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Abstract 

Recombinant proteins are broadly used from basic research to therapeutic development and include 

industrial enzymes and pharmaceutical proteins. The increasing demand for improved production and 

enhanced quality of recombinant proteins requires robust biotech-based strategies to overcome the 

limitations of protein extraction from natural sources. A variety of cell factories are therefore 

established for the large-scale production of recombinant proteins of interest. In comparison to other 

expression systems, the budding yeast Saccharomyces cerevisiae is an attractive production platform 

due to its high tolerance to harsh fermentation conditions, and importantly its capability to perform 

eukaryotic post-translational modifications and to secrete the biologically active product to the 

extracellular medium. Thus, many strategies have been applied to engineer this organism for 

increasing its recombinant protein secretory capacity and productivity. 

The major aim of this thesis work was to study and develop efficient yeast platforms for the production 

of different heterologous proteins for medical or industrial use through diverse engineering strategies. 

The first part of this work explored in depth a line of previously evolved yeast strains with improved 

protein secretory capacity. The universal applicability of the evolved strains was evaluated to produce 

different antibody fragments, but it was concluded that this secretion platform was not suitable for 

all types of pharmaceutical proteins tested. Furthermore, by re-introducing all 42 protein-sequence-

altering mutations identified in the evolved strains into the parental strain using the CRISPR/Cas9 

technology, 14 targets were shown to be beneficial for protein production and 11 out of these 14 

beneficial targets were newly identified to be related to recombinant protein production. The second 

part of this work focused on investigating novel targets related to the cellular stress response and the 

protein secretory process to rationally optimize S. cerevisiae. Furthermore, screening for suppressors 

of amyloid-β cytotoxicity in a yeast Alzheimer’s disease model revealed a number of gene targets that 

reduced oxidative stress and improved production of recombinant proteins. Additionally, a proteome-

constrained genome-scale protein secretory model of S. cerevisiae (pcSecYeast) was constructed to 

simulate the secretion of various recombinant proteins and predict system-level engineering targets 

for increasing protein production. In summary, the work presented in this thesis provides different 

efficient strategies to develop yeast platforms for the high-level production of valuable industrial or 

pharmaceutical proteins, and also provides general guidelines for designing other cell platforms for 

efficient protein production. Integrated application of various engineering approaches will make 

meaningful advancements in the field of recombinant protein production in the future. 

Keywords: Saccharomyces cerevisiae, recombinant protein, protein secretion, CRISPR/Cas9, point 

mutation, omics analysis, genome-scale modeling  
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1 Introduction 

1.1 Recombinant proteins 

1.1.1 Proteins 

Proteins are highly complex molecules that consist of 20 basic building blocks, known as amino acids. 

They are present in all living organisms as part of natural metabolism, playing critical roles in catalyzing 

metabolic reactions, acting as construction elements of biological assemblies, charging inter- and 

intracellular interactions, cell signaling and cell cycle events, etc. (Demain & Vaishnav, 2009, Ferrer-

Miralles et al., 2009). However, several factors hinder protein extraction from natural sources 

(commonly plants and animals). For example, purification of small amounts of proteins requires large 

amounts of plant and animal tissues and large volumes of biological extraction reagents which leads 

to long processing times and high production costs (Rosano & Ceccarelli, 2014). Additionally, the 

extraction process may cause protein denaturation and contamination (Mattanovich et al., 2012). On 

the other hand, proteins cannot be synthesized chemically due to their complex structure and function 

(Overton, 2014). To bypass these limitations, researchers have over the past decades been working to 

produce proteins in the recombinant form in new hosts. 

1.1.2 Recombinant proteins 

A recombinant protein is produced by cloning a heterologous DNA encoding the protein of interest 

into a specific expression system. Compared to extraction from natural sources, recombinant protein 

production has many prominent advantages, such as higher productivity and specificity, better 

flexibility and stability, superior purity, and easier and cheaper large-scale production (Baeshen et al., 

2014). Recombinant proteins have a wide range of industrial applications, such as food and beverages, 

clothing and cosmetics, detergents and paper, waste management and biofuel industries, as well as 

medical applications, such as prevention, diagnosis and therapy of human diseases, health care 

products, medical materials and biological reagents (Holliger & Hudson, 2005, Puetz & Wurm, 2019).  

The advent of recombinant DNA technology or genetic engineering in the 1970s opened a new gate 

to producing a broad spectrum of proteins and biochemicals in naturally non-producing host 

organisms (Mattanovich et al., 2012). With the development of recombinant DNA technologies, the 

human hormone somatostatin and human insulin were successfully expressed in Escherichia coli by 

researchers from Genentech in the late 1970s. Subsequently, the first recombinant biopharmaceutical, 

human insulin produced in E. coli, was marketed by Eli Lilly and Company for diabetes treatment in 

1982 (Itakura et al., 1977, Wang et al., 2017). Since then, recombinant DNA technology-based 

products have increased rapidly with their utility and applicability. Of the 71 new biopharmaceutical 

active ingredients marketed from 2015 to 2018, 62 (87%) are recombinant proteins (Walsh, 2018). In 

the next few years, recombinant protein-based biopharmaceuticals are expected to continue to 

dominate the approvals rather than nucleic acid- or cell-based products (Walsh, 2018). According to a 

recent report by the Mordor Intelligence, the global biopharmaceuticals market has reached USD 

407.72 billion in 2023, and the compound annual growth rate (CAGR) is projected to reach 8.03% by 
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2027 (Available online: https://www.mordorintelligence.com/industry-reports/global-

biopharmaceuticals-market-industry (accessed in February 2023)). Especially, the demand for protein 

subunit-based vaccines and the upcoming monoclonal antibodies (mAbs) and therapeutic drugs 

against the SARS-CoV-2 virus will promote the significant growth of the biopharmaceutical industry 

during the ongoing COVID-19 pandemic. In parallel, the industrial enzyme market has reached over 

USD 60 billion in 2021, and the CAGR is expected to reach more than 6% by 2027 (Available online: 

https://www.mordorintelligence.com/industry-reports/industrial-enzymes-market (accessed in 

February 2023)). In this work, we studied both types of recombinant proteins, including 

biopharmaceutical proteins (Paper I) and an industrial enzyme (Paper II-IV). The characteristics of 

these proteins will be discussed in detail in Chapter 2. Despite these achievements, current 

manufacturing technologies are still unable to meet the increasing demand for optimum yield and 

quality of recombinant proteins, which guides us to explore and further develop efficient cell 

platforms for the expression of recombinant proteins. 

1.2 Recombinant protein production hosts 

1.2.1 Host cells 

The production of recombinant proteins using different expression systems can be interpreted from 

a fundamental biological architecture, the bow tie structure (Figure 1A). Various carbon sources, such 

as glycose and glycerol, together with different nitrogen sources, such as ammonium sulfate and 

amino acids, are converted into recombinant proteins through a series of cellular processes within the 

host cells. At present, a wide range of cell factories, including microorganisms (bacteria, yeast and 

filamentous fungi) and higher organisms (mammalian cells, insect cells and plants) are frequently used 

as host cells for the production of recombinant proteins (Davy et al., 2017). In addition to protein 

production and quality, protein stability, downstream processing and production costs are also critical 

factors for the selection of host cells. Recombinant biopharmaceutical proteins are produced in 

different expression systems using microbes (E. coli (29.8%) and (Saccharomyces cerevisiae (18.5%)), 

mammalian cells (39%), insect cells (0.75%) and other systems (Ferrer-Miralles et al., 2009, Porro et 

al., 2011) (Figure 1B). On the other hand, industrial enzymes are made by fungi (over 50%), bacteria 

(30%), animals (8%), plants (4%) and other systems (Demain & Vaishnav, 2009) (Figure 1C). Table 1 

lists the species involved, advantages and disadvantages of recombinant protein production in 

different host cells, of which mammalian cells, E. coli and yeasts are the most popular cell factories 

(Rader, 2008), which will be described in detail below.  

1.2.1.1 Mammalian cells 

Post-translational modifications (PTMs) such as glycosylation are crucial for ensuring proper protein 

function and biological activity. Incorrect PTMs of produced pharmaceutical proteins often confer a 

short half-life, which will reduce the efficacy for use, require a higher dosage and/or even cause 

immunogenicity (Pirkalkhoran et al., 2023). Mammalian cells, such as Chinese hamster ovary (CHO) 

cells, have the highest similarity to human cells, and produced proteins are often properly folded and 
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glycosylated. These will alleviate supply shortages and show good safety for therapeutic use. However, 

there are many drawbacks. The limited secretory capacity will reduce the efficiency of multiple PTMs 

and thus lead to low protein production and affect the product quality (Demain & Vaishnav, 2009). 

The costs are often high due to the expensive media, slow growth, and easy contamination by 

microorganisms and viruses (Martínez et al., 2012). To avoid these production drawbacks from 

mammalian cells, the use of microbes has therefore drawn increasing attention. 

1.2.1.2 E. coli 

The bacterium E. coli is one of the earliest and most widely used microbial host organisms for 

recombinant protein production for several reasons. These include annotated information about its 

genetics, molecular biology, and metabolic pathways; vast availability of genetic tools; ease of culture, 

survival in various environmental conditions; and high growth rate, high cell densities, and high 

product yields, achieving 80% of its dry weight (Demain & Vaishnav, 2009). However, some obstacles 

limit its application. High intracellular densities of produced proteins tend to aggregate and form 

inclusion bodies in E. coli, which are insoluble, inactive and require refolding. If a protein contains 

many disulfide bonds, it is very difficult to be produced by E. coli because it is almost impossible to 

correctly refold such a protein. In addition, E. coli lacks the ability for complex PTMs, such as 

glycosylation and proteolytic processing (Ferrer-Miralles et al., 2009, Porro et al., 2011). 

 

Figure 1. The recombinant protein production hosts. (A) Fundamental biological similarities in different 
expression systems. The bow tie structure shows how the carbon sources and nitrogen sources are converted 
into a recombinant protein. Inspired by Backman et al. (Backman et al., 2018). The percentage of recombinant 
proteins, including biopharmaceuticals (B) and industrial enzymes (C), produced by different hosts (Demain & 
Vaishnav, 2009, Ferrer-Miralles et al., 2009).  

 



4 
 

Table 1. The species, advantages and disadvantages of different host systems (Martínez et al., 2012, 

Baeshen et al., 2014, Kesik-Brodacka, 2018, Vieira Gomes et al., 2018). 

Hosts Bacteria Yeasts Mammalian 
cells 

Insect cells Plant cells 

Species E. coli; 
Corynebacteriu
m glutamicum; 
Streptococci; 
Bacillus subtilis; 
B. licheniformis; 
B. megaterium; 
B. brevis; 
Ralstonia 
eutropha; 
Pseudomonas 
fluorescens; 
Staphylococcus 
carnosus 
 

Baker’s yeast: 
S. cerevisiae; 
Methylotrophic 
yeasts: 
Pichia pastoris; 
Hansenula 
polymorpha 
Oleaginous yeasts: 
Yarrowia lipolytica 
Fission yeast: 
Schizosaccharomyces 
pombe 
 

Nonprimate: 
Chinese 
hamster ovary 
cells; 
Murine cells 
Primate: 
Monkey cells; 
Human cells 
 

Spodoptera 
frugiperda 
 

Tobacco 
Arabidopsis thaliana 
Cereals and legumes: 
Maize 
Rice 
Alfalfa  
Soybean 
Fruit and vegetables: 
Tomato 
Potato 
Lettuce 
Banana 
Turnip 

Advantages Ease of culture; 
High growth 
rate; 
High cell 
densities; 
High proteins 
yields;  
Cost effective; 
Rapid growth in 
chemically 
defined media; 
Well-developed 
molecular tools 
for genetic 
manipulation 
and systems 
biology. 
 
 
 

Ease of culture; 
High growth rate; 
High cell densities; 
High proteins yields; 
Cost effective; 
Rapid growth in 
chemically defined 
media; 
Well-developed 
molecular tools for 
genetic manipulation 
and systems biology; 
Stable production 
strains; 
Secretion capacity; 
Can perform PTMs*. 
 

The highest 
similarity to 
human cells; 
Proper PTMs; 
Safety. 

Cheaper than 
mammalian cell 
culture; 
High cell 
densities; 
Safety; 
Flexibility of 
protein size; 
Multiple genes 
expressed  
simultaneously; 
PTMs without 
complication. 

Cost effective; 
Easy and cheap 
scalability; 
Produce proteins in 
different tissues; 
Ease of  
manipulation; 
Not prone to 
contamination by 
human 
pathogens; 
The ability to fold and 
assemble complex 
proteins; 
Can perform PTMs. 

Disadvantages Unable to 
perform 
complex PTMs; 
Tend to form 
inclusion 
bodies; 
Proteins 
produced with 
endotoxins; 
Cell toxicity 
from acetate 
formation. 

High mannose type 
N-glycosylation; 
Short glycan 
structures of O-
glycosylation;  
Secretion pathway 
differs from human. 
 

Expensive 
cultivation; 
limited 
secretion 
capacity;  
Low protein 
yields. 

Time 
consuming; 
More expensive 
than microbes; 
Tend to form  
aggregates; 
Low expression 
levels; 
Limitation in 
PTMs, such as 
incorrect 
glycosylation. 

Low manufacturing 
capacity; 
Lack of defined 
regulatory pathways; 
PTMs differs from 
human; 
Environmental 
biosafety risks; 
Acceptability issues. 
 

*PTM indicates post-translational modification 

1.2.1.3 Yeasts 

Alternatively, yeasts, the unicellular eukaryotic hosts, are known to perform proper PTMs required for 

a biologically active protein, which are similar to mammalian cells. They have low nutritional demands 

and are less easily contaminated than mammalian cells (Vieira Gomes et al., 2018). In addition, yeasts 

can grow in chemically defined media and own well-established industrial fermentation processes 
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(Madhavan et al., 2021). Another advantage is that they can secrete recombinant proteins into the 

extracellular medium facilitating isolation and downstream purification (Wang et al., 2017). One of 

the limitations with the use of yeast, specifically S. cerevisiae, is that it performs high-mannose type 

N-glycosylation (Martínez et al., 2012). Many engineering studies have been performed on yeast 

glycosylation to achieve a human-like glycosylation pattern, which will be described in Chapter 1.3.2.2. 

The production of a recombinant protein usually starts with choosing an appropriate production host 

from a comparative view. For the commercial production of a protein, quantity and quality are the 

most dominant factors to be considered. In general, high yields are more critical for producing 

industrial enzymes, while high quality is essential for producing biopharmaceutical proteins (Porro et 

al., 2011). Bacteria are generally used to produce intracellular proteins that are not complex and do 

not require PTMs, while the production of secreted, complex, and PTM-requiring proteins is 

commonly obtained in yeast and higher eukaryotic systems (Vieira Gomes et al., 2018). 

1.2.2 S. cerevisiae as a model organism 

One of the most popular yeast species, baker's yeast S. cerevisiae has been used by humans in daily 

life since 7000 BCE in China (Sicard & Legras, 2011). With the development of the production of wine, 

beer and leavened bread, S. cerevisiae was continually domesticated and became a valuable 

microorganism in the food industry. These applications also contribute to its "generally regarded as 

safe" status. The close relationship with human activities led Louis Pasteur to find the 'hidden' world 

of yeast activity in alcohol fermentation in 1857 (Cavaillon & Legout, 2022). Due to shortages of raw 

materials, it was gradually exploited to produce glycerol and ethanol. The parameters that make S. 

cerevisiae a popular organism to be applied in the industry are its robustness, fast growth, resistance 

to low pH and simple fermentation process (Cakar et al., 2012). In the 1970s, genetic engineering 

techniques also made it possible to engineer S. cerevisiae to produce biopharmaceuticals, such as 

human insulin. With the rapid expansion as a cell factory, much interest has shifted to basic research, 

which made this yeast a vital model organism for eukaryotic biology (Nielsen, 2019). Subsequently, 

the publication of the whole genome sequence in 1996 enabled the development of various genome 

engineering tools and techniques to make S. cerevisiae the preferred eukaryotic platform organism 

for producing valuable proteins and chemicals (Figure 2). 

 

Figure 2. A timeline indicating the use of S. cerevisiae for production of different chemicals and proteins. 
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1.3 Protein production in S. cerevisiae 

The importance of studying production and secretion of recombinant proteins in S. cerevisiae is 

considered in two main aspects. First, an increasing number of commercialized biopharmaceuticals is 

produced by S. cerevisiae (insulin, glucagon, hirudin, growth hormone, human serum albumin (HSA), 

hepatitis vaccines, etc.) (Martínez et al., 2012). The growing demand for industrial enzymes also 

mainly depends on the secretory pathway (Mattanovich et al., 2012). However, as the secretory 

pathway has not been fully exploited, many recombinant proteins are produced in S. cerevisiae at only 

1% (or less) of the theoretical capacity. Second, many human diseases, such as Alzheimer’s disease 

(AD), Parkinson’s disease and diabetes mellitus, are related to endoplasmic reticulum (ER) stress 

(Yoshida, 2007). The ER stress can be caused by the formation of misfolded proteins or protein 

aggregation. Thus, the yeast S. cerevisiae can be used as a powerful eukaryotic model to study the 

implication of protein misfolding in human pathologies (Chen et al., 2020). 

Protein production involves numerous intracellular processes, which have been investigated and 

engineered through many strategies. The protein production process starts with protein synthesis and 

is followed by PTMs, vesicle trafficking, and secretion. A detailed description of the protein production 

processes and their engineering strategies are provided in the following section. 

1.3.1 Protein synthesis 

Protein synthesis starts with transcription and translation processes in cells. This genetic information 

flow is explained by the central dogma of molecular biology (Crick, 1970). It describes that the coding 

sequence of the gene of interest (DNA) is transcribed to RNA, and messenger RNA (mRNA) is translated 

to protein (Figure 3). Unlike prokaryotic cells, where transcription and translation are linked together 

due to absence of a nuclear compartment, the transcription is separated from the translation process 

in eukaryotic cells with the compartmentalized and membrane-bound organelles (Gottshall et al., 

2014). Mature mRNA must be transported out of the nucleus to the cytoplasm where it can be bound 

by ribosomes. The aminoacylated transfer RNA (tRNA) is brought into the ribosome-mRNA complex 

through complementary base-pairing with mRNA. Then, the ribosome-ribosomal RNA (rRNA) complex 

catalyzes the formation of peptide bonds between the amino acid and adds the new amino acid from 

tRNA to the growing polypeptide chain (Van Der Kelen et al., 2009). In some cases, the translation 

occurs at the outer membrane of the rough ER, leading to co-translational translocation of the peptide 

chain into the ER, which will be described in Chapter 1.3.2.1. To effectively reach high levels of 

recombinant protein expression, several factors affecting the early steps of transcription and 

translation have been regulated to optimize the expression levels. 
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Figure 3. The flow of information from DNA to RNA to protein described by the central dogma of molecular 
biology. 

1.3.1.1 Transcription 

The transcriptional efficiency is a central issue for efficient protein production. Using promoters of 

different strength to control gene expression at the transcriptional level is the most common approach 

to adjusting protein expression. Various promoters are available and well characterized, including 

constitutive promoters such as TEF1p, PGK1p, ADH1p, TPI1p, HXT7p, TDH3p and PYK1p, and inducible 

promoters like GAL1p, GAL10p, PHO5p and MET25p (Vieira Gomes et al., 2018). The strong 

constitutive promoters maintain constant and high transcriptional levels and have been regularly 

applied to direct the expression of heterologous genes in S. cerevisiae (Partow et al., 2010). However, 

sometimes strong constitutive promoters might result in low secretion efficiency due to excessive 

transcription (and translation) of the coding sequence in a short time and thus aggregation of 

misfolded proteins (Liu et al., 2012). Synthetic promoter libraries, created through random 

mutagenesis of a native promoter, were applied to fine-tune gene expression and unravel 

transcription regulatory mechanisms (Alper et al., 2005, Sharon et al., 2012). Additionally, inducible 

promoters allow separating the growth stage and production stage. By employing these, it is therefore 

possible to prevent unintended selection of rapidly growing non-recombinant cells or to enable the 

production of toxic proteins (Vieira Gomes et al., 2018). For example, under control of MET25p, high 

production of HSA and HSA-fused protein was obtained in the media lacking methionine in a late log 

phase of the growth (Solow et al., 2005).  

On the other hand, increasing the gene copy number is a straightforward approach to increase the 

transcriptional level of recombinant proteins. In S. cerevisiae, there are mainly two types of plasmids, 

including centromeric plasmids and episomal plasmids (Mumberg et al., 1995). A centromeric plasmid, 

incorporating a centromeric sequence and an autonomously replicating sequence, maintains 1-2 copy 

per cell (Vieira Gomes et al., 2018). Even though this plasmid is mitotically stable without 

chromosomal integration, low gene expression levels limit its use. An episomal plasmid is usually 

employed to achieve high copy numbers, such as the native 2 µ-derived plasmid maintaining 10 - 40 
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copies per cell (Mumberg et al., 1995). However, such plasmid-based systems can suffer from genetic 

instability, including segregational instability and structural instability, which results in cell-to-cell 

variations in protein production (Tyo et al., 2009).  The stability and copy number of the expression 

plasmid can be influenced by the choice of the selection markers. According to the literature, various 

markers have been widely employed in S. cerevisiae, such as auxotrophic markers (e.g., URA3, HIS3, 

ADE2, LEU2 and TRP1), C/N source-related markers (e.g., amdS and GAP1), autoselection systems 

(e.g., glycolytic pathway genes such as FBA1, TPI1 and PGI1, essential cell division cycle genes such as 

CDC4, CDC9 and CDC28), and resistance markers (e.g., heterologous gene cat conferring resistance  to 

chloramphenicol, kan conferring resistance to G418, and nat1 conferring resistance to nourseothricin) 

(Siewers, 2014). Auxotrophic markers are the most commonly used markers. In particular, defective 

auxotrophic markers, such as truncated promoters, are helpful in modulating the plasmid copy 

number. Combining destabilization of the marker protein with decreasing promoter strength of the 

marker gene increased the 2 µ-based plasmid copy number by 3-fold and thus enhanced the protein 

expression (Chen et al., 2012). However, auxotrophic marker systems have to be maintained in 

synthetic medium, which is not practical for large-scale and long-term industrial fermentation. The 

autoselection systems are a preferable alternative for studying protein secretion, such as the secretion 

of glucagon (Egel-Mitani et al., 2000), β-glucosidase (Tang et al., 2013), insulin precursor and α-

amylase (Liu et al., 2012). As the cell lacks the marker gene, essential for cell viability, a plasmid 

carrying this essential gene will maintain high stability even in a complex medium. For example, the 

widely used CPOTud plasmid, using a triose phosphate isomerase gene (POT1) from 

Schizosaccharomyces pombe to complement a TPI1 deletion in S. cerevisiae, has a high plasmid copy 

number due to the lower expression level of POT1 in S. cerevisiae. Compared to the auxotrophic URA3 

marker, POT1 as a selection marker led to production of 26.6-fold more insulin precursor and 4.79-

fold more α-amylase (Liu et al., 2012). In this study, we use these four aforementioned types of 

markers in the genetic manipulation, including autoselection markers (Paper I-IV), C/N source-related 

markers (Paper I), resistance markers (Paper II-IIIb) and auxotrophic markers (Paper III-IV). 

1.3.1.2 Translation 

Translation consists of three stages: initiation, elongation and termination. In eukaryotes, the Kozak 

sequence, which occupies approximately the first six nucleotides upstream of the START codon, as a 

translation initiation site mediates translation initiation efficiency (Kozak, 1986). The strength of the 

Kozak sequence is related to the favorability of initiation, affecting the amount of protein being 

synthesized from a given mRNA. The consensus Kozak sequence differs among organisms in length 

and nucleotide composition (Cavener, 1987, Hamilton et al., 1987). The S. cerevisiae Kozak consensus 

sequence was identified as (A/T)A(A/C)A(A/C)AATGTC(T/C) among the highly expressed genes 

(Hamilton et al., 1987). A previous study showed that point mutations within the Kozak sequence 

regulated the production of proinsulin over a 20-fold range (Kozak, 1986). In addition, through 

screening Kozak libraries in S. cerevisiae, the expression level of yeast-enhanced green fluorescent 

protein (yEGFP) showed an almost 10-fold change between the weakest and strongest Kozak 

sequences (Petersen et al., 2018). 
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Codon usage varies among different organisms, called codon usage bias. Heterologous genes may be 

hard to express in another host due to their rare codons, which need to be read by complementary 

rare tRNAs that have been assigned amino acids. This will reduce the rate of translation elongation 

and also incite translation errors (Ikemura, 1981). Codon optimization of heterologous genes to match 

the host codon bias is an initial strategy for improving the efficiency of translation and accuracy of 

protein synthesis and therefore achieving effectively high levels of recombinant protein production 

(Al-Hawash et al., 2017). In recent years, a number of cases showed enhanced levels of protein 

expression through codon optimization based on the individual codon usage bias approach and codon-

pair context bias approach (Gustafsson et al., 2004, Lanza et al., 2014, Ahn et al., 2016). For example, 

an improved translational efficiency of the catechol 1,2-dioxygenase gene was obtained by codon-pair 

context bias optimization, which yielded higher protein activity in S. cerevisiae (Lanza et al., 2014). 

However, considering that the rapid translation rate may cause protein misfolding, an alternative 

strategy such as codon coordination will help identify and maintain slow translation regions (Villalobos 

et al., 2006).  

Terminator regions, located downstream of coding sequences, contain the 3’ untranslated region (3’-

UTR), which will affect the processing, localization, stability, half-life and translational efficiency of 

mRNA (Kuersten & Goodwin, 2003). A genome-wide assessment of terminator regions in S. cerevisiae 

showed the activity of terminators varied over a 70-fold range (Yamanishi et al., 2013). Compared to 

commonly used PGK1 and CYC1 terminators, 1.2-fold and 1.5-fold higher production of GFP was 

obtained using the TPS1 terminator (Yamanishi et al., 2011), which indicated that the TPS1 terminator 

could be generally used in yeast high-production expression systems. When coupled with a low-

strength promoter, the expression-enhancing terminator led to an 11-fold expression difference of 

yellow fluorescent protein over the CYC1 terminator (Curran et al., 2013). Therefore, the terminator 

activity is critical in determining the heterologous protein expression level, although not the major 

determinant. 

1.3.2 Protein secretion  

Even if the transcription and translation levels are optimized sufficiently for protein overproduction in 

a suitable host, many proteins are still secreted at relatively low levels. To meet the increasing 

production demands, the most direct way is to increase protein secretion capacity. However, protein 

secretion in S. cerevisiae is a quite complex process as it comprises more than 550 proteins that carry 

a signal peptide, which takes up about 9.2% of the entire proteome (Delic et al., 2013). Only a very 

small amount of these proteins is secreted outside the cell as different organelles such as ER, Golgi, 

endosome, vacuole and cytoplasmic membrane are employed before the mature proteins reach their 

destination. Proteins located in these organelles and some other native proteins are also processed 

and transported via the secretory pathway. As shown in Figure 4, the protein secretion pathway covers 

many steps from mRNAs/peptides to mature proteins, including co- or post-translational translocation 

of proteins from the cytoplasm into the ER, post-translational glycosylation in the ER and Golgi 

apparatus, protein folding and quality control in the ER, intracellular vesicle trafficking between ER 
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and Golgi, Golgi processing, and exocytosis (Idiris et al., 2010). The minimum requirement for this 

process is a secretion signal peptide at the N-terminus of the nascent polypeptide. 

 

Figure 4. Schematic illustration of the protein secretory pathway in yeast. COP I: coat protein complex I; COP II: 
coat protein complex II. 

1.3.2.1 Translocation 

The secretion pathway starts by translocation of the (nascent) polypeptide from the cytoplasm into 

the ER lumen. Depending on the hydrophobicity of the pre-signal peptide, the translocation process 

can occur either post-translationally or co-translationally (Zimmermann et al., 2011). Co-translational 

translocation (ribosome-coupled) is initiated by highly hydrophobic pre-signals, such as the signal 

sequence of dipeptidyl aminopeptidase B, repressible alkaline phosphatase and invertase (Zheng & 

Gierasch, 1996). This process directly links translation and translocation processes. Upon the 

emergence of the pre-signal sequence from the ribosome, Srp54p, a subunit of the signal recognition 

particle (SRP), recognizes and binds to the signal peptide. This combination pauses translation, and 

the ribosome-protein-SRP complex is transferred to the ER membrane (Delic et al., 2013). GTP-

containing Srp54p binds to the SRP receptor, forming a GTP-stabilized complex, which directs the 

ribosome-nascent chain complex to the translocation site – the Sec61p or Ssh1p translocon pore. 

Following GTP hydrolysis, SRP is released from the signal peptide and later from the SRP receptor while 

the ribosome-nascent chain complex is still bound to the translocon pore (Osborne et al., 2005). Once 

the signal peptide is successfully recognized by the Sec61p or Ssh1p complex, the nascent chain will 

be inserted into the complex, and then the ribosome will also be tightly bound to the complex (Kalies 

& Hartmann, 1998). The polypeptide is synthesized as it passes through the translocon pore into the 

ER, and GTP hydrolysis provides driving energy. Post-translational translocation (ribosome-uncoupled) 

is initiated by weakly hydrophobic pre-signals, such as the signal sequence of secreted alpha mating 
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factor, protein disulfide isomerase (PDI) and carboxypeptidase Y (Zheng & Gierasch, 1996). The 

translation is completed in the cytoplasm. The polypeptide chain needs to be maintained in an 

unfolded state, and the unfolded polypeptide is stabilized by cytosolic chaperones, which will 

spontaneously leave before transport into the ER (Plath & Rapoport, 2000). The SEC complex, 

including the Sec61p complex and Sec62p/Sec63p complex, directly interacts with the pre-signal 

sequence, which happens in an SRP-independent manner (Kalies & Hartmann, 1998). Sec62p 

recognizes the signal peptide and simultaneously, the signal peptide is bound to Sec61p and Sec62p 

(Plath et al., 2004). The unfolded polypeptide chain is pulled into the ER by binding to the ER luminal 

chaperone Kar2p (BiP). The ATPase activity of Kar2p provides a driving force for post-translational 

translocation (Matlack et al., 1999).  

The commonly used signal peptide is composed of a pre-region and a pro-region, which determines 

the translocation mode, protein solubility and trafficking efficiency (Rakestraw et al., 2009). The signal 

peptide can be a native, a heterologous, or a synthetic (designed) one. It is so far not possible to 

forecast which signal peptide is the most effective in secreting a specific protein. For example, 

comparing two different signal peptides, the S. cerevisiae native α-factor leader was more effective 

for the secretion of α-amylase, while the insulin precursor had a higher final yield using the synthetic 

leader YAP3-TA57 (Liu et al., 2012). Both signal peptides will be described in Paper I. Combination of 

four mutations in the native α-factor leader (A9D, A20T, L42S, D83E) resulted in significantly improved 

secretion of several fungal oxidoreductases and hydrolases in S. cerevisiae. Based on the above 

optimized signal leader, the additional introduction of the randomization of positions 86 and 87 was 

able to further increase protein secretion yields (Aza et al., 2021). In another approach, the α-factor 

pre-signal sequence was replaced with the S. cerevisiae Ost1p signal sequence (the alpha-subunit of 

the oligosaccharyltransferase complex), which conversed post-translational translocation to co-

translational translocation (Besada-Lombana & Da Silva, 2019). This approach improved the secretion 

of monomeric superfolder GFP (Fitzgerald & Glick, 2014). In addition, overexpressing the translocation 

components, such as Srp54p and Srp14p, and introducing S. cerevisiae cytosolic chaperones to P. 

pastoris, such as Ssa1p and Ydj1p, had a positive effect on protein secretion (Zhang et al., 2006, Tang 

et al., 2015). Engineering Hsp70 chaperone cycles can provide both pushing force on the cytosolic side 

and pulling force on the ER side to increase the flux of recombinant protein through the translocation 

pore (Zahrl et al., 2022).   

1.3.2.2 Protein glycosylation 

Most of the secreted proteins are glycosylated, and the early glycosylation occurs during translocation. 

In yeast, there are two types of glycosylation, N-linked and O-linked. N-linked glycosylation can be 

divided into three processes: assembly of the lipid-linked oligosaccharide precursor 

Glc3Man9GlcNAc2 (Glu represents glucose, Man represents mannose, and NAc represents N-

acetylglucosamine) at the ER membrane mediated by multiple mannosyltransferases (encoded by ALG 

genes), recognition of the asparagine residue within the sequence asparagine-X-serine/threonine (X 

can be any amino acid except proline), and transfer of the completely assembled Glc3Man9GlcNAc2 
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to the carboxamido nitrogen on the asparagine residue of the nascent polypeptide mediated by the 

oligosaccharyltransferase complex (Burda & Aebi, 1999). Further N-glycosylation, which occurs in the 

Golgi apparatus, varies with the proteins and species, that is, the N-linked glycan undergoes further 

maturation by adding an outer chain containing up to 200 mannose residues (Jungmann & Munro, 

1998). For O-linked glycosylation, a single mannose from dolichyl phosphate-bound mannose is 

transferred to the hydroxyl groups of serine and threonine of the nascent polypeptide, mediated by 

protein O-mannosyl transferases (PMTs) in the ER. Subsequently, this mannosylated protein is further 

processed to form a linear chain of up to 5 mannose residues Manα1-3Manα1-3Manα1-2Manα1-

2Man-O in the Golgi apparatus mediated by α-1,2-mannosyltransferases (MNTs) and α-1,3-MNTs 

(Goto, 2007).  

Protein glycosylation has many advantages, such as increasing protein stability, solubility and folding; 

protecting proteins against proteases, and playing a general role in the quality control of protein 

folding (Ellgaard & Helenius, 2003, Parthasarathy et al., 2006, Demain & Vaishnav, 2009, Roth et al., 

2010). It should be noted that the production of human therapeutic glycoproteins with human-like N-

glycosylation currently accounts for 70% of all approved therapeutic recombinant proteins (Idiris et 

al., 2010). However, yeast performs non-human N-glycosylation of the high-mannose type (see above). 

Given the therapeutic value of glycoproteins, humanizing yeast glycosylation systems has turned out 

to be one of the main glycosylation engineering strategies since humanized N-glycan production in 

yeast was first attempted in 1992 (Nagasu et al., 1992). Mammals and yeasts share the same 

glycosylation pathway in the ER, while they have a distinctly different series of glycosyltransferase 

reactions in the Golgi (Chiba & Akeboshi, 2009). Many optimizations focused on engineering these 

reactions to introduce human-like glycosyl structures (Chiba et al., 1998, Hamilton et al., 2006, 

Hamilton & Gerngross, 2007). For example, through the deletion of OCH1 and thus eliminating the 

endogenous glycosylation pathway and the introduction of five active eukaryotic glycosylation-related 

proteins, including MnsI, MnsII, GnTI, GnTII and uridine 5’-diphosphate-GlcNAc transporter, Hamilton 

et al. successfully secreted a human glycoprotein with complex N-glycosylation in P. pastoris (Hamilton 

et al., 2003). Besides the N-glycosylation system, mammalian-type O-glycosylation has also been 

established in S. cerevisiae (Oka & Jigami, 2006, Chigira et al., 2008).  

1.3.2.3 Protein folding and quality control in the ER 

After translocation, the protein needs to experience a range of modifications in the ER, including 

glycosylation, signal peptide cleavage, protein folding and disulfide bond formation. These processes 

are strictly regulated by a quality control system that determines if a protein is correctly folded before 

it is allowed to leave the ER into the Golgi. Upon extrusion into the ER, the pre-signal sequence is 

cleaved by signal peptidase immediately. The unfolded protein exposes the hydrophobic amino-acid 

residues that should be buried inside the folded protein. Therefore, the ER chaperone Kar2p 

recognizes transiently and covers hydrophobic patches to prevent protein aggregation (Simons et al., 

1995). Next, the unfolded chaperoned protein will perform cycles of binding and releasing from Kar2p 

until it no longer presents any Kar2p-binding motifs. At each release, the protein will have the 
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opportunity to advance along the folded path (Gething, 1999). Disulfide bond formation between thiol 

groups in two cysteine residues of the polypeptide chain is an important part of assisting protein 

folding and stabilizing the protein in its correct conformation. This process requires transferring 

electrons to PDI (Pdi1p in S. cerevisiae), a protein catalyzing disulfide formation, disulfide reduction, 

and rearranging incorrect disulfides. Subsequently, the electrons pass further to the FAD-dependent 

ER oxidase Ero1p, and then to molecular oxygen. The oxygen as the final electron acceptor can result 

in oxidative stress through the production of reactive oxygen species (ROS) (Sevier & Kaiser, 2008). 

Until now, the enzymes detoxifying ROS in the ER of yeasts have not been identified. PDI is re-oxidized 

by Ero1p. PDI and its four homologues (Eug1p, Mpd1p, Mpd2p, and Eps1p) are responsible for 

disulfide rearrangement and reduction (Tu & Weissman, 2004). 

If the peptide is synthesized too fast and protein folding exceeds the normal capacity of the processing 

machinery of the ER, this will form misfolded or unfolded proteins. These proteins will expose 

hydrophobic amino acid residues and then form stable complexes with Kar2p and other molecular 

chaperones. Decreased concentrations of free Kar2p will induce an unfolded protein response (UPR) 

(Kohno et al., 1993). UPR is a transcriptional response that adjusts secretory sources to assist 

correction of damage caused by unfolded proteins, clears misfolded proteins, and increases oxidative 

stress on a large scale. This signal transduction process from the ER to the nucleus involves three major 

proteins, including ER transmembrane protein Ire1p, which senses abnormally high levels of unfolded 

ER proteins and stimulates its endoribonuclease activity; transcriptional activator Hac1p, which 

directly activates the transcription of UPR target genes by binding to the UPR elements; and tRNA 

ligase Rlg1p, which rejoins the HAC1 exons allowing translation to continue after a nonconventional 

intron has been removed by Ire1p (Patil & Walter, 2001). Hac1p activates approximately 380 genes, 

including those encoding multiple ER chaperones and PDIs, enzymes for protein transport 

compartments, as well as proteins involved in phospholipid biosynthesis and ER-associated 

degradation (ERAD) (Travers et al., 2000). If proteins reside in the ER for too long, they will be 

recognized as aberrant via the detection of some special structures such as exposed hydrophobic 

regions, unpaired cysteine residues and immature glycans. Then, these misfolded proteins will be 

targeted to the ERAD system to perform their clearance. If misfolding occurs in the ER lumen, ER 

transmembrane protein Der1p initiates the export of misfolded proteins from the ER lumen by 

recruiting and inserting them into the ER membrane and then routing them to ubiquitin ligase Hrd1p 

for polyubiquitylation. These ubiquitinated proteins are pulled out of the ER membrane to the 

cytoplasm through a driving force provided by ubiquitin-binding factors, such as the Cdc48p-Npl4p-

Ufd1p complex, and then targeted for degradation by the proteasome (Meusser et al., 2005, Mehnert 

et al., 2014, Wu & Rapoport, 2018). As one another response pathway to ER stress, protein synthesis 

will be transiently attenuated to relieve the burden on the ER (Yoshida, 2007). 

Protein folding and quality control tend to be the most rate-limiting step in protein secretion as they 

determine whether the protein should enter the following secretory process, for properly folded 

proteins, or should be targeted to the degradation pathway, for misfolded proteins. Thus, engineering 

protein folding and quality control systems has turned out to be one of the most helpful ways to 
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enhance heterologous protein secretion. A straightforward and effective strategy is to overexpress 

multiple molecular chaperones, co-chaperones, PDIs and other folding helpers in S. cerevisiae, such 

as Kar2p (Hou et al., 2012, Huang et al., 2014), Sil1p, Lhs1p, Scj1p and Jem1p (Payne et al., 2008), 

Pdi1p and Ero1p (Hou et al., 2012, Huang et al., 2014, Huang et al., 2018, Qi et al., 2020), Hac1p 

(Valkonen et al., 2003, Lee et al., 2012), and Hsf1p (heat shock response transcription factor), which 

regulates the transcription of hundreds of genes coding for molecular chaperones (Hou et al., 2013). 

Since heterologous proteins can be misrecognized as aberrant, disruption of the ERAD machinery by 

knocking out Der1p could minimize the retrotranslocation of proteins into the cytoplasm and thereby 

increase protein secretion capacity (Besada-Lombana & Da Silva, 2019). In addition, strains deleted in 

other ERAD components such as ∆yos9 ∆ire1 and ∆htm1 ∆ire1 showed an increased immunoglobulin 

G (IgG) ER residence time and therefore reduced the IgG clearance from the cells by ERAD (de Ruijter 

& Frey, 2015). Many studies showed that increasing ER size could effectively reduce ER stress caused 

by protein overexpression (van Anken et al., 2003, Schuck et al., 2009). Indeed, the secretion capacity 

of IgG, when expressed in an ER-enlarged S. cerevisiae strain by deleting the negative lipid regulatory 

gene OPI1, was 4.8-fold higher than in the wild-type (de Ruijter et al., 2016). However, these general 

engineering strategies are often protein- or host-specific and not beneficial for the production of all 

proteins (Davis et al., 2000, van der Heide et al., 2002, Korpys-Woźniak et al., 2021). 

1.3.2.4 Intracellular vesicle trafficking 

Correctly folded proteins are transported from the ER to the Golgi apparatus to be further processed. 

This transportation process is mediated by coat protein complex II (COPII) vesicles. GTPase Sar1p 

triggers the formation of the COPII vesicle at the ER exit sites. The ER transmembrane protein Sec12p 

acting as a guanine nucleotide exchange factor (GEF), activates Sar1p-GDP by exchanging GDP with 

GTP. The activated GTP-bound Sar1p is inserted into the ER membrane and then recruits the 

Sec23p/Sec24p complex to form the pre-budding complex, which is the inner layer of the coat of 

which, Sec23p interacts with Sar1p, while Sec24p recognizes and captures the cargo proteins into the 

nascent vesicle (Wendeler et al., 2007). Sec16p stabilizes the pre-budding complex to facilitate the 

vesicle coat assembly (Supek et al., 2002). Then, the pre-budding complex (Sar1p/Sec23p/Sec24p) 

recruits the Sec13p/Sec31p complex that polymerizes to form the outer layer of the coat. After the 

intact COPII vesicle forms, it will leave the ER membrane and move toward the Golgi membrane. This 

will pass through tethering, docking and fusion processes.  

The precise selection system and efficient trafficking process of COPII vesicles affect the efficiency of 

ER export of the cargo proteins. Much work has demonstrated the potential to improve protein 

secretion by engineering protein transport. Moderate overexpression of Sec16p facilitated the 

translocation of different model proteins (Bao et al., 2017). Overexpression of the protein components 

of COPII vesicles, such as Sec13p, improved the secretion of heterologous proteins (Tang et al., 2017). 

The well-characterized transmembrane receptor Erv29p selects and packages glycosylated pro-α-

factor (gpαf) fusion cargo proteins into COPII vesicles, and its overexpression increased the secretion 

of several recombinant proteins (Huang et al., 2018, Besada-Lombana & Da Silva, 2019).  It was also 
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shown that overexpression of components of some trafficking complexes, such as Sec1p/Munc18p 

(SM) proteins and conserved oligomeric Golgi complex protein Cog5p, improved protein production 

(Hou et al., 2012, Huang et al., 2018). Engineering vesicular trafficking pathway between ER and Golgi 

will also be discussed in Paper II (Chapter 3.2). 

1.3.2.5 Golgi processing 

In addition to hyper-mannosylation of glycoproteins (mentioned in Chapter 1.3.2.2), protein 

maturation requires cleaving the pro-leader-fusion protein by Golgi resident proteases before it is 

trafficked to the cell membrane. This determines protein quality and the sorting process. 

Corresponding to the recognition sites, there are three types of proteases, including Kex1p, Kex2p and 

Ste13p (Hou et al., 2012). The most well-studied protease Kex2p cleaves dibasic Lys/Arg-Arg sites (Le 

Marquer et al., 2019). Many strategies have been applied to increase the downstream process 

efficiency and decrease the secretion of unprocessed pro-proteins. Overexpression of Kex2p protease 

in P. pastoris enhanced the secretion of recombinant two-chain insulin glargine (Sreenivas et al., 

2015). In some cases, a spacer is added at the N-terminus to the secreted protein, which could provide 

a hydrophilic environment and therefore facilitate Kex2p cleavage (Liu et al., 2012, Wang et al., 2021).  

After Golgi processing, the return of membrane components, cargo adaptor proteins, trafficking 

relevant proteins and escaped ER resident proteins from Golgi to the ER is crucial to ensure the supply 

of these resources in the ER. This retrograde transport process is mediated by coat protein complex I 

(COPI) vesicles (Szul & Sztul, 2011). Similar to COPII vesicles, GTPase Arf1p triggers the formation of 

the COPI vesicle at the cis-Golgi. Gea1p/Gea2p acting as a GEF activates Arf1p-GDP by exchanging GDP 

with GTP (Peyroche et al., 1996). The conformational change of activated GTP-bound Arf1p renders 

the hydrophobic N-terminus more exposed, which then interacts with the Golgi membrane. The 

activated GTP-bound Arf1p recruits the coatomer, including seven different protein subunits α, β, β', 

γ, δ, ε and ζ (Cop1p, Sec26p, Sec27p, Sec21p, Ret2p, Sec28p and Ret3p) (Gaynor et al., 1998). After 

the intact COPI vesicle forms, it will leave the Golgi membrane and move toward the ER membrane. 

Once the COPI vesicle arrives at the ER membranes, it will be disassembled and release the cargo 

proteins. The process is mediated by the inactivation of Arf1p through GTP hydrolysis to GDP by 

GTPase activating proteins (GAPs) Gcs1p, Glo3p, Age1p and Age2p (Poon et al., 1999, Benjamin et al., 

2011). The selection process of cargo proteins is mediated by different retrieval systems (Gaynor et 

al., 1998, Arakel & Schwappach, 2018). 1) For direct retrieval, dilysine (KKXX)-containing proteins are 

directly packaged into vesicles by interacting with the COPI subunits. 2) Soluble ER resident HDEL-

containing proteins and Sec12p interact with specific receptors Erd2p and Rer1p in the cis-Golgi, 

respectively, and are then packaged into vesicles. 3) Other cargo proteins such as adaptor or receptor 

proteins and trafficking proteins need to continuously cycle between the ER and cis-Golgi. It has been 

shown that overexpression of Gcs1p and Glo3p could expand the ER membrane and increase the 

secretion of heterologous proteins (Bao et al., 2018). 
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1.3.2.6 Exocytosis 

After maturation, the proteins will exit the Golgi and be sorted to the many different final destinations, 

including reverse travel to ER by COPI vesicles, entry into the vacuole either directly (like alkaline 

phosphatase pathway) or passing through endosomes (vacuolar protein sorting), and entry into 

secretory vesicles to arrive at the plasma membrane or extracellular environment 

(exocytosis/secretory pathway) (Feyder et al., 2015). After vesicle trafficking, tethering and docking 

processes, secretory vesicles from the Golgi will be fused with the plasma membrane. This fusion 

process is mediated by the exocyst complex composed of Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, 

Exo70p and Exo84p, Rab family GTPase Ypt31p/Ypt32p and Sec4p, SM protein Sec1p, and soluble N-

ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) including Sec9p, 

Snc1p/Snc2p, Spo20p and Sso1p/Sso2p (Delic et al., 2013). After being secreted from the plasma 

membrane, proteins diffuse through the cell wall to the external medium. 

The exocytosis process represents another possible bottleneck for protein secretion. One study 

demonstrated that overexpression of Sec1p, involved in docking and fusion of exocytic vesicles, 

increased the secretion of heterologous and endogenous proteins (Hou et al., 2012). Tang et al. 

upregulated several proteins concerned with different stages of exocytosis, including Sso1p, Snc2p, 

Sec1p, Exo70p, Ypt32p and Sec4p, which had positive effects on the secretion of β-glucosidase from 

Sacchromycopsis fibuligera. In addition, this engineering strategy also enhanced the surface display 

efficiency of heterologous proteins (Tang et al., 2017). Many other studies improved the secretion 

capacity by overexpression of different exocytosis targets (Ruohonen et al., 1997, Toikkanen et al., 

2003, Liu et al., 2005, Gasser et al., 2007). On the other hand, manipulating cell wall-related proteins 

can be a new strategy for improving protein production. Disruption of Cwp2p, a mannoprotein 

stabilizing the cell wall, increased extracellular cellobiohydrolase activity by 85.9%. Furthermore, the 

authors observed that disruption of Cwp2p could upregulate some translation and secretory pathway-

relevant genes (Li et al., 2020). Deletion of β-1,3-glucanosyltransferase gene GAS1, required for cell 

wall assembly, resulted in the improved secretion of several recombinant proteins (Vai et al., 2000, 

Marx et al., 2006, Passolunghi et al., 2010). If recombinant proteins accumulate in the periplasmic 

space bounded by the cell wall, endocytosis might significantly reduce protein productivity. Therefore, 

knock-down of endocytosis genes RVS161 and END3 resulted in a 2-fold and 3-fold increase in secreted 

α-amylase compared to controls, respectively (Rodríguez-Limas et al., 2015). 

1.3.3 Other factors affecting protein production 

In addition to optimization of protein synthesis and secretion, successful improvements of protein 

titers to a considerably high level require the adjustment of environmental conditions and 

fermentation processes. They are closely related to cell growth, secretion mechanisms and stability in 

the extracellular medium. The temperature has an important effect on cellular metabolism and 

regulates folding-related proteins. It has been reported that protein titers increased when the 

cultivation temperature was lowered from 30 ℃ to 20 - 25 ℃ (Shusta et al., 1998, Li et al., 2001, Hackel 

et al., 2006). An optimized amino acid supplement medium led to 8-fold higher S. pombe phosphatase 
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levels compared to the unsupplemented synthetic dextrose medium (Wittrup & Benig, 1994). A study 

indicated that adding BSA to the medium could effectively prevent human insulin degradation (Tyo et 

al., 2014). Controlling the dilution rate of a chemostat culture is also a good strategy to improve 

protein production. For example, α-amylase has a high yield in a low specific growth rate, while the 

production of human insulin precursors occurs in a growth-associated manner (Liu et al., 2012, Liu et 

al., 2013). Based on previous studies, oxygen-limiting or hypoxic conditions can be favorable for 

protein secretion by activating hypoxia-induced genes (Liu et al., 2013, Liu et al., 2015, Martínez et al., 

2015, Huang et al., 2017). As mentioned in Chapter 1.3.2.3, during the formation of disulfide bonds, 

electrons are eventually transferred to oxygen, leading to the induction of ROS and thus ER oxidative 

stress in oxygen-rich conditions. A previous work demonstrated that under anaerobic conditions, 

fumarate replaces oxygen as the final electron acceptor in S. cerevisiae, which reduced cellular stress 

(Liu et al., 2013). Thus, analyzing the external and internal factors is of great importance for obtaining 

high-level protein production. 

1.4 Genetic engineering 

Heterologous protein synthesis and secretion compete with endogenous proteins that need to be 

processed through the protein secretion pathway. This competition might cause an unbalanced 

allocation of cellular resources and therefore limit the protein secretory capacity of host cells. As 

described in Chapter 1.3, many efforts aim at customizing the subsystems of protein synthesis and 

secretion to overcome possible obstacles and achieve the desired product quality. High-level 

production of these proteins can require gene modifications including gene overexpressions, gene 

deletions, or point mutations (Mans et al., 2015). Gene overexpression is a genetic manipulation that 

increases gene expression levels beyond the regular pattern. The target gene can be transcribed and 

translated more efficiently using plasmids-based and chromosomal integration-based approaches 

(Prelich, 2012). The relevant engineering strategies have been described in Chapter 1.3.1. Gene 

deletion is a genetic manipulation that involves the complete inactivation of a gene of interest due to 

the loss of genetic material. Gene overexpression and deletion have become routine strategies for 

designing cell factories to improve recombinant protein production (Thak et al., 2020). Moreover, 

systems biology approaches significantly contribute to the understanding of the underlying cellular 

mechanisms and thus facilitate the prediction of cell behavior and the selection of deletion and 

overexpression targets (Choi et al., 2010, Nocon et al., 2014). For example, 84 gene targets were 

predicted for deletion or overexpression by the genome-scale metabolic model (GEM) Yeast8, and the 

combinatorial engineering of the 13 validated positive targets led to a 70-fold increase in intracellular 

heme production in S. cerevisiae (Ishchuk et al., 2022). Despite many successful cases, gene 

overexpression and deletion can sometimes be detrimental to cellular growth. For instance, gene 

overexpression may trigger stoichiometric imbalances, resource overload, and disruption of 

interactions and pathway modulation (Kintaka et al., 2016, Eguchi et al., 2018). Gene deletion may 

result in lethal or substantial genetic damage. In addition, if the gene to be deleted overlaps with the 

regulatory or genetic information of neighboring genes, the expression of neighboring genes will be 

affected, therefore generating an erroneous conclusion (Stern, 2014). Point mutation is a genetic 
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manipulation where one or few nucleotide bases are substituted, inserted, and deleted from the DNA 

or RNA sequence (Levi et al., 2020). An effective point mutation within the coding or even non-coding 

region of a specific gene can be used to fine-tune the expression level, alter protein activity or protein 

regulation (e.g. changing phosphorylation sites), which has been proved to be an efficient tool in 

inverse metabolic engineering (Hong et al., 2011, Bricker et al., 2012, Liu et al., 2014). For example, α-

amylase production was improved 35% by introducing a S196I mutation in the VTA1 gene involved in 

endosomal protein sorting in S. cerevisiae (Liu et al., 2014). Similarly, the mutation of RAS2(D112Y), 

involved in the Ras/PKA signaling pathway, showed a faster galactose utilization and a 10% higher 

specific growth rate than the control (Hong et al., 2011). Gene editing on the chromosome is often 

performed by homologous recombination. High-frequency recombination is usually obtained using 

double-strand DNA fragments with longer upstream and downstream homologous arms (Solis-

Escalante et al., 2013). 

Since five direct clustered repeats in E. coli were observed in 1987 (Ishino et al., 1987), the CRISPR 

(Clustered regularly interspaced short palindromic repeats)/Cas (CRISPR-associated) system was first 

discovered and subsequently triggered a revolution in the genetic engineering field (Figure 5). The 

widely used type II CRISPR/Cas9 system derived from Streptococcus pyogenes is one of the best-

characterized systems, containing only one single protein - the nuclease Cas9, and two noncoding 

RNAs - crRNA (CRISPR RNA) and tracrRNA (trans-activating crRNA). These two noncoding RNAs have 

been fused into a chimeric single guide RNA (gRNA), which can bind to Cas9 protein and guide Cas9 to 

its target site flanked by the protospacer adjacent motif (PAM) and therefore cleave the DNA sequence 

and introduce double-stranded breaks (DSBs) (Jinek et al., 2012). These DSBs can be repaired by two 

cellular DNA repair pathways: the error-prone non-homologous end joining (NHEJ) pathway, which 

frequently leads to insertion or deletion mutations in the absence of repair templates, or the high-

fidelity homology-directed repair (HDR) pathway, which mediates precise DNA modifications in the 

presence of exogenous repair templates (Sánchez-Rivera & Jacks, 2015). CRISPR/Cas9-mediated gene 

deletion and point mutation strategies will be described in detail in Paper II (Chapter 3.2). Due to its 

advantages of convenient operation, high mutation efficiency and low cost, the CRISPR/Cas9 system 

has become the most rapidly developed targeted gene editing technology in various organisms (Hsu 

et al., 2014). Similar to the original Cas9, the deactivated version (dCas9) generated by point mutations 

D10A and H840A is still able to bind to its gRNA and the targeted DNA strand. If a transcriptional 

activator (CRISPRa), such as VP64-p65-Rta, is attached to dCas9 or gRNAs, it will facilitate the 

recruitment of transcription factors and RNA polymerase for transcription of the target gene and 

therefore increase gene expression (Gilbert et al., 2014). On the other hand, if dCas9 binds to a 

transcriptional initiation site or gene coding sequence, the transcriptional initiation or elongation will 

be blocked, thus repressing gene expression. This is called CRISPR interference (CRISPRi) (Larson et al., 

2013). Both are fine-tuning orthogonal transcriptional regulation systems compared to the traditional 

methods of controlling gene expression by changing promoter strength. 
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Figure 5. Genome editing using CRISPR/Cas9 technology. NHEJ: Non-homologous end joining; HDR: Homology-
directed repair. 

1.5 Strain library construction and screening techniques 

Since there are multiple processes involved in protein secretion, there may be many potential 

variables that need to be optimized. However, reasonably predicting or engineering these gene targets 

is very challenging due to lack of the clear understanding of the protein secretion process. Library 

construction combined with efficient screening methods can identify effective gene targets and 

further help understanding the protein secretion mechanism.  

1.5.1 Strain library construction techniques  

In general, libraries can be divided into three categories, including element libraries, multi-element 

combination libraries, and genome-scale libraries. (I) An element library characterizes a single genetic 

element. For example, promoter libraries and terminator libraries with a wide dynamic range were 

developed to express genes at different levels (Alper et al., 2005, Rajkumar & Maerkl, 2012, Yamanishi 

et al., 2013, Liu et al., 2021). A promoter library containing 30,000 mutants was generated via random 

mutagenesis of the constitutive GAP1 promoter in P. pastoris, among these mutants, 33 mutants were 

collected, which spanned a yEGFP fluorescence range between approximate 0.6% and 19.6-fold 

compared to the wild-type with GAP1p (Qin et al., 2011). As mentioned in Chapter 1.3.1.2, by 

evaluating 5302 terminators, compared to the control strain with PGK1t, 5 terminators (DIT1t, 

RPL41Bt, RPL15At, RPL3t, and IDP1t) increased GFP expression more than twice (Yamanishi et al., 

2013). Among them, the strain with DIT1t resulted in a 2.2-fold higher endoglucanase II secretion than 

the control strain with PGK1t (Ito et al., 2013). In addition to promoters and terminators, the use of 

different signal peptides can have a significant impact on the efficiency of recombinant protein 

secretion. For instance, directed evolution of α-factor leader peptides has led to the increased 

secretion of the antibody fragment scFv and the full-size antibody IgG in S. cerevisiae (Rakestraw et 

al., 2009). Gene libraries have been created through many approaches (Packer & Liu, 2015), such as 

random mutagenesis (Wilson & Keefe, 2001), focused mutagenesis (Wells et al., 1985, Li et al., 2020), 

and genetic recombination technique (Coco et al., 2001, Wang et al., 2017). (II) A multi-element 

combination library considers multiple gene expression controlling elements in one system (Choi et 
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al., 2003, Wingler & Cornish, 2011). A previous study constructed a library with 17 control elements, 

including 4 promoters, 10 signal peptides, 1 terminator, and 2 origins of replication, and 2 fluorescent 

proteins, to evaluate their effect on protein secretion (Obst et al., 2017). (III) A genome-scale library 

investigates variants from the entire genome. For instance, a cDNA library is a collection of cloned 

DNA open reading frames that are complementary to mRNA extracted from an organism, and such a 

cDNA library can be cloned into expression vectors and thus used as genome-scale library (Soares et 

al., 1994, Si et al., 2017). In our lab, genome-wide random mutagenesis libraries were generated by 

exposing yeast strains to different doses of UV light (Liu et al., 2014, Huang et al., 2015).  Another 

study combined a yeast gene deletion library and an Aβ42 expression strain to select gene targets that 

mitigate cytotoxicity (Chen et al., 2020). Moreover, Wang et al. combined a genome-scale RNA 

interference (RNAi) library to explore the down-regulated gene targets for increased protein 

production (Wang et al., 2019). As described in Chapter 1.4, the CRISPR system has been modified and 

developed into different libraries, such as CRISPRa libraries, CRISPRi libraries, and CRISPR disruption 

(CRISPRd) libraries (Shariati et al., 2019). Other methods to generate genome-scale libraries are 

CRISPR–Cas9- and homology directed-repair (HDR)-assisted genome-scale engineering (CHAnGE) (Bao 

et al., 2018), multiplex automated genome engineering (MAGE) (Wang et al., 2009), trackable 

multiplex recombineering (TRMR) (Warner et al., 2010). In our work, a genomic random mutagenesis 

library and a yeast single gene deletion library were used, with the latter two libraries being mentioned 

in Paper I, III and IIIb. 

1.5.2 Strain library screening techniques 

Notably, libraries, especially genome-scale libraries, often generate large numbers of clones, which 

require a high-throughput screening method to evaluate these clones. Here, I divided the library 

screening methods for protein production into two categories, including growth-coupled screening 

methods, and fluorescence-coupled screening methods. (I) Growth-coupled screening methods use 

growth as a simple selection criterion to select optimized strain (Alter & Ebert, 2019). For example, 

the accumulation of toxic intermediates or final products can decrease cell growth. Synthetic genetic 

arrays (SGA) can be combined with visual examination of the size of the resulting colonies on plates 

by comparison with the parental strain, thereby screening for mutants that exhibit the desired 

phenotype (Tong & Boone, 2006). Liu et al. performed a screening method that combined UV random 

mutagenesis and growth on starch plates to select mutant colonies with high α-amylase secretion, 

which showed an up to 5-fold higher production of α-amylase than the control strain (Liu et al., 2014). 

(II) Fluorescence-coupled screening methods use the strength of a fluorescence signal as indicator for 

the phenotype of interest. If the protein of interest is an enzyme, the fluorescent signal can be derived 

from the direct enzymatic reaction that occurs between the target protein and its substrate, or 

chemicals or tagged groups that are added into the enzymatic reaction (Fu et al., 2021). Fluorescence-

activated cell sorting (FACS) is a method that sorts heterogeneous mixture of cells into two or more 

groups for downstream experimentation, and was used to isolate genotypes that resulted in higher 

levels of proteins (Bleichrodt & Read, 2019, Grzeschik et al., 2019). Droplet microfluidics has been 

developed as a high-throughput method for screening single cells with increased protein secretion 
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capacity, which can be used for measuring secreted proteins and cell proliferation (Sjostrom et al., 

2014, Huang et al., 2015, Wang et al., 2019). The schematic workflow of droplet microfluidics 

screening and the SGA screening methods, using in this work, will be presented in detail in Chapter 3 

and Chapter 4, respectively.  

1.6 Systems biology tools 

An ideal expression platform maximizes the conversion of substrates to final products. By studying the 

literature and performing preliminary experiments, we are able to obtain some useful information 

about how to optimize the properties of host cells, such as the rate-limiting steps, the genes to be 

manipulated, and the robustness of the host. However, the same engineering strategy may not be 

valid for the promising production of all proteins. There can be specific challenges that exist for specific 

proteins due to the complexity of protein synthesis and secretion pathways. For example, simple and 

small proteins often fold fast and spontaneously, while complex and multi-domain proteins may need 

more assistance, such as molecular chaperones, to reach their native states (Liu et al., 2012). In 

addition, a complex structural and regulatory network in yeast limits the rational metabolic 

engineering for generating optimal phenotypes. Therefore, it is desirable to understand the individual 

processes in detail and analyze the interactions between these processes. 

Systems biology can be a holistic and predictive approach to biological research, and is a biology-based 

interdisciplinary field focusing on interactions within complex biological systems. It comprises 

computational and mathematical analysis and modeling of the target systems (Nielsen & Jewett, 2008, 

Tavassoly et al., 2018). That is, it allows for analyzing the intracellular behavior by integrating omics 

data and mathematical modeling. In the past few decades, systems biology approaches have been 

developed as increasingly valuable tools for metabolic engineering of cell factories aiming to improve 

the production of a metabolite or a protein in S. cerevisiae (Stephanopoulos et al., 2004, Tavassoly et 

al., 2018). There are two main approaches when dealing with a systems biology problem: the top-

down and the bottom-up approach. The top-down approach depends mainly on experimental results 

based on omics data and high-throughput analysis. The bottom-up approach is used to generate and 

construct mathematical models. The bottom-up approach often incorporates experimental data to 

achieve global information and reconstruct the dynamic systems for optimization of cell factories 

(Nielsen & Jewett, 2008). 

1.6.1 Top-down approach 

To model the interactions of biological processes in a system, the experimental techniques should be 

system-wide and as complete as possible. Therefore, high-throughput and omics techniques (i.e., 

genomics, transcriptomics, proteomics, metabolomics and fluxomics) are usually applied to collect 

quantitative data for constructing models (Romualdi & Lanfranchi, 2009). With the development, 

omics analysis has been widely applied for engineering host strains to indicate cellular responses to 

the production of recombinant proteins. The genome storing the genetic information can provide the 

basis for understanding the complexity of biological systems, and genome sequencing is often applied 
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after random mutagenesis and adaptive evolution experiments. For example, our laboratory 

previously identified 146 amino acid sequence altering mutations through the combination of high-

throughput droplet microfluidic screening and whole-genome sequencing (Huang et al., 2015). The 

transcriptome is a dynamic pattern of gene expression, which is affected by the environment 

(Velculescu et al., 1997). Many studies showed a comprehensive transcriptome map by RNA-seq in 

yeast (Nagalakshmi et al., 2008). In our lab, Huang et al. used RNA-seq to study the transcriptional 

response in ultraviolet (UV) mutant strains with high protein production (Huang et al., 2017). Chen et 

al. indicated that FMN supplementation could reduce the misfolded protein load and increase the 

resistance to oxidative stress and therefore reduce the amyloid-β (Aβ) toxicity through a combination 

of SGA-based screening with RNA-seq (Chen et al., 2020). Proteomics can investigate protein 

translation efficiency, PTMs and protein-protein interactions, and can in some cases be used as a 

validation of transcriptomics results (Di Bartolomeo et al., 2020). Metabolomics measures metabolite 

levels to provide a more detailed landscape of cellular states under different environments. Generally, 

these omics data need to be combined in an integrated analysis, which can help to understand the 

protein production machinery and cell metabolism (Björkeroth et al., 2020, Campbell et al., 2020, Qi 

et al., 2020, Yu et al., 2020, Malina et al., 2021).  

1.6.2 Bottom-up approach 

Mathematical models can investigate metabolism and predict the cellular behavior of yeast under 

different conditions. The first yeast GEM was reconstructed in 2003 (Förster et al., 2003), and it was 

used as a scaffold for further metabolic model refinements that introduced more biological processes 

and constraints (Herrgård et al., 2006, Nookaew et al., 2008). Since the first reconstruction, multiple 

updates have been made for the S. cerevisiae GEM (Domenzain et al., 2021), such as Yeast1 to Yeast8 

(Chen et al., 2022), addition of transcriptional regulatory constraints (Herrgård et al., 2006), iron 

metabolism (Chen et al., 2021), or proteome constraints (Sánchez et al., 2017). These concepts can be 

applied to improve recombinant protein secretion. Several studies have shown models describing the 

protein secretion pathway in various organisms (Krambeck & Betenbaugh, 2005, Feizi et al., 2013, 

Irani et al., 2016, Gutierrez et al., 2020).  However, they either only simulate a part of the secretory 

pathway, such as N-linked glycosylation, or are not able to perform simulations. Thus, to develop 

optimal yeast platforms with high-level recombinant protein production, it is desirable to reconstruct 

a model that contains a description of the complete protein secretory pathway.  
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1.7 Aim and significance 

The overall goal of this thesis was to improve recombinant protein production by optimizing S. 

cerevisiae platform strains. This thesis mainly focused on two parts: exploring in depth previously 

isolated mutant strains and investigating novel targets to rationally optimize S. cerevisiae.                                                      

Previously, our laboratory isolated a line of yeast mutant strains with different secretory capacities 

after UV random mutagenesis. And the best-producing strain B184 showed an increased production 

of different heterologous proteins. Therefore, in Chapter 3, we characterized these mutant strains 

evolved for increased protein secretion. Firstly, as described above, therapeutic protein production 

plays an extremely important role in the biopharmaceutical industry. We thus explored whether the 

secretion capacities of mutant strains were generally suitable for producing different pharmaceutical 

proteins, such as antibody fragments (Paper I). On the other hand, given the fact that UV mutagenesis 

led to the improved protein production of these mutant strains, to systematically investigate 

beneficial targets that are responsible for the increased production, we re-introduced a total of 42 

protein-sequence-altering point mutations into the parental strain (Paper II).  

As novel targets can serve as guidelines for designing cell platforms, to further improve protein 

production, Chapter 4 is dedicated to investigating novel targets to rationally optimize S. cerevisiae 

strains. High protein production often induces cellular stress, which is supposedly similar to a 

humanized AD model with the accumulation of misfolded Aβ peptides. Previously, genes that suppress 

Aβ42 aggregation-related cytotoxicity have been identified in S. cerevisiae. We therefore examined 

whether these suppressors could alleviate cellular stress and increase recombinant protein production 

in S. cerevisiae (Paper III and IIIb). Since the complexity of the protein secretory pathway often limits 

its rational engineering, we reconstructed a more systematic model, namely a proteome-constrained 

genome-scale protein secretory model of S. cerevisiae (pcSecYeast), to predict overexpression targets 

for improving recombinant protein production (Paper IV). 

This thesis provides various efficient strategies to develop yeast platforms for the high-level 

production of valuable industrial or pharmaceutical proteins, and also provides general guidelines for 

designing other cell platforms for efficient protein production.  
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2 Model proteins in this thesis 

As already mentioned above, the application of recombinant proteins is rapidly expanding. This thesis 

mainly studied two types of heterologous proteins with different properties: antibody fragments as 

biopharmaceutical proteins (Paper I) and α-amylase as an industrial enzyme (Paper II-IV). The mainly 

used proteins are shown in Figure 6. 

 

Figure 6. The structure of the mainly used proteins. (A) Three antibody fragments. VH: heavy chain variable 
domain; VL: light chain variable domain; CH1: heavy chain constant domain; CL: light chain constant domain; Fab: 
antigen-binding fragment containing 4 domains VH, VL, CH1 and CL; scFv: single-chain variable fragment, 
containing 2 domains VH and VL; VhH: single V-type domain, containing 1 domain VH. (B) α-Amylase. Adapted 
from Brzozowski et al. (Brzozowski & Davies, 1997). 

A typical intact antibody is a large Y-shaped multi-domain protein containing a basic structure of two 

heavy chains (H) and two light chains (L) (Figure 6). Each heavy chain comprises one variable (VH) and 

three constant domains (CH1, CH2, CH3), and each light chain consists of one variable (VL) and one 

constant domain (CL). The antigen-binding sites are located on the variable regions at the tips of the 

Y-arms. Although antibody fragments are structurally different from conventional mAbs, they still 

retain the antigen-binding regions. Various specific antibody fragments could be obtained by 

proteolysis, such as antigen-binding fragment (Fab, containing VH, VL, CH1 and CL), single-chain variable 

fragment (scFv, contains VH and VL connected by a flexible polypeptide linker), and single V-type 

domain (a single monomeric VH).  Three classes of mAb-derived fragments represent successive waves 

of antibody fragment technologies (Holliger & Hudson, 2005, Nelson, 2010). In Paper I, we focused on 

three different antibody fragments, including a nanobody consisting of a single V-type domain (Nan) 

from the Camelidae family, the scFv peptide Pexelizumab (Pex) from human, and Fab fragment 

Ranibizumab (Ran) from human. Their characteristics are listed in Table 2. 
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Table 2. The characteristics of three antibody fragments used in this study. 

Generic name Type Size Disulfide bonds Target Indication 

Nanobody  
(Nan, Camelid) VhH 17 kDa 2 Lysozyme 

Rheumatoid arthritis and 
Crohn´s disease (Muyldermans 
et al., 2009) 

Pexelizumab 
(Pex, Humanized) scFv 31 kDa Uncertain Complement C5 Coronary artery bypass and 

Angioplasty (Testa et al., 2008) 

Ranibizumab 
(Ran, Humanized) Fab 51 kDa 5 VEGF-A  Macular degeneration (Martin et 

al., 2011) 
 

α-Amylase is one of the most popular industrial enzymes. In our studies (Paper II-IV), the selected α-

amylase is from Aspergillus oryzae containing 3 domains with 478 amino acids, 4 disulfide bonds and 

1 glycosylation site (Randez-Gil & Sanz, 1993). The biggest advantage of α-amylase is the ability to 

degrade starch, and therefore some well-developed assays can easily measure α-amylase activity. This 

provides a convenient detection method and facilitates the analysis of multiple strains at once. 
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3 Characterization of strains evolved for increased protein secretion 

Our laboratory previously isolated 9 yeast mutant strains through several rounds of UV random 

mutagenesis and two different screening approaches, including manual screening (through directly 

measuring protein concentrations of all selected colonies from starch plates after UV treatment) and 

high-throughput droplet microfluidic screening (through first enriching strains with fluorescence 

intensity beyond a defined threshold by droplet microfluidics and then measuring protein 

concentration of the enriched strains) (Figure 7). In detail, the starting strain (AAC) expressing α-

amylase was spread on starch plates and then immediately subjected to UV random mutagenesis (Liu 

et al., 2014). Assessing a total of 591 colonies, the first mutant strain (M715) was obtained by manual 

screening. After that, M715 was subjected to UV random mutagenesis and the second (MH23) and 

third (MH34) mutant strains were selected by a high-throughput droplet microfluidic system (Huang 

et al., 2015). Subsequently, MH23 and MH34 were subjected to another round of UV random 

mutagenesis and droplet microfluidic screening. Six strains, named F83, C120, A64, D5, B130, and 

B184, were obtained. Through whole-genome sequencing of the original strain AAC together with the 

nine mutants, 146 protein-sequence-altering mutations were identified, and a duplication of entire 

chromosome III was also found in MH34 and its descendants (Huang et al., 2015). Among these mutant 

strains, B184 showed the best performance in α-amylase secretion (5.03-fold compared to AAC) and 

its ancestral strains are MH34 (2.20-fold compared to AAC), M715 (1.33-fold compared to AAC) and 

the parental AAC, respectively (Figure 7). In Paper I and II, we focused on studying this evolutionary 

path leading from AAC to B184. 

B184 showed advantages for the production of different recombinant proteins, such as α-amylase, 

the Rhizopus oryzae glucan-1,4-α-glucosidase (GLA), HSA, and Trichoderma reesei endo-1,4-beta-

xylanase II in previous studies (Huang et al., 2015, Huang et al., 2017). We thus proposed the question: 

could these engineered strains be generally suitable for pharmaceutical protein production? The study 

is presented in Paper I. Although strain B184 significantly increased the production of most 

recombinant proteins tested, the responsible genes have not been investigated systematically. As the 

increased production is to the result of UV random mutagenesis, we were curious: which mutations 

are beneficial for α-amylase production? A set of mutated genes selected from all mutant strains in 

this evolutionary line was subsequently tested. The study is presented in Paper II. 
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Figure 7. Schematic workflow for screening of S. cerevisiae mutant libraries for improved α-amylase production. 
In the first step, the starting strain AAC was constructed by introducing a COPTud-based α-amylase expression 
plasmid into a CEN.PK strain. Then, mutant libraries were generated by UV irradiation with different doses. 
Subsequently, single cells from these mutant libraries were screened according to two approaches. M715 was 
obtained by manual screening, which was carried out by evaluating the α-amylase concentration of 591 colonies 
from starch plates. On the other hand, to achieve high-throughput screening from large libraries, single cells 
were encapsulated to form droplets. These cells were able to grow in the droplets. An α-amylase substrate 
containing a starch backbone with multiple quenched fluorophores was added, which resulted in fluorescent 
products after conversion. Then, the droplets were sorted according to their fluorescent signals. Validation of 
α-amylase production capacity was followed. Finally, 9 mutant strains with improved protein production were 
selected and whole-genome sequencing was performed. 

3.1 Evaluating the expression of antibody fragments in the mutant strains 

This chapter is based on three antibody fragments described in Chapter 2, including Nan, Pex and Ran, 

and three strains, including parental strain AAC as well as mutant strains MH34 and B184. AAC is a 

CEN.PK 530-1C-based strain that is deleted in the TPI1 gene, and expresses the α-amylase gene from 

a CPOTud plasmid that is often used for expression of recombinant proteins (Liu et al., 2012) (Figure 

7). As mentioned in Chapter 1.3.1.2, the POT1 gene from S. pombe with its own promoter and 

terminator on the CPOTud plasmid complements the absence of the TPI1 gene. Loss of the α-amylase 

expression plasmid from corresponding strains (AAC, MH34 and B184) will generate three host strains, 

including low-secretion strain (LA), medium-secretion strain (MA) and high-secretion strain (HA), 

respectively. These three plasmid-depleted host strains do not grow on glucose as the sole carbon 
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source and can obtain stable expression in rich medium and at high copy numbers when 

(re-)introducing the CPOTud plasmids containing the gene of interest. 

3.1.1 Expression of antibody fragments in the high-secretion mutant strain 

Since B184 was the best producer among all isolated mutant strains, I first tested whether the selected 

antibody fragments can be secreted from the high-secretion strain HA. As the antibody fragments Nan 

and Pex only contained one peptide, the synthesized sequences (α-factor leader-Nan/Pex-his tag) 

were directly integrated into the expression cassette of the CPOTud plasmid under control of the TPI1 

promoter (Figure 8A and 8D). However, Ran consists of two separate chains: heavy chain (Ran-H) and 

light chain (Ran-L). The balanced expression of these two chains is important for forming complete 

constructs. Since 2A-peptide-linked polypeptides are “self-cleaved” during translation, resulting in an 

equal ratio of the co-expressed proteins (Van der Weken et al., 2019), I introduced a 2A peptide coding 

sequence between Ran-H and Ran-L (Figure 8G). To increase 2A “cleavage” efficiency, a GSG linker 

was added in front of the 2A peptide (Chng et al., 2015). To avoid homologous recombination, two 

different signal peptides, α-factor leader and synthetic leader Yap3-TA57 were added at the N-termini 

of Ran-H and Ran-L, respectively (Kjeldsen et al., 1999). The synthesized sequence for Ran expression 

was also integrated as an expression cassette into the CPOTud vector under control of the TPI1 

promoter (Figure 8G). The resulting three plasmids and the empty CPOTud were introduced into HA, 

generating different recombinant strains HA.Nan, HA.Pex, HA.Ran and HA.CPOTud, respectively. 

Western blot was performed to confirm the expression and secretion of the different antibody 

fragments. Protein signals for the detection of Nan and Pex agreed with the expected sizes of 17 kDa 

and 31 kDa (Figure 8B and 8E). An additional band at ca. 14 kDa in the HA.Pex strain was probably due 

to protein hydrolysis (Figure 8E). Ran was detected under reducing and non-reducing conditions. 

Under reducing conditions, protein bands corresponding to the size of Ran-H (26 kDa) and Ran-L (25 

kDa) were detected (Figure 8H). Under non-reducing conditions, there was a band corresponding to 

the full size of Ran (51 kDa). An additional band at the respective gel corresponding to the size of Ran-

H and Ran-L was probably due to the incomplete assembly of the heavy and light chain fragments 

(Figure 8H). Western blot results indicated that all three antibody fragments could be expressed and 

secreted in the mutant strain. 
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Figure 8. Expression and biological activity detection of antibody fragments. (A, D, G) Schematic illustration of 
the construction of CPOTud-based plasmids for the expression of proteins. α-pre and α-pro, components of α-
factor leader; HIS6, 6xHis-tag coding sequence; 2A, 2A peptide coding sequence; YAP3 and TA57, components 
of the synthetic secretion leader; FLAG, FLAG-tag coding sequence. (B, E, H) Western blots of supernatant from 
recombinant strains, after cultivation in SD-2xSCAA (an optimized culture medium supplemented with 14 amino 
acids) without BSA medium, to detect the expression of proteins. Nan, Pex and Ran-H were detected with an 
anti-6x-His-tag monoclonal antibody, while Ran-L was detected with an anti-FLAG-tag monoclonal antibody. 
Western blot for Nan and Pex was carried out under reducing conditions, while for Ran, it was performed under 
both reducing (R) and nonreducing (NR) conditions. (C, F, I) A sandwich ELISA format to measure the binding 
activity of antibody fragments to their respective antigens after cultivation in SD-2xSCAA medium. ELISA signals 
(absorbance values are displayed as OD450) were generated using an anti-6x-His-tag monoclonal antibody. n = 3 
(Nan) and n = 2 (Pex and Nan), error bar = ± SD.  Adapted from Paper I. 

To examine whether the secreted antibody fragments have biological activities, an enzyme-linked 

immunosorbent assay (ELISA) was adjusted to measure the interaction between antibody fragments 

and respective antigens (Figure 8C, 8F and 8I). I first confirmed that the impurities in the medium did 

not cause non-specific reactions in the ELISA assay. Then, the harvested culture supernatant was 

serially diluted and tested by ELISA after different processing steps (dilution for the supernatant of 

Nan, concentration for the supernatant of Pex, neither dilution nor concentration for the supernatant 

of Ran). Unlike the control strain, for each antibody fragment, there was a significant increase in 

absorbance values (OD450) with increased protein concentration (Figure 8C, 8F and 8I). A pull-down 
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assay also supported our ELISA results (Figure S5 in Paper I). These results indicated that all three 

secreted antibody fragments have biological activities in binding to their respective antigens.  

3.1.2 Assessment of secretion levels of antibody fragments in different mutant strains 

To investigate whether the improved secretion capacity of mutant strains is generally suitable for the 

production of pharmaceutical proteins, three antibody fragment expression plasmids were introduced 

into different mutants (LA, MA and HA), generating nine strains, including LA.Nan, MA.Nan, HA.Nan, 

LA.Pex, MA.Pex, HA.Pex, LA.Ran, MA.Ran and HA.Ran. Sometimes, improved protein production is 

accompanied by reduced growth (Li & Rinas, 2020). Therefore, I first measured the cellular growth 

rate (Figure 9). Compared to the respective control strains, the maximal specific growth rate 

decreased in protein expression strains. For each antibody fragment, the higher the secretion capacity, 

the faster the growth, which indicated that increased secretion capacity in the mutant strains did not 

adversely affect cell growth. This conclusion was also supported by the previous work (Huang et al., 

2017). 

 

Figure 9. Maximum specific growth rates of different mutant strains expressing different antibody fragments. 
Recombinant strains were cultivated in a 96-well microtiter plate. A growth profiler was used to record the cell 
density. n = 3, error bar = ± SD.  Adapted from Paper I. 

Subsequently, I tested the secretion level of antibody fragments in the different mutant strains using 

a western blot. Compared with LA.Nan, MA.Nan showed a 0.9-fold increase and HA.Nan had a 2.8-

fold increase in the amount of Nan (Figure 10A). Similarly, compared with LA.Ran, MA.Ran showed a 

0.8-fold increase and HA.Ran had a 9.1-fold increase in the amount of Ran (Figure 10C). However, the 

pattern of Pex production was opposite to that of Nan and Ran. LA.Pex had a 2.5-fold higher and 

MA.Pex showed a 1.3-fold higher production of Pex than HA.Pex (Figure 10B). Besides, I also confirmed 

that the intensity levels of accompanying additional bands were consistent with those of Pex and Ran. 

Taken together, with the increase of the secretory capacity, the amount of Nan and Ran increased, 

while the production of Pex decreased. 
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Figure 10. Comparison of secretion capacity of mutant strains expressing each antibody fragment. A western 
blot using anti-6x-His-tag antibody was carried out under reducing (A and B) or nonreducing (C) conditions. n = 
3, error bar = ± SD.  Adapted from Paper I. 

3.1.3 Investigating the mechanism for protein-specific performance of the mutant strains 

To investigate the possible reasons for differential secretion levels of antibody fragments, I performed 

RNA-seq analysis for four strains based on the opposite secretory trend, that is, Nan-expressing strains 

(LA.Nan and HA.Nan) and Pex-expressing strains (LA.Pex and HA.Pex). To verify how our samples for 

RNA-seq correlated with each other, principal component analysis was applied to characterize the 

global expression pattern (Figure 11). The first principal component (PC1) strongly separated strains 

HA and LA, which was not related to the produced proteins, while PC2 clearly isolated Nan and Pex in 

the LA strain but not in the HA strain. This demonstrates a high degree of reproducibility. 

 

Figure 11. Principal component analysis of transcriptome data from the expression of Nan and Pex in LA and HA 
strains. n = 3. Adapted from Paper I. 

To examine whether the protein secretion pathway was affected by the expression of different 

antibody fragments, we test the expression levels of genes in this pathway (Figure 12). We did not 

observe significant changes in genes expression when comparing HA.Nan vs LA.Nan and HA.Pex vs 
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LA.Pex, which proved that different protein secretion levels imposed similar effects on gene 

expression in the secretory pathway of the evolved strains. 

 

Figure 12. Transcriptional changes of genes in the protein secretory pathway. Red and green boxes represent 
the corresponding value of the log2 fold change (p-adj < 0.05), and white boxes represent p-adj ≥ 0.05. Adapted 
from Paper I. 

To identify the significant differences in cellular bioprocesses, we carried out the Gene Ontology (GO) 

term analysis in HA.Nan vs LA.Nan and HA.Pex vs LA.Pex (Figure 13). We focused on those processes 

in sector I and sector II that showed significant change (p-adj < 0.01) during the expression of only one 

protein. Regarding up-regulation, four processes, including glycine catabolic process, one-carbon 

metabolic process, glycine metabolic process and glycine decarboxylation via glycine cleavage system, 

were significantly up-regulated (p-adj ˂ 0.01) only in HA.Nan vs LA.Nan, but not in HA.Pex vs LA.Pex 

(Figure 13A). However, experiments with addition of various concentrations of glycine to the medium 

did not show a clear effect on the production of the two antibody fragments (Figure S10 in Paper I). 

Regarding down-regulation, stress response-related processes, including the cellular response to 

drugs, cellular iron ion homeostasis, peroxisome organization and proteolysis, were significantly 

downregulated (p-adj < 0.01) only in HA.Nan vs LA.Nan, while there was no significant down-

regulation during the expression of Pex (Figure 13B). This indicated that compared to Nan, the 

expression of Pex might lead to comparatively high cell stress in strain HA, which was further 

supported by the result of the increased Pex production in LA.Pex by overexpression of a protein 

kinase gene KNS1, involved in regulating ribosome and tRNA synthesis in response to cellular stress 

(Figure S9 in Paper I) (Lee et al., 2012).  
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Figure 13. GO term analysis of RNA-seq data of LA and HA strains expressing Nan or Pex. The up-regulated (A) 
or down-regulated (B) terms between HA.Nan vs LA.Nan and HA.Pex vs LA.Pex were compared. I and II represent 
GO terms with significant differences in the expression of only Nan and Pex, respectively. 0-2 indicates p-adj > 
0.01, i.e. no significant differences and > 2 indicates p-adj < 0.01, i.e. a significant difference. Adapted from Paper 
I. 

In this chapter, I presented that three antibody fragments with different configurations were 

successfully expressed and secreted in the high-level secretory platform strain HA. I then evaluated 

their biological specificity with the respective antigens. I found the secretion of Nan and Ran was 

positively correlated with the secretory capacity of mutant strains, while the secretion of Pex showed 

the opposite trend. We revealed that the cellular stress response caused by Pex expression might be 

the limiting factor for the low protein production efficiency.  

3.2 Characterizing the modifications of the mutant strains 

The previous chapter reflected that B184 is a suitable candidate for producing pharmaceuticals, albeit 

to different extents. In this chapter, I will explore the responsible genes resulting in increased protein 

production along the evolutionary line towards B184. This work will expand the research based on 

one main model protein, α-amylase, and four strains: parental strain AAC as well as mutant strains 

M715, MH34 and B184 (Figure 7 and 14A).  
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Figure 14. The distribution of protein-altering mutations in the evolutionary line towards B184. (A) Protein-
altering mutations after each round of mutagenesis and selection. The mutated genes are listed on the right. * 
indicates nonsense mutations; # indicates a frameshift mutation. (B) Functional enrichment analysis of 
mutations according to the KOG database. The 48 classes were obtained because each of TIR3, EDE1, BIK1, TOM1 
and ELP4 correspond to 2 classes. The middle arc indicates the KOG group. The outer arc indicates the KOG class. 
Adapted from Paper II. 

3.2.1 Protein-altering mutations in the mutant strains 

Through whole-genome sequencing, 43 amino acid sequence altering mutations were identified in 

this strain line. These mutations were divided into 3 types: 38 missense mutations (amino acid 

substitution), 4 nonsense mutations (stop codon generation) and 1 frameshift mutation (insertion or 

deletion of a number of nucleotides that is not divisible by three); and 3 subsets: subset 1 (from AAC 

strain to M715 strain) consisted of 3 missense mutations, subset 2 (from M715 strain to MH34 strain) 

consisted of 21 missense mutations, 3 nonsense mutations and 1 frameshift mutation, and subset 3 

(from MH34 strain to B184 strain) consisted of 14 missense mutations and 1 nonsense mutation 

(Figure 14A). To examine which biological processes these genes are involved in, I first performed a 

functional enrichment analysis according to the euKaryotic Orthologous Groups (KOG) database 

(Tatusov et al., 2003). These genes were divided into 16 subclasses from 4 groups (Figure 14B). It was 

previously shown that most of the subclasses showed significant transcriptional up-regulation in B184 

compared to AAC (Huang et al., 2017). Four subclasses, including 1) intracellular trafficking, secretion, 

and vesicular transport; 2) PTM, protein turnover, chaperones (mainly ubiquitination); 3) transcription; 

and 4) carbohydrate transport and metabolism, were most enriched. 

As there may be multiple effects after amino acid substitutions, deletion or overexpression of single 

genes cannot always reveal the linkage between the function of mutated genes and protein 

production (Thak et al., 2020). Point mutations, an alternative approach, can fine-tune the protein 
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activity or gene expression level and in turn help to understand the regulatory system involved in 

enhanced protein production capacities (Wang et al., 2019). As the high secretion level of the mutant 

strains was caused by gene mutagenesis, it is critical to introduce the exact point mutations into the 

parental strain to identify potentially beneficial gene targets. 

3.2.2 Strategies for the introduction of the desired point mutations 

The single or multiple-nucleotide mutations were introduced into the parental strain by the 

CRISPR/Cas9 system. Multiple mutation sites were introduced simultaneously when genes contained 

multiple nucleotide mutations. Supplementarily, I performed gene deletions for the corresponding 

target genes as a comparison to further explore the effect of the mutations. According to the location 

of the point mutation in association with the nearest PAM site, mutations were introduced into the 

chromosome, adopting three allele replacement strategies (Figure 15 and 16). 

In the first strategy, the mutated site was located within the gRNA recognition sequence (20 bp) and 

the gRNA expressing plasmid worked well (Figure 15). The point mutation or gene deletion was 

performed directly through co-transforming the corresponding gRNA expressing plasmid and the 

repair fragment containing the substituted base pair into the parental strain K01. It is worth pointing 

out that the only difference between K01 and AAC is that K01 does not contain the genomically 

integrated KanMX marker. 

 

Figure 15. Schematic diagram of gene deletion and point mutation corresponding to strategy 1. For the gene 
deletion, the repair fragment consists of a 40-bp upstream sequence and a 40-bp downstream sequence of the 
target gene. For the point mutation, the repair fragment consists of a 40-bp sequence upstream of the gRNA 
recognition sequence, the 20-bp mutated gRNA recognition sequence and a 40-bp sequence downstream of the 
gRNA recognition sequence. Adapted from Paper II. 

The second strategy was applied when strategy 1 was impossible and the gene was essential (Figure 

16A). A gRNA recognition sequence near the mutation site was selected and the repair fragment 

containing both the substituted base pair and one or two mutations in the PAM sequence that 

corresponded to the same amino acid sequence. In this work, 4 essential genes, including TFC4, RSP5, 
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USO1 and CWC2 were not deleted as their deleted genotypes are not viable. To increase the cutting 

efficiency, the Cas9 expression cassette (TEF1-cas9-CYC1t) was integrated into the chromosome in 

K01, obtaining KC01 (Figure 16B). The third strategy was applied when strategy 1 was impossible and 

the gene was non-essential (Figure 16C). A two-step approach was performed. As first step, the 

original gene in KC01 was replaced by a heterologous gRNA recognition sequence and its PAM 

sequence. Then, this introduced heterologous sequence was replaced by the mutated gene fragment 

containing the substituted base pair with the help of the corresponding heterologous gRNA expression 

plasmid. 

 

Figure 16. Schematic diagram of the introduction of point mutations corresponding to strategies 2 and 3. (A) 
Strategy 2: The gRNA selected for strategy 1 did not work, or the mutated site was not within the gRNA 
recognition sequence, and the gene is essential. A gRNA recognition sequence near the mutation site was 
selected. In addition to the desired mutated site, the repair fragment also contained one or two changed bases 
of the PAM sequence, but this substitution did not change the amino acid sequence. (B) KC01 strain construction. 
The cas9 gene under control of the TEF1 promoter and CYC1 terminator was integrated into chromosome XI-3 
locus of K01. (C) Strategy 3: The gRNA selected for strategy 1 did not work, or the mutated site was not within 
the gRNA recognition sequence, and the gene is non-essential. Firstly, a heterologous gRNA recognition 
sequence and its PAM sequence replaced the original gene in KC01. Secondly, the mutated gene fragment 
replaced the introduced heterologous sequence aided by the corresponding gRNA expression plasmid. Adapted 
from Paper II. 
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3.2.3 Beneficial targets for α-amylase production 

To evaluate the individual contribution of the amino acid sequence altering mutations on α-amylase 

production, I carried out point mutations and single gene deletions. I named the point mutation strain 

and deletion strain as GENEm and ∆gene in the following description, respectively. In this thesis, I only 

expand on one gene for each subset in detail to explore the possible mechanisms involved in enhanced 

protein production after the respective modification. 

In subset 1, three point mutation strains (SNF3m, CBP2m and TFC4m) and two gene deletion strains 

(∆snf3 and ∆cbp2) were generated since TFC4 is an essential gene (Marck et al., 1993). After testing 

these five strains, only CBP2m produced 1.4-fold α-amylase compared to the control, while deletion 

of CBP2 severely affected cell growth and significantly reduced α-amylase production (Figure 17).  

 

Figure 17. α-Amylase production and biomass change after gene modifications in subset 1. (A) Fold changes 
after point mutations. (B) Fold changes after gene deletions. (C) α-Amylase production change under aerobic 
and oxygen-limited conditions. n = 3, error bar = ± SD. Statistical significance **P < 0.01, ***P < 0.001 (Two-
tailed Student’s t-test). Adapted from Paper II. 

Cbp2p, a mitochondrial protein that facilitates splicing by binding to RNA, is required for splicing the 

terminal intron of cytochrome b (COB) pre-mRNA (Gampel et al., 1989, Gampel & Cech, 1991). Cobp 

is a subunit of the mitochondrial respiratory chain complex III. The lack of CBP2 leads to the loss of 

function of Cobp, which therefore blocks the electron transport chain in mitochondria and causes slow 

growth (Blakely et al., 2005). This is consistent with our results that ∆cbp2 led to lower biomass and 

reduced protein titer (Figure 17B). Due to the increase in protein production and a slight reduction in 

biomass of CBP2m, I speculated that the point mutation of CBP2 might only partially impair the 

enzyme activity of Cobp and therefore reduce respiration. As described in Chapter 1.3.3, much work 

has shown that oxygen-limiting or even anaerobic conditions were beneficial for protein production. 

To confirm our speculation, I performed aerobic and oxygen-limited cultivation for the control strain 

K01, respectively. α-Amylase production showed a 0.59-fold increase under the oxygen-limited 

cultivation condition compared to aerobic conditions (Figure 17C), which supported our hypothesis 

that the potentially respiration-damaging CBP2 mutant strain was favorable for α-amylase production. 
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Subset 2 from M715 to MH34 consists of 25 additional protein-sequence-altering mutations. I actually 

carried out gene modifications for 24 genes since the gene BIK1 is positioned on chromosome III, 

duplicated in mutant strains MH34 and B184 (Huang et al., 2017). As I did not obtain clones for the 

point mutation of USO1 after I tested two gRNAs, I finally assessed 23 point mutation strains. On the 

other hand, since RSP5 and USO1 are essential genes (Heo et al., 2020, Sangkaew et al., 2022), 22 gene 

deletion strains were generated. Compared to the control strain, 8 out of 23 point mutations 

significantly changed the production of α-amylase, with 5 leading to increased α-amylase production 

and 3 resulting in decreased α-amylase production (Figure 18A). As deletion of GOS1 severely impaired 

cell growth, I did not test this strain. Except for ∆gos1, out of 21 single gene deletions, 13 significantly 

changed the production of α-amylase, with 5 improving α-amylase production and 8 reducing α-

amylase production (Figure 18B). Ultimately, gene modifications of 6 targets increased protein 

production more than 0.2-fold, respectively, which were the point mutation of TIR3 and GOS1, both 

point mutation and gene deletion of MKT1, and gene deletion of TOP1, EDE1 and MAG2. 

 

Figure 18. α-Amylase production and biomass change after gene modifications in subset 2. (A) Fold changes 
after point mutations. (B) Fold changes after gene deletions. The grey line indicates α-amylase production of the 
control strain. The red line indicates that the modified strain produces 1.2-fold α-amylase compared to the 
control strain. n = 3, error bar = ± SD. When the α-amylase yield change was more than 0.2-fold or less than 0.2-
fold compared to the control, the statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001) was determined 
(Two-tailed Student’s t-test). Adapted from Paper II. 
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Tir3p is one of the examples that was investigated in more detail in subset 2. It is a cell wall 

mannoprotein, which is expressed under anaerobic/oxygen-limiting conditions and required for 

anaerobic growth (Abe, 2007, Tran Nguyen Hoang et al., 2018). Previous transcriptome analysis 

demonstrated that the expression levels of TIR3 and several other genes related to anaerobic 

metabolism, including ANB1 encoding the translation elongation factor eIF-5A, CYC7 encoding isoform 

2 of the electron carrier protein cytochrome c, DAN1 encoding a cell wall mannoprotein, and AAC3 

encoding an ADP/ATP translocator in mitochondrial inner membrane, were considerably up-regulated 

in the mutant strains (Figure 19), and the dissolved oxygen levels in the medium were approximately 

90% when sampling for RNA extraction (Huang et al., 2017). This indicates that characteristics similar 

to those of anaerobically grown strains shown in the mutant strains may facilitate protein secretion. 

This phenomenon is similar to the effects caused by the point mutation of CBP2. In relation to the 

significant reduction of α-amylase production by the deletion of TIR3, I speculated that the point 

mutation might increase the activity of Tir3p and therefore improve protein secretion. 

 

Figure 19. Expression level changes of several genes related to anaerobic metabolism in the mutant strains. 
Adapted from Huang et al. (Huang et al., 2017). 

Subset 3 from MH34 to B184 consists of 15 additional protein sequence-altering mutations. I tested 

14 genes since I did not obtain mutation and deletion strains for CWC2 for the same reason as USO1 

(Lu et al., 2012). Out of 14 point mutations, 7 were beneficial for protein production (Figure 20A). And 

out of 14 gene deletions, 6 significantly changed α-amylase production, with 4 leading to increased 

and 2 resulting in decreased protein production (Figure 20B). Similar to subset 2, modifications of 7 

genes increased protein production more than 0.2-fold, which were both point mutation and gene 

deletion of PTC1, TOM1 and ECM3, and the point mutation of ATG13, FUS2, ERV29 and HEH2. 
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Figure 20. α-Amylase production and biomass change after gene modifications in subset 3. (A) Fold changes 
after point mutations. (B) Fold changes after gene deletions. The grey line indicates α-amylase production of the 
control strain. The red line indicates that the modified strain produces 1.2-fold α-amylase compared to the 
control strain. n = 3, error bar = ± SD. When the α-amylase yield change was more than 0.2-fold or less than 0.2-
fold compared to the control, the statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001) was determined 
(Two-tailed Student’s t-test). Adapted from Paper II. 

Ptc1p is involved in regulating signal transduction by dephosphorylation of Hog1p and negative 

regulation of the osmosensing mitogen-activated protein kinase (MAPK) cascade (Ariño et al., 2011). 

When cells sense high osmotic stress, Hog1p will be phosphorylated and imported into the nucleus 

after the high osmolarity glycerol (HOG) pathway is stimulated (Ferrigno et al., 1998, Ariño et al., 2011). 

The nuclear-localized Hog1p activates the transcription of approximately 600 genes (Hohmann, 2002), 

which leads to the production of various small molecules such as glycerol to balance the extracellular 

hyperosmotic conditions (Westfall et al., 2004). Our results showed that the ∆ptc1 strain produced 

increased glycerol in the supernatant compared to the control strain (Figure 21A), which is consistent 

with a previous study (Jiang et al., 1995). It has been proved that the accumulation of intracellular 

glycerol facilitates the enhancement of heterologous protein production (Shi et al., 2003, Chen et al., 

2021). The increased α-amylase production might be due to the high glycerol concentration. In 

addition, the glycerol content in the supernatant of the PTC1m strain was also increased to a value 

between the control strain and the ∆ptc1 strain after cultivation for 40 h (Figure 21A). This led us to 
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speculate that the point mutation weakened the activity of Ptc1p. A reduced growth rate (0.14 h-1 in 

∆ptc1 strain vs. 0.25 h-1 in the control strain) and lower final biomass (0.42-fold of control strain) were 

also observed in the ∆ptc1 strain but not in the PTC1m strain (Figure 21B and 20B), which proved that 

weakening rather than deleting PTC1 was more favorable for protein secretion. This is in agreement 

with a previous work that a moderate osmolarity level was the most favorable strategy to increase 

the secretion of heterologous proteins in Y. lipolytica (Kubiak et al., 2019).  

 

Figure 21. Physiological characterization of the engineered strains PTC1m and ∆ptc1. (A) Glycerol content in the medium of 
engineered strains after 96 h cultivations. HPLC was used to measure the glycerol concentration in the supernatants. (B) 
Growth phenotype of engineered strains. Recombinant strains were cultivated in a 96-well microtiter plate. The growth 
profiler recorded the cell density. n = 3, error bar = ± SD.  Adapted from Paper II.  

Through the detailed exploration of the functions of all beneficial targets, autophagy, cell cycle and 

the vesicular trafficking pathway between ER and Golgi, are pointed out as playing a vital role in 

protein secretion. (I) According to GO Slim Term analysis, the targets EDE1 and ATG13 are associated 

with autophagic processes. A previous study demonstrated that attenuated autophagy significantly 

improved the production of several heterologous proteins in Kluyveromyces marxianus, including 

mannase (Man330), ruminal feruloyl esterase (Est1E), yEGFP, and β-1,4-endoxylanase (XynCDBFV) (Liu 

et al., 2018). Consistently, reducing the expression levels of some autophagy-related genes increased 

the secretion of heterologous bovine chymosin (CHY) in A. oryzae (Yoon et al., 2013). These studies 

indicated that rational regulation of autophagic processes is a promising approach for optimizing the 

production of secreted protein. (II) TOP1, EDE1, TOM1 and FUS2 are related to the regulation of the 

cell cycle. Much of the work implies a dependence of protein secretion on the cell cycle. For example, 

the specific production rate of rice α-amylase achieved its maximum value in the M phase in S. 

cerevisiae (Uchiyama et al., 1997). Emerging G1 phase cells did not secrete detectable recombinant 

human cytokine before reaching cell division (Frykman & Srienc, 2001). Furthermore, a number of 

genes that are related to various secretory processes, such as vesicle coating, ER and Golgi trafficking 

and fusion of vesicles to the plasma membrane, are also expressed in a cell cycle-dependent pattern 

(Spellman et al., 1998). This secretion pattern emphasizes the importance of regulating the cell cycle. 

(III) GOS1 and ERV29 are associated with vesicular trafficking between ER and Golgi. Previous studies 

showed that engineering the bi-directional vesicular trafficking, including anterograde trafficking by 

moderately overexpressing SEC16 (involved in COPII vesicle assembly, described in Chapter 1.3.2.4), 
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and retrograde trafficking by overexpressing GLO3 (involved in COPI vesicle disassembly, described in 

Chapter 1.3.2.5), enhanced the secretion of several heterologous proteins, including α-amylase, 

endoglucanase I and GLA (Bao et al., 2017, Bao et al., 2018). These results emphasize the important 

role of the bi-directional vesicular trafficking pathway in optimizing recombinant protein secretion. 

In this chapter, I presented three universally applicable CRISPR/Cas9-mediated strategies to introduce 

nucleotide substitutions for 42 protein-altering mutations in the strain line to B184. Interestingly, a 

quite high proportion of the mutations generated during random mutagenesis (14/42) represented 

beneficial targets. These targets are mainly relevant to stress-related processes, protein degradation, 

transportation, mRNA processing and export, DNA replication and repair. I also found that potentially 

effective strategies to further engineer are the oxygen conditions, autophagic processes, cell cycle and 

bi-directional vesicular trafficking pathway between ER and Golgi for optimizing protein production in 

the future. 
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4 Rational optimization of platform strains by investigating novel targets 

In the previous chapter, 11 of the 14 beneficial targets were newly identified to be related to 

recombinant protein production. The novel targets could provide guidelines for designing efficient cell 

factories. This chapter will mainly summarize diverse engineering strategies applied to investigate 

potential new genes (Paper III-IV). In Chapter 3, we saw that the cellular stress response plays an 

essential role in improving recombinant protein production, and the generation of these stresses is 

very similar to a previously established yeast AD model with overexpression of Aβ42 (Chen & 

Petranovic, 2015). Thus, we were wondering: could we identify some effective targets from 

suppressors of Aβ42 toxicity to alleviate cellular stress and thus increase recombinant protein 

production?  The study is presented in Paper III and IIIb. During this process, we considered that such 

engineering strategy is often protein-specific, which could limit the application of identified targets 

for the improved expression of a wide range of recombinant proteins. We proposed the question: 

could a more systematic model predict novel targets for the rational design of yeast cells? The study 

is presented in Paper IV. 

4.1 Novel targets from Aβ42 yeast model 

AD is the most common neurodegenerative disease in aging populations, which is classified as a 

protein folding disease due to the accumulation of misfolded Aβ peptides (Murphy & LeVine, 2010). 

Among different Aβ peptides, Aβ42 is more hydrophobic and thus easier to aggregate, being the 

predominant form in cerebral plaques of AD patients (Selkoe & Wolfe, 2007). Besides, it has been 

proved that the small oligomers formed by Aβ peptides show increased cytotoxicity (Hartley et al., 

1999). As mentioned in Chapter 1.3, S. cerevisiae is a valuable model for studying the implication of 

misfolded proteins in human pathologies due to the strong conservation of protein quality control 

systems among eukaryotic cells. Therefore, to mimic chronic cytotoxicity during AD progression, our 

laboratory previously developed an Aβ yeast model by constitutively expressing the Aβ42 peptide 

(Chen & Petranovic, 2015). Compared to the less toxic Aβ40 strain, the expression of Aβ42 peptide in 

yeast generated more oligomers, induced increased production of ROS and decreased ubiquitin-

proteasome activities, and caused a stronger ER stress and UPR (Chen & Petranovic, 2015, Chen et al., 

2017). To study gene interactions and thus explore the cellular mechanisms leading to the Aβ42 

cytotoxic phenotype, a genome-wide synthetic genetic array (SGA) was applied to the Aβ42 yeast 

model to screen for gene targets that could alter Aβ42 cytotoxicity when deleted (Chen et al., 2020). 

Among the subsequently characterized targets, overexpression of the riboflavin kinase gene FMN1 

reduced Aβ42 cytotoxicity by increasing resistance to oxidative stress (Chen et al., 2020). This provided 

a new direction in that the mutants that suppressed Aβ42 accumulation-related cytotoxicity could be 

used as potential targets to study cellular stress. 

High-level expression of recombinant proteins often causes a protein folding burden and therefore 

leads to cellular stress, which is very similar to the cytotoxic phenotype caused by the expression of 
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Aβ42. Thus, we presumed that the suppressors of Aβ42 cytotoxicity could improve recombinant 

protein production by alleviating ER stress generated by high protein expression.  

4.1.1 Effects of single targets on recombinant protein production 

The typical SGA screen crosses a query mutation to the gene deletion library, and after forming 

diploids, sporulation and haploids, the selected double mutants are scored for growth defects (Tong 

& Boone, 2006). Based on this principle, the previous study constructed two arrays by mating either 

an Aβ42 expression strain or a control strain without Aβ42 peptides with each deletion strain from 

the yeast deletion mutant library (Chen et al., 2020) (Figure 22). Scores were obtained by comparing 

the colony sizes of Aβ42 expression mutants with those of their respective control mutants. Scores > 

0 or scores < 0 represent an increase or a decrease of cell growth in Aβ42 expression mutants 

compared to control strain with mutants, which implies a decreased or an increased Aβ42 cytotoxicity, 

respectively (Chen et al., 2020). 

 

Figure 22. Schematic workflow for screening the suppressors of Aβ42 toxicity by genome-wide SGA technology. 
Firstly, the Aβ42 expression strain or the control strain with both the nourseothricin resistance (natR) and 
hygromycin B (hphR) markers were crossed to the deletion mutants with the kanamycin resistance (kanR) 
marker from the yeast deletion library. The resulting diploids were selected in the medium containing three 
antibiotics nourseothricin, hygromycin B and G418, and then the diploids were induced to form spores by 
culturing in reduced carbon and nitrogen medium. The resulting spores were transferred to a synthetic medium 
lacking histidine to select the MATa-haploids, and then the desired strains (double mutants) were selected and 
scored by culturing these haploids in plates containing three antibiotics nourseothricin, hygromycin B and G418. 
Score > 0 indicates the increased cell sizes in Aβ42 expression mutants compared to the respective control 
mutants, while score < 0 indicates the decreased cell sizes. 
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In our study, we first investigated 46 targets with decreased Aβ42 cytotoxicity in the SGA (score > 0.45) 

by gene deletion and 20 targets with increased Aβ42 cytotoxicity in the SGA (score < -0.7) by gene 

overexpression to test their individual effects on recombinant protein production in S. cerevisiae 

(Figure 22 and 23). The heterologous protein α-amylase with an α-factor signal peptide was expressed 

on a high-copy plasmid p423GPD under control of the strong constitutive promoter TDH3p. BY4742 

(MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) was used as the host strain. It was surprising that 26 out of the 

46 gene deletion strains dramatically changed α-amylase yield compared to the control strain, of 

which 20 were beneficial and 6 had negative effects (Figure 23A). To identify the effect of gene 

overexpression, the targets were expressed on a high-copy plasmid pSPGM1 under control of the 

strong constitutive promoter TEF1p. Here, to avoid the possible plasmid instability caused by the high 

amount of expression of both α-amylase and overexpression gene from two high-copy plasmid 

systems, we alternatively used AACD as a host strain. As mentioned in Chapter 3.1, AACD expresses 

α-amylase at high stability and high copy number via the CPOTud plasmid system (Liu et al., 2012). 

The only difference between AACD and AAC was that AACD has URA3 deleted. After testing, 4 out of 

the 20 gene overexpression strains significantly improved α-amylase production compared to the 

control strain (Figure 23B). These results supported our hypothesis that the suppressors of Aβ42 

cytotoxicity could be used to improve the production of recombinant protein. 

 

Figure 23. The effect of candidate genes whose deletion decreased or increased Aβ42 toxicity, on α-amylase 
production. (A) α-Amylase yield and dry cell weight (DCW) change by deletion of candidate genes in BY4742. (B) 
α-Amylase yield and DCW change by overexpression of candidate genes in AACD. n = 4, error bar = ± SD. 
Statistical significance *P < 0.05 (Two-tailed Student’s t-test). Adapted from Paper III. 
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4.1.2 Effects of combinatorial targets on recombinant protein production 

Based on Chapter 4.1.1, we selected 6 genes (YGL218W, SIN3, RMD1, LSM6, CKB2, and SNF6) whose 

deletion resulted in the highest α-amylase production and 4 genes (CDC48, GYP1, KRE5, and ISW1) 

whose overexpression led to the increased production for further combination to test whether these 

targets had additive effects. According to Figure 23B, we observed that the mutants had a smaller α-

amylase yield change (less than 0.5-fold) compared to the control when AACD was used as the host 

strain. This may be due to the fact that AACD is a preferable strain used to study protein secretion, 

which has a high secretion capacity compared to other strains (Liu et al., 2012). To make the difference 

obvious, we turned back to BY4742 as the host strain for the combinatorial characterization. Besides, 

to ensure stability, genes to be overexpressed were chromosomally integrated. 

Since 93% of the open reading frame of YGL218W overlaps with the MDM34 gene, deletion of 

YGL218W is equivalent to inactivating MDM34. Given the unknown function of YGL218W, we deleted 

MDM34 in this study. Compared to the control strain A01 (no deletion), the amounts of α-amylase 

after 96 h cultivation increased 8.8- and 17.8-fold in the double gene-deletion strains A05 (Δlsm6 and 

Δsin3) and A06 (Δlsm6 and Δmdm34), respectively (Figure 24A). Both strains showed a significant 

increase compared to the single gene-deletion strain A02 (Δlsm6). We observed a reduction in final 

dry cell weight when deleting MDM34 in A06 (Δlsm6 and Δmdm34) compared to A02 (Δlsm6). 

According to the literature, Mdm34p, a mitochondrial component of the ER-mitochondrial encounter 

structure (ERMES) complex, is involved in the interaction between the ER and mitochondria, the 

coordination of mitochondrial DNA replication and growth, mitochondrion organization, and 

phospholipid transport, which is required in maintaining normal intracellular function (Kornmann et 

al., 2009, Légiot et al., 2019). To reduce the impact on cell growth, instead of deletion, we fine-tuned 

the expression of MDM34 using a group of weak promoters (the strength: GCN4p < GLC3p < USV1p < 

SDH4p < QCR8p) to replace the native promoter in A05 (Δlsm6 and Δsin3) (Figure 24B). The results 

showed that all 5 evaluated promoters significantly increased α-amylase production and did not affect 

the final biomass compared to A05 (Δlsm6 and Δsin3). The strain A08 (Δlsm6, Δsin3 and GCN4p-

MDM34) with the highest α-amylase production (15.5-fold higher than A01) was selected for 

additional combinations. 
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Figure 24. Combinatorial gene deletion of the suppressors of Aβ42 cytotoxicity selected from Chapter 4.1.1. (A) 
The effect of combined double gene deletion on α-amylase production and DCW. (B) Fine-tuning MDM34 
expression using a group of weak promoters in the A05 (Δlsm6 and Δsin3) background strain. n = 4, error bar = 
± SD. Statistical significance *P < 0.05 (Two-tailed Student’s t-test). Adapted from Paper III. 

For genomic integration, the overexpression cassettes TEF1p-gene-ADH1t were integrated into the 

chromosomal XII-5 locus in the strain A08 (Δlsm6, Δsin3 and GCN4p-MDM34), respectively. Out of 

these four strains, only the overexpression of CDC48 led to a significant enhancement in α-amylase 

production compared with A08 (Figure 25). The resulting strain A16 (Δlsm6, Δsin3, GCN4p-MDM34 

and TEF1p-CDC48) produced 18.7-fold α-amylase yield and did not significantly affect the final biomass 

compared to the control strain A01. None of these four gene targets were previously identified to be 

relevant to the production of recombinant proteins. 
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Figure 25. The effect of gene-overexpression targets selected from Chapter 4.1.1 on α-amylase production and 
DCW in the A08 (Δlsm6, Δsin3 and GCN4p-MDM34) background strain. n = 4, error bar = ± SD. Statistical 
significance *P < 0.05 (Two-tailed Student’s t-test). Adapted from Paper III. 

Lsm6p plays a role in pre-mRNA splicing via the spliceosome (Ingelfinger et al., 2002). The nuclear 

Lsm6p is involved in RNA processing (Beggs, 2005), while the cytoplasmic Lsm6p is related to mRNA 

degradation (He & Parker, 2000). Sin3p, a transcriptional corepressor acting via interactions with the 

histone deacetylase complex, is involved in the negative regulation of the transcription of diverse 

processes (Grzenda et al., 2009). Our subsequent transcriptomic and proteomic analysis 

demonstrated that many RNA processing, transcription and translation-associated genes were 

upregulated in the deletion strains, which supported the fact that deleting LSM6 and SIN3 could to 

some extent alleviate the suppression of transcription and translation and thus increase the 

production efficiency from DNA to protein. In addition to the function of Mdm34p described above, 

Cdc48p, a highly conserved AAA ATPase with protein-unfoldase activity, is involved in ERAD. As 

described in Chapter 1.3.2.3, Cdc48p collaborates with its cofactor Ufd1-Npl4p to pull the misfolded 

proteins out of ER to the cytoplasm by producing unfolded segments in polyubiquitinated proteins 

that are then targeted to degradation by the proteasome (Olszewski et al., 2019). Based on the SGA 

screen, the deletion of CDC48 increased Aβ42 cytotoxicity, implying that Cdc48p might contribute to 

Aβ42 detoxification by removing the misfolded proteins. Additionally, the increased α-amylase 

production by overexpressing CDC48 might be the result of the alleviation of misfolded protein stress 

and the improvement of protein turnover. 
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4.1.3 Evaluating the general applicability of effective targets 

To evaluate the capacities of the selected suppressors of Aβ42 cytotoxicity for the production of other 

proteins, we tested two additional heterologous proteins, GLA from R. oryzae and Nanobody (Nan, 

antibody single V-type domain) from the Camelidae family, in our best engineered strain A16 (Δlsm6, 

Δsin3, GCN4p-MDM34 and TEF1p-CDC48) (Figure 26). After shake flask cultures, the concentration of 

secreted GLA was quantified by measuring the enzyme activity and the protein amount of secreted 

Nan was analyzed by western blot. Compared with the control strain A01, both proteins showed 

enhanced production (3.1-fold for GLA and 2.9-fold for Nan) by A16. These results indicated that our 

findings might generally apply to the production of other recombinant proteins. 

 

Figure 26. The expression of two heterologous proteins GLA (A) and Nan (B) in the engineered strain A16. The 
activity of GLA was measured using the amyloglucosidase assay reagent R-AMGR3 (Megazyme). The relative 
amount of Nan was quantified by western blot using an anti-6x-His-tag antibody. n = 4, error bar = ± SD. Adapted 
from Paper III. 

In this chapter, we investigated the individual effects of suppressors of Aβ42 cytotoxicity from an SGA 

screening on α-amylase production. Through combinatorial genetic manipulations of several 

identified positive targets, the best engineered strain A16 (Δlsm6, Δsin3, GCN4p-MDM34 and TEF1p-

CDC48) could produce 18.7-fold α-amylase. Besides, the identified targets can serve as suitable 

candidates for designing other efficient cell factories and producing other recombinant proteins. 

4.2 Novel targets from the pcSecYeast model 

As presented in Chapter 3.2 and 4.1, the newly identified targets could contribute to optimizing yeast 

platforms for efficient protein production. Due to the complexity of the protein processing and 

secretion pathway, the identified positive targets for producing a certain protein sometimes do not 

have an effect on the production of other proteins. Thus, it is attractive to develop a rational design 

model for protein secretion and thereby optimize cell factories for different proteins. In this part, we 

focus on the application of our newly developed pcSecYeast model in guiding S. cerevisiae engineering 

and increasing recombinant protein production.  
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4.2.1 Brief description of pcSecYeast 

As mentioned in Chapter 1.5.2, since the first reconstruction of yeast GEM in 2003, there have been 

multiple rounds of updates. The latest release of the consensus S. cerevisiae GEM Yeast8 represents 

the most comprehensive reconstruction of metabolism in yeast (Lu et al., 2019). Due to the limited 

size and space of cells, proteome constraints define the limited proteomic resources available within 

cells, which should be optimally allocated across metabolic pathways and biological processes in 

response to various environmental conditions (Basan, 2018). The first effort for the integration of 

proteome constraints into yeast GEMs was enzyme-constrained Yeast7.6, which uses the enzymatic 

capacity of each metabolic flux calculated from enzyme abundance and turnover number to define its 

upper limit (Sánchez et al., 2017). Compared to the coarse-grained enzyme-constrained GEMs, the 

fine-grained approaches that clearly formulate protein expression processes allow for predicting and 

explaining cell behavior in more detail (Yang et al., 2018). Here, our newly developed pcSecYeast 

model is one of the extensions of the fine-grained framework of proteome-constrained GEMs, which 

covers the protein secretory pathway of S. cerevisiae. 

pcSecYeast first added 92 metabolic reactions to Yeast8 to allow the ability to synthesize precursors 

required for the secretory pathway, such as glycans and glycosylphosphatidylinositol (GPI) anchor. 

Subsequently, in addition to adding the reactions of protein expression, translation and degradation, 

conceptually similar to the earlier published metabolic-expression models (O'Brien et al., 2013, 

Oftadeh et al., 2021), the model also added the reactions of protein processing and secretion 

processes including translocation, PTM, folding, misfolding, ERAD and vesicle sorting (Figure 27). 

Hence, pcSecYeast describes the whole protein secretion process in detail, from nascent polypeptide 

translocation, protein maturation to trafficking to different final destinations. This model contains 

1639 protein-coding genes, representing approximately 70% of total proteome mass based on the 

PaxDb database, and incorporates 38,020 reactions, 31,824 of which are protein-related, showing the 

complexity of the secretory pathway.  
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Figure 27. Schematic processes of pcSecYeast. This model includes protein translation, translocation, 
glycosylation, GPI transfer, ERAD and sorting processes. OG: O-glycosylation; NG: N-glycosylation; DB: Disulfide 
bond formation; AA: Amino acid; LDSV: Low-density secretory vesicles; HDSV: High-density secretory vesicles; 
CPYP: carboxypeptidase Y pathway; ALPP: alkaline phosphatase pathway. Adapted from Paper IV. 

After the protein of interest (including amino acid sequence, disulfide bond number, glycosylation 

number and GPI number) was added to the model, engineering targets were selected using adapted 

flux scanning based on enforced objective flux (FSEOF) (Choi et al., 2010) (Figure 28A). FSEOF enforces 

the flux toward a product formation, which was constrained by a stepwise decrease in the biomass 

formation rate. The upregulated proteins leading to improved recombinant protein production 

represented the raw overexpression targets. Then, these predicted targets were ranked with priority 

scores for further effective selection. Several factors should be considered, including whether this 

overexpression target is a part of an enzyme complex, contains paralogs, has been significantly 

changed in abundance, and is abundant in the cell according to PaxDb database (Wang et al., 2015) 

(Figure 28B). 
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Figure 28. Prediction and selection of overexpression targets for improving α-amylase production. (A) An 
adapted FSEOF method for target prediction. (B) Priority rank for further target selection. (C) Protein localization 
of the selected overexpression targets. Yeast compartmentalized figure source: SwissBioPics under CC BY4.0 
license. Yellow marked genes indicate metabolic targets, light green marked genes indicate secretory targets, 
and light green marked genes indicate previously validated secretory targets. Adapted from Paper IV. 

4.2.2 Verification of the predicted overexpression targets 

After selection, 18 targets predicted for improving α-amylase production were experimentally 

validated. Four metabolic targets are associated with N-glycan synthesis and amino acid synthesis, 

and 14 secretory targets are involved in translocation, folding, quality control and sorting processes 

(Figure 28C). Among these targets, overexpression of glucosidase Cwh41p (Qi et al., 2020), COPII 

vesicle proteins Erv29p (Huang et al., 2018) and Sec16p (Bao et al., 2017), and disulfide isomerase 

Pdi1p (Huang et al., 2018), respectively, were previously reported to be effective in increasing α-

amylase production. Next, we tested the effects of individual gene overexpressions of the remaining 

14 targets. In this work, AACD was also used as the host strain, and the selected gene was expressed 

from the pSPGM1 plasmid under control of the TEF1 promoter. As shown in Figure 29, the α-amylase 

production after respective overexpression of MNS1, SEC65, ERV2, ERO1, SWA2 and CYS4 was 

significantly increased between 0.32-fold and 1.2-fold compared to the control strain.  

 

Figure 29. The effect of overexpression of predicted targets on α-amylase production in the AACD background 
strain. Yellow indicates the overexpression of metabolic targets, while light green indicates the overexpression 
of secretory targets. The grey line indicates α-amylase production of the control strain. n = 3, error bar = ± SD. 
Statistical significance *P < 0.05, **P < 0.01, ***P < 0.01 (Two-tailed Student’s t-test). Adapted from Paper IV. 
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Mns1p, an α-1,2-mannosidase, is involved in ubiquitin-dependent ERAD and the removal of one 

mannose residue from a glycosylated protein, which represents the final step in glycoprotein 

maturation in the ER (Jelinek-Kelly & Herscovics, 1988). An improperly folded protein is released from 

calnexin and then glycans may be trimmed by Mns1p. These mannose-trimmed glycoproteins are 

targeted to the ERAD pathway. In addition to the native glycoproteins, α-amylase and its α-factor 

signal peptide also contain glycosylation sites, which may benefit from the overexpression of MNS1. 

Sec65p, a subunit of SRP that targets nascent peptides from cytosol to ER, is required to associate 

Srp54p (Hann et al., 1992). Although it is normally involved in co-translational translocation 

(mentioned in Chapter 1.3.2.1), overexpression of SEC65 seems to benefit post-translational 

translocation in this case as well. Erv2p and Ero1p are involved in disulfide bond formation (Sevier et 

al., 2001, Sevier & Kaiser, 2008). As described in Chapter 1.3.2.3, overexpression of PDIs and ER 

oxidase is an effective strategy for improving protein production, which supported our results that 

overexpression of ERV2 and ERO1 was beneficial for α-amylase production. Another gene target, 

Swa2p, involved in vesicle transport, is required for uncoating clathrin-coated vesicles before fusion 

of the vesicle with its target membrane (Gall et al., 2000). Cys4p, a cystathionine beta-synthase, is 

responsible for cysteine biosynthesis (Cherest et al., 1993). Compared to the amino acid composition 

of S. cerevisiae cell protein, a 9-fold higher cysteine amount would be required when producing the 

same amount α-amylase. This supported the result that overexpression of CYS4 significantly enhanced 

the α-amylase production. 

In this chapter, we found 9/14 of chosen secretory targets and 1/4 of identified metabolic targets were 

validated effectively for protein secretion, which indicates a higher accuracy for secretory pathway-

related targets. In addition to the selected targets, the model predicted more secretory-related targets, 

although the metabolic enzyme fraction is higher in this model, which implies that the secretory 

pathway is probably the rate-limiting step for recombinant protein secretion rather than the 

metabolic pathways. 
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5 Conclusion and perspectives 

5.1 Conclusion 

The work presented in this thesis focused on applying diverse strategies to engineer S. cerevisiae 

platform strains to improve their recombinant protein productivity. Recombinant proteins were 

chosen because they have a wide range of industrial applications and therapeutic value. Increased 

protein production will facilitate the profitability of the process and make microbial production of 

industrial-scale biologicals more attractive compared to traditional production modes. This could be 

a critical step in improving economic benefits and sustaining long-term development. 

The different approaches were described in two parts: 1) how to explore in depth the improved 

secretory capacity of existing strains and 2) how to rationally optimize the S. cerevisiae platform. The 

first part was presented in Paper I and II and was based on previously isolated mutant strains. We 

successfully secreted three biologically active antibody fragments with different configurations using 

the high-level secretory platform strain HA. We found that the efficient secretion phenotype seen for 

several heterologous proteins was not valid for all pharmaceuticals. Through RNA-seq analysis, we 

revealed that both cellular resource allocation and stress response caused by Pex expression might be 

limiting factors for the low protein production efficiency. We also introduced exact point mutations 

for 42 protein-sequence-altering mutations from B184 using different CRISPR/Cas9-mediated 

strategies. We found that 14 targets (point mutations and/or deletions) had positive effects on α-

amylase secretion. There were mainly related to stress-related processes, protein degradation, 

transportation, mRNA processing and export, and DNA replication and repair. Eleven of the 14 

beneficial targets were newly identified to be associated with recombinant protein production. 

The second part was presented in Paper III, IIIb and IV and investigated potential new target genes 

using diverse engineering strategies. We first examined the individual effects of suppressors of Aβ42 

cytotoxicity from an SGA screening on α-amylase production. We further combined effective targets 

obtaining an 18.7-fold increase in α-amylase production. We also confirmed that this strategy can be 

generally applied to the production of other heterologous proteins. On the other hand, we 

incorporated the protein secretory pathway to the latest release of a S. cerevisiae GEM (Yeast8) with 

proteome-constraints to construct the pcSecYeast model, which allows the simulation of protein 

synthesis and secretion and prediction of engineering targets for enhancing recombinant protein 

production. Based on the experimental verification, 10 of 18 predicted targets had positive effects on 

α-amylase secretion, indicating the high accuracy using our model for predicting and selecting targets 

for improving recombinant protein production. 

The work in this thesis not only increases understanding of the mechanisms associated with efficient 

protein secretion, but also provides guidelines for constructing novel cell platforms for producing 

industrial enzymes and pharmaceutical proteins in yeast and even other microorganisms.  
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5.2 Perspectives 

The advances in recombinant DNA technology have opened the possibility of constructing efficient 

microbial cell factories and producing recombinant proteins in heterologous host organisms. Protein 

quality, quantification and production costs are essential factors for developing a cell factory for 

industrial production. Choosing a production platform is only the first step. It is the most challenging 

and time-consuming journey to understand the protein production machinery and identify rate-

limiting factors, and this demands considerable optimizations and modifications in host cells and 

production pathways. As described above, our work focused on engineering the S. cerevisiae platform 

for improving the production of several recombinant proteins, such as antibody fragments and α-

amylase. 

Production of mAbs has developed into an extremely important branch of the biopharmaceutical 

industry. The applications of mAbs are rapidly expanding, especially during the ongoing COVID-19 

pandemic. The urgent demands for the upcoming mAbs and therapeutic drugs against the SARS-CoV2 

virus promoted a dramatic growth of the biopharmaceutical industry over the past three years. 

According to Paper I and previous work, B184 combining all point mutations improved the production 

of most recombinant proteins tested, albeit at different extents, which showed its high-secretion 

capacity (Huang et al., 2015, Huang et al., 2017). However, the structures of these proteins are simple 

and the molecular sizes are still relatively small. Using B184 to produce more complex full-length 

antibodies would be very valuable. During this process, glycosylation engineering should be a direction 

worth considering. 

High-level production of recombinant proteins often induces cellular stress, such as from the 

formation of disulfide bonds, from the large amount of protein accumulation in ER and from misfolded 

proteins (Martínez et al., 2016). Excessive stress will seriously affect cell growth, reduce protein 

production and even cause cell apoptosis. In Paper I, we demonstrated that increased cellular stress 

might explain the low efficiency of Pex secretion in the high secretion strain. In Paper II, we indicated 

that some identified beneficial targets were related to various stress processes. In Paper III and IIIb, 

we reversely engineered some suppressors of Aβ42 cytotoxicity to alleviate cellular stress. As 

described in Chapter 1.3, many human diseases are also related to the abnormal levels of ER stress. 

Therefore, future studies can focus on how to efficiently balance stress responses and reduce cellular 

stress in engineered protein producing strains, which could be of value to the development of protein-

based biopharmaceuticals. Interestingly, a previous study reported that adding a moderate amount 

of antioxidants (such as vitamin C) in the media could protect cells against the harmful effects of ROS 

accumulation and therefore improve protein production (Bao et al., 2017). 

Due to the various possible effects of amino acid substitutions, gene deletion or overexpression are 

probably not optimal for investigating the association between mutated genes and protein production 

(Thak et al., 2020). In contrast, point mutations might lead to a fine-tuning of enzyme activity or gene 

expression level. In Paper II, we introduced the exact point mutations from the evolutionary line 

toward B184 and analyzed the regulatory mechanisms of each beneficial gene target. However, due 
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to the limited time, we did not perform verification experiments to confirm all of our hypotheses and 

did not determine the actual enzyme activity or gene expression levels for the effective targets. More 

studies can further investigate these targets, such as carrying out RNA-seq analysis to explore the 

effect of the specific mutation on a global level, or conducting protein activity tests and examining 

protein abundance to study the precise effects of the mutated site on the protein. Besides, by 

analyzing these targets, we found it should be attractive to engineer the autophagic process, oxygen 

environment, cell cycle and the bi-directional vesicular trafficking pathway between ER and Golgi for 

increasing protein production in the future. 

A GEM is a valuable knowledge base to systematically understand and rationally engineer an 

organism’s metabolism. In our case, pcSecYeast as a proteome-constrained GEM provides a platform 

to simulate the protein secretory pathway and its interaction with metabolism and gene expression 

in yeast (Paper IV). Our model currently integrates only the most fundamental processes in the 

secretory pathway. It will potentially increase the prediction accuracy if UPR, intra Golgi transport and 

various sorting pathways after Golgi processing are added to the pcSecYeast model. In Paper III, we 

found that combinatorial engineering demonstrates a great advantage for improving protein 

production. For the moment, our model does not have the capacity to predict combinatorial targets. 

It would be very important to add this ability to this model in the future. Based on this model, we 

expect that many similar types of genome-scale secretory models could be built for a broader range 

of recombinant protein-producing cell factories. In this thesis, we identified a number of beneficial 

gene targets and investigated their detailed function in S. cerevisiae (Paper II-IV). Since many essential 

cellular processes are strongly conserved among eukaryotic cells and other hosts have their own 

advantages for protein production, these targets can be applied to other organisms, such as 

filamentous fungi or mammalian cells, to facilitate their protein secretion. 
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