGAAGACGG
TGGTGTGGTCACTGTTACTCAGGACTCAAGTCTGCAGGACGGTGAGTTCATCTACAAGGTGAAGCTGAGAGGTACCAATTTTC
CATCAGATGGTCCCGTGATGCAAAAAAAGACAATGGGTTGGGAAGCTTCTAGTGAACGTATGTATCCCGAAGATGGAGCTTTG
AAAGGTGAAATTAAGCAAAGACTAAAACTTAAGGATGGTGGACATTACGATGCTGAAGTTAAGACGACCTACAAGGCCAAAAA
GCCAGTCCAGTTGCCTGGAGCATACAATGTTAACATCAAATTGGATATAACTTCCCATAATGAAGACTATACCATCGTCGAGC
AATACGAACGAGCCGAAGGGAGACACAGTACTGGTGGTATGGATGAACTTTATAAAGGATCCGGAACCGCA

αAmylase-αMF∆, pUO-pp-328
ATGGTGGCATGGTGGTCCTTATTCTTATATGGTCTTCAAGTTGCTGCTCCTGCCCTTGCTATGAGATTTCCTAGTATTTTCACT
GCTGTGCTATTTGCCGCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGATGAATTGGAGGGTGACTTCGATGT
TGCTGTTCTGCCTTTTTCCGCTTCTATCGCAGCCAAGGAAGAAGGTGTATCTCTAGAGAAGCGT

αMF∆, pUO-pp-329
ATGAGATTTCCTAGTATTTTCACTGCTGTGCTATTTGCCGCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGAT
GAATTGGAGGGTGACTTCGATGTTGCTGTTCTGCCTTTTTCCGCTTCTATCGCAGCCAAGGAAGAAGGTGTATCTCTAGAGAA
GCGT

αMF∆_no_Kex, pUO-pp-330
ATGAGATTCCCATCAATTTTTACTGCTGTTCTGTTCGCCGCTTCTAGTGCACTTGCCATGAGATTTCCTAGTATTTTCACTGCT
GTGCTATTTGCCGCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGATGAATTGGAGGGTGACTTCGATGTTGC
TGTTCTGCCTTTTTCCGCTTCTATCACAGCCAAGGAAGAAGGTGTATCTCTAGAGAAGCGT

Glucoamylase- αMF∆, pUO-pp-331
ATGTCTTTCAGATCCCTATTGGCATTGTCAGGGTTGGTCTGTTCTGGATTGGCTATGAGATTTCCTAGTATTTTCACTGCTGTG
CTATTTGCCGCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGATGAATTGGAGGGTGACTTCGATGTTGCTGTT
CTGCCTTTTTCCGCTTCTATCGCAGCCAAGGAAGAAGGTGTATCTCTAGAGAAGCGT

SA-αMF∆, pUO-pp-332
ATGAAGTGGGTAACTTTCATCTCATTGTTATTCTTGTTCTCCTCTGCTTACTCTATGAGATTTCCTAGTATTTTCACTGCTGTGC
TATTTGCCTCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGATGAATTGGAGGGTGACTTCGATGTTGCTGTTC
TGCCTTTTTCCGCTTCTATCGCAGCCAAGGAAGAAGGTGTATCTCTAGAGAAGCGT

Inulinase-αMF∆, pUO-pp-333
ATGAAACTGGCTTACTCCCTGTTGCTACCTCTGGCTGGAGTTTCCGCTATGAGATTTCCTAGTATTTTCACTGCTGTGCTATTT

167



APPENDIX A. APPENDIX A

GCCGCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGATGAATTGGAGGGTGACTTCGATGTTGCTGTTCTGCC
TTTTTCCGCTTCTATCGCAGCCAAGGAAGAAGGTGTATCTCTAGAGAAGCGT

Invertase-αMF∆, pUO-pp-334
ATGTTATTGCAAGCTTTTTTATTTCTGCTGGCAGGTTTTGCAGCAAAGATTTCTGCCATGAGATTTCCTAGTATTTTCACTGCT
GTGCTATTTGCCGCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGATGAATTGGAGGGTGACTTCGATGTTGC
TGTTCTGCCTTTTTCCGCTTCTATCGCAGCCAAGGAAGAAGGTGTATCTCTAGAGAAGCGT

Killer-αMF∆, pUO-pp-335
ATGACCAAACCAACGCAAGTCTTAGTTCGTTCAGTCTCTATTTTATTCTTCATCACACTGTTGCACTTGGTTGTTGCAATGAGA
TTTCCTAGTATTTTCACTGCTGTGCTATTTGCCGCTAGTTCCGCTCTAGCTGCTCCAGTTAATACTACTACTGAAGATGAATTG
GAGGGTGACTTCGATGTTGCTGTTCTGCCTTTTTCCGCTTCTATCGCAGCCAAGGAAGAAGGTGTATCTCTAGAGAAGCGT

αMF, pUO-pp-336
ATGAGATTTCCTTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAGAT
GAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTC
CAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGA
AAAGAGAGGCTGAAGCT

aMF_no_EAEA, pUO-pp-337
ATGAGATTTCCTTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAGAT
GAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTC
CAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGA
AAAGAG

yEGFP_1-10, pUO-pp-338
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCA
GCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGT
GCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC
TTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGC
CGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTG
GGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACT
TCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCC
CGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGAGCGCCCTGAGCAAAGACCCCAACGAGAAG

yEGFP_11, pUO-pp-339
GATGGAGGGTCTGGTGGCGGATCAACAAGTCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACT

AdhZ2_Ec+His, pUO-pp-340
CATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATGAAGATCAAAGCTGTTGGTGCATA
TTCCGCTAAACAACCACTTGAACCGATGGATATCACCCGGCGTGAACCGGGACCGAATGATGTCAAAATCGAAATCGCTTACT
GTGGCGTTTGCCATTCCGATCTCCACCAGGTCCGTTCCGAGTGGGCGGGGACGGTTTACCCCTGCGTGCCGGGTCATGAAAT
TGTGGGGCGTGTGGTAGCCGTTGGTGATCAGGTAGAAAAATATGCGCCGGGCGATCTGGTCGGTGTCGGCTGCATTGTCGAC
AGTTGTAAACATTGCGAAGAGTGTGAAGACGGGTTGGAAAACTACTGTGATCACATGACCGGCACCTATAACTCGCCGACGCC
GGACGAACCGGGCCATACTCTGGGCGGCTACTCACAACAGATCGTCGTTCATGAGCGATATGTTCTGCGTATTCGTCACCCGC
AAGAGCAGCTGGCGGCGGTGGCTCCTTTGTTGTGTGCAGGGATCACCACGTATTCGCCGCTACGTCACTGGCAGGCCGGGCC
GGGTAAAAAAGTGGGCGTGGTCGGCATCGGCGGTCTGGGACATATGGGGATTAAGCTGGCCCACGCGATGGGGGCACATGT
GGTGGCATTTACCACTTCTGAGGCAAAACGCGAAGCGGCAAAAGCCCTGGGGGCCGATGAAGTTGTTAACTCACGCAATGCC
GATGAGATGGCGGCTCATCTGAAGAGTTTCGATTTCATTTTGAATACAGTAGCTGCGCCACATAATCTCGACGATTTTACCAC
CTTGCTGAAGCGTGATGGCACCATGACGCTGGTTGGTGCGCCTGCGACACCGCATAAATCGCCGGAAGTTTTCAACCTGATCA
TGAAACGCCGTGCGATAGCCGGTTCTATGATTGGCGGCATTCCAGAAACTCAGGAGATGCTCGATTTTTGCGCCGAACATGGC
ATCGTGGCTGATATAGAGATGATTCGGGCCGATCAAATTAATGAAGCCTATGAGCGAATGCTGCGCGGTGATGTGAAATATCG
TTTTGTTATCGATAATCGCACACTAACAGAC
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AdhZ2_DIN+His, pUO-pp-341
CATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATGAAGATCAAAGCTGTTGGTGCATA
TTCCGCTAAACAACCACTTGAACCGATGGATATCACCCGGCGTGAACCGGGACCGAATGATGTCAAAATCGAAATCGCTTACT
GTGGCGTTTGCCATTCCGATCTCCACCAGGTCCGTTCCGAGTGGGCGGGGACGGTTTACCCCTGCGTGCCGGGTCATGAAAT
TGTGGGGCGTGTGGTAGCCGTTGGTGATCAGGTAGAAAAATATGCGCCGGGCGATCTGGTCGGTGTCGGCTGCATTGTCGAC
AGTTGTAAACATTGCGAAGAGTGTGAAGACGGGTTGGAAAACTACTGTGATCACATGACCGGCACCTATAACTCGCCGACGCC
GGACGAACCGGGCCATACTCTGGGCGGCTACTCACAACAGATCGTCGTTCATGAGCGATATGTTCTGCGTATTCGTCACCCGC
AAGAGCAGCTGGCGGCGGTGGCTCCTTTGTTGTGTGCAGGGATCACCACGTATTCGCCGCTACGTCACTGGCAGGCCGGGCC
GGGTAAAAAAGTGGGCGTGGTCGGCATCGGCGGTCTGGGACATATGGGGATTAAGCTGGCCCACGCGATGGGGGCACATGT
GGTGGCATTTGATATTAATGAGGCAAAACGCGAAGCGGCAAAAGCCCTGGGGGCCGATGAAGTTGTTAACTCACGCAATGCC
GATGAGATGGCGGCTCATCTGAAGAGTTTCGATTTCATTTTGAATACAGTAGCTGCGCCACATAATCTCGACGATTTTACCAC
CTTGCTGAAGCGTGATGGCACCATGACGCTGGTTGGTGCGCCTGCGACACCGCATAAATCGCCGGAAGTTTTCAACCTGATCA
TGAAACGCCGTGCGATAGCCGGTTCTATGATTGGCGGCATTCCAGAAACTCAGGAGATGCTCGATTTTTGCGCCGAACATGGC
ATCGTGGCTGATATAGAGATGATTCGGGCCGATCAAATTAATGAAGCCTATGAGCGAATGCTGCGCGGTGATGTGAAATATCG
TTTTGTTATCGATAATCGCACACTAACAGAC

AdhZ2_7476+His, pUO-pp-342
CATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATGAAGATCAAAGCTGTTGGTGCATA
TTCCGCTAAACAACCACTTGAACCGATGGATATCACCCGGCGTGAACCGGGACCGAATGATGTCAAAATCGAAATCGCTTACT
GTGGCGTTTGCCATTCCGATCTCCACCAGGTCCGTTCCGAGTGGGCGGGGACGGTTTACCCCTGCGTGCCGGGTCATGAAAT
TGTGGGGCGTGTGGTAGCCGTTGGTGATAACTGTACAAAATATGCGCCGGGCGATCTGGTCGGTGTCGGCTGCATTGTCGAC
AGTTGTAAACATTGCGAAGAGTGTGAAGACGGGTTGGAAAACTACTGTGATCACATGACCGGCACCTATAACTCGCCGACGCC
GGACGAACCGGGCCATACTCTGGGCGGCTACTCACAACAGATCGTCGTTCATGAGCGATATGTTCTGCGTATTCGTCACCCGC
AAGAGCAGCTGGCGGCGGTGGCTCCTTTGTTGTGTGCAGGGATCACCACGTATTCGCCGCTACGTCACTGGCAGGCCGGGCC
GGGTAAAAAAGTGGGCGTGGTCGGCATCGGCGGTCTGGGACATATGGGGATTAAGCTGGCCCACGCGATGGGGGCACATGT
GGTGGCATTTACCACTTCTGAGGCAAAACGCGAAGCGGCAAAAGCCCTGGGGGCCGATGAAGTTGTTAACTCACGCAATGCC
GATGAGATGGCGGCTCATCTGAAGAGTTTCGATTTCATTTTGAATACAGTAGCTGCGCCACATAATCTCGACGATTTTACCAC
CTTGCTGAAGCGTGATGGCACCATGACGCTGGTTGGTGCGCCTGCGACACCGCATAAATCGCCGGAAGTTTTCAACCTGATCA
TGAAACGCCGTGCGATAGCCGGTTCTATGATTGGCGGCATTCCAGAAACTCAGGAGATGCTCGATTTTTGCGCCGAACATGGC
ATCGTGGCTGATATAGAGATGATTCGGGCCGATCAAATTAATGAAGCCTATGAGCGAATGCTGCGCGGTGATGTGAAATATCG
TTTTGTTATCGATAATCGCACACTAACAGAC

AdhZ3_LND+His, pUO-pp-348 and pUO-pp-343
CATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGTCGATGATAAAAAGCTATGCCGCAAAAGAAG
CGGGCGGCGAACTGGAAGTTTATGAGTACGATCCCGGTGAGCTGAGGCCACAAGATGTTGAAGTGCAGGTGGATTACTGCGG
GATCTGCCATTCCGATCTGTCGATGATCGATAACGAATGGGGATTTTCACAATATCCGCTGGTTGCCGGGCATGAGGTGATTG
GGCGCGTGGTGGCACTCGGGAGCGCCGCGCAGGATAAAGGTTTGCAGGTCGGTCAGCGTGTCGGGATTGGCTGGACGGCGC
GTAGCTGTGGTCACTGCGACGCCTGTATTAGCGGTAATCAGATCAACTGCGAGCAAGGTGCGGTGCCGACGATTATGAATCG
CGGTGGCTTTGCCGAGAAGTTGCGTGCGGACTGGCAATGGGTGATTCCACTGCCAGAAAATATTGATATCGAGTCCGCCGGG
CCGCTGTTGTGCGGCGGTATCACGGTCTTTAAACCACTGTTGATGCACCATATCACTGCTACCAGCCGCGTTGGGGTAATTGG
TATTGGCGGGCTGGGGCATATCGCTATAAAACTTCTGCACGCAATGGGATGCGAGGTGACAGCCTTTCTTAATGATCCGGCGA
AAGAGCAGGAAGTGCTGGCGATGGGTGCCGATAAAGTGGTGAATAGCCGCGATCCGCAGGCACTGAAAGCACTGGCGGGGC
AGTTTGATCTCATTATCAACACCGTCAACGTCAGCCTCGACTGGCAGCCCTATTTTGAGGCGCTGACCTATGGCGGTAATTTC
CATACGGTCGGTGCGGTTCTCACGCCGCTGTCTGTTCCGGCCTTTACGTTAATTGCGGGCGATCGCAGCGTgtctGGTTCTGCT
ACCGGCACGCCTTATGAGCTGCGTAAGCTGATGCGTTTTGCCGCCCGCAGCAAGGTTGCGCCGACCACCGAACTGTTCCCGAT
GTCGAAAATTAACGACGCCATCCAGCATGTGCGCGACGGTAAGGCGCGTTACCGCGTGGTGTTGAAAGCCGATTTT

AdhZ3_242+His, pUO-pp-351 and pUO-pp-344
CATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGTCGATGATAAAAAGCTATGCCGCAAAAGAAG
CGGGCGGCGAACTGGAAGTTTATGAGTACGATCCCGGTGAGCTGAGGCCACAAGATGTTGAAGTGCAGGTGGATTACTGCGG
GATCTGCCATTCCGATCTGTCGATGATCGATAACGAATGGGGATTTTCACAATATCCGCTGGTTGCCGGGCATGAGGTGATTG
GGCGCGTGGTGGCACTCGGGAGCGCCGCGCAGGATAAAGGTTTGCAGGTCGGTCAGCGTGTCGGGATTGGCTGGACGGCGC
GTAGCTGTGGTCACTGCGACGCCTGTATTAGCGGTAATCAGATCAACTGCGAGCAAGGTGCGGTGCCGACGATTATGAATCG
CGGTGGCTTTGCCGAGAAGTTGCGTGCGGACTGGCAATGGGTGATTCCACTGCCAGAAAATATTGATATCGAGTCCGCCGGG
CCGCTGTTGTGCGGCGGTATCACGGTCTTTAAACCACTGTTGATGCACCATATCACTGCTACCAGCCGCGTTGGGGTAATTGG
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TATTGGCGGGCTGGGGCATATCGCTATAAAACTTCTGCACGCAATGGGATGCGAGGTGACAGCCTTTCTTAATGATCCGGCGA
AAGAGCAGGAAGTGCTGGCGATGGGTGCCGATAAAGTGGTGAATAGCCGCGATCCGCAGGCACTGAAAGCACTGGCGGGGC
AGTTTGATCTCATTATCAACACCGTCAACGTCGCCCTCGACTGGCAGCCCTATTTTGAGGCGCTGACCTATGGCGGTAATTTC
CATACGGTCGGTGCGGTTCTCACGCCGCTGTCTGTTCCGGCCTTTACGTTAATTGCGGGCGATCGCAGCGTgtctGGTTCTGCT
ACCGGCACGCCTTATGAGCTGCGTAAGCTGATGCGTTTTGCCGCCCGCAGCAAGGTTGCGCCGACCACCGAACTGTTCCCGAT
GTCGAAAATTAACGACGCCATCCAGCATGTGCGCGACGGTAAGGCGCGTTACCGCGTGGTGTTGAAAGCCGATTTT

AdhZ3_LND_no_HIS, pUO-pp-349 and pUO-pp-347
ATGTCGATGATAAAAAGCTATGCCGCAAAAGAAGCGGGCGGCGAACTGGAAGTTTATGAGTACGATCCCGGTGAGCTGAGGC
CACAAGATGTTGAAGTGCAGGTGGATTACTGCGGGATCTGCCATTCCGATCTGTCGATGATCGATAACGAATGGGGATTTTCA
CAATATCCGCTGGTTGCCGGGCATGAGGTGATTGGGCGCGTGGTGGCACTCGGGAGCGCCGCGCAGGATAAAGGTTTGCAG
GTCGGTCAGCGTGTCGGGATTGGCTGGACGGCGCGTAGCTGTGGTCACTGCGACGCCTGTATTAGCGGTAATCAGATCAACT
GCGAGCAAGGTGCGGTGCCGACGATTATGAATCGCGGTGGCTTTGCCGAGAAGTTGCGTGCGGACTGGCAATGGGTGATTCC
ACTGCCAGAAAATATTGATATCGAGTCCGCCGGGCCGCTGTTGTGCGGCGGTATCACGGTCTTTAAACCACTGTTGATGCACC
ATATCACTGCTACCAGCCGCGTTGGGGTAATTGGTATTGGCGGGCTGGGGCATATCGCTATAAAACTTCTGCACGCAATGGGA
TGCGAGGTGACAGCCTTTCTTAATGATCCGGCGAAAGAGCAGGAAGTGCTGGCGATGGGTGCCGATAAAGTGGTGAATAGCC
GCGATCCGCAGGCACTGAAAGCACTGGCGGGGCAGTTTGATCTCATTATCAACACCGTCAACGTCAGCCTCGACTGGCAGCC
CTATTTTGAGGCGCTGACCTATGGCGGTAATTTCCATACGGTCGGTGCGGTTCTCACGCCGCTGTCTGTTCCGGCCTTTACGT
TAATTGCGGGCGATCGCAGCGTGTCTGGTTCTGCTACCGGCACGCCTTATGAGCTGCGTAAGCTGATGCGTTTTGCCGCCCGC
AGCAAGGTTGCGCCGACCACCGAACTGTTCCCGATGTCGAAAATTAACGACGCCATCCAGCATGTGCGCGACGGTAAGGCGC
GTTACCGCGTGGTGTTGAAAGCCGATTTT

AdhZ3_242_no_HIS, pUO-pp-352 and pUO-pp-350
ATGTCGATGATAAAAAGCTATGCCGCAAAAGAAGCGGGCGGCGAACTGGAAGTTTATGAGTACGATCCCGGTGAGCTGAGGC
CACAAGATGTTGAAGTGCAGGTGGATTACTGCGGGATCTGCCATTCCGATCTGTCGATGATCGATAACGAATGGGGATTTTCA
CAATATCCGCTGGTTGCCGGGCATGAGGTGATTGGGCGCGTGGTGGCACTCGGGAGCGCCGCGCAGGATAAAGGTTTGCAG
GTCGGTCAGCGTGTCGGGATTGGCTGGACGGCGCGTAGCTGTGGTCACTGCGACGCCTGTATTAGCGGTAATCAGATCAACT
GCGAGCAAGGTGCGGTGCCGACGATTATGAATCGCGGTGGCTTTGCCGAGAAGTTGCGTGCGGACTGGCAATGGGTGATTCC
ACTGCCAGAAAATATTGATATCGAGTCCGCCGGGCCGCTGTTGTGCGGCGGTATCACGGTCTTTAAACCACTGTTGATGCACC
ATATCACTGCTACCAGCCGCGTTGGGGTAATTGGTATTGGCGGGCTGGGGCATATCGCTATAAAACTTCTGCACGCAATGGGA
TGCGAGGTGACAGCCTTTCTTAATGATCCGGCGAAAGAGCAGGAAGTGCTGGCGATGGGTGCCGATAAAGTGGTGAATAGCC
GCGATCCGCAGGCACTGAAAGCACTGGCGGGGCAGTTTGATCTCATTATCAACACCGTCAACGTCGCCCTCGACTGGCAGCC
CTATTTTGAGGCGCTGACCTATGGCGGTAATTTCCATACGGTCGGTGCGGTTCTCACGCCGCTGTCTGTTCCGGCCTTTACGT
TAATTGCGGGCGATCGCAGCGTgtctGGTTCTGCTACCGGCACGCCTTATGAGCTGCGTAAGCTGATGCGTTTTGCCGCCCGCA
GCAAGGTTGCGCCGACCACCGAACTGTTCCCGATGTCGAAAATTAACGACGCCATCCAGCATGTGCGCGACGGTAAGGCGCG
TTACCGCGTGGTGTTGAAAGCCGATTTT

pPET9, pUO-pp-353
TAGAAAATTCACCACTGTCGGAAAGTTGTCTACTTCCGTCGGTTGGAAATACGAGTCTGTTGTTGAGAAGTTGGAGGAGAAGA
GAAAGGCTGAGGAAGCTGAGTACCAGGAGAAGAAGAGAGCTTACACCCAGAGATTAGACGCAGCTAGTGCCGAGTTTGCCCA
AACCGAGGAGGGAAAGCAGTTGGCTGCCTTTGGTTACTAAATAGTAAAGTAGGGTATCTTCAAGTAATAGTATACTAACCATC
TGAAATAACCACCGTCCTGTAGTTTTTTTTCGATATCGAAGAGCCTATGCTAGTACTGTGGATTTGCGCTCCATCCAACATCTG
TGCGCAAACTAAAACTTCCGAGACTGACATCTACCATCGCTAGACCCTAAGTAAAACCAATCTCGCGTCCGAACTTTTAAATTT
CAGTCCTTAAAACTTCAGAGCATTGGTTGTAGTTTCCGGATCTGAGGGGTCGTATTGGAGTCAAGAcACGGAGCTGCCTCCAC
AGCGCGAAACGTCAACCCCAACACCAACCTGAATTTGCAATCACCATGGGGACAAGTTTCAGCAGTCAATGGGCAATTCAGAC
GTTGATACGGTACCCATTTGCTAAGCTCAATGACGATCCATCCAACTTCAGAGAAAGGCCTTTCTCTGGTATGCTCTGGTATTC
ATTCGTCTTTTATCACTCTCGTTGCACAATGCCCGGGTACTCCCGGAACAAGGGAGTCTTCCAGCCAAGCTGTACAGAGTGAA
AAATAGAAATACACCTTTGCAATCAAGACGCGCGTTGGCCAATCACAAGACTTAATCGGTGCAAAGAAGGATTACCAAATTTT
TTTTTCCCAAAATCGCTATATAGAAATAATGGAGGAAAAAGGGTTAATATAAAGGAGAATTCCCCCGTTTTTCTCCCCTTTTCT
TTTCTTCTTCAGGCTTTCTTACAAATCTATAATATTCCAAAATGGCTGACAACAACAAGTCTAACTTCTTCGTCGACTTC

pG1, pUO-pp-354
CAAACATTTGCTCCCCCTAGTCTCCAGGGAAATGTAAAATATACTGCTAATAGAAAACAGTAAGACGCTCAGTTGTCAGGATA
ATTACGTTCGACTGTAGTAAAACAGGAATCTGTATTGTTAGAAAGAACGAGAGTTTTTTACGGCGCCGCCATATTGGGCCGTG
TGAAAACAGCTTGAAACCCCACTACTTTCAAAGGTTCTGTTGCTATACACGAACCATGTTTAACCAACCTCGCTTTTGACTTGA
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CTGAAGTCATCGGTTAACAATCAAGTACCCTAGTCTGTCTGAATGCTCCTTTCCATATTCAGTAGGTGTTTCTTGCACTTTTGC
ATGCACTGCGGAAGAATTAGCCAATAGCGCGTTTCATATGCGCTTTTACCCCCTCTTTTGTCAAGCGCAAAATGCCTGTAAGA
TTTGGTGGGGGTGTGAGCCGTTAGCTGAAGTACAACAGGCTAATTCCCTGAAAAAACTGCAGATAGACTTCAAGATCTCAGGG
ATTCCCACTATTTGGTATTCTGATATGTTTTTCCTGATATGCATCAAAACTCTAATCTAAAACCTGAATCTCCGCTATTTTTTTT
TTTTTTTGATGACCCCGTTTTCGTGACAAATTAATTTCCAACGGGGTCTTGTCCGGATAAGAGAATTTTGTTTGATTATCCGTT
CGGATAAATGGACGCCTGCTCCATATTTTTCCGGTTATTACCCCACCTGGAAGTGCCCAGAATTTTCCGGGGATTACGGATAA
TACGGTGGTCTGGATTAATTAATACGCCAAGTCTTACATTTTGTTGCAGTCTCGTGCGAGTATGTGCAATAATAAACAAGATGA
GCCAATTTATTGGATTAGTTGCAGCTTGACCCCGCCATAGCTAGGCATAGCCAAGTGCTATGGGTGTTAGATGATGCACTTGG
ATGCAGTGAGTTTTGGAGTATAAAAGATCCTTAAAATTCCACCCTT

pG6, pUO-pp-355
GACCAGCAGTTTAACTACGCAAATCCACAGGAATTTCTACATCACAATACCAATGGTAATACCACGACGTCAAGGAATGGAAA
CGACGACTTGGAGGAAGACTTCGTCAACCTCTTGCGGAGTACCCGAGGCTAAGACAATAAGAAGAAAAAAAAAGAAAAGCGG
TGGGGGAGGGATTATTAAATAAGGATTATGTAACCCCAGGGTACCGTTCTATACATATTTAAGGATTATTTAGGACAATCGAT
GAAATCGGCATCAAACTGGATGGGAGTATAGTGTCCGGATAATCGGATAAATCATCTTGCGAGGAGCCGCTTGGTTGGTTGGT
GAGAGGAGTGAAATATGTGTCTCCTCACCCAAGAATCGCGATATCAGCACCCTGTGGGGGACACTATTGGCCTCCCTCCCAAA
CCTTCGATGTGGTAGTGCTTTATTATATTGATTACATTGATTACATAGCTAAACCCTGCCTGGTTGCAAGTTGAGCTCCGAATT
CCAATATTAGTAAAATGCCTGCAAGATAACCTCGGTATGGCGTCCGACCCCGCTTAATTATTTTAACTCCTTTCCAACGAGGAC
TTCGTAATTTTTGATTAGGGAGTTGAGAAACGGGGGGTCTTGATACCTCCTCGATTTCAGATCCCACCCCCTCTCAGTCCCAA
GTGGGACCCCCCTCGGCCGTGAAATGCGCGCACTTTAGTTTTTTTCGCATGTAAACGCCGGTGTCCGTCAATTAAAAGTCGCA
GACTAGGGTGAACTTTACCATTTTTGTCGCACTCCGTgTCCTCGGAATAGGGGTGTAGTAATTCTGCAGTAGTGCAATTTTTAC
CCCGCCAAGGGGGGGCGAAAAGAcACGACCTCATCACGCATTCTCCAGTCGCTCTCTACGCCTACAGCACCGACGTAGTTAAC
TTTCTCCCATATATAAAGCAATTGCCATTCCCCTGAAAACTTTAACCTCTGCTTTTTCTTGATTTTTCCTTGCCCAAAGAAAAG

pADH2, pUO-pp-356
CGCAGCGTTTTCTGACGGTACTAGAGGACTCTTAGGGGAAGGTAGAATCAATAAAGATCATATTAGGTAAGCAAATTTTGGAT
GGAATAGGAGACTAGGTGTGGATGCGCGATCTCGCCAAATTGCACGACCAGAGTGGATGCCGGATGGTGGTAAACCGTTTCT
TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGATTGCCCCTCTACAGGCATAAGGGTGTGACTTTG
TGGGCTTGAATTTTACACCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATGCCCGGAGGAGACTTGCC
CCCTAATTTCGCGGCGTCGTCCCGGATCGCAGGGTGAGACTGTAGAcACCCCACATAGTGACAATGATTATGTAAGAAGAGGG
GGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACAATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAG
TATCACCGATTAACACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGACAAATGGCAGTTAGCATTGG
TGCACTGACTGACTGCCCAACCTTAAACCCAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCCTCCAT
CGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTTCAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCC
TGTTCCATTCGATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCTGCTAATTTCGTTGATTCCCACCC
CCCTTTCCAACTCCACAAATTGTCCAATCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACCGGTGTCCG
AAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCTGTTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCG
TGCCCAATTCCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATAGCGCACCCCCAATGATCACACCAA
CAATTGGTCCACCCCTCCCCAATCTCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAATTCTTTTTTC
CTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGAAA

pDAS1, pUO-pp-357
AATAAAAAAACGTTATAGAAAGAAATTGGACTACGATATGCTCCAATCCAAATTGTCAAAATTGACCACCGAAAAAGAACAATT
GGAATTTGACAAGAGGAACAACTCACTAGATTCTCAAACGGAGCGTCACCTAGAGTCAGTTTCCAAGTCAATTACAGAAAGTT
TGGAAACAGAAGAGGAGTATCTACAATTGAATTCCAAACTTAAAGTCGAGCTGTCCGAATTCATGTCGCTAAGGCTTTCTTAC
TTGGACCCCATTTTTGAAAGTTTCATTAAAGTTCAGTCAAAAATTTTCATGGACATTTATGACACATTAAAGAGCGGACTACCT
TATGTTGATTCTCTATCCAAAGAGGATTATCAGTCCAAGATCTTGGACTCTAGAATAGATAACATTCTGTCGAAAATGGAAGCG
CTGAACCTTCAAGCTTACATTGATGATTAGAGCAATGATATAAACAACAATTGAGTGACAGGTCTACTTTGTTCTCAAAAGGCC
ATAACCATCTGTTTGCATCTCTTATCACCACACCATCCTCCTCATCTGGCCTTCAATTGTGGGGAACAACTAGCATCCCAACAC
CAGACTAACTCCACCCAGATGAAACCAGTTGTCGCTTACCAGTCAATGAATGTTGAGCTAACGTTCCTTGAAACTCGAATGAT
CCCAGCCTTGCTGCGTATCATCCCTCCGCTATTCCGCCGCTTGCTCCAACCATGTTTCCGCCTTTTTCGAACAAGTTCAAATAC
CTATCTTTGGCAGGACTTTTCCTCCTGCCTTTTTTAGCCTCAGGTgTCGGTTAGCCTCTAGGCAAATTCTGGTCTTCATACCTAT
ATCAACTTTTCATCAGATAGCCTTTGGGTTCAAAAAAGAACTAAAGCAGGATGCCTGATATATAAATCCCAGATGATCTGCTTT
TGAAACTATTTTCAGTATCTTGATTCGTTTACTTACAAACAACTATTGTTGATTTTATCTGGAGAATAATCGAACAAA

171



APPENDIX A. APPENDIX A

pPMP20, pUO-pp-358
TTCTGGAGTGTCAAAACAGTAGTGATAAAAGGCTATGAAGGAGGTTGTCTAGGGGCTCGCGGAGGAAAGTGATTCAAACAGA
CCTGCCAAAAAGAGAAAAAAGAGGGAATCCCTGTTCTTTCCAATGGAAATGACGTAACTTTAACTTGAAAAATACCCCAACCA
GAAGGGTTCAAACTCAACAAGGATTGCGTAATTCCTACAAGTAGCTTAGAGCTGGGGGAGAGACAACTGAAGGCAGCTTAAC
GATAACGCGGGGGGATTGGTGCACGACTCGAAAGGAGGTATCTTAGTCTTGTAACCTCTTTTTTCCAGAGGCTATTCAAGATT
CATAGGCGATATCGATGTGGAGAAGGGTGAACAATATAAAAGGCTGGAGAGATGTCAATGAAGCAGCTGGATAGATTTCAAA
TTTTCTAGATTTCAGAGTAATCGCACAAAACGAAGGAATCCCACCAAGCAAAAAAAAAAATCTAAG

SP_Disulfide isomerade, pUO-pp-360
ATGAAAATATTAAGTGCATTGCTTCTTCTTTTTACGTTGGCCTTTGCT

SP_C4R6P1, pUO-pp-361
ATGTGGTCGCTGTTCATATCTGGACTATTAATCTTCTATCCTTTGGTCCTTGGA

SP_Cell wall protein, pUO-pp-362
ATGAGGCCAGTGCTTTCGTTATTACTCTTGCTGGCTTCTTCGGTACTCGCT

SP_Cyclophilin, pUO-pp-363
ATGAAATTGTTGAACTTTCTGCTTAGCTTCGTAACTCTGTTCGGACTATTATCAGGTTCTGTGTTTGCA

SP_CSN2, pUO-pp-364
ATGAAGGTCCTCATCCTTGCCTGCCTGGTGGCTCTGGCCCTTGCA

SP_PHA-E, pUO-pp-365
ATGGCTTCCTCCAACTTACTCTCCCTAGCCCTCTTCCTTGTGCTTCTCACCCACGCAAACTCA

MF41, pUO-pp-366
ATGGCTATTCCAAGATTCCCATCTATCTTCATCGCTGTCTTGTTCGCTGCTTCTTCTGCCTTGGCTGCTCCTGTCAACACTACT
ACCGAGGATGAAACTGCTCAAATCCCTGCTGAGGCTGTCATCGGTTACTCTGACCTGGAGGGTGACTTCGACGTCGCTGTCTT
GCCATTCTCTAACTCCACCAACAACGGTTTGTTGGAGGAGGCTGAAGCTGAAGCTGAACCTAAATTCATCAACACTACTATCG
CTTCTATCGCTGCTAAGGAGGAGGGTGTTTCCCTCGAG

SP_C4R8H7, pUO-pp-367
ATGAGCACCCTGACATTGCTGGCTGTGCTGTTGTCGCTTCAAAATTCAGCTCTTGCT

SP_Peptidylprolyl isomerade, pUO-pp-368
ATGAAAGTTTCTACGACCAAATTTCTGGCTGTGTTCTTATTAGTTAGACTCGTTTGCGCT

SP_ALB, pUO-pp-369
ATGAAGTGGGTAACTTTCATCTCATTGTTATTCTTGTTCTCCTCTGCTTACTCT

SP_Scw11p, pUO-pp-370
ATGCTATCAACTATCTTAAATATCTTTATCCTGTTGCTCTTCATACAGGCATCCCTACAG

SP_Mucin, pUO-pp-371
ATGATTAATTTAAACTCCTTTCTTATACTTACAGTAACACTGTTATCTCCAGCTTTGGCACTTCCAAAGAATGTTCTTGAAGAAC
AACAAGCAAAAGACGACCTTGCTAAAAGA

SP_An_phyA, pUO-pp-372
ATGGGCGTTTCTGCTGTTCTACTTCCTTTGTATCTCCTGTCTGGAGTCACCTCCGGA

SO_Pl_phyA, pUO-pp-373
ATGGTTTCTTCGGCATTCGCACCTTCCATCCTACTTAGCTTGATGTCGAGTCTTGCTTTGAGCACGCAGTTCAGCTTTGTTGCGGCG
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SP_Th_phyA, pUO-pp-374
ATGACTGGCCTCGGAGTGATGGTGGTGATGGTCGGCTTCCTGGCGATCGCCTCTCTACAATCC

SP_Aae_UPO, pUO-pp-375
ATGAAATATTTTCCCCTGTTCCCAACCTTGGTCTTCGCAGCGAGGGTCGTTGCTTTTCCTGCCTACGCCTCATTGGCCGGCCTC
AGCCAGCAGGAATTGGACGCTATAATCCCAACACTCGAGGCCCGA

SO_Aae_UPOeng, pUO-pp-376
ATGAAATATTTTCCCCTGTTCCCAACCTTGGTCTACGCAGTGGGGGTCGTTGCTTTTCCTGACTACGCCTCATTGGCCGGCCTC
AGCCAGCAGGAATTGGACGCTATAATCCCAACACTCGAGGCCCGA

SP_PHO1, pUO-pp-377
ATGTTTTCTCCTATTCTAAGTCTGGAAATTATTCTCGCTTTGGCTACTCTCCAATCAGTCTTTGCG

SP_Suc2, pUO-pp-378
ATGTTATTGCAAGCTTTTTTATTTCTGCTGGCAGGTTTTGCAGCAAAGATTTCTGCC

Phytase A.niger, pUO-pp-380
TTGGCTGTTCCAGCCTCCAGAAATCAATCCTCCTGTGACACTGTTGACCAGGGTTACCAATGTTTCTCTGAGACTTCTCACCTG
TGGGGTCAATACGCTCCTTTCTTCTCTTTGGCCAACGAATCCGTTATCTCCCCAGAAGTTCCAGCCGGTTGTAGAGTTACTTTC
GCTCAGGTTTTGTCCAGACACGGTGCTAGATACCCAACTGACTCTAAGGGTAAGAAGTACTCCGCCTTGATCGAAGAGATTCA
GCAGAACGCTACTACCTTCGACGGAAAGTACGCTTTCCTTAAGACCTACAACTACTCCTTGGGTGCTGACGACTTGACTCCAT
TCGGTGAACAAGAGTTGGTCAACTCCGGTATCAAGTTCTACCAGAGATACGAGTCCCTGACCAGAAACATCGTCCCATTCATT
AGATCTTCCGGTTCCTCCAGAGTTATCGCCTCTGGAAAGAAGTTCATCGAGGGTTTCCAGTCCACCAAGTTGAAGGATCCAAG
AGCACAACCAGGTCAGTCCTCTCCAAAGATCGACGTTGTTATTTCTGAGGCCTCCTCCTCCAACAACACTTTGGATCCAGGTA
CTTGCACCGTTTTCGAGGACTCTGAATTGGCTGATACTGTCGAGGCTAACTTCACTGCTACTTTCGTCCCATCCATCAGACAGA
GATTGGAGAACGACTTGTCCGGTGTTACTTTGACTGACACCGAGGTCACTTACCTGATGGACATGTGTTCCTTCGACACTATC
TCCACTTCCACCGTCGACACTAAGTTGTCTCCATTCTGCGACTTGTTCACTCACGACGAGTGGATCAACTACGACTACTTGCAG
TCCCTGAAAAAGTACTACGGTCACGGTGCTGGTAACCCATTGGGTCCAACTCAAGGTGTTGGTTACGCTAACGAGTTGATCGC
TAGATTGACTCACTCTCCAGTTCACGACGACACCTCTTCTAACCATACTTTGGACTCTTCCCCAGCTACTTTCCCATTGAACTC
TACCTTGTACGCTGACTTCTCTCACGACAACGGTATCATCTCCATCTTGTTCGCTCTGGGTCTGTACAACGGTACTAAGCCATT
GTCCACTACTACCGTCGAGAACATCACTCAGACTGACGGTTTTTCTTCCGCTTGGACTGTTCCATTCGCTTCCAGACTTTACGT
CGAGATGATGCAATGTCAGGCTGAGCAAGAGCCATTGGTTAGAGTTTTGGTCAACGACAGAGTTGTCCCATTGCACGGTTGTC
CAGTTGATGCTTTGGGTAGATGTACCAGAGACTCCTTCGTTAGAGGTTTGTCCTTCGCTAGATCTGGTGGTGATTGGGCTGAA
TGTTTCGCT

Phytase T. heterothallica, pUO-pp-381
GAATCCAGACCATGTGACACTCCAGACTTGGGTTTCCAATGTGGTACTGCTATTTCCCACTTCTGGGGTCAATACTCCCCATA
CTTCTCTGTTCCATCTGAGTTGGACGCTTCCATTCCAGACGACTGTGAAGTTACTTTCGCCCAGGTTTTGTCCAGACATGGTGC
TAGAGCACCAACTTTGAAGAGAGCTGCTTCCTACGTTGACCTGATCGACAGAATTCACCACGGTGCTATTTCTTACGGTCCAG
GTTACGAGTTCCTGAGAACTTACGACTACACTTTGGGTGCTGACGAGTTGACTAGAACTGGTCAACAGCAGATGGTCAACTCC
GGTATCAAGTTCTACAGAAGATACAGAGCCCTGGCCAGAAAGTCCATTCCATTCGTTAGAACTGCTGGTCAGGACAGAGTTGT
TCACTCCGCTGAAAACTTCACTCAGGGTTTCCACTCTGCTTTGTTGGCTGACAGAGGTTCCACTGTTAGACCAACCTTGCCATA
CGACATGGTTGTCATCCCAGAAACAGCTGGTGCTAACAACACCTTGCACAACGACTTGTGTACTGCCTTCGAAGAAGGTCCAT
ACTCCACTATTGGTGACGACGCTCAAGACACTTACTTGTCCACTTTCGCTGGTCCAATCACCGCTAGAGTTAACGCTAATTTGC
CAGGTGCTAACTTGACTGACGCTGACACTGTTGCTTTGATGGACTTGTGTCCTTTCGAGACTGTTGCCTCCTCTTCTTCTGATC
CTGCTACTGCTGATGCTGGTGGTGGTAATGGTAGACCATTGTCTCCATTCTGCAGACTGTTCTCTGAATCTGAGTGGCGTGCC
TACGACTACTTGCAATCTGTTGGTAAATGGTACGGTTACGGTCCTGGTAACCCATTGGGTCCTACTCAAGGTGTCGGTTTTGT
CAACGAGTTGTTGGCTAGATTGGCCGGTGTTCCAGTTAGAGATGGTACTTCCACTAACAGAACCTTGGACGGTGACCCAAGAA
CCTTTCCATTGGGTAGACCACTGTACGCTGATTTCTCTCACGACAACGACATGATGGGTGTTTTGGGTGCATTGGGAGCTTAC
GATGGTGTTCCACCATTGGACAAGACTGCCAGAAGAGATCCTGAAGAACTTGGTGGTTACGCTGCTTCTTGGGCTGTTCCATT
TGCTGCCAGAATCTACGTCGAGAAGATGAGATGTTCTGGTGGCGGTGGTGGTGGCGGAGGCGGTGAAGGTAGACAAGAAAAG
GATGAAGAGATGGTCAGAGTCCTGGTCAACGACAGAGTCATGACCTTGAAAGGTTGTGGTGCTGATGAGAGGGGTATGTGTA
CTTTGGAGAGATTCATCGAGTCCATGGCTTTCGCAAGAGGTAACGGAAAGTGGGATTTGTGTTTCGCT
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Phytase P. lycii, pUO-pp-382
CAGTTGCCAATTCCAGCTCAGAACACTTCTAACTGGGGTCCATACGATCCATTCTTCCCAGTTGAACCATACGCTGCTCCACCA
GAAGGTTGTACTGTTACCCAGGTTAACTTGATCCAGAGACACGGTGCTAGATGGCCAACTTCTGGTGCAAGATCTAGACAGGT
TGCTGCTGTTGCTAAGATCCAGATGGCTAGACCATTCACTGACCCAAAGTACGAGTTCCTGAACGACTTCGTCTACAAGTTCG
GTGTTGCTGACTTGTTGCCATTCGGTGCTAACCAGTCTCACCAAACTGGTACTGACATGTACACCAGATACTCCACCTTGTTC
GAAGGTGGTGACGTTCCATTTGTTAGAGCTGCTGGTGACCAGAGAGTTGTTGACTCTTCCACTAACTGGACTGCTGGTTTCGG
TGATGCTTCCGGTGAAACTGTTTTGCCAACCTTGCAGGTTGTCCTGCAAGAAGAGGGTAACTGTACCCTGTGTAACAACATGT
GTCCAAACGAGGTTGACGGTGACGAATCCACTACTTGGTTGGGTGTTTTCGCTCCAAACATCACCGCTAGATTGAACGCTGCT
GCTCCATCTGCTAACTTGTCTGATTCTGACGCCTTGACCTTGATGGACATGTGCCCTTTTGACACTTTGTCCTCTGGTAACGCT
TCCCCATTCTGTGACTTGTTCACTGCCGAAGAATACGTGTCCTACGAGTACTACTACGACCTGGACAAGTACTACGGTACTGG
TCCTGGTAATGCTTTGGGTCCAGTTCAAGGTGTTGGTTACGTCAACGAGTTGTTGGCCAGATTGACTGGTCAAGCCGTTAGAG
ATGAGACTCAGACCAACAGAACTCTGGATTCTGACCCAGCTACTTTCCCACTGAACAGAACTTTCTACGCTGACTTCTCCCAC
GACAACACCATGGTTCCAATTTTTGCTGCCCTGGGTTTGTTCAACGCTACTGCTTTGGATCCATTGAAGCCAGACGAGAACAG
ATTGTGGGTTGACTCCAAGTTGGTTCCATTCTCCGGTCACATGACCGTTGAAAAGTTGGCCTGTTCTGGTAAAGAGGCCGTCA
GAGTTTTGGTTAACGACGCTGTTCAACCATTGGAGTTCTGTGGTGGTGTTGATGGTGTTTGTGAGTTGTCCGCTTTCGTTGAG
TCCCAGACTTACGCTAGAGAAAACGGTCAAGGTGACTTCGCCAAGTGTGGTTTCGTTCCATCTGAA

Phytase E. coli, pUO-pp-383
CAATCTGAGCCAGAGTTGAAGTTGGAGTCCGTTGTCATCGTTTCCAGACATGGTGTTAGAGCCCCAACTAAGGCTACTCAATT
GATGCAGGATGTTACTCCAGACGCTTGGCCAACTTGGCCTGTTAAGTTAGGTTGGTTGACTCCAAGAGGTGGTGAGTTGATTG
CTTACTTGGGTCACTACCAGAGACAGAGATTGGTTGCTGATGGTTTGTTGGCTAAGAAGGGTTGTCCACAATCCGGTCAGGTT
GCTATTATTGCTGACGTTGACGAGAGAACCAGAAAGACTGGTGAAGCTTTCGCTGCTGGTTTGGCTCCAGATTGTGCTATCAC
TGTTCACACTCAAGCCGACACTTCATCCCCAGATCCTTTGTTCAACCCACTTAAGACCGGTGTTTGCCAGTTGGACAACGCTAA
CGTTACTGACGCTATCTTGTCTAGAGCCGGTGGTTCCATTGCTGATTTCACTGGTCATAGACAGACCGCCTTCAGAGAATTGG
AGAGAGTCTTGAACTTCCCACAGTCCAACCTGTGTTTGAAGAGAGAGAAGCAAGACGAGTCCTGCTCCTTGACTCAAGCTTTG
CCATCTGAGTTGAAGGTTTCCGCTGACAACGTTTCCTTGACTGGTGCTGTTTCTTTGGCCTCCATGCTGACCGAGATTTTCTTG
TTGCAGCAAGCTCAAGGTATGCCAGAACCAGGTTGGGGTAGAATTACTGACTCTCACCAGTGGAACACCTTGTTGTCCTTGCA
CAACGCTCAGTTCTACTTGCTGCAGAGAACTCCAGAAGTTGCTAGATCCAGAGCTACCCCTTTGTTGGACTTGATTAAGACCG
CTTTGACCCCACATCCACCACAAAAGCAAGCTTACGGTGTTACTTTGCCAACCTCCGTCTTGTTCATTGCTGGTCACGACACAA
ACCTGGCTAACCTTGGTGGTGCTTTGGAGTTGAACTGGACTTTGCCAGGTCAACCAGATAACACTCCACCAGGTGGTGAATTG
GTTTTCGAGAGATGGCGTAGATTGTCCGACAACTCCCAATGGATTCAGGTTTCCTTGGTGTTCCAAACCTTGCAGCAGATGAG
AGACAAGACCCCATTGTCCTTGAATACTCCTCCAGGTGAGGTTAAGTTGACCTTGGCTGGTTGTGAGGAAAGAAACGCTCAGG
GTATGTGTTCCTTGGCCGGTTTCACTCAAATTGTCAACGAGGCTAGAATCCCAGCCTGTTCTTTG

AaeUPOeng_co, pUO-pp-384
GAACCAGGTTTACCACCAGGTCCATTGGAAAACTCTTCCGCCAAGTTGGTTAACGACGAAGCTCATCCATGGAAGCCACTTAG
ACCAGGTGATATCAGAGGTCCATGTCCAGGTTTGAACACTTTGGCTTCTCACGGTTACTTGCCAAGAAACGGTGTTGCTACTC
CAGCTCAGATCATCAACGCTGTTCAAGAGGGTTTCAACTTCGACAACCAGGCTGCTATCTTCGCTACTTACGCTGCTCATTTG
GTCGACGGTAACTTGATCACTGACTTGCTGTCCATCGGTAGAAAGACCAGATTGACTGGTCCAGATCCACCACCACCAGCTTC
AGTTGGTGGTTTGAACGAACACGGTACTTTCGAAGGTGACGCTTCCATGACTAGAGGTGATGCTTTCTTCGGTAACAACCACG
ACTTCAACGAGACTTTGTTCGAGCAGTTGGTCGACTACTCCAACAGATTCGGTGGTGGTAAGTACAACTTGACTGTTGCTGGT
GAGCTGAGGTTCAAGAGAATCCAAGACTCCATTGCCACCAATCCAAACTTCAGCTTCGTGGACTTCAGATTCTTCACTGCCTA
CGGTGAGACTACTTTCCCAGCCAACTTGTTCGTTGACGGTAGAAGAGATGACGGTCAGTTGGATATGGACGCTGCCAGATCAT
TCTTCCAGTTCTCTAGAATGCCAGACGACTTCTTCAGAGCCCCATCTCCAAGATCTGGTACTGGTGTTGAGGTTGTTGTTCAG
GCTCATCCAATGCAGCCAGGTAGAAACGTTGGTAAGATCAACTCCTATACTGTCGACCCAACTTCCTCCGACTTCTCCACTCC
ATGTTTGATGTACGAGAAGTTCGTCAACATCACCGTCAAGTCTCTGTACCCAAATCCAACCGTCCAGTTGAGAAAGGCCTTGA
ACACTAACCTGGACTTTCTGTTCCAAGGTGTTGCTGCTGGTTGTACCCAAGTTTTCCCATACGGTAGAGAT

CraUPO_co, pUO-pp-385
CCACCACCAGAATACGTTGGTCCAAAGTTGGTTAACGACGCTGATCATCCATGGGAGCCACTTAGACCAGGTGATATTAGAGG
TCCATGTCCAGGTTTGAACACCTTGGCTTCTCATGGTTACTTGCCAAGAAACGGTGTTGCTACTCCAGCTCAGATCATCAACG
CTATCGTTGAGGGTTTCAACTTCAACTACGAGGGTGCCGTTTTCGTTACTTACTTCGCTCACATCGTCGACGGTAACTTGGTTA
CTGACTTGTTGTCCATCGGTGGTAAGACCAACTTGACTGGTGAAGATACTGGTGCTCCAGCCATTATCGGTGGATTGAACACT
CACTCTGTTTTCGAAGGTGACGCCTCCATGACTAGAGATGATTTCCACTTCGGTGACAACCACTCCTTCAACCAGACTTTGTTC
GACCAGTTCGTCGAGTACTCCAACACTTACGGTGGTGGTTTCTACAATCAAGAGGTTGCCGGTCACCTGAGAAGAAGAAGGAT
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TGAGCAATCCATTGCCACCAATCCAGAGTTCGACTTCACTTCCCCAAGATTCTTCACTGCTTTCGCCGAATCCTCCTTTCCATA
CTCATTCTTCGTGGACGGTAGAATCACCGAAAGACCTGGTGGTTTGTCTATGGAAAACGCCACCTTGTTCTTCAGGGACCACA
AGATGCCAGATGACTTCTGG

PinUPO_co, pUO-pp-386
CAACCTACTGCTCAACCATCCTTGACTACTGGTCAACACGAGTACTTCAGACCACACGACGATCAGGTTTACGGTTTGCCAGG
TAACAACTCCTCCACCTACTTCAGATCTCCATGTCCAGCTTTGAACACCTTGGCTAACCATGGTCACATCCCAAGAGATGGAAA
GTCCTTGACTCCAACCGTTCTTGGTGACGGTATCGTCAAGGTTTACAACTTCGACAAGAAGCTGCTGGACGTCATCTTCTTGG
CTTTGCCATCCAAGTTCACTTTGGCTGATTTGGGTGACCCCAACTTCATTGATCACGACGCTTCATTGGTCCACGATGACTCAT
TCTTCCAGGTCGAGCCATTCAAGGTCAACAAGACTTTGGTCGACGAGTTGTTGTCCTCCGCTGAAGATATTGGTGGTCACTCC
AACAGAGTCCTGACCAAGAATACTGTTGCCAGATTCAGACGTCACCGTGAGACTGAATGTGCCAGAACTAACCCAGAGTTCTC
TATGTCTGCTTTGGCTTCCTTCGTTGCTAACGGTGAAGCTTCTTTCGTCTTGCAAGGTTTGGGTGATTACTCCTCCGCTACTAT
TTCTGTTGACCACGCCAGATCTTTCTTGGTGGACGAGAGAATTCCAACCGATTTCAGACCATCCAAGACTCCCATCACCATCA
CTTCCGTTTTGTTGGCTATCGCCGAGTTGCAAATCAGAGCT

DseUPO_co, pUO-pp-387
TACCCAGCTTTGGAACAAGCTGCTTCTTCCGCTGAGTTCAAAGAGTACCAGAAGCAAGAGAAGAGACAGACCTTGGGTTTCGA
CGCTGCTTCTCAAATCGTTTCCACTACTGGTGATCACGCTTGGCAAGCTCCAGGTGCTAACGATATTAGAGGTCCATGTCCTG
GTTTGAACTCCATGGCTAACCACGGTTACATCCCAAGAAACGGTTACACTTCCGACGCTCAGATTATCGCTGCTATGCAGGCT
GTTTTCAACATCTCTCCAGACTTCGGTGGTTTCTTGACCGTTTTGGGTTCTGCTATGGGTGGTGATGGTTTGGGTTTTTCCATT
GGTGGTCCACCATCTGCTTCTCTGTTGACTGCTACTGGTTTGGTTGGTAAGCCACAGGGTATGTCCAACACTCACAACAGATT
CGAGTCCGACCAGTCCATCACTAGAGATGACTTGTACCAGACCGGTAACGACGTCACCTTGAACATGAACTTTTTCCAGGACC
TGCTGAACAGCTCCTTGCCAAAAGGTTGGTACGACATTGACGTCTTGGGTAACCACGCCGTTAAGAGATTCCAATACTCCGTC
GCTAACAACCCCTACTTCTTCAAGGGTTTGAACACCGCTTTTATCCCAGAGGCTACTTCCGCTTTGGTCACTTACTTGTTCGCT
AACCACTCTGCTGCTTGTCCAGCTGGTTGTTTGGACGCTACTAATCTGAAGTCCTTCTACTCCGTTACTGGTTCCGGTTCCACT
TTGAAGTACACTCCAGGTCACGAGAGAATCCCAGACAACTGGTACAAATACCCAGTCGGTTACGGTGTCGCTAACGTTTTCGC
TGACATGGTTACCGTCTACTCCAAGTACTCCAACCAGGCTGCTTTTGGTGGTAATACCGGTACTGTTAACTCCTTCACCGGTTT
GGACGTTGCTAACATCACTGGTGGTGTTTACAACGCCGAGACTTTGTTGCAGGGTAACAACTTGGGTTGCTTCCTGTTCAACG
GTATGGAATTCTTCATGCCCGACCTGATTTCCAACGGTGGTGTTATTGGTGACGTTTCCGGTGTTGTTTCCTCCTTGACTGGTA
CTATCACTTCCTTGTTGGCCCCATTCAACTGCCCAAAGTTGTCCGGTATTGACAAGAAGGCTTTCGCTATCTACCCAGGTTGGA
ACGATGGTAAGCCTAGAAAG

NhaUPO_co, pUO-pp-388
GCTAGAAGGCCAACTCAAGGTGCTATGGAACCAGCTCCAAAGGCTGACTTGAACATTGGTGACCAATCCTTGGGTACTGCCCC
AGTTAGAAAGGGTGACTTGTGTCAATCCTTCTTGTCCGTCTTGCCATTCCTTGGTGTTGGTGTTAACGGTTTCCCATCCTACAT
GAACGGTCCAATCGGTGACATCGTTTCCTCTAGATTGTCCGACAAGGTCGAGGGTGTTTTTCACGAAGCTCACGAGAAGAGAT
TGCTGTTCGACCCATTGACTAAGCCAATCGACGTTTCTGGTGACCACAAGTTCATTGCTCCAGACTACTCTAGAGGTGCTCAG
AGAGGTCCTTGTCCAGGTTTGAACGCTTTGGCTAACCACGGTTACATCAACCGTAAGGGTGTTACTTCCTTGACCGAGGTTAC
TGGTGCCATCAACAAGATCTTCGGTATGGGTCTTGAGCTGTCCACTATCTTGTCTGTCATGGGTACTGTGTTCGTCGGTAACC
CATTGTCTTTGAACCCAGGTTTCTCTATTGGTGACACTGCTTCCGGTGCTCAAAACTTGTTGGGTAACTTGGCTGGTTTGCTGG
GTACTCCAAGAGGTTTGACTGGTTCCCACAACATTATTGAGGGTGACTCCTCCAACACTAGAGCCGACTTGTACGTTACAGGT
GACGCTTCTACTTTGGTCCTGCAACAGTTCAAGGACTTCTACGAAATGTCCTCCGGTGAAGGTGACTACAACTTCGACGTTTT
CGCTGAGAGAGCCTACATCAGATTCCACGAATCCGTTGCCACCAATCCAAACTTCTACTACGGTCCATTCACCGGTATGATCG
CTAGAAACGCTGGTTACTTGTTCGCCTGTAGAATGTTCGCTAACCACTCCTCTGAAAACCCATCCGGTTTCTTGAACAAAGAG
GTCCTGAAGTCATTCTTCGCCATCGAAGGTGAGGGTGATAAGCTGACTTACAAGAGAGGTTACGAGAGAATCCCAGAGAACT
GGTACAGAAGGCCAGTCGACTACTCTTTGGTCCACTTGAACTTGGACGTCTTGGCTTTGGCTGCTAAGTACCCAGAATTGGCT
TCCATCGGTGGTAACATGGGTGAAGTTAACTCCTACGCTGGTGTTGACTTGTCCGACTTGACTGGTGGTGTTTTGAACTTGAC
CAAGCTGTTGGAGGGTAACAACTTGCTGTGCTTCGTTTTCGAGATCGTCAAGACTGTTGCCCCAAACTCCTTGTCTACCCTGTT
CAAGATTATCGAGGTCCCATTGAAGTTGGTCACCGACACTTTGGGTGCTGCTATCTTGGATTTGACCTGTCCAGCCTTTAAGG
ACTTGACCGTTGGTGGTAAGTCTTTCGAAGAGGGTATCCAGGTTCAATTCCCAGGTGCTAAGTTGGGTGCTTCCGTTTTG

AfuUPO_co, pUO-pp-389
CACAAGTACTGTGCTCTGTCCAACACCAGACCATGTTTGAGGCCATTGCAGACTACCATGTCTAAGATGGCTGAGTTGGAGAT
CATCGACTCCAAGGGTTTGCCATTGATCAAGGGTGATTACTGTCCAGCTGGTCCAGGTCATTTGAGAGCACCTTGTCCTGTTT
TGAACTCCTTGGCTAACCACGGTATTATCGCCAGATCCGGTAGAAACATTACTGCCGCTGAATTGAAGGCCGCCTTGAGATAT
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CTTGGTATGGGTATCGACGTCATCACCATCTTGGTTAACGGTGCCTTCAAGGTTCACTCTGACGATCCAAAGAAGGGTGCCTT
GTTGGGTTTGAGAGACAAGGACCAAACTAACGAGGACGGTGTTCCAGTCTTGAACTTGGATCAAGTTGGTAGACCACACGCT
GTTGAACACGACGTTTCCGTTACTAGACAGGACAGAGCTTTGGGTGACTGCATGAGAGTTAACGCTGACCTGTTGGAGAGATT
CTTGGCTGCTCCAAAGACTGAGAGAGGTTTCTCTGCTTCTGCCTTCGGTAAGTACAGAAAGACCAGATACAACGAGCAGAAGA
GGGACAACCCAGCTTTGGAATTCGACAGATTCAACCACTTCTCCGGTTGTGCTGAATTGGGTGCTGTTCAGTGTATCTTCGGT
AGAGGTTTCCCATACAGAGTCCCAGAAGAGTACATCAGAGTCCTGTTCGGTGAAGAGAGACTGCCAATTGAAGAAGGTTGGA
AGCCAAGAAGATTGCCATTGCTGTTGCCAGAGTTGGCCCCAGTTATTTTGAGAATCTCCCACTTCGCTTCCCCATTT

Table A.2: List of part plasmids used from the YTK

Plasmid Type Name E. coli Antibiotic Marker
pYTK001 entry vector Part Plasmid Entry Vector Chloramphenicol
pYTK002 1 ConLS Chloramphenicol
pYTK009 2 pTDH3 Chloramphenicol
pYTK010 2 pCCW12 Chloramphenicol
pYTK011 2 pPGK1 Chloramphenicol
pYTK012 2 pHHF2 Chloramphenicol
pYTK013 2 pTEF1 Chloramphenicol
pYTK014 2 pTEF2 Chloramphenicol
pYTK015 2 pHHF1 Chloramphenicol
pYTK016 2 pHTB2 Chloramphenicol
pYTK017 2 pRPL18B Chloramphenicol
pYTK044 234r GFP dropout Chloramphenicol
pYTK051 4 tENO1 Chloramphenicol
pYTK052 4 tSSA1 Chloramphenicol
pYTK053 4 tADH1 Chloramphenicol
pYTK054 4 tPGK1 Chloramphenicol
pYTK055 4 tENO2 Chloramphenicol
pYTK056 4 tTDH1 Chloramphenicol
pYTK060 4a 6XHis_3XFlag Chloramphenicol
pYTK072 5 ConRE Chloramphenicol
pYTK080 6 ZeocinR Chloramphenicol
pYTK084 8 KanR-ColE1 Kanamycin
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A.2 List of Primers

Table A.3: Primer

Number Name Sequence 5´-3´
Cloning of promoters

1 FW-2-pAOX1 gcatcgtctcatcggtctcaaacgGATCTAACATCCAAAGACGAAAGGTTGAATGA
5 REV-2-pAOX1 atgccgtctcaggtctcacataCGTTTCGAATAATTAGTTGTTTTTTGATCTTCTCAAGT
92 FW-2-pPET9 gcatcgtctcatcggtctcaaacgTAGAAAATTCACCACTGTCGGAAAGTTG
93 REV-2-pPET9 atgccgtctcaggtctcacatagatctGAAGTCGACGAAGAAGTTAGACTTGTTG
94 FW-Fix-pPET9 gcatcgtctcacACGGAGCTGCCTCCAC
95 REV-Fix-pPET9 atgccgtctcaCGTgTCTTGACTCCAATACGACCCCTC
96 FW-2-pG1 gcatcgtctcatcggtctcaaacgCAAACATTTGCTCCCCCTAGTCTC
97 REV-2-pG1 atgccgtctcaggtctcacatagatctAAGGGTGGAATTTTAAGGATCTTTTATACTC
98 FW-2-pPMP20 gcatcgtctcatcggtctcaaacgTTCTGGAGTGTCAAAACAGTAGTGATAAAAGG
99 REV-2-pPMP20 atgccgtctcaggtctcacatagatctCTTAGATTTTTTTTTTTGCTTGGTGGGATTCC
100 FW-2-pADH2 gcatcgtctcatcggtctcaaacgCGCAGCGTTTTCTGACGG
101 REV-2-pADH2 atgccgtctcaggtctcacatagatctTTTCGTAAAGTAAATAAGATAAAAGCTAGTAGCTG
102 FW-Fix-pADH2 gcatcgtctcacACCCCACATAGTGACAATGATTATGTAAGAAG
103 REV-Fix-pADH2 atgccgtctcaGGTgTCTACAGTCTCACCCTGCGATC
104 FW-2-pDAS1 gcatcgtctcatcggtctcaaacgAATAAAAAAACGTTATAGAAAGAAATTGGACTACG
105 REV-2-pDAS1 atgccgtctcaggtctcacatagatctTTTGTTCGATTATTCTCCAGATAAAATCAACAATA

GTTG
106 FW-Fix-pDAS1 gcatcgtctcagTCGGTTAGCCTCTAGGCAAATTCTG
107 REV-Fix-pDAS1 atgccgtctcaCGAcACCTGAGGCTAAAAAAGGCAG
109 REV-Fix-pG6 atgccgtctcTTCACCCTAGTCTGCGACTTTTAATTG
114 FW-2-pG6 gcatcgtctcatcggtctcaaacgTGACCAGCAGTTTAACTACGCAAATC

Cloning of signal peptides

47 FW-3a-pp-Gluco-new gcatcgtctcatcggtctcatatgtctttcagatccctattggcattg
48 FW-3a-pp-hBA-new gcatcgtctcatcggtctcatatgaagtgggtaactttcatctcattgttattc
49 FW-3a-pp-Inuli-new gcatcgtctcatcggtctcatatgaaactggcttactccctgttgc
50 FW-3a-pp-Inver-new gcatcgtctcatcggtctcatatgttattgcaagcttttttatttctgctgg
51 FW-3a-pp-Killer-new gcatcgtctcatcggtctcatatgaccaaaccaacgcaagtcttag
52 FW-3a-pp-AlphaAmy-

new
gcatcgtctcatcggtctcatatggtggcatggtggtcc

53 FW-3a-pp-AlphaKex-new gcatcgtctcatcggtctcatatgagatttcctagtattttcactgctgtg
54 FW-3a-pp-AlphaT-new gcatcgtctcatcggtctcatatgagattcccatcaatttttactgctgttc
58 REV-3a-pp-Gluco-Linker atgccgtctcaggtctcaagaaccACGCTTCTCTAGAGATACACCTTCTTCC
59 FW-3a-pp-Alpha-Factor gcatcgtctcatcggtctcatatgagatttccttcaatttttactgctgttttattc
60 REV-3a-pp-Alpha-Factor atgccgtctcaggtctcaagaaccagcttcagcctctcttttctcgagagataccc
61 REV-3a-pp-Alpha-Factor-

noEAEA
atgccgtctcaggtctcaagaacctcttttctcgagagataccccttc

110 REV-3a-Invertase atgccgtctcaggtctcaagaaccGGCAGAAATCTTTGCTGCAAAACC
111 REV-3a-hSA atgccgtctcaggtctcaagaaccAGAGTAAGCAGAGGAGAACAAGAATAACAATG

Cloning of RFP and yEGFP parts

43 FW-3-pp-GFP-new gcatcgtctcatcggtctcatatggtgagcaagggcgag
44 FW-3b-pp-GFP-new gcatcgtctcatcggtctcattctgtgagcaagggcgaggag
45 FW-3b-pp-RFP-new gcatcgtctcatcggtctcattctgcaacttccggtatggtgtcaaag
46 FW-4-tAOX1-new gcatcgtctcatcggtctcaatcctaaTCAAGAGGATGTCAGAATGCC
55 FW-3-pp-RFP-Linker gcatcgtctcatcggtctcatatgG
56 REV-3/3b-pp-RFP-Linker atgccgtctcaggtctcaggatccTGCGGTTCCGG
57 REV-3/3b-pp-GFP-Linker atgccgtctcaggtctcaggatcccttgtacagctcgtccatgc

Continued on next page
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Table A.3 – continued from previous page
Number Name Sequence 5´-3´
Cloning of ADH parts

64 FW-3b-Adh gcatcgtctcatcggtctcattctCATCATCATCATCATCACAGCAGCG
65 REV-3/3b-AdhZ2 atgccgtctcaggtctcaggatccGTCTGTTAGTGTGCGATTATCGATAACAAAACG
66 REV-AdhZ3_FixBsmBI atgccgtctcaagacACGCTGCGATCGCCCG
67 FW-AhdZ3_FixBsmBI gcatcgtctcagtctGGTTCTGCTACCGGCACGCC
68 REV-3/3b-AdhZ3 atgccgtctcaggtctcaggatccAAAATCGGCTTTCAACACCACGC
74 FW-3b-AdhZ3_no HIS gcatcgtctcatcggtctcattctATGTCGATGATAAAAAGCTATGCCGC
75 FW-3-AdhZ3_no HIS gcatcgtctcatcggtctcatatgTCGATGATAAAAAGCTATGCCGC
76 FW-3-Adh gcatcgtctcatcggtctcatatgCATCATCATCATCATCACAGCAGCG
77 REV-3/3b-AdhZ3 from

part
atgccgtctcaggtctcaggatccAAAATCGGC

Cloning of other parts

9 FW-JC071-BxbILocus tggtttctcctgacccaaagactttaaattt
10 REV-JC073-BxbILocus gaaccaatttagctatatatagttaactaccggctcg
88 FW-4b-tAOX1 gcatcgtctcatcggtctcatggcTCAAGAGGATGTCAGAATGCCATTTGCCTGAG
89 REV-4-AOX1terminator atgccgtctcaggtctcacagcTCTCACTTAATCTTCTGTACTCTGAAGAGGAGTGGG
112 FW-3a-pp-AaeUPOeng gcatcgtctcatcggtctcatatgAAATATTTTCCCCTGTTCCCAACC
113 REV-3a-pp-AaeUPOeng atgccgtctcaggtctcaagaaccTCGGGCCTCGAGTGTTG

Primers for sequencing confirmation

11 FW-Sequencing-
EntryVector

ccttttgctggccttttgctc

12 REV-Sequencing-
EntryVector

ccagtaatgacctcagaactcc

13 FW-Seq-ConS cgacaacgtggcaattcgtcg
14 FW-Seq-Ruby gttgtcatggagggctccg
15 FW-Seq-Turqu ggtcacaaattttctgtctccgg
16 FW-Seq-ConE gaaccagcgccggcgaac
17 FW-Seq-ZeoTerm gcgaagttaagtgcgcagaaag
18 FW-Seq-ColE1 gcggagcctatggaaaaacgc
19 REV-Seq-ConS cagatggtcctggagatcgttg
20 REV-Seq-Ruby cggagccctccatgacaac
21 REV-Seq-Turqu ccggagacagaaaatttgtgacc
22 REV-Seq-ConE catcggtatgatctgtacatgattcg
23 REV-Seq-Kana ctcaccggattcagtcgtcactc
62 REV-Sequ-Mid_RFP caccttcaatttcgaattcgtgaccg
63 REV-Sequ-Mid_GFP cagcttgccgtaggtggcatc
72 FW-Seq-pGAP gcgaacacctttcccaattttggtttc
73 REV-Seq-tAOX1 gatcaggagcaagctcgtacgagaa
115 FW-Seq-pAOX1 gcgactggttccaattgacaag
116 FW-Seq-ConS (N-term) ggtagagccacaaacagccg
117 Rev-Seq-tAOX1 gcctgcatctctcaggcaaatg
118 REV-Seq-Zeocin caaggagggtattctgggcctc
119 REV-Seq-UPO-a gttcaaacctggacatggacctc
120 REV-Seq-UPO-b ccgtggttagccaaggagttcaaa
121 REV-Seq-UPO-c ggttagccaaagcgttcaaagctggac
122 REV-Seq-Phytase_An ctggtcagggactcgtatctctgg
123 REV-Seq-Phytase_Sth ccaaagtgtagtcgtaagttctcaggaactc
124 REV-Seq-Phytase_Ply cgaatggcaacaagtcagcaacac
125 REV-Seq-Phytase_Ec gcaataatagcaacctgaccggattgtg
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A.3 Detailed Information about Expression Plasmids

Table A.4: P. pastoris strains for intracellular expression of RFP or yEGFP

Name Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8
pUO_pL001

ConLS

pAOX1

RFP

tAOX1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL002 pGAP tAOX1
pUO_pL003 pPGK1 tPGK1
pUO_pL004 pTEF1 tPGK1
pUO_pL005 pENO1 tAOX1
pUO_pL006 pTPI1 tAOX1

pUO_pL007

ConLS

pAOX1

yEGFP

tAOX1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL008 pGAP tAOX1
pUO_pL009 pPGK1 tPGK1
pUO_pL010 pTEF1 tPGK1
pUO_pL011 pENO1 tAOX1
pUO_pL012 pTPI1 tAOX1

pUO_pL093

ConLS

pAOX1

RFP

tAOX1

ConRE ZeoR PARS KanR-ColE1

pUO_pL094 pGAP tAOX1
pUO_pL095 pPGK1 tPGK1
pUO_pL096 pTEF1 tPGK1
pUO_pL097 pENO1 tAOX1
pUO_pL098 pTPI1 tAOX1

pUO_pL099

ConLS

pAOX1

yEGFP

tAOX1

ConRE ZeoR PARS KanR-ColE1

pUO_pL100 pGAP tAOX1
pUO_pL101 pPGK1 tPGK1
pUO_pL102 pTEF1 tPGK1
pUO_pL103 pENO1 tAOX1
pUO_pL104 pTPI1 tAOX1

pUO_pL621

ConLS

pTDH3

RFP tAOX1 ConRE ZeoR BxbI KanR-ColE1

pUO_pL622 pCCW12
pUO_pL623 pHHF2
pUO_pL624 pTEF2
pUO_pL625 pHHF1
pUO_pL626 pHTB2
pUO_pL627 pRPL18B

pUO_pL628

ConLS

pTDH3

yEGFP tAOX1 ConRE ZeoR BxbI KanR-ColE1

pUO_pL629 pCCW12
pUO_pL630 pHHF2
pUO_pL631 pTEF2
pUO_pL632 pHHF1
pUO_pL633 pHTB2
pUO_pL634 pRPL18B

pUO_pL635

ConLS pGAP RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL636 tSSA1
pUO_pL637 tADH1
pUO_pL638 tPGK1
pUO_pL639 tENO2
pUO_pL640 tTDH1

Continued on next page
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Table A.4 – continued from previous page
Name Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8

pUO_pL641

ConLS pGAP yEGFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL642 tSSA1
pUO_pL643 tADH1
pUO_pL644 tPGK1
pUO_pL645 tENO2
pUO_pL646 tTDH1

pUO_pL680

ConLS

pPET9

RFP tAOX1 ConRE ZeoR BxbI KanR-ColE1

pUO_pL681 pG1
pUO_pL682 pG6
pUO_pL683 pADH2
pUO_pL684 pDAS1
pUO_pL685 pPMP20

pUO_pL686

ConLS

pPET9

yEGFP tAOX1 ConRE ZeoR BxbI KanR-ColE1

pUO_pL687 pG1
pUO_pL688 pG6
pUO_pL689 pADH2
pUO_pL690 pDAS1
pUO_pL691 pPMP20

pUO_pL730

ConLS pAOX1 RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL731 tSSA1
pUO_pL732 tADH1
pUO_pL733 tPGK1
pUO_pL734 tENO2
pUO_pL735 tTDH1

pUO_pL736

ConLS pDAS1 RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL737 tSSA1
pUO_pL738 tADH1
pUO_pL739 tPGK1
pUO_pL740 tENO2
pUO_pL741 tTDH1

pUO_pL742

ConLS pPMP20 RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL743 tSSA1
pUO_pL744 tADH1
pUO_pL745 tPGK1
pUO_pL746 tENO2
pUO_pL747 tTDH1

pUO_pL748

ConLS pPET9 RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL749 tSSA1
pUO_pL750 tADH1
pUO_pL751 tPGK1
pUO_pL752 tENO2
pUO_pL753 tTDH1

pUO_pL754

ConLS pG1 RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL755 tSSA1
pUO_pL756 tADH1
pUO_pL757 tPGK1
pUO_pL758 tENO2
pUO_pL759 tTDH1
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Table A.4 – continued from previous page
Name Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8

pUO_pL760

ConLS pG6 RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL761 tSSA1
pUO_pL762 tADH1
pUO_pL763 tPGK1
pUO_pL764 tENO2
pUO_pL765 tTDH1

pUO_pL766

ConLS pAHD2 RFP

tENO1

ConRE ZeoR BxbI KanR-ColE1

pUO_pL767 tSSA1
pUO_pL768 tADH1
pUO_pL769 tPGK1
pUO_pL770 tENO2
pUO_pL771 tTDH1
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Table A.5: P. pastoris strains for secreted expression of RFP or yEGFP

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8
pUO_pL013

ConLS pGAP

αAmylase-αMF∆

RFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL014 αMF∆
pUO_pL015 αMF∆_no_Kex
pUO_pL016 Glucoamylase-αMF∆
pUO_pL017 SA-αMF∆
pUO_pL018 Inulinase-αMF∆
pUO_pL019 Invertase-αMF∆
pUO_pL020 Killer-αMF∆

pUO_pL021

ConLS pGAP

αAmylase-αMF∆

yEGFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL022 αMF∆
pUO_pL023 αMF∆_no_Kex
pUO_pL024 Glucoamylase-αMF∆
pUO_pL025 SA-αMF∆
pUO_pL026 Inulinase-αMF∆
pUO_pL027 Invertase-αMF∆
pUO_pL028 Killer-αMF∆

pUO_pL029

ConLS pAOX1

αAmylase-αMF∆

RFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL030 αMF∆
pUO_pL031 αMF∆_no_Kex
pUO_pL032 Glucoamylase-αMF∆
pUO_pL033 SA-αMF∆
pUO_pL034 Inulinase-αMF∆
pUO_pL035 Invertase-αMF∆
pUO_pL036 Killer-αMF∆

pUO_pL037

ConLS pAOX1

αAmylase-αMF∆

yEGFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL038 αMF∆
pUO_pL039 αMF∆_no_Kex
pUO_pL040 Glucoamylase-αMF∆
pUO_pL041 SA-αMF∆
pUO_pL042 Inulinase-αMF∆
pUO_pL043 Invertase-αMF∆
pUO_pL044 Killer-αMF∆
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Table A.5 – continued from previous page

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8
pUO_pL045

ConLS pPGK1

αAmylase-αMF∆

RFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL046 αMF∆
pUO_pL047 αMF∆_no_Kex
pUO_pL048 Glucoamylase-αMF∆
pUO_pL049 SA-αMF∆
pUO_pL050 Inulinase-αMF∆
pUO_pL051 Invertase-αMF∆
pUO_pL052 Killer-αMF∆

pUO_pL053

ConLS pPGK1

αAmylase-αMF∆

yEGFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL054 αMF∆
pUO_pL055 αMF∆_no_Kex
pUO_pL056 Glucoamylase-αMF∆
pUO_pL057 SA-αMF∆
pUO_pL058 Inulinase-αMF∆
pUO_pL059 Invertase-αMF∆
pUO_pL060 Killer-αMF∆

pUO_pL061

ConLS pTEF1

αAmylase-αMF∆

RFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL062 αMF∆
pUO_pL063 αMF∆_no_Kex
pUO_pL064 Glucoamylase-αMF∆
pUO_pL065 SA-αMF∆
pUO_pL066 Inulinase-αMF∆
pUO_pL067 Invertase-αMF∆
pUO_pL068 Killer-αMF∆

pUO_pL069

ConLS pTEF1

αAmylase-αMF∆

yEGFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL070 αMF∆
pUO_pL071 αMF∆_no_Kex
pUO_pL072 Glucoamylase-αMF∆
pUO_pL073 SA-αMF∆
pUO_pL074 Inulinase-αMF∆
pUO_pL075 Invertase-αMF∆
pUO_pL076 Killer-αMF∆

Continued on next page

183



A
P

P
E

N
D

IX
A

.
A

P
P

E
N

D
IX

A
Table A.5 – continued from previous page

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8
pUO_pL077

ConLS pENO1

αAmylase-αMF∆

RFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL078 αMF∆
pUO_pL079 αMF∆_no_Kex
pUO_pL080 Glucoamylase-αMF∆
pUO_pL081 SA-αMF∆
pUO_pL082 Inulinase-αMF∆
pUO_pL083 Invertase-αMF∆
pUO_pL084 Killer-αMF∆

pUO_pL085

ConLS pENO1

αAmylase-αMF∆

yEGFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL086 αMF∆
pUO_pL087 αMF∆_no_Kex
pUO_pL088 Glucoamylase-αMF∆
pUO_pL089 SA-αMF∆
pUO_pL090 Inulinase-αMF∆
pUO_pL091 Invertase-αMF∆
pUO_pL092 Killer-αMF∆

pUO_pL105

ConLS

pAOX1

αMF

RFP tAOX1

ConRE ZeoR BxbI KanaR-ColE1

pUO_pL106 pAOX1 yEGFP tAOX1
pUO_pL107 pGAP RFP tAOX1
pUO_pL108 pGAP yEGFP tAOX1
pUO_pL109 pPGK1 RFP tPGK
pUO_pL110 pPGK1 yEGFP tPGK
pUO_pL111 pTEF1 RFP tPGK
pUO_pL112 pTEF1 yEGFP tPGK
pUO_pL113 pENO1 RFP tAOX1
pUO_pL114 pENO1 yEGFP tAOX1

pUO_pL115

ConLS

pAOX1

αMF_no_EAEA

RFP tAOX1

ConRE ZeoR BxbI KanaR-ColE1

pUO_pL116 pAOX1 yEGFP tAOX1
pUO_pL117 pGAP RFP tAOX1
pUO_pL118 pGAP yEGFP tAOX1
pUO_pL119 pPGK1 RFP tPGK
pUO_pL120 pPGK1 yEGFP tPGK
pUO_pL121 pTEF1 RFP tPGK
pUO_pL122 pTEF1 yEGFP tPGK

Continued on next page
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Table A.5 – continued from previous page

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8
pUO_pL123 pENO1 RFP tAOX1
pUO_pL124 pENO1 yEGFP tAOX1

pUO_pL692

ConLS pGAP

SP_Disulfide isomerase

RFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL693 SP_C4R6P1
pUO_pL694 SP_Cell wall protein
pUO_pL695 SP_Cyclophilin
pUO_pL696 SP_CSN2
pUO_pL697 SP_PHA-E
pUO_pL698 MF41
pUO_pL699 SP_C4R8H7
pUO_pL700 SP_Peptidylprolyl isomerase
pUO_pL701 SP_ALB
pUO_pL702 SP_Scw11p
pUO_pL703 SP_Mucin
pUO_pL704 SP_An_phyA
pUO_pL705 SP_Pl_phyA
pUO_pL706 SP_Th_phyA
pUO_pL707 SP_Aae_UPO
pUO_pL708 SP_Aae_UPOeng
pUO_pL709 SP_PHO1
pUO_pL710 SP_Suc2

pUO_pL711

ConLS pGAP

SP_Disulfide isomerase

yEGFP tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL712 SP_C4R6P1
pUO_pL713 SP_Cell wall protein
pUO_pL714 SP_Cyclophilin
pUO_pL715 SP_CSN2
pUO_pL716 SP_PHA-E
pUO_pL717 MF41
pUO_pL718 SP_C4R8H7
pUO_pL719 SP_Peptidylprolyl isomerase
pUO_pL720 SP_ALB
pUO_pL721 SP_Scw11p
pUO_pL722 SP_Mucin
pUO_pL723 SP_An_phyA
pUO_pL724 SP_Pl_phyA

Continued on next page
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Table A.5 – continued from previous page

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8
pUO_pL725 SP_Th_phyA
pUO_pL726 SP_Aae_UPO
pUO_pL727 SP_Aae_UPOeng
pUO_pL728 SP_PHO1
pUO_pL729 SP_Suc2

Table A.6: P. pastoris strains for secreted expression of phytase or UPO

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8
pUO_pL663

ConLS pAOX1 αMF

An_phyA

tAOX1 ConRE ZeoR BxbI KanaR-ColE1
pUO_pL664 Th_phyA
pUO_pL665 Pl_phyA
pUO_pL666 Ec_appA

pUO_pL667

ConLS pAOX1 SP_UPOeng

AaeUPOeng_co

tAOX1 ConRE ZeoR BxbI KanaR-ColE1

pUO_pL668 CraUPO_co
pUO_pL669 PinUPO_co
pUO_pL670 DseUPO_co
pUO_pL671 NhaUPO_co
pUO_pL672 AfuUPO_co
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Table A.7: P. pastoris strains from Golden Gate shuffling for phytase expression

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8 Shuffling origin
pUO_pL917

ConLS

pPMP20 SP_Cyclophilin

An_phyA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 13

pUO_pL918 pAOX1 SP_Cell wall protein
pUO_pL919 pAOX1 SP_Cell wall protein
pUO_pL920 pAOX1 SP_C4R8H7
pUO_pL921 pAOX1 SP_Peptidylisomerase
pUO_pL922 pAOX1 SP_CSN2

pUO_pL923

ConLS

pDAS1 αMF_no_EAEA

Th_phyA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 14

pUO_pL924 pAOX1 SP_CSN2
pUO_pL925 pAOX1 SP_CSN2
pUO_pL926 pAOX1 SP_C4R8H7
pUO_pL927 pPMP20 SP_C4R8H7
pUO_pL928 pPMP20 SP_C4R8H7

pUO_pL929

ConLS

pPMP20 SP_Cyclophilin

Pl_phyA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 15

pUO_pL930 pAOX1 SP_Mucin
pUO_pL931 pDAS1 SP_Mucin
pUO_pL932 pDAS1 aMF_no_EAEA
pUO_pL933 pPMP20 SP_Mucin
pUO_pL934 pPMP20 SP_Mucin

pUO_pL935

ConLS

pDAS1 SP_Disulfide isomerase

Ec_appA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 16

pUO_pL936 pAOX1 αMF
pUO_pL937 pAOX1 αMF_no_EAEA
pUO_pL938 pDAS1 MF41
pUO_pL939 pAOX1 αMF
pUO_pL940 pAOX1 SP_PHO1

pUO_pL941

ConLS

pGAP SP_Disulfide isomerase

An_phyA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 9

pUO_pL942 pGAP SP_C4R8H7
pUO_pL943 pGAP SP_PHO1
pUO_pL944 pGAP SP_C4R8H7
pUO_pL945 pGAP SP_Cyclophilin
pUO_pL946 pGAP SP_Cyclophilin

Continued on next page
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Table A.7 – continued from previous page

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8 Shuffling origin
pUO_pL947

ConLS Th_phyA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 10

pUO_pL948 pG1 SP_ALB
pUO_pL949 pG1 SP_Cell wall protein
pUO_pL950 pGAP SP_PHO1
pUO_pL951 pGAP SP_PHO1
pUO_pL952 pGAP SP_Cyclophilin

pUO_pL953

ConLS

pG6 SP_PHO1

Pl_phyA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 11

pUO_pL954 pG6 SP_PHO1
pUO_pL955 pG6 SP_Disulfide isomerase
pUO_pL956 pADH2 SP_Mucin
pUO_pL957 pG6 SP_Scw11p
pUO_pL958 pG6 SP_Disulfide isomerase

pUO_pL959

ConLS

pGAP αMF

Ec_appA tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 12

pUO_pL960 pGAP SP_PHO1
pUO_pL961 pGAP αMF
pUO_pL962 pGAP MF41
pUO_pL963 pGAP MF41
pUO_pL964 pGAP MF41
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Table A.8: P. pastoris strains from Golden Gate shuffling for UPO expression

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8 Shuffling origin
pUO_pL900

ConLS

pDAS1 SP_C4R8H7 AfuUPO_co

tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 1

pUO_pL901 pPMP20 SP_C4R6P1 AaeUPOeng_co
pUO_pL902 pPMP20 aMF (336) AaeUPOeng_co
pUO_pL903 pDAS1 SP_PHO1 AaeUPOeng_co
pUO_pL904 pPMP20 SP_cell wall protein AaeUPOeng_co
pUO_pL905 pDAS1 SP_Peptidyl. Iso. AaeUPOeng_co
pUO_pL906 pAOX1 SP_PHO1 AaeUPOeng_co
pUO_pL907 pAOX1 SP_PHO1 AaeUPOeng_co
pUO_pL908 pPMP20 SP_PHO1 AaeUPOeng_co
pUO_pL909 pPMP20 SP_Peptidyl. Iso. AaeUPOeng_co
pUO_pL910 pPMP20 SP_Cyclophillin AaeUPOeng_co
pUO_pL911 pPMP20 SP_PHO1 AaeUPOeng_co
pUO_pL912 pPMP20 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL913 pAOX1 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL914 pAOX1 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL915 pPMP20 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL916 pAOX1 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL965 pPMP20 SP_AaeUPO AfuUPO_co
pUO_pL966 pDAS1 SP_Peptidylisomerase AaeUPOeng_co

pUO_pL967

ConLS

pG6 SP_Aae_UPO AaeUPOeng_co

tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 3

pUO_pL968 pG6 SP_Aae_UPO AaeUPOeng_co
pUO_pL969 pADH2 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL970 pADH2 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL971 pG6 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL972 pADH2 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL973 pG1 SP_Aae_UPOeng AaeUPOeng_co
pUO_pL974 pADH2 SP_Peptidylisomerase AaeUPOeng_co
pUO_pL975 pGAP SP_Mucin AaeUPOeng_co
pUO_pL976 pPET9 SP_CSN2 AaeUPOeng_co
pUO_pL977 pG6 αMF_no_EAEA AaeUPOeng_co
pUO_pL978 pG6 SP_C4R6P1 AaeUPOeng_co
pUO_pL979 pG1 SP_PHO1 AaeUPOeng_co
pUO_pL980 pG1 SP_cell wall protein AaeUPOeng_co

Continued on next page
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Table A.8 – continued from previous page

Name Type 1 Type 2 Type 3a Type 3b Type 4 Type 5 Type 6 Type 7 Type 8 Shuffling origin
pUO_pL981

ConLS
pGAP MF41 PinUPO_co

tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 5
pUO_pL982 pG6 SP_Scw11p PinUPO_co

pUO_pL983
ConLS

pADH2 SP_PHO1 NhaUPO_co
tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 7

pUO_pL984 pADH2 SP_CSN2 NhaUPO_co

pUO_pL985 Con LS pADH2 SP_Cyclophillin AfuUPO_co tAOX1 ConRE ZeoR BxbI KanaR-ColE1 Shuffling Library 8
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Table A.9: P. pastoris strains for secreted expression of ADHs

Name Type 1 Type 2 Type 3a Type 3b Type 4a Type 4b Type 5 Type 6 Type 7 Type 8
pUO_pL600

ConLS pGAP
αMF

AdhZ2_Ec tAOX1 ConRE ZeoR BxbI KanR-ColE1pUO_pL601 αMF_no_EAEA
pUO_pL602 SA-αMF∆

pUO_pL603
ConLS pGAP

αMF
AdhZ2_DIN tAOX1 ConRE ZeoR BxbI KanR-ColE1pUO_pL604 αMF_no_EAEA

pUO_pL605 SA-αMF∆

pUO_pL606
ConLS pGAP

αMF
AdhZ2_7476 tAOX1 ConRE ZeoR BxbI KanR-ColE1pUO_pL607 αMF_no_EAEA

pUO_pL608 SA-αMF∆

pUO_pL609
ConLS pGAP

αMF
AdhZ3_LND tAOX1 ConRE ZeoR BxbI KanR-ColE1pUO_pL610 αMF_no_EAEA

pUO_pL611 SA-αMF∆

pUO_pL612
ConLS pGAP

αMF
AdhZ3_242 tAOX1 ConRE ZeoR BxbI KanR-ColE1pUO_pL613 αMF_no_EAEA

pUO_pL614 SA-αMF∆

pUO_pL647

ConLS pGAP

αMF
AdhZ3_LND_ no HIS

6XHis_3XFlag tAOX1 ConRE ZeoR BxbI KanR-ColE1
pUO_pL648 αMF_no_EAEA
pUO_pL649 αMF

AdhZ3_242_no HIS
pUO_pL650 αMF_no_EAEA

pUO_pL651

ConLS pAOX1

αMF
AdhZ3_LND_ no HIS

6XHis_3XFlag tAOX1 ConRE ZeoR BxbI KanR-ColE1
pUO_pL652 αMF_no_EAEA
pUO_pL653 αMF

AdhZ3_242_no HIS
pUO_pL654 αMF_no_EAEA

pUO_pL655

ConLS pGAP

αMF
AdhZ3_LND_ no HIS

tAOX1 ConRE ZeoR BxbI KanR-ColE1
pUO_pL656 αMF_no_EAEA
pUO_pL657 αMF

AdhZ3_242_no HIS
pUO_pL658 αMF_no_EAEA

pUO_pL659

ConLS pAOX1

αMF
AdhZ3_LND_ no HIS

tAOX1 ConRE ZeoR BxbI KanR-ColE1
pUO_pL660 αMF_no_EAEA
pUO_pL661 αMF

AdhZ3_242_no HIS
pUO_pL662 αMF_no_EAEA
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Table A.10: Shuffling set-up for phytases

Type Plasmids
Shuffling Library 9, Constitutive, A. niger phytase

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b An_phyA
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 10, Constitutive, T. heterothallica phytase

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b Th_phyA
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 11, Constitutive, P. lycii phytase

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b Pl_phyA
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 12, Constitutive, E. coli phytase

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b Ec_appA
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 13, Induced, A. niger phytase

2 pAOX1, pDAS1, pPMP20
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b An_phyA
4 tAOX1
5-6-7-8-1 Backbone

Continued on next page
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A.3. DETAILED INFORMATION ABOUT EXPRESSION PLASMIDS

Table A.10 – continued from previous page
Type Plasmids

Shuffling Library 14, Induced, T. heterothallica phytase

2 pAOX1, pDAS1, pPMP20
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b Th_phyA
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 15, Induced, P. lycii phytase

2 pAOX1, pDAS1, pPMP20
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b Pl_phyA
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 16, Induced, E. coli phytase

2 pAOX1, pDAS1, pPMP20
3a αMF, αMF_no_EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1,

SP_Cell wall protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7,
SP_Peptidylprolyl isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_An_phyA, SP_Pl_phyA,
SP_Th_phyA, SP_PHO1, SP_Suc2

3b Ec_appA
4 tAOX1
5-6-7-8-1 Backbone
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Table A.11: Shuffling set-up for UPOs

Type Plasmids
Shuffling Library 1, Induced UPO´s

2 pAOX1, pDAS1, pPMP20
3a αMF, αMF no EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1, SP_Cell wall

protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7, SP_Peptidylprolyl
isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_Aae_UPO, SP_Aae_UPOeng, SP_PHO1,
SP_Suc2

3b AaeUPOeng_co, CraUPO_co, PinUPO_co, DseUPO_co, NhaUPO_co, AfuUPO_co
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 3, A. aegerita UPO, engineered

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF no EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1, SP_Cell wall

protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7, SP_Peptidylprolyl
isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_Aae_UPO, SP_Aae_UPOeng, SP_PHO1,
SP_Suc2

3b AaeUPOeng_co
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 4, C. radians UPO

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF no EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1, SP_Cell wall

protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7, SP_Peptidylprolyl
isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_Aae_UPO, SP_Aae_UPOeng, SP_PHO1,
SP_Suc2

3b CraUPO_co
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 5, P. infectans UPO

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF no EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1, SP_Cell wall

protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7, SP_Peptidylprolyl
isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_Aae_UPO, SP_Aae_UPOeng, SP_PHO1,
SP_Suc2

3b PinUPO_co
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 6, D. seposporum UPO

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF no EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1, SP_Cell wall

protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7, SP_Peptidylprolyl
isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_Aae_UPO, SP_Aae_UPOeng, SP_PHO1,
SP_Suc2

3b DseUPO_co
4 tAOX1
5-6-7-8-1 Backbone

Continued on next page
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A.3. DETAILED INFORMATION ABOUT EXPRESSION PLASMIDS

Table A.11 – continued from previous page
Type Plasmids

Shuffling Library 7, N. haematococca UPO

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF no EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1, SP_Cell wall

protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7, SP_Peptidylprolyl
isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_Aae_UPO, SP_Aae_UPOeng, SP_PHO1,
SP_Suc2

3b NhaUPO_co
4 tAOX1
5-6-7-8-1 Backbone

Shuffling Library 8, A. fumigatus UPO

2 pGAP, pPET9, pG1, pG6, pAHD2
3a αMF, αMF no EAEA, αAmylase-αMF∆, SP_Disulfide isomerase, SP_C4R6P1, SP_Cell wall

protein, SP_Cyclophillin, SP_CSN2, SP_PHA-E, MF41, SP_C4R8H7, SP_Peptidylprolyl
isomerase, SP_ALB, SP_Scw11p, SP_Mucin, SP_Aae_UPO, SP_Aae_UPOeng, SP_PHO1,
SP_Suc2

3b AfuUPO_co
4 tAOX1
5-6-7-8-1 Backbone
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TABLE A.12. Plasmids used or made not in PTK formate

Plasmid Description Reference

pJC043 BxbI plasmid (recombinase for
transformation)

Lu Lab, MIT, Cambridge, USA, [234]

pJC117 pAOX1-yEGFP Lu Lab, MIT, Cambridge, USA
pJC011 pGAP-αMF Lu Lab, MIT, Cambridge, USA
PP264 pAOX1, αMF∆ signal peptide Lu Lab, MIT, Cambridge, USA
PP265 pAOX1, glucoamylase signal peptide Lu Lab, MIT, Cambridge, USA
PP266 pAOX1, inulinase signal peptide Lu Lab, MIT, Cambridge, USA
PP267 pAOX1, invertase signal peptide Lu Lab, MIT, Cambridge, USA
PP270 pAOX1, SA signal peptide Lu Lab, MIT, Cambridge, USA
PP280 pAOX1, aAmylase signal peptide Lu Lab, MIT, Cambridge, USA
PP281 pAOX1, killer signal peptide Lu Lab, MIT, Cambridge, USA
PP168 pAOX1, αMF∆ signal peptide Lu Lab, MIT, Cambridge, USA
pPICB_UPOeng pPICC vector, pAOX1, αMF,

A. aegerita UPO engineered
Alcalde Lab, Madrid, Spain, [208]

CBR P_511 pPICZαA+YahK E.c., alkohol
dehydrogenase

Made in this study, [239, 240]

CBR P_512 pPICZαA+YahK DIN, alkohol
dehydrogenase with cofaktor
mutation

Made in this study, [239, 240]

CBR P_513 pPICZαA+YahK 74/76, alkohol
dehydrogenase with glycosylation
mutation

Made in this study, [223]

CBR P_514 pPICZαA+YjgB LND, alkohol
dehydrogenase with cofaktor
mutation

Made in this study, [239, 240]

CBR P_515 pPICZαA+YjgB 242, alkohol
dehydrogenase with glycosylation
mutation

Made in this study, [223]

CBR P_516 pPICZαB+galOX galactose oxidase Made in this study
CBR P_704 Chromogenic protein, vector for

E. coli expression, pT5, VixenPurple
DNA2.0, CPB-36-441

CBR P_705 Chromogenic protein, vector for
P. pastoris expression, pAOX1,
CupidPink

DNA2.0, CPB-41-902
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