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1. Introduction 

From all the microbes used in biotechnology, the yeast Saccharomyces cerevisiae is one of 
the oldest and most frequently used host organisms for the production of a wide range of 
products. Traditionally, it has been used for centuries in the fermentation processes that are 
used to make products like bread, beer, and wine. Later, this has evolved with the 
development of the yeast into a cell factory for the biotechnological industry. The established 
industrially produced product assortment includes three generations of biofuels, small 
molecules, and therapeutic proteins. A general description of the characteristics of S. 
cerevisiae as a cell factory is given, followed by an overview of the current state of its 
utilization in industry. 

1.1. Characteristics of Saccharomyces cerevisiae as a cell factory 

One of the main advantages of Saccharomyces cerevisiae enabling the current transition 
from an old-fashioned workhorse to a modern cell factory is the fact that the organism has 
a long history of scientific research achievements available. This has generated a tremendous 
amount of knowledge from a single molecule level up to the cellular level. 

The full genomic sequence of S. cerevisiae came available in 1996 and showed the yeast to 
have just over 6000 genes in its 12 megabase genome [1]. As it was the first eukaryote to 
have its genome completely sequenced, it has been extensively used for gene annotation 
through functional genomics. This resulted in the characterization of almost 80 % of the 
functional genome [2]. The knowledge about such a large amount of the genome of S. 
cerevisiae is beneficial for a predictable cellular and metabolic engineering in order to 
increase its capacity and flexibility as a cell factory. 

Exceptionally among the industrially relevant organisms, already for many years there have 
been convenient methods available for editing the DNA content of S. cerevisiae, either by 
adding DNA in plasmid vectors, or through the manipulation of its genomic DNA. From the 
methods available for the transformation of DNA into the yeast cells, the lithium acetate 
method appears to be most widely used. In this method, the yeast cells are readily made 
competent using lithium acetate ions and foreign DNA is efficiently taken up using a heat 
shock step [3]. This allows the insertion of plasmids with a very high efficiency of over 106 
transformants per microgram of DNA [4]. However, plasmid bearing strains require a 
constant selection pressure to avoid plasmid loss and provide limited control over plasmid 
copy number, characteristics that are undesirable for industrial production strains. So, a 
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stable strain with foreign DNA integrated into the genome is advantageous. Through the 
yeast’s high rate of homologous recombination (HR), targeted gene disruption or genomic 
integration is a one-step process via the transformation of linear DNA containing 
homologous regions with the target area [5]. However, it should be noted that for polyploid 
strains, often used in industrial processes, the efficiency of this system to delete or disrupt 
genes is decreased, as the integration event has to happen in all of the available alleles. 

One of the limitations of strains modified with plasmids or genomically integrated genetic 
cassettes is the limited amount of available auxotrophic and dominant markers, even though 
their use is improved through Cre recombinase mediated marker recycling [5]. However, the 
advent of genome engineering using the CRISPR/Cas9 system has made genetic engineering 
even more versatile. This system uses the Cas9 gene from Streptococcus pyogenes, which 
can function as an RNA-guided endonuclease to generate sequence specific double strand 
breaks, targeted by the CRISPR designed gRNA (guide RNA) [6]. For knockouts, most 
commonly a 120 bp double stranded oligonucleotide with the right homologous regions is 
used to implement a premature stop codon, or to remove the full open reading frame (ORF). 
For the integration of genes a gene integration cassette with homologous end parts targets 
it to the right spot in the genomic DNA. The Cas9 protein creates a specific double strand 
break which allows integration events at very high efficiency without the need for a selective 
marker, and it can even handle multiple integration events at once. This is especially relevant 
for polyploid strains, as it was shown that using Cas9 a quadruple auxotrophic mutant strain 
was created after multiple rounds of targeted disruption [7]. However, in general it has to be 
kept in mind that designing and cloning of the various gRNA expression cassettes can be 
time consuming and can thus decrease the cost-effectivity of this method [8]. Nonetheless, 
the versatility of possible DNA modifications with the CRISPR/Cas9 system making it very 
interesting for genetic engineering of Saccharomyces cerevisiae.  

Another limitation in the creation of yeast cell factories has been the limited availability of 
well characterized endogenous promoters for expression at different strengths. For 
constitutive promoters, some of the most commonly used ones are: PTEF1, PPGK1, PGPD, PCYC1, 
and PADH1, arranged from stronger to weaker expression. Even though they are constitutive 
promoters, expression levels often still vary depending on the growth phase [9]. Inducible 
promoters provide targeted gene expression at a specific time during cultivation. Promoters 
of genes involved in galactose metabolism are the most commonly used for high level gene 
expression, for example PGAL1, PGAL7, and PGAL10. They are tightly regulated through the 
presence of glucose and galactose, where galactose gives a strong induction of expression, 
which is inhibited in the presence of glucose. PCUP1 is used for inducible expression at lower 
levels and is induced in the presence of copper ions in the media [10]. In order to create 
more versatile expression levels, research has aimed to create engineered and synthetic 
promoters. Endogenous promoters have been engineered by the addition or removal of 
regulatory sequences, or through random mutagenesis of the promoter region, in order to 
get promoters with useful new characteristics [11]. This has lead for example to an increase 
of promoter strength of 2.5-fold for PGPD, and the creation of a library of new, galactose 
inducible promoters, that span an almost 50-fold dynamic range of expression levels [12]. 
An example of the development of a synthetic promoter is the use of the bacterial LexA-
DNA-binding domain and corresponding LexA-binding sites in the promoter sequence [13]. 
This system enabled the expression of multiple genes at highly diverse expression levels, 
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ranging from almost negligible to very strong using only one synthetic transcription factor 
and is independent from growth conditions and externally added compounds. 

In general, it becomes unpractical to introduce a large number of heterologous genes into 
S. cerevisiae either on plasmids or integrated into the genome, due to a limited availability 
of selection markers and suitable integration places. One way to approach this problem is 
the construction of yeast artificial chromosomes (YAC), which can contain DNA in the range 
of 200-800 kb. Beside the genes of interest, the YACs contain telomeres, auxotrophic 
markers for selection, and yeast elements for replication and segregation. When using 
combinatorial cloning approaches, the creation of YACs allowed screening of randomly 
assembled biosynthetic pathways, which can help in finding the best combination of genes 
and promoters in complex pathways [14]. 

The available knowledge and ease of manipulation enable the development of the yeast into 
a cell factory that can produce a high variety of products. This has been used in cellular and 
metabolic engineering approaches. In general, the work process can be divided into roughly 
5 steps [15]. The obvious first step is the decision of which product the cell factory should 
produce, followed by which pathways can lead to this product and which of those can be 
most easily implemented in S. cerevisiae. The target genes for this pathway should be 
selected and inserted into the genome of the yeast, after which methods for regulating 
expression levels should be designed to achieve optimal gene expression. Finally, fine tuning 
of gene expression is most often based on data coming from broad spectrum analytical 
methods like genomics, transcriptomics, proteomics, metabolomics, and fluxomics [15, 16]. 

1.2. Established and upcoming products made using Saccharomyces 
cerevisiae 

Cellular and metabolic engineering methods have been used successfully many times to 
create different yeast cell factories, with many products also being manufactured on an 
industrial scale. Some available and upcoming products for biofuels, small molecules, and 
therapeutic proteins are discussed below. 

1.2.1. Biofuels 
Bioethanol is the biofuel that has been produced traditionally using Saccharomyces 
cerevisiae. Currently, it is produced the most in the USA, using corn starch as the carbon 
source, and the second most in Brazil, using sugarcane and molasses as carbon sources. In 
the production process, the yeast can reach a 93 % efficiency in conversion of the energy 
from sugars into alcohol [17, 18]. The main advantage of the yeast in this process is that it is 
a very robust organism that can reach high cell densities, which allows the production 
process to reach a high volumetric productivity.  

Most engineering strategies have been focused on creating strains that are less sensitive to 
environmental stresses, or that are more versatile and efficient in using new, and more 
inexpensive, feedstocks [17, 19]. One example is the use of lignocellulosic biomass 
hydrolysates, which are a relatively cheap source of a complex mixture of different 
fermentable sugars, but that also contain inhibitors and salts that decrease the yeast’s 
production efficiency. The engineering of the yeast is on one hand done rationally, for 
example the use of amylase expressing yeast allowed the production of ethanol from raw 
corn starch and high-yielding rice as carbon sources at a close to 100 % efficiency [20]. On 
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the other hand, engineering has been done through randomized approaches, like genome 
shuffling of UV-light mutagenized yeast populations. The improved growth and survival 
achieved through genome shuffling allowed the yeast to produce ethanol at up to 60 % of the 
theoretical yield from hard wood spent sulfite liquor [21]. 

However, as there is a need in the market for improved, high energy biofuels, the yeast is 
also engineered to change its metabolism into producing products like butanol, 
sesquiterpenoids and, fatty acid ethyl esters (FAEE). 

Butanol is an attractive product as it can be blended at higher percentages with gasoline in 
biofuels than ethanol. For production, bacterial genes have been inserted into the 
S. cerevisiae genome to create either 1-butanol or isobutanol [22]. After extensive metabolic 
engineering, a strain has been created that produced just over 80 % of the maximum 
theoretical yield of isobutanol. And, with titers up to 18.6 g/L, productivity reached 
comparable levels with traditional bacterial Acetone-Butanol-Ethanol fermentations, but 
without the undesired byproducts [18, 22].  

Sesquiterpenoids are a class of terpenes and are interesting for the biofuel market as they 
can be used for the replacement of diesel and jet fuel. An S. cerevisiae strain has been 
reported to produce the diesel replacement bisabolene in the gram per liter scale [23]. 

FAEE are energy rich, which makes them suitable precursors for use in biodiesels. As 
S. cerevisiae does not naturally produce these fatty acid derivatives in large amounts, 
metabolic pathways have been engineered to increase the carbon flux towards their 
biosynthesis. This has led to an increase of lipid content of almost 45 % [24], close to some 
oleaginous yeasts. In another study lipids accumulated up to 17 % of the yeasts cell dry 
weight, and further strain engineering resulted in a biofuel production yeast cell factory that 
produces the fatty acid derived biodiesels in modest milligram per liter scale directly from 
simple sugars [25]. These examples of more refined biofuel production show that 
S. cerevisiae is also an interesting host for the production of next-generation biofuels. 
Expectations are that production processes will develop beyond laboratory scale, and large 
companies like Dupont, Gevo, and Amyris are currently investing in obtaining industrially 
relevant bioproduction processes [26]. 

1.2.2. Small molecules 
S. cerevisiae can metabolize or utilize a great range of sugars, for example glucose, galactose, 
saccharose, raffinose, and xylose. This has made it a popular host for the (research into) 
production of sugar alcohols and artificial sweeteners. Xylitol is a sweetener used for 
example in chewing gum and is favored because it can reduce the risk of developing dental 
caries and is safe to use for diabetics. Strains expressing xylose reductases from various 
sources have proven to be able to completely convert a 4 % xylose source into xylitol [27]. 
Optimization of cofactor availability created strains that look promising in meeting 
industrial demands for microbial xylitol production, as optimized fed-batch fermentation 
produced up to 196.2 g/L xylitol [28]. More recent research has been focusing on replacing 
xylose with more inexpensive, complex substrates like xylan or cellobiose [29, 30]. 

A different class of sweetening compounds commercially produced in S. cerevisiae are 
steviol glycosides, like the artificial sweetener Stevia produced by the Swiss-based company 
Evolva. Originally, the product is extracted from the plant Stevia rebaudiana, and it is a 
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mixture of various rebaudioside molecules. For the production of Stevia components using 
yeast, a strain was engineered with the introduction of a new steviol glycoside transporter, 
and with modifications of pathways creating new prenyl phosphate precursors. These 
precursors are modified into steviol, which is then finally glycosylated into the final 
rebaudioside compound [31]. The various rebaudioside compounds differ in their saccharide 
moiety and through expression of specific glycosylation enzymes selection of a wanted 
specific rebaudioside is possible. 

A large part of therapeutic small molecules come from natural sources like plants. This 
makes their production difficult, as often expensive extraction techniques are necessary to 
harvest the metabolite of interest. Moreover, often the metabolite levels are low in the plant 
source, meaning that large amounts of the plant needs to be grown, which sometimes is only 
possible in the right season. To create a more reliable and inexpensive production process, 
there has been an interest in the heterologous expression of genes in microbial organisms in 
order to establish alternative sources. Natural compounds of interest from a plant source 
include flavonoids, isoprenoids, polyketides, and alkaloids [32]. 

One of the most promising small molecule therapeutic products is the anti-malarial drug 
Artemisinin, an isoprenoid, for which the natural source is the sweet wormwood plant 
Artemisia annua. As this drug is used to treat malaria over 280 million times a year, 
prominently in third world countries, there is a need for an inexpensive, reliable source [33]. 
The Semi-synthetic Artemisinin Project aimed to engineer a microorganism to produce a 
precursor of the drug followed by convenient chemical conversion into the active final 
compound. However, production in Escherichia coli strains showed shortcomings in strain 
viability and was able to only produce a precursor molecule that could not be modified 
further in E. coli, so a switch to S. cerevisiae was made. The inducible overexpression of 14 
genes, including two cytochrome P450 oxidases and a dehydrogenase from A. annua, 
combined with the inducible repression of a squalene synthase, showed to be the winning 
strategy to create the artemisinic acid precursor. This strain provided a 15-fold improved 
production titer and reached titers of up to 25 g/L [34]. Together with this microbial 
precursor production, the company Amyris has developed an easy to use chemical 
conversion to the final therapeutic molecule, and released all intellectual property rights for 
it, enabling an inexpensive provision of treatment to developing countries. 

Recently, also significant steps forward have been set in the production of 
benzylisoquinoline alkaloids, which are a group of pharmaceutically relevant alkaloids, 
including codeine and morphine. One of the first big steps made was the production of one 
of the common precursors, norcoclaurine, from simple sugars by S. cerevisiae [35]. This was 
followed by the first complete biosynthesis of opioids from simple carbon sources in yeast 
[36]. Galanie and colleagues produced thebaine (a very important opioid drug precursor) 
and hydrocodone by expression of 21 and 23 enzyme activities, respectively, from plant, 
mammalian, bacterial, and yeast sources [36]. However, they stress that many hurdles need 
to be taken before the process can be scaled up to industrially relevant levels, including new 
regulations for safekeeping of this new technology. In the same year, Fossati et al. 
reconstituted a ten-gene pathway to enable the production of codeine and morphine from 
the thebaine precursor [35]. It has to be noted that also in this study the final titers were still 
far from commercially relevant. The strains in their work do not yet enable the production 
of morphine and codeine from simple sugars, but need precursors supplemented to the yeast 
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cultures. However, these findings have paved the way for the development of yeast based 
opioid production. 

1.2.3. Therapeutic proteins 
S. cerevisiae is one of the preferred host organisms for the production of therapeutic 
molecules, as it meets many requirements for a safe, low cost process, with high productivity. 
Examples of recombinant protein products produced in S. cerevisiae that have already 
entered the pharmaceutical market are insulin, vaccines, and blood factors like human 
serum albumin. Several of these products are exceeding yearly sales of 1 billion US dollar 
[37]. 

Novo Nordisk is the main producer of insulin and insulin analogs on the market (for example 
Novolog®, Actrapid®, Levemir®, and Novomix®), and the company commonly uses the 
yeast S. cerevisiae for production of its blockbuster brands. Research has focused on 
increasing secretion levels through engineering of vesicle transport, secretion leaders, and 
variants of pre-proinsulin [38–40]. The main products for human blood factors produced 
in commercial S. cerevisiae strains are Recombumin® USP-NF, which is a human albumin, 
and albufuse®, which is a line of albumin fusion proteins, both are produced by the 
Novozymes company. The strains have reached high secretion titers of human serum 
albumin through expression of the protein disulfide isomerase PDI1 and the chaperone 
KAR2. Moreover, a yeast strain was used in which (a combination of) genes regulating the 
ATPase cycle of Kar2p were overexpressed to increase production titers by 70 % into the low 
gram per liter scale [37, 41]. The first commercial interesting strain for production of human 
transferrins was developed from the strains used for production of Recombumin® and 
albufuse®. Improvements were made through strain selection after chemical mutagenesis 
and overexpression of PDI1, leading to a ten- and twelve-fold, respectively, increase of 
secretion of transferrin up to a titer of 2.25 g/L in high density fermentations [42]. The 
product is now marketed for example as CellPrime® rTransferrin for life science research 
use. 

The production of hepatitis B surface antigen in S. cerevisiae has already been achieved 
almost three decades ago, with titers in the low milligram per liter range [43–45]. This 
antigen is used in the preparation of the vaccine against hepatitis B, which is marketed for 
example as Recombivax HB by Merck or as Engerix-B by GSK. Also for this therapeutic 
protein overexpression of PDI1 was used to improve titers, which showed to increase titers 
six-fold up to 74.4 mg/L in fed-batch fermentations [46]. Another vaccine produced in S. 
cerevisiae is Silgard or Gardasil, protecting against human papillomavirus (HPV). The yeast 
is used to produce L1 protein, which is the major capsid protein of HPV, of HPV types 6, 11, 
16, and 18. These proteins can self-assemble into virus-like particles that can trigger 
immunization but are not able to infect patients as they lack viral DNA [47].  
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1.3. The yeast secretory pathway 

A common problem in recombinant protein production in Saccharomyces cerevisiae is that 
secretion titers remain lower than what the yeast theoretically can secrete. Bottlenecks that 
decrease the secretion efficiency have been found at several places along the secretory 
pathway. It is important to know how the secretory pathway functions, in order to be able to 
understand how it is possible to engineer it to achieve a higher secretion efficiency. 
Therefore, in this chapter the most important parts of the secretory pathway, and the 
proteins that play a key role in these processes are discussed. Where applicable, the end of 
each section describes how that part of the secretory pathway has been manipulated in order 
to improve the secretion of heterologous proteins. 

 

Figure 1 Overview of the Saccharomyces cerevisiae secretory pathway. Green arrows show the canonical 
secretory pathway, starting with polypeptide translocation from the cytosol into the ER-lumen. This is followed 
by N-glycosylation and chaperone assisted protein folding, and after reaching its native state, the protein is 
transported to the Golgi system. There, protein maturation occurs, which can include final glycosylation steps 
and proteolytic cleavage. Finally the protein is secreted into the extracellular space via the cell membrane. Red 
arrows show processes that can affect secretion negatively, which are the unfolded protein response (UPR) , a 
cellular response to cope with the stress of unfolded proteins, the ER associated degradation (ERAD) pathway, 
which degrades misfolding or slowly folding proteins. And finally, missorting from the Golgi towards the vacuole 
where proteins are degraded by the resident proteases.  

The protein secretory pathway in S. cerevisiae has been extensively studied and reviewed in 
literature [38, 48–55]. The canonical pathway is considered to start with translocation of the 
nascent polypeptide into the lumen of the endoplasmic reticulum (ER) after or during 
translation. Inside the ER protein folding, in some cases with the help of molecular 
chaperones, and protein glycosylation take place. After reaching their native state, the 
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proteins are transported to the Golgi apparatus, and after traversing this, secretory vesicles 
mediate the final step towards and beyond the cell membrane. An overview of these most 
important steps in the secretory pathway and how they can influence secretion titers is 
shown in Figure 1. 

1.3.1. The endoplasmic reticulum: the protein folding factory of the 
cell 

The ER is the protein folding factory of the cell and most nascent proteins enter this 
compartment co-translationally. The importance of the ER as a protein folding factory is 
highlighted by theoretical estimates that on average around 460 polypeptides per second 
enter the ER lumen, which amounts to the import of almost 0.75 % of the steady-state ER 
protein content per minute [56]. The translocation of a polypeptide from the cytosol into the 
ER requires coordination between several processes and the involved proteins. First, the 
ribosome that is producing the polypeptide creates the sequence of the signal peptide on the 
new polypeptide, which is recognized by the signal recognition particle. Together these have 
to be recognized by the signal recognition receptor, so that finally recruitment to the Sec61 
translocation pore complex, through which the ER is entered by the nascent polypeptide, 
can happen [57, 58]. After leaving the translocation pore at the luminal side, the 
oligosaccharyl transferase (OST) complex scans the polypeptide for glycosylation sites and, 
if found, transfers the glycan to the polypeptide. The proteins complete their folding process 
by reaching their native state, after which they leave the ER. The folding process is assisted 
by various chaperones and folding enzymes, while other proteins are present to assure that 
the quality of the proteins is up to par.  

1.3.2. N-Glycosylation 
Over 350 proteins in S. cerevisiae have been validated to be N-linked glycoproteins [59], 
and the initial glycosylation steps take place in the ER. A schematic overview of these steps 
is shown in Figure 2. Preceding the transfer of the oligosaccharyl structure to a nascent 
protein, its Glc3Man9GlcNAc2 precursor is created on a lipid carrier. This lipid carrier is the 
isoprenoid lipid dolichol, which is assembled by a cis-prenyltransferase in the ER-
membrane. The dolichol kinase Sec59p then phosphorylates the dolichol and the dolichol-
phosphate molecule is then able to receive the first sugar molecule for the buildup of the 
glycan. Most of the proteins involved in the construction of the glycan moiety are part of the 
ALG gene family, for Asparagine Linked Glycosylation. The first steps of the lipid linked 
oligosaccharide (LLO) biosynthesis happen on the cytosolic side of the ER-membrane, 
where the starting point for the oligosaccharide biosynthesis is the addition of the first 
GlcNAc molecule to the dolichol-phosphate. In total seven enzymes in the cytosol build up 
a Man5GlcNAc2 glycan [60]. The next step is the transfer of the glycan tree to the luminal 
side of the ER, which is postulated to be done by the yeast flippase Rtf1p [61].  

In the ER, the next four mannose and three glucose residues are step-wise transferred to the 
glycan structure in seven additional reactions, hereby creating the final Glc3Man9GlcNAc2 

structure [60]. The OST complex is the key player that combines glycan biosynthesis with 
protein biosynthesis [62]. The complex co-translocationally transfers the Glc3Man9GlcNAc2 

structure to the specific N-glycosylation consensus site (Asn-Xxx-Ser/Thr) of a wide range 
of nascent polypeptides [63]. The glycan structure is then further modified during the 
folding process of the protein, first by glucosidase I, which removes the outermost glucose 
from the glycan tree [64]. The glucosidase II enzyme then cleaves off the second glucose, 
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which allows the lectin Cne1p to bind to the glycan, and finally also the third glucose is 
removed by glucosidase II [65]. After removal of the final glucose, a slowly acting 
mannosidase removes the terminal mannose from the B-branch of the glycan tree, and the 
Man8GlcNAc2 serves as the signal for removal from further folding cycles [66]. 

 

Figure 2 Schematic overview of N-glycosylation in the ER. At the cytosolic side of the ER-membrane the lipid 
linked oligosaccharide is formed through consecutive action of seven glycosylation enzymes to create the 
Man5GlcNAc2 glycan. Next, a flippase transfers the glycan moiety into the ER-lumen for further buildup of the 
general Glc3Man9GlcNAc2 N-glycan structure in seven steps. The oligosaccharyl transferase complex transfers 
the glycan tree to the consensus site for N-glycosylation (Asn-Xxx-Ser/Thr) on a nascent polypeptide entering 
the ER. During the folding process in the ER, part of the glycan tree is trimmed down as part of the quality control 
process. When a protein is folded and has the final Man8GlcNAc2 glycan structure, it is ready for export out of 
the ER. Red Block: dolichol-P, blue circles: glucose, green circles: mannose, blue squares: GlcNAc. 

For many glycoproteins glycans are important for proper folding, as aberrant or missing 
glycans, due to a defective glycosylation pathway, can lead to a decreased folding and 
secretion efficiency [67]. The glycan structure allows selective recognition by a variety of 
proteins like lectins and glycosidases. Partly, these can assist the protein in the folding 
process, partly the glycan structure also acts as a quality control signal for the cell to assess 
protein conformation [68]. If the glycan on a protein that has reached its native state is 
trimmed down to the Man8GlcNAc2, it won’t be subjected to further folding cycles and is 
ready for export out of the ER. However, certain glycan signals created by further trimming 
of the glycan tree, combined with unfolded or misfolded patches in the protein, can lead to 
targeting of the proteins to the ER associated degradation pathway (ERAD), as described 
further down. 

N-linked glycosylation in strain engineering and heterologous protein production 

The interest in N-glycosylation in heterologous protein production in S. cerevisiae is 
twofold; first the glycans can play a role in secretion efficiency and protein activity, and 
second; there is interest in creating strains with so-called humanized glycans for the 
production of therapeutic proteins. The latter approach is discussed in chapter 1.5.3.  

In multiple studies positive and negative effects of N-glycosylation on secretion efficiency 
have been found. In one study an α-amylase from Bacillus licheniformis was expressed in a 
panel of yeasts with deletions of non-essential genes, and among the deletions identified in 
the strains with an improved α-amylase production all non-essential N-glycosylation genes 
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were found. Even though α-amylase is not natively glycosylated in B. licheniformis, its 
amino acid sequence contains six N-glycosylation consensus sites that can be recognized in 
S. cerevisiae. Analysis of the secreted product showed that in the strains with a beneficial 
deletion an increase in underglycosylated products was secreted in comparison to wild-type. 
This indicates that yeast N-glycosylation might hamper α-amylase secretion, as the 
underglycosylated enzymes could possible escape ERAD-mediated degradation. The 
positive effect of a decreased glycosylation was confirmed through the creation of non-
glycosylated α-amylase mutants, which were secreted up to threefold higher than the 
glycosylated variant [69]. It was hypothesized that through the slow folding process of the 
enzyme, the glycan structures added by the yeast are modified to target the enzyme for 
degradation. Although the study for the α-amylase showed an increase in secretion titers, 
for the production of an exocellulase from Phanerochaete chrysosporium glycosylation was 
shown to mostly affect its enzyme activity. As deletion of 22 glycosylation related genes 
increased specific enzyme activity at least 1.3-fold, and even up to 6-fold [70]. 

In contrast to the results above, Sagt and colleagues showed that introduction of N-
glycosylation sites in some cases can improve secretion [71]. They describe a case where an 
engineered cutinase was not readily secreted because of induction of aggregation in the ER 
through the added hydrophobic residues. After addition of an N-glycosylation site on the N-
terminal region of the polypeptide, secretion levels increased fivefold, without altering 
specific enzyme activity significantly. The authors hypothesize that the introduced N-glycans 
shielded the hydrophobic patches and thus prevented aggregation [71]. 

1.3.3. Chaperones and folding enzymes 
A plethora of proteins is located in the ER to assist in protein folding and they can be divided 
in 4 main groups: chaperones and their auxiliary co-chaperones, oxidoreductases like the 
protein disulfide isomerases (pdi), peptidyl-prolyl-isomerases (ppi), and the yeast homolog 
to the lectins calnexin and calreticulin (Cne1p). 

Chaperones: Kar2p 
The main folding enzyme in the ER is the chaperone Kar2p, often also referred to in the 
name of its mammalian homolog - BiP, both proteins are HSP70 protein family members 
[72]. Through an interaction with the Sec61 pore complex, the Kar2p protein binds the 
nascent polypeptide entering the ER-lumen [73]. The Kar2p binding prevents undesirable 
interactions between hydrophobic regions of nascent polypeptides [74]. The proteins Sil1p, 
Lhs1p, Jem1p, and Scj1p are the main proteins regulating the activity of Kar2p [41, 75]. 
Jem1p and Scj1p promote hydrolysis of Kar2p bound ATP. Sil1p and Lhs1p are nucleotide 
exchange factors that facilitate the release of ADP from Kar2p and provide it with new ATP 
so that it can cycle through another stage of substrate binding in protein folding or 
translocation [48, 75]. Additionally, binding of Kar2p to the hydrophobic patches prevents 
aggregation, and it plays a role in targeting misfolded proteins to ERAD. Kar2p is involved 
in the UPR through its characteristic binding association with the ER membrane bound 
Ire1p. When unfolded proteins enter the ER, they are bound by the free pool of available 
Kar2p. Eventually, when even more unfolded proteins become available in the ER, bound 
Kar2p will dissociate from Ire1p.This means that the now free luminal domain of Ire1p can 
also bind unfolded proteins, leading eventually to induction of the UPR, as described below. 
It was shown that the availability of free Kar2p was drastically decreased when cells 
experienced endoplasmic reticulum stress [49, 76]. This indicates that the protein acts as a 
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buffer through modulation of the sensitivity of the UPR to unfolded proteins [77]. For this, 
of course a high abundance of Kar2p is necessary and this explains why it is one of the most 
abundant ER-chaperones, with an estimated over 30,000 copies per cell [78]. There is 
evidence that under stressed conditions the regulation of the Kar2p ATPase activity might 
be limiting as there is far less Lhs1p and Sil1p, at around 139 and 2420 molecules, 
respectively. However, a slower Kar2p activity cycle might aid in induction of the UPR, so 
that a stronger response to the stress causing unfolded proteins is initiated [41, 78].  

Oxidoreductases 
One essential step for most of the proteins that traverse the secretory pathway, is the 
oxidation of cysteine residues into disulfide bonds in order to reach the final, stable native 
state of the protein. The protein disulfide isomerase 1 protein (Pdi1p) is one of the key 
players in ER oxidative protein folding and is essential for cellular viability. Pdi1p contains 
two thioredoxin like domains that are active and two that are inactive. The active thioredoxin 
domains contain an active site that has the CXXC motif, which makes the protein capable of 
transferring disulfide bonds to nascent proteins. In addition, Pdi1p is also able to reduce and 
isomerize disulfide bonds if restructuring is necessary for proper protein folding of the 
substrate [79]. If a protein is incapable of folding correctly, Pdi1p plays a role in targeting it 
to the ER associated degradation pathway, described below [80]. After transfer of disulfide 
bonds, Pdi1p needs to be re-oxidized by Ero1p (ER oxidase 1), which contains a flavin 
domain used for dithiol-disulfide exchange [81]. In absence of Ero1p, Pdi1p cannot properly 
function and an accumulation of unfolded proteins with incomplete disulfide bonds is the 
result [82–84]. The other known ER-resident sulfhydryl oxidase Erv2p is, based on in vitro 
characterization, also expected to interact with Pdi1p, but not much is known about its 
function [85]. 

Four more members of the PDI protein family have been identified in S. cerevisiae: Mpdi1p, 
Mpdi2p, Eug1p, and Eps1p. However, these proteins are much less characterized and their 
specific roles are unknown. Eps1p, is assumed to play a role in the ER associated degradation 
pathway for membrane bound proteins [86]. Mpdi1p was suggested to be involved in 
disulfide bond formation of glycoproteins through association with calnexin [87]. Finally, 
Mpdi2p and Eug1p have not been functionally characterized. 

Peptidyl-prolyl-isomerases: Cpr5p 
S. cerevisiae contains 13 proteins involved in catalyzing the cis-/trans-isomerization of 
proline peptide bonds. From these, eight belong to the cyclophilin type PPIases, four to the 
FK506-binding proteins, and one is a parvulin [50]. From these, five can be found in the 
secretory pathway and play some role in protein folding: Cpr2p, Cpr4p, Cpr5p and 
Fpr2p/Fkb2p [88]. However, very little is known about their exact role, but it was shown 
that these proteins are not essential for cell viability, as a combined knockout of the all 
PPIases did not impair growth. The ER-resident PPIases are upregulated in conditions that 
lead to protein misfolding, indicating that they have some role in protein folding [88, 89]. 

The calnexin and calreticulin homolog Cne1p 
The S. cerevisiae calnexin and calreticulin homolog (Cne1p) is an important protein involved 
in the early stages of glycoprotein folding in the ER. Just like Kar2p, Cne1p has chaperone 
functions and aids in folding of its bound protein substrate [90]. It recognizes the 
Glc1Man9GlcNAc2 glycan structure on proteins that are in the process of folding [67]. The 
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protein was shown to effectively enhance the refolding of denatured protein substrates, but 
only in presence of the correct glycan structure on the glycoprotein substrate [91]. This 
means that glucosidase II mediated removal of the terminal glucose molecule can work as a 
trigger for the release of the bound glycoprotein from calnexin binding, as it vastly decreases 
calnexin binding efficiency [92]. After release from calnexin, the folding protein either 
reaches it native state and is exported out of the ER, or is considered terminally misfolding 
and targeted to the ER associated degradation pathway. 

Using folding partners to increase protein folding and secretion 
The folding capacity in the ER has been widely regarded as a bottleneck for the efficient 
production of heterologous proteins in Saccharomyces cerevisiae [51, 52, 93–95]. As such, 
modification of the number of available folding partners in the ER to increase the folding 
capacity, and thereby increasing secretion levels of the heterologous protein of interest has 
been an often used approach. However, the outcomes of these studies varied a lot, and most 
of the outcomes indicated that results are very protein specific and thus generally applicable 
approaches are elusive so far.  

This unpredictability is very well illustrated by the example of modifying Kar2p levels. And 
indeed for many proteins, like an acid phosphatase from Schizosaccharomyces pombe, G-
CSF, BPTI, and thaumatin, no positive effect on secretion was found when Kar2p levels were 
increased [96, 97]. For the first three, however, a decrease of Kar2p levels also diminished 
their secretion levels on average two- to fourfold [97]. The most prominent increase in 
productivity achieved with overexpression of Kar2p was obtained with expression of an 
invertase-bovine prochymosin fusion protein, which resulted in up to 20-fold higher titers 
[96]. Also the expression of scFv antibody fragments was increased 1.2- to fivefold upon 
KAR2 overexpression [98, 99]. In one study on the production of the enzymes B-glucosidase, 
endoglucanase, and α-amylase, modest increases were found for the first the first two 
enzymes with KAR2 overexpression, but in all cases Pdi1p showed more promising results 
[100]. 

A different promising approach that involved Kar2p, was to increase the presence of Sil1p, 
Lhs1p, Jem1p, and Scj1p, which regulate its ATPase cycle. From these, Lhs1p and Jem1p 
overexpression increased titers of a recombinant human albumin, GM-CSF, and 
recombinant human transferrin [41]. However, combined overexpression did not yield any 
synergistic effects, as secretion levels never exceeded the effect of the overexpression of 
JEM1 alone. 

The formation of disulfide bonds can be considered a limiting factor in recombinant protein 
production, as overexpression of Pdi1p was in general beneficial for production titers. 
Highest improvements were a 12-fold increase of human recombinant transferrin, a tenfold 
higher titer of human platelet derived growth factor B homodimer, and a fourfold increase 
in titer of the S. pombe acid phosphatase [42, 101]. In the case of overexpression of Pdi1p to 
increase the production of scFv fragments, only a moderate increase in titer was found [99]. 
Interestingly, it is not only the enzymatic activities of Pdi1p that aids protein folding. Studies 
performed with either a beta-glucosidase with only one cysteine, or completely without 
cysteine residues [95, 102], or with expression of a Pdi1p variant devoid of its thioredoxin 
motif [103], showed an increase in production titers even though in these cases Pdi1p could 
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not play a role in disulfide bond formation or isomerization. This indicates that Pdi1p also 
has a chaperone activity and can thus assist in the folding process in a more general way. 

In some of the cases describe above, also the combination of Kar2p and Pdi1p overexpression 
was studied [98, 99, 101]. The data supports a synergistic effect in all three cases, indicating 
that both proteins assist folding at different stages [99]. It was suggested that Kar2p aids 
mostly in increasing translocation efficiency and in preventing aggregation of unfolded parts 
of the proteins, whereas Pdi1p is an active partner in the folding process. In vitro studies 
suggest that Kar2p might capture the folding protein, in that way making the cysteine 
residues available for Pdi1p to create the disulfide bridges [104]. 

ERO1 was found in a screen for interesting candidate genes that improve surface targeting 
of heterologous proteins to the cell wall, using a high throughput screen of yeast cDNA 
libraries using yeast surface display, allowing the use of rapid flow cytometry analysis. The 
positive effect was confirmed to also be present for secreted proteins, as the secretion levels 
of various single-chain T-cell receptors and scFv antibody fragments were becoming higher 
after ERO1 overexpression, ranging from an 1.5- up to a 8-fold increase [105]. In the case of 
a construct that allowed carboxypeptidase A to be secreted, a combination of Kar2p, Pdi1p, 
and Ero1p showed synergistic effects. From the single overexpressions Kar2p was the most 
interesting, showing 20 % more secretion than Pdi1p and Ero1p. When all three were 
combined, titers increased another 36 %, while a combination of Pdi1p and Ero1p led to a 
relative decrease in titers [106]. 

Finally, also manipulation of Cne1p levels showed varying results. First, disruption of the 
CNE1 gene improved secretion of the glycosylated hen egg white lysozyme, and of a 
mammalian antitrypsin molecule [107–109]. In contrast, for the expression of a measles 
surface glycoprotein overexpression of the human calnexin increased secretion 2.5-fold of 
the soluble glycosylated form, while overexpression of human homologues of Kar2p and 
various Pdi’s didn’t improve yields [110]. 

1.3.4. The unfolded protein response 
The folding environment in the ER is crowded with unfolded, folding, and fully folded 
proteins. To be able to handle this chaos, it is critical for the cell to maintain a proper protein 
homeostasis. If the ER reaches an abnormal high load of unfolded proteins, the unfolded 
protein response (UPR) is activated to attenuate stress levels and restore protein 
homeostasis. It was postulated that the transmembrane protein Ire1p acts as a direct sensor 
for unfolded proteins [111]. A domain of the luminal side of Ire1p binds directly to unfolded 
proteins, leading to Ire1p dimerization and subsequent activation of Ire1p [111, 112]. 
However, some studies suggest that binding to unfolded proteins is not necessary for Ire1p 
activation [113]. As described above, the ER chaperone Kar2p occupies under unstressed 
conditions the Ire1p unfolded protein binding site, so that it only becomes available when 
Kar2p is sequestered from Ire1p [114]. The catalytically active form of Ire1p induces the 
splicing of the inactive form of the HAC1 mRNA transcript (HAC1i) into its active HAC1u 
form. The HAC1i mRNA can’t be translated, as part of its intron interacts through base-
pairing with the 5’ untranslated region of the mRNA, thus effectively preventing translation 
of the protein product [115]. 

The HAC1 protein product is a transcription factor that regulates the response of UPR target 
genes [116]. Through transcriptional profiling it has been shown that almost 400 genes are 
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targets for regulation by the UPR. Its target genes are part of processes like protein folding, 
glycosylation, ER size regulation, ER quality control and protein degradation, and several 
vesicular transport processes [53, 117–122]. Analyzing the variable responses of the UPR 
triggered by different sources of stress, Thibault and colleagues found that the stress 
response is not just a generic on/off switch, but it can be modulated. This means that not 
only the strength of the UPR is regulated, but regulation includes differential target gene 
expression based on the source of the stress [123]. Moreover, transcript specific translational 
regulation was proven through microarray studies, showing that the UPR selectively 
downregulates genes involved in ribosomal biogenesis, while upregulating various ER 
folding genes [124]. Additionally, for sustained activity of the UPR the stress response 
induces transcription of the gene of its own activator HAC1. The cells need this 
autoregulation of transcription of the HAC1 gene, as strains where this is deactivated become 
sensitive to prolonged ER-stress through a decrease of available HAC1i /HAC1u  mRNA [125]. 

The transcriptional regulation of UPR target genes is mediated through the so-called 
unfolded protein response element (UPRE) that is located in the promoter regions of the 
affected genes [126–128]. The first UPRE sequence was discovered in the promoter of the 
KAR2 gene. The necessary and sufficient part of the UPRE sequence was shown to be a 
palindromic sequence with a one nucleotide spacer in between both three nucleotide long 
sides [126]. Later, it was shown that there are many more different UPRE sequences to be 
found, and that they can also be divided into distinct classes based on their structure and 
length, allowing the variable regulation of the distinct UPR target genes [127, 128]. 

The UPR in strain engineering and heterologous protein production 
It is important to gain insight into the influence of the yeast stress response to unfolded 
proteins, as the UPR is often induced in yeast strains producing heterologous proteins 
[99, 129, 130]. Data has suggested that in some cases it is advisable to tune expression levels 
of the heterologous protein down in order to not activate the UPR, as it can decrease 
secretion titers [99]. However, using the overall UPR activity to increase protein secretion 
has also been used, with a constitutive UPR induction through overexpression of the active 
form of HAC1 [131]. This resulted in a twofold increase of a native invertase levels, and a 
70 % increase of production of an α-amylase from Bacillus amyloliquefaciens, but it did not 
affect secretion of a Trichoderma reesei endoglucanase [131]. In the same study, the effect 
of UPR disruption through inactivation of the HAC1 was studied, and it showed to decrease 
secretion of the endoglucanase and the α-amylase by up to 50 and 75 %, respectively. 
Moreover, in another study the titers of a human insulin precursor and an α-amylase were 
dropping more severely by over 95 % [132]. These results indicate that the presence of an 
active UPR response can be necessary for the cells to cope with secretion stress. 

The source of the HAC1 gene for UPR induction does not necessarily need to be S. cerevisiae. 
Using the T. reesei HAC1 gene, the expression of α-amylase from B. amyloliquefaciens was 
increased 2.4-fold, and a slight increase in S. cerevisiae invertase titers was found as well 
[131]. The approach of overexpression of HAC1 also showed to be beneficial for the secretion 
of some heterologous proteins in Pichia pastoris and Aspergillus niger [120, 133, 134]. 

1.3.5. The endoplasmic reticulum associated degradation pathway 
One of the main protein quality control systems in the ER is the ER associated degradation 
pathway (ERAD). This process is always active, but its activity is vastly upregulated by the 
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UPR, while its disruption leads to constitutive UPR activation [117, 122]. In yeast, three 
distinct ERAD pathways exist, being the ERAD-M (for membrane proteins), ERAD-C (for 
cytosolic proteins), and the luminal glycoprotein (ERAD-L) pathways [135], highlighting the 
importance of ERAD for maintaining of the protein homeostasis. Considering the scope of 
this thesis, the focus will be on the ERAD-L pathway responsible for disposing soluble 
misfolded glycoproteins. A schematic overview of the ERAD key players and its connection 
with protein folding and the UPR can be found in Figure 1 of publication I. 

The degradation of glycoproteins in ERAD is regulated through recognition of the glycan 
structure on the protein. Upon entrance into the ER, the Glc3Man9GlcNAc2 glycan is 
transferred onto the nascent polypeptide and during the folding process the three glucoses 
are trimmed of. Next, the trimming step of the first mannose by mannosidase I is slow, but 
eventually it will create the Man8GlcNAc2 glycan, which acts as a signal to remove the 
glycoprotein from further folding cycles [66]. If a protein is folding very slowly or is 
misfolding while containing this glycan, its rate of ERAD degradation is increased [136]. 
From that moment, the Pdi1p/Htm1p protein complex can recognize it as an ERAD target, 
and start its ERAD-mediated clearance from the ER [137, 138]. Although Pdi1p was shown 
to assist in oxidative folding of proteins when it’s on its own, also by itself it can contribute 
to ERAD of certain substrates through its chaperone or redox activity [80]. When in complex 
with Htm1p, the ERAD targeting of misfolded proteins is initiated via a new trimming step 
by the Htm1p mannosidase, removing the terminal mannose of the C-branch, creating the 
Man7GlcNAc2 glycan [139].  

Yos9p is an ER resident lectin that has an affinity for the now available terminal α1,6-linked 
mannose residue [140, 141]. Data has shown that all these trimming and recognition steps 
are coordinated in a sequential fashion, for example, without Htm1p, Yos9p mediated 
recognition of ERAD substrates is severely diminished [139, 141]. Recognition by Yos9p 
leads to targeting of the misfolded protein towards the HRD-ligase complex, which is 
localized in the ER-membrane and which mediates retrotranslocation to the cytosol [142]. 
The core of this complex consists of Hrd1p, Hrd3p, Usa1p, and Der1p, and from these 
proteins, Yos9p binds to Hrd3p. It was suggested that Hrd3p is the complex’s subunit that 
recognizes proteins that are not in their native state and Yos9p makes this more specific by 
only targeting misfolded glycoproteins to it [143, 144]. The misfolded protein then associates 
with the close by Der1p, and it was suggested that this association leads to the insertion of 
the substrate into the translocon complex in the ER-membrane [145]. 

En route through the membrane the substrate is targeted to the ubiquitin ligase Hrd1p for 
ubiquitination. It was shown that here Hrd1p and Hrd3p work together in such a way that 
Hrd3p helps to stabilize Hrd1p and that it regulates Hrd1p’s RING domain activity [146], 
providing a coordination between the ERAD steps on both sides of the ER membrane. The 
ubiquitination step is performed by the RING domain of Hrd1p, together with the two 
ubiquitin conjugation enzymes Ubc1p and Ubc7p, that provide the ubiquitin to Hrd1p 
[122, 147–149]. Ufd1p recognizes the polyubiquitin chain, and then targets the Cdc48p/p97 
AAA-ATPase to Hrd1p [150, 151]. This complex ensures the completion of the 
retrotranslocation step by pulling the degradation substrate out of the ER membrane into 
the cytosol [147]. The exact step how the substrate finally reaches the proteasome complex 
for degradation is still unclear, but most likely there is an interaction with other shuttle 
factors mediating this step [152, 153]. Evidence for this includes the fact that before 
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degradation the cytosolic enzyme Png1p removes the glycans from the to be degraded 
protein [154, 155], and Png1p can also bind Rad23p, an ubiquitinated-protein binding 
protein that transfers those proteins to the proteasome for degradation [156]. So it was 
suggested that interplay of Png1p and Rad23p can target the ERAD substrate to the 
proteasome for degradation. 

Even though ERAD is constitutively active, it is closely connected with, and upregulated by 
the UPR [117]. The feedback between the two systems also works in the other direction, as a 
removal of essential ERAD genes leads to a constitutive induction of the UPR [117, 122]. Data 
has suggested that if the UPR is non-functional, the ERAD pathway is sufficient to clear the 
ER form misfolded proteins, under the condition that no further unusual stress is imposed 
on the cells [117, 119, 122].  

1.3.6. Exit from the ER: vesicular transport to the Golgi apparatus 
One of the critical steps in maintaining a proper ER-homeostasis is the exit of the fully folded 
proteins out of the ER for further processing, while keeping the proteins still in the folding 
process inside the ER. Most of the details of these processes are currently still not fully 
understood. In general, trafficking of cargo away from the ER towards the Golgi is mediated 
by COPII vesicles, hence the name vesicular transport. The collection and sorting of cargo 
proteins into these vesicles takes places at ER exit sites (ERES). The family of Sec proteins 
plays a vital role, starting with in the assembly of all components of the COPII-vesicles. 
Through action of the membrane bound Sec16p and Sec12p, the Sar1p protein gets recruited. 
This protein initiates the formation of the COPII vesicles by recruitment of Sec13p, Sec23p, 
Sec24p, and Sec31p, together they complete the bud formation [157, 158]. 

During vesicle bud formation, it is of great importance that cargo proteins are accurately and 
selectively recruited. For this, as part of the COPII complex, the Sec24p was found to bind 
selectively to most classes of cargo proteins, having at least three binding sites for cargo 
proteins [159, 160]. The Sec24p homologs Sfb2p and Sfb3p were shown to even increase the 
capture of cargo proteins through an overlap of binding affinity, while additionally binding 
different cargo classes [161]. However, also other methods to recruit fully folded proteins to 
the vesicles exist. For example, by unspecific recognition of folded proteins through cargo 
receptors, or cargo anchors, although only few of these have been characterized [50]. 

It has been shown that the vesicle budding from the ER is one of the processes that is 
upregulated by the UPR. An increase in transport speed is achieved through stimulation of 
COPII vesicle formation [118, 162]. This indicates that the UPR regulated reaction to regain 
a proper protein homeostasis in the ER is not just based on improving proper protein folding 
in the ER, or on more efficient targeting of misfolded proteins for degradation, but also on 
ensuring an increased transport of mature cargo proteins out of the ER in order to make 
more space. Additionally, the secretory pathway is also thought to prevent unnecessary 
activation of the UPR. Data suggests that, in the absence of stress, one of the small GTPases 
regulating ER-to-Golgi trafficking, Ypt1p, binds selectively to unspliced HAC1i mRNA [163]. 
This binding ensures that the HAC1i mRNA is effectively taken away from getting spliced 
and activated by Ire1p at the ER membrane. After being trafficked away from the ER an 
unknown process mediates the degradation of the HAC1i mRNA [164]. This makes the UPR 
and vesicular transport a double feedback loop. 
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After the vesicles are completely bud off from the ER, they move towards the Golgi apparatus 
through diffusion. Close to the Golgi apparatus, they find their target membrane through 
tethering, docking and, finally, they fuse with the Golgi membrane. Tethering to the Golgi 
requires three key players: the TRAPPI complex, and the Ypt1p and Uso1p proteins. The first 
step is the direct interaction of one of the TRAPPI subunits with the Sec23p COPII coat 
protein [165], which is mediated by action of Uso1p and Ypt1p [166]. Next, as that is 
necessary for membrane fusion, the COPII coat dissociates from the vesicle and trans-
SNARE pairs are formed to initiate membrane fusion. The SNARE proteins are most 
commonly divided into v- and t-SNAREs, for vesicle membrane and target membrane, 
respectively. The proteins contain a characteristic SNARE-motif, which is unstructured 
when they are monomeric, but forms highly stable helical bundles when they are in complex 
with each other [167]. This complex formation pulls both membranes closely together, after 
which they fuse together [168]. Finally, after fusion the cargo is delivered into the Golgi 
apparatus. 

Modification of ER-Golgi vesicular transport 
The overexpression of SLY1, a regulator the SNARE proteins involved in the Golgi 
membrane targeting step, was shown to increase the production of Bacillus α-amylase, but 
not for endogenous invertase, or for a human insulin precursor [38]. The authors suggested 
that the relative large size of the α-amylase might lead to a saturation of the folding capacity 
in the ER, for which the increase of vesicular transport away from the ER can relieve the 
folding stress. 

1.3.7. Processing in the Golgi apparatus 
After the fully folded proteins have been transferred towards the Golgi apparatus, the final 
steps in post-translational processing can be performed. One of the main processes here is 
the maturation of the glycans on N-glycosylated proteins. The existing glycan branch is 
extended with mannose residues in up to 4 consecutive steps. First, Och1p adds one 
mannose, followed by addition of ten mannose residues by the mannan polymerase I 
complex, and finally the addition of 40 mannoses by the mannan polymerase II complex 
[169, 170]. In some cases, Mnn1p, Mnn2p, and Mnn5p can even increase the mannose 
extension more extensively [171]. 

On the protein side the Golgi apparatus is where the maturation of some of the proteins 
through cleavage of their peptide chains takes place. This cleavage can for example activate 
catalytic activity, or allow a change in protein confirmation so that the protein can achieve 
binding to its target receptor. For this, the Golgi apparatus contains three resident proteases: 
Kex1p, Kex2p, and Ste13p. They all have a different polypeptide sequence recognition site, 
Kex1p is a carboxypeptidase and cleaves before arginine or lysine. Kex2p is an endoprotease 
and cleaves at arginine-arginine or lysine-arginine. Finally, Ste13p is a dipeptidyl 
aminopeptidase and cleaves at repeating X-arginine motifs [172].  

 
 
Golgi apparatus modifications in heterologous protein production 
The gene OCH1, encoding a key enzyme in the elongation of the glycan outer chain, has been 
deleted to avoid hypermannosylation of secreted recombinant proteins, either in 
combination with deletions of MNN1 and MNN4, or with deletions of MNN1 and MNN9 
[173, 174]. In the former combination, it was reported that, even though the produced 
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glycans are a mammalian-type high mannose structure, the strains were temperature 
sensitive, and showed severe growth retardation. After use of a mutagenesis technique, the 
growth phenotypes were diminished, and the mutant strains showed to be highly efficient 
secretors of luciferase and human galectin-9, while retaining the mammalian-type N-glycan 
structure [173]. In the latter study, the triple mutant also showed growth defects, but more 
importantly a significantly increase in secreted activity of three heterologous enzymes was 
measured. The authors report that this was not the result of a change in specific enzyme 
activity, but rather by an increased protein yield. Data showed that the increased secretion 
was the result of an up-regulation, unrelated to the UPR, of certain components of the 
secretory pathway, combined with a more efficient release of proteins through a decreased 
cell wall integrity [174]. 

Kex2p is a membrane bound endoprotease in the Golgi apparatus that processes the 
precursor of the mating factor α (Matα) propeptide by cleaving at its Lys-Arg sites [175]. The 
Matα sequence is often used as a secretion leader sequence for heterologous proteins, and 
processing of the Matα propeptide is often considered to be a limiting factor in obtaining 
correctly processed recombinant protein during expression. However, overexpression of 
KEX2 has given mixed results, as in one study it did not improve the yield of BPTI, but, when 
the cleavage site in the secretion signal recognized by Kex2p was optimized in the BPTI 
sequence, an increased efficiency in processing was found to be beneficial for secretion titers 
[176]. In a different study, using the Matα signal sequence with sHBsAg as the protein of 
interest, cell viability was greatly decreased when KEX2 was strongly overexpressed. In 
moderate levels, the ratio of cleaved to uncleaved protein found in the culture supernatant 
was improved, but it did not increase total secretion levels [177]. 

1.3.8. Post- Golgi apparatus processes: Exocytosis 
After maturation in the Golgi apparatus, the proteins are in their final steps of the secretory 
pathway: the vesicular transport out of the Golgi apparatus towards the cell membrane. For 
secretion of soluble proteins, this happens in so-called heavy density secretory vesicles 
(HDSV), while targeting of membrane proteins happens with light density secretory vesicle 
(LDSV) [178]. These clathrin coated vesicles travel together with motor proteins along 
cytoskeletal tracks to reach the plasma membrane. After arriving at the plasma membrane, 
fusion of the secretory vesicle is mediated through SNARE proteins located on both the 
vesicle and the target membrane. The multisubunit complex involved in this process is called 
the exocyst, but extensive research nonetheless, there is still much unknown about the exact 
molecular mechanisms involved in this last trafficking step [179]. In general, the exocyst is 
thought to form the first connection between the plasma membrane and the secretory vesicle 
[180]. This might bring the SNARE proteins on each side close enough to interact with each 
other to form the SNARE complex needed for docking [179]. For example, the Sec6p subunit 
of the exocyst is known to bind the plasma membrane SNARE protein Sec9p, associated with 
either the plasma membrane SNARE Sso1p, or with Sso1p-Snc2p (Snc2p is the 
corresponding vesicle SNARE protein) [181]. Sec9p forms a binary complex together with 
Sso1p, allowing association with the vesicle SNARE Snc2p [182]. These interactions pull the 
membranes close enough together so that membrane fusion can occur and the proteins are 
secreted from the cells. 

Improving protein secretion by modifying late vesicular trafficking components 
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Various approaches have been used to improve vesicular trafficking steps. A straightforward 
approach is to increase the amounts of the components involved in trafficking towards the 
plasma membrane. The expression of various heterologous enzymes was successfully 
increased through the overexpression of the exocytic SNARE genes SSO1, SSO2, SNC1, and 
SEC1 [38, 100, 183, 184]. Interestingly, modification of these late steps of the secretory 
pathway seemed to provide a more general improvement, as in the studied proteins with 
improved secretion ranged from an endogenous invertase and a human insulin precursor to 
enzymes from various microbial sources. 

1.3.9. Post- Golgi apparatus processes: protein sorting and 
missorting 

One hurdle often found in the secretory pathway are the alternative transport routes out of 
the Golgi apparatus that don’t lead to secretion, for example towards the vacuole. A way to 
overcome this hurdle, is to minimize trafficking towards the vacuole, as some heterologous 
proteins tend to be missorted towards the vacuole for degradation [185]. The genes involved 
in vacuolar protein sorting are called the VPS genes, and most of them have been found in 
deletion screens for abnormal vacuolar phenotypes, either in vacuolar shape, or protein 
content, and the latter phenotype is most often exemplified through abnormal secretion of 
the vacuolar protease CPY. The group of VPS genes contains currently over 60 genes, 
although not all are named with VPS. According to the Saccharomyces genome database, 
they have a wide variety of functions and roles, including sorting receptors, AAA-ATPase’s, 
nucleotide exchange factors, SNARE proteins, components of tethering complexes, and 
various other proteins without a defined function. 

Decreasing vacuolar missorting and degradation 
The main VPS protein connected with the missorting process of heterologous proteins is the 
transmembrane sorting receptor Vps10p [185, 186]. Deletion of VPS10 gene was shown to 
improve secretion of a full-length IgG and a GFP variant, for which the increase was thought 
to be a result from the suppressed diversion to the vacuole [54, 187]. However, VPS10 
deletion does not completely block missorting to the vacuole, as other pathways exist as well. 
For example, a VPS10 deletion strain did not significantly improve secretion of an insulin 
fusion protein, while deletion of VPS8, VPS13, VPS35, VPS4, and VPS36 proved to increase 
secretion titers [188]. Nine VPS genes were found in the screening of yeast deletion strain 
collection for enhanced cellulase production. From these, only deletion of VPS3 and VPS16 
also increased the production of a glucosidase [189]. This increases the evidence that also a 
lot of these deletions might have protein specific results, as structurally distinct proteins 
might be degraded in slightly different pathways. 

A different way to decrease product loss caused by the vacuole is through deletion of its 
resident proteases. The main vacuolar protease activity is encoded by the PEP4 and PRB1 
genes, especially as they are also essential for maturation of other vacuolar proteases, which 
are protein products from CPY1, CPS1, APE1, and DAP2 genes [172]. These vacuolar 
proteases can limit the yield of recombinant protein production, as they are released in the 
medium through fermentation stress or cell lysis [190]. Simultaneous deletion of PEP4 and 
PRB1 increased titers of the human interferon-β up to 10-fold [191]. However, in a different 
study with the same combination of deletions still a high extracellular degradation rate of 
the produced human serum albumin was observed. As this degradation was absent in cell-
free culture supernatant, it was suggested that it was the result of a putative cell membrane 
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bound protease, only active in acidified media, and unrelated to the vacuolar proteases [192]. 
The other vacuolar proteases have not been characterized with respect to their influence on 
heterologous protein production in S. cerevisiae. 

1.4. Antibodies: structure, folding, and formats 

Antibodies are glycoproteins that are natively produced in mammalian B-cells as part of the 
adaptive immune system. They help protect the host organism against outside threats like 
microbial pathogens by binding to them, and inactivating them either through 
neutralization or destruction. Their intrinsic properties that provide them with a very 
specific and very strong binding affinity to an antigen make them interesting for use in (bio) 
medical applications. Antibodies are for example used in human diagnostics, and in 
therapeutical applications, where they can detect and mark tumors [193]. Moreover, in 
research they are involved in a wide range of applications, like in vivo or in vitro imaging, in 
detection assays like ELISA (Enzyme Linked ImmunoSorbent Assay), and in purification or 
bioseparation applications [194]. 

1.4.1. Structures and folding of antibodies 
In most of the higher vertebrates five types of immunoglobulin (Ig) proteins are produced, 
being IgM, IgG, IgA, IgD, and IgE. From these, the properties of the IgG molecule and of its 
variants are discussed, as these are currently the most relevant for biotechnological 
production. IgG is the least complex of the Ig molecules and is the most abundant antibody 
in human serum [195], therefore it is also the most researched of the subtypes. The 
tetrameric IgG molecule has a general “Y-shape” and consists of two heavy chains (HC) and 
two light chains (LC) (see Figure 3 for a representation of the IgG structure and its domains).

 

Figure 3 Full-length IgG structure and domains plus derived recombinant antibody formats. The full-length 
IgG molecule is divided into the constant crystallizable fragment (Fc) and the variable antigen binding domain 
(Fab). The variable (Fv) part consist of the variable domains of the heavy and light chain (VH and VL). The 
derived fragments shown are the scFv fragment, the Fab fragment, and the scFv-Fc fusion protein. Blue boxes 
represent the constant regions, and red boxes represent the variable regions.  

One end of the fold holds three loops which contain the hypervariable sequences of the 
antibody that varies between different antibodies and so gives rise to their specific binding 
affinity to an antigen. It is important to note that the N-terminus and C-terminus are at 
opposite sides of the fold, so that they can be connected together to form the light and heavy 
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chains of the antibody [196]. Because of the high variability in amino acid composition in 
the ends of HC and LC, the N-terminal parts have been named variable domains (VH and VL 
for the HC and LC variable domains, respectively). Parts of the hypervariable regions of 
these variable domains are the complementarity determining regions (CDR), and these are 
the regions where the antibodies bind to their antigen. Both VH and VL contain three CDRs, 
and together they constitute the paratope of the antibody. 

The full length antibody molecule consists of two regions, the constant crystallizable 
fragment (Fc), and the antigen binding part, which are connected by the hinge region of the 
antibody (Figure 3). The antigen binding part can be divided into the antigen binding (Fab), 
and the variable (Fv) fragments. The main role of the FC domain is to stabilize the antibody, 
and to interact with natural killer (NK) cells for antibody dependent cell mediated toxicity. 
Four classes of IgG molecules (IgG1-4) exists, which structurally vary in the size of the hinge 
region and in the number of inter HC disulfide bonds [195]. Like all the other types of Ig 
proteins, the IgG is a glycoprotein, and the glycans are important for its function. It has been 
shown that removal of the glycan that is most conserved between the different Ig types, at 
location Asn 297 in the CH2 domain, does not influence antigen binding, antibody stability, 
or plasma clearance [197]. However, the CH2 domain was shown to be destabilized and 
therapeutically critical Fc effector functions, like the Fc-ligand interaction required for the 
clearance of aberrant cells, were lost [197, 198]. 

With several domains that need to be assembled, together with crucial disulfide bond 
formation, the folding of a fully functional IgG molecule is a difficult process. The LC can 
fold independently from HC molecules, and folded LC have also been shown to be secreted 
separately, without assembling with the HC [199]. The HC however cannot complete its 
folding process by itself and is thus retained in the ER until it finishes folding after 
association with the LC. This is mediated by a stable binding of the intrinsically disordered 
CH1 domain with the ER chaperone BiP (in yeast the protein is named Kar2p). Since the HC 
does not undergo the normal cycles of binding and release from BiP, the incompletely 
oxidized HC is retained in the ER by this interaction [200]. The presence of folded LC 
molecules is necessary to trigger the release of BiP. So that after forming the covalent linkage 
with the cysteines in the HC, folding can be completed [201]. This association with LC also 
enables the rate-limiting isomerization of the proline residues in one of the hinge regions of 
the HC, making it overall the slowest step in antibody folding [202]. 

1.4.2. Antibody formats 
The IgG molecule has been engineered into various antibody formats for different 
applications, from which the Fab fragment, the single chain variable fragment (scFv), and 
the scFv-Fc fusion antibody are shown in Figure 3.  

The Fab fragment consist of the first constant and the variable domains of both the heavy 
and the light chain fragment (Figure 3). Originally, Fab fragments were generated through 
proteolytic cleavage in the hinge region of a full-length IgG molecule [203]. However, 
proteolytic generation of Fab fragments is a hard-to-control process, as protocols need to be 
optimized for each different antibody, and not all proteases are able to cleave all classes of 
antibodies. For that reason the DNA sequences corresponding to the Fab components have 
been isolated, and the genes for HC and LC parts of Fab have been expressed independently 
from each other. Their protein products assemble into the Fab heterodimer, aided and 
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stabilized by the formation of disulfide and hydrogen bonds [204]. Compared with the full-
length IgG, Fab retains specific binding to its target, with an increased tissue penetration. 
They have been used also for so-called “immunosilent” targets, which cannot be reached by 
conventional full-length IgG molecules, because the target space is too small. Examples are 
small cavities in enzymes, or hard to reach antigens hidden in membrane canyons [205]. 
Alternatively, Fab fragments are used to treat poisonings with potent low mass poisons. The 
current main use is against poisoning with digoxin, and immediately after administration of 
the drug the Fab fragments bind the free digoxin, preventing the poison from binding to its 
target sites. The antibody fragment-toxin complex is then readily secreted in the urine [206]. 

The scFv fragment is the smallest IgG antibody fragment possible with functional antibody-
antigen binding properties. This type of antibody fragments has partially been developed to 
enable the production of antibody fragments with fully functional antigen binding properties 
in prokaryotic systems, for a convenient production and screening of antibody variants. The 
fragment is composed of the variable regions of the heavy and light chains (Figure 3, VH and 
VL, respectively) joined together by a flexible polypeptide linker (Figure 3). Various 
expression hosts have been shown to be able to generate the scFv fragments for isolation or 
using surface display, making it an economically interesting alternative as functional 
fragments can even be produced in relatively inexpensive hosts like the bacterium E. coli 
[207]. In applications, the small size and compact structure offer a more rapid, and more 
even penetration of tissues and tumors, when compared with the full-length IgG molecules 
[208]. The fact that they show a more rapid clearance proves to be beneficial for when the 
fragments are fused together with drugs, as the exposure of healthy tissue to the drugs is 
lowered [209]. 

The scFv-Fc fusion protein is another variant of the full-length IgG molecule, where the scFv 
fragments are genetically fused to the Fc part of the antibody (Figure 3). The presence of the 
additional Fc part increase the bioavailability of the protein, as through Fc-receptor 
mediated recycling the serum half-life is greatly increased compared to the scFv fragment 
[210]. This fusion approach increased for example the potency of one anti human 
Interleukin-33 antibody in the treatment of allergies [211]. Also, it enabled standard 
antibody mediated protein purification processes through recognition of the Fc region, 
comparable to what can be used with full IgG molecules [212]. The great benefit is that the 
expression and folding process is simplified as assembly of the scFv-Fc fusion protein 
molecule only requires the homodimerization of one type of polypeptide chain, and thus 
only a single new gene needs to be introduced into the host organism for expression [212]. 

1.5. Recombinant antibody production 

The wide range of applications of antibody products in diagnostics, treatment and research 
have created a high need for large amounts of these molecules. In the past three decades, 
over 22 % of all yearly biopharmaceuticals approved by the FDA were monoclonal antibodies 
[213, 214]. Looking at sales values, the whole biopharmaceutical product market is having a 
turnover of at least 100 billion US dollar, of which the top blockbuster antibody product 
Humira had 11 billion US dollar in sales in 2013 [213]. As such, there is a clear interest in the 
development and improvement of new and existing expression platforms for the production 
of recombinant antibody products. In the pharmaceutical industry the most dominant 
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expression hosts are currently mammalian systems, in particular Chinese hamster ovary 
(CHO) cells. The market share of approved biopharmaceutical products in the last two 
decades is over 50 % for all mammalian cells, and over 60 % of the mammalian production 
is with CHO cells [213]. However, there is a clear interest and scientific research into other 
expression hosts, such as bacterial, fungal, and plant-based expression platforms, which 
might increase product yields and quality, and ease downstream processing operations 
[215]. 

1.5.1. Mammalian cell systems as a native host 
As antibodies are from origin proteins produced in mammalian cells, the most efficient 
antibody production systems to date are mammalian cell systems, which can reach 
commercially very interesting titers of up to 10 g/L of antibodies [216]. For example, CHO 
cells, human embryonic kidney (HEK) cells, and hybridoma cell lines are most commonly 
used for industrial production of therapeutic antibodies. Most important, these systems 
provide proper posttranslational modifications, like human-like N-glycosylation, for 
effective use in human treatment. Additionally, they also show a high production capacity 
with an attractive yield that can be easily collected from the culture supernatant. However, 
there are also downsides to these mammalian cell factories. Cultivation can be a big issue, 
as the cells grow slowly and need expensive, complex media, while the cultivations are 
threatened by contamination from microbial or viral sources [217–219]. 

CHO cells are currently still the most used cell type, covering about 70 % of industrially 
produced recombinant therapeutic proteins, and they have been in use since the first 
approved recombinant biopharmaceutical in 1986. Thanks to intensive research, they are 
the most optimized system available, reaching titers of up to 10 g/L for full-length 
antibodies, and even up to 13 g/L for Fc-fusion proteins [216]. HEK cells are more suitable 
for quick processes, as transiently transformed HEK cells are able to produce the antibodies 
within days, compared with extensive cloning and screening methods needed for CHO cells. 
These transient cell lines are relatively productive and production levels of up to 0.6 g/L 
have been reported for an scFv-FC antibody fragment [220]. The fact that these cell lines are 
easily scaled up to 150 liter production volumes makes them very suitable for as well 
screening of antibody variants, as for the production of grams of antibodies.  

Many scientific studies have worked to improve the mammalian cell systems as an 
expression host. On one hand, research has targeted mostly the gene expression process and 
on the other hand the protein folding and secretion processes has been studied. On the 
expression side, one of the main problems is that these cell types yield a highly 
heterogeneous population after DNA transformation. However, in order to comply with 
production standards, one single clone needs to be selected for homogeneous industrial 
production cultivations. As the specific productivity and viability between cells varies highly, 
selection procedures are needed to select the best performing clones. For this, mostly 
automated screening setups using flow cytometry and cell sorting have been used [217, 221]. 
On the other side, extensive genetic engineering has been employed in order to improve the 
maximum specific productivity of the clones. Part of the cellular response to a high load of 
unfolded proteins is the overexpression of chaperones and folding enzymes. Various 
approaches have mimicked this response through overexpression of chaperones, and for 
PDI, ERO1L, and Erp57 this has led to an increase in product yield. The chaperone BiP is 
widely overexpressed in the native unfolded protein response, but its engineered 
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overexpression has not led to increased yields [222]. Also, an increased activation of the 
general stress response UPR has proven be successful. This was achieved through 
overexpression of the transcription factor XBP1-s, which showed to impose a generic 
increase of capacity of the secretory pathway, having a positive effect on the secretion levels 
of various recombinant proteins [55]. However, it was pointed out in a second study that its 
overexpression only increased yields in transient cell lines, and not in stable expression 
lines, indicating that in some stable cell lines the secretory pathway might not necessarily be 
the limiting factor for production titers [223]. In the aspect of product quality, glycosylation 
has been scrutinized, as changes in glycan structure compared to human glycan structures 
can induce an immunogenic response when present in high amounts. Overexpression or 
deletion of various glycosyltransferases has increased structural homogeneity, and enabled 
closer mimicking of human structures through removal of non-human sugars and extension 
of the glycan structures natively produced in CHO cells [224, 225]. 

Emerging antibody production platforms  
Various production platforms have been developed in order to find the most user-friendly 
and cost-effective production system, or in order to easily study various processes involved 
in production of the antibody proteins. The organisms used vary from prokaryotic platforms, 
like the most used bacterium Escherichia coli, to eukaryotes like the yeast Pichia pastoris, 
and even plant systems like the tobacco plant Nicotiana tabacum have been developed. 

1.5.2. Prokaryotic hosts: Escherichia coli  
Some of the limitations of native prokaryotic expression systems are the absence of a proper 
oxidative folding environment, like the ER in eukaryotic cells, and the absence of 
posttranslational modifications, like glycosylation, this limits the complexity of recombinant 
proteins that can be produced and secreted efficiently. For that reason E. coli has been 
mostly used for the production of ScFv fragments, with various approaches available to 
increase the yield of functional fragments. Production of antibody fragments in the 
cytoplasm yields most often non-active aggregates because of the reducing conditions 
present. Additionally, it has been shown to be inefficient to recover active antibodies through 
complete denaturation of the aggregates from inclusion bodies, followed by in vitro 
refolding [226]. One approach that yields functional antibody fragments has been the 
targeting of the protein of interest towards the periplasmic space. This oxidizing 
environment was shown to be sufficient for correct folding and assembly through disulfide 
bond formation of Fab fragments [227]. This means however that most Fab fragments need 
to be isolated from the E. coli periplasmic fraction. Other approaches to increase the yield of 
functional antibodies on a cellular level has been through the overexpression of chaperones 
and folding enzymes like GroES/L and the PPIase FkPa [228, 229]. On the other hand, an 
over 100-fold increase in titers can be achieved by scaling up from shake flask experiments 
to bioreactors. In bioreactors very high cell densities can be reached which helps increase 
production titers in a similar fashion. 

In order to improve the bacterium for recombinant protein production, there has also been 
extensive research into engineering the E. coli for more favorable oxidative folding 
conditions. The commercially available CyDisCo system allows the formation of native 
disulfide bonds of heterologous proteins in the cytosol, through expression of a disulfide 
bond forming enzyme, for example the sulfhydryl oxidase Erv1p [230, 231], often 
accompanied by a disulfide bond isomerase like PDI. Screening of this system for the 
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production of correctly folded scFv and Fab fragments derived from a wide range of antibody 
types, showed an over 90 % success rate. Ten of the scFv, and ten of the Fab fragments tested 
yielded titers of over 5 mg/L in deep-well plates, and similar concentrations for a selection 
of tested antibodies in 25 mL cultures in shake flasks [232]. 

However, even with the native unfavorable oxidative protein folding conditions in E. coli 
there is actually data available for the production of a fully folded full-length IgG molecule. 
In this study, Makino and colleagues used a high throughput screening of random 
mutagenized strains combined with an optimization of translation initiation and expression 
of molecular chaperones [233]. This approach enabled them to produce the IgG molecule 
with titers of up to 4 mg/L. Although these titers are far from commercially interesting, they 
could be used for the rapid expression and analysis of libraries of antibodies in antibody 
discovery programs.  

Another approach for the production of full-length IgG molecules with E. coli was done using 
so-called cell-free protein synthesis systems. Here, cell extracts of rapidly dividing E. coli 
strains are prepared for in vitro antibody synthesis. The removal of cell walls gives a precise 
control over cellular reaction parameters which affect protein folding and stability, and that 
can’t be controlled in cell cultures like pH, redox potential, and ionic strength, [234, 235]. 
This also enabled the addition of separately produced helper proteins like folding enzymes 
and chaperones. For example, it was found that the addition of the E. coli PPI FkpA and the 
yeast Pdi1p increased titers of IgG molecule trastuzumab up to 1.6 and 1.4 times, respectively 
[236]. Overall, the cell free systems were shown to be able to produce relatively high titers 
in a milligram per milliliter scale in very small scale experiments, but concerns are that costs 
and complexity of putting together the components of the cell-free systems make them not 
suitable beyond lab scale. 

1.5.3. Eukaryotic hosts: Yeasts and fungi 
Yeast production systems 
Yeasts and fungi provide more possibilities for the production of recombinant antibody 
fragments than bacteria, as the eukaryotic cell is a more suitable production environment. 
The major yeast currently used for recombinant antibody production is the methylotrophic 
yeast Pichia pastoris. Its advantages are a good capacity for the production and secretion of 
recombinant proteins, while it does not secrete a large amount of endogenous proteins, 
decreasing the complexity of protein purification steps [237]. Additionally, the yeast favors 
a respiratory growth, and in optimal bioreactor processes this can result in very high cell 
densities of over 130 g/L cell dry weight. Recombinant protein production is predominantly 
driven by the alcohol oxidase 1 promoter, which is induced by the presence of methanol, an 
inexpensive carbon source which can also be used for growth by P. pastoris [237]. However, 
strain improvement is still necessary for achieving higher secretion titers, as for the 
expression of a Fab it was shown that only 35 % of the target protein was secreted into the 
culture medium. A small amount (7 %) was inherited to daughter cells, but up to 58 % of the 
Fab fragment was shown to be degraded in the cells [238]. A follow-up study showed that 
this degradation took place both by the proteasome and in the vacuole [239], indicating that 
secretion titers can be improved with comprehensive strain engineering. Currently, two 
antibody fragments produced by P. pastoris are available commercially [219]. Nanobodies 
ALX-0061 and ALX-0171 are produced by the Belgian company Ablynx, and are used in the 



Introduction 
 

34 
 

treatment of rheumatoid arthritis and respiratory syncytial virus infection, respectively 
[240, 241]. 

Looking at scFv fragments, strain engineering by overexpression of the chaperone BiP 
doubled previously established titers of a functional scFv fragment from 4 g/L to over 8 g/L 
in benchtop bioreactors [242]. However, there is a lot of data available that points out that 
yields tend to decrease when the complexity of the antibody fragments increases [218, 243]. 
For example production of Fab fragments against the high affinity IgE receptor reached 
titers around 40 mg/L in shake flasks [244], while the highest titers in fermenters reached 
around 400 mg/L [245]. One studied reported a direct comparison of the production of a 
scFv-Fc fusion protein produced by P. pastoris and produced by CHO cells. In this case, P. 
pastoris was outperformed by the CHO cells, with final titers of 12.3 and 159.4 mg/L, 
respectively [246]. Early studies in 1999 into producing active full-length antibodies in P. 
pastoris using shake flasks reached up to 36 mg/L of a functional murine monoclonal 
antibody against dioxin [247]. In contrast to this, optimization of the production process has 
proven to be successful for the production of full-length antibody molecules. Potgieter et al 
studied antibody secretion kinetics and produced in optimal conditions over 1.5 g/L IgG in 
40-L bioreactors, using a fed-batch protocol [248]. 

The progress in recombinant antibody production in S. cerevisiae is not as far advanced yet 
as in Pichia pastoris. One early study reported the secretion of a functional mouse-human 
chimeric antibody and its Fab fragment from this yeast in 1988, with titers in the range of 
50-80 and 100-200 μg/L, respectively [249]. However, most research on scFv fragment 
expression showed that secretion titers remained low, because the antibody fragments were 
retained intracellularly either in the ER, or rerouted to the vacuole for degradation [76, 250]. 
It was shown that high levels of intracellular scFv led to an activation of the UPR, followed 
by a decrease of scFv levels, although the decrease in intracellular levels was not leading to 
an improved secretion [76]. This indicates that it could be beneficial to adjust expression 
levels in such a way that the UPR is not activated in order to increase secretion titers [76, 
129]. In line with this, expression of selective parts of the UPR regulated genes, most often 
chaperone expression levels, were mimicked in order to obtain higher secretion titers. For 
example, overexpression of the chaperone Kar2p and a rat PDI showed to increase titers 2- 
to 8-fold for five different scFv’s, with titers up to 20 mg/L in shake flasks, showing also a 
synergistic effect in co-overexpression of Kar2p and the rat PDI [98]. Similar results were 
found in a follow-up study where production titers were increased up to 10-fold [251]. In 
both works authors hypothesized that the positive effect was a result of preventing unfolded 
scFv of becoming a target for intracellular degradation pathways. One completely different 
approach to increase scFv expression was engineering of the secretory leader. This strategy 
proved to be useful, as one of the mutants screened improved scFv secretion up to 16-fold 
[187]. The new secretory leader showed to be useful as well for expression of full-length 
antibody, as its secretion was increased 25-fold, with an additional 1.6-fold secretion 
through overexpression of Pdi1p. Final full length IgG titers reached 1.5 to 9 mg/L in this 
study [187]. 

Engineering of Glycosylation in yeasts 
One of the downsides of using yeasts is that they tend to hyperglycosylate their 
(glyco)proteins, while additionally they can glycosylate the proteins at positions not 
normally found in the native mammalian host [218]. This is unfavorable because it can 
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decrease the efficiency and effectivity of the glycoprotein when used for human treatment. 
However, for both P. pastoris and S. cerevisiae extensive work is done on creating 
glycoengineered strains with humanized glycans [252–257]. In both the engineering 
strategies employed by the company GlycoFi, and in the commercially available 
GlycoSwitch® platform, the P. pastoris modifications start with the disruption of the OCH1 
gene, encoding the endogenous glycosyltransferase och1p, followed by the (stepwise) 
addition of heterologous glycosylation genes, based on which terminal glycan structure is 
required [254, 258]. 

Zhang and colleagues compared a glycoengineered P. pastoris produced biosimilar to the 
breast cancer drug trastuzumab (that was produced in CHO cells) [259]. Their data showed 
that the yeast produced biosimilar could meet the properties of the commercial produced 
drug in a full spectrum comparison of a preclinical evaluation [259]. Other data has shown 
that full length IgG1 produced in wild type P. pastoris strains had a two to three times faster 
clearance in mice compared to CHO cell produced IgG. When the same IgG was produced 
in a glycoengineered strain, the clearance was comparable to CHO cell produced antibodies, 
while maintaining its antigen-binding affinity [260]. Li and colleagues even showed that by 
tailoring the specific glycan structures on the expressed IgG improvement of the therapeutic 
efficacy of the monoclonal antibodies is possible [257]. However, so far no glycoengineered 
strains are yet available that contain a 100 % homogenous glycan moiety on all 
glycoproteins. As discussed above, a different approach to circumvent glycosylation 
heterogeneity or glycosylation at unwanted locations is the production of aglycosylated IgG 
molecules. The anti-interleukin-6 antibody clazakizumab has successfully been produced in 
P. pastoris, and it has been undergoing clinical trials in treatment of cancer and rheumatoid 
arthritis patients [261, 262]. 

One early example of the glycoengineering of S. cerevisiae involved overexpression of an α-
1,2-mannosidase in a triple MNN1/MNN4/OCH1 deletion. The strain was shown to produce 
the Man5GlcNAc2 glycan, amongst other high mannose glycans [263]. A more recent 
approach revolved around the modification of an alternative glycan structure to be 
transferred from the dolichol donor to the nascent polypeptide, starting with the deletion of 
ALG11 and ALG3, which prevents the glycans from maturing beyond the Man3GlcNac2 
structure. An artificial flippase and a protozoan OST were expressed in the Δalg3Δalg11 
strain in order to get the glycan donor onto the proteins, followed by addition of two GlcNAc 
residues through human GlcNAc transferase I and II, targeted to the Golgi apparatus [252]. 
The study faced problems in heterogeneity of the produced N-glycans, possibly caused by 
residual glycosyltransferase activity. The homogeneity of the glycans was improved in a 
follow-up study through deletion of MNN1 and the targeting of a UDP-GlcNAc transporter 
from Kluyveromyces lactis to the Golgi apparatus [253]. However, further optimization of 
the glycosylation pathway is necessary in order to obtain a completely homogenous glycan 
signal suitable for the industrial production of therapeutic proteins. 

Besides from these examples in the two main yeast expression organisms, production of 
antibody fragments has also proven to be possible in non-conventional yeast strains like 
Hansenula polymorpha, Schizosaccharomyces pombe, Kluyveromyces Lactis and 
Yarowia lipolytica [217, 218]. However, these are only minor attempts with low titers and 
will not be discussed further. 
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Fungal production systems 
Filamentous fungi have been widely used for expression of recombinant proteins in 
biotechnology, as they are natively secreting high amounts of proteins. For example strains 
from Trichoderma and Aspergillus have shown their use in recombinant protein production 
processes. 

Trichoderma reesei has had extensive research on its potential to secrete recombinant 
proteins, and Nyysönen and colleagues have focused on expression of antibody fragments. 
In their study they increased production titers of Fab antibody fragments from 1 mg/L to 
40 mg/L in shake flasks and to even 150 mg/L in bioreactors, by fusion of the Fab HC to the 
T. reesei cellulase CBHI [264, 265]. After secretion the Fab fragment could be released from 
the fusion protein by an extracellular protease, yielding a normal functional Fab fragment. 
Later studies focused on creating improved T. reesei production strains through deletion of 
secreted proteases. Deletion of 7 proteases decreased general protease activity by 96 %, 
leading to no detectable degradation of an antibody standard incubated in the six protease 
deletion strain’s supernatant [266]. These protease deficient strains were reported to be able 
to produce full-length antibodies up to 7.6 g/L, and Fab fragments even up to 8.2 g/L [267, 
268], making them interesting industrially relevant alternatives to mammalian production 
systems. 

From the genus Aspergillus, A. niger and A. awamori are used for antibody fragment 
production. Also in A. awamori the fusion of the scFv fragment to a native carrier protein 
has been used [269–271]. Here, it was shown that the addition of the glucoamylase fusion 
protein increased titers of a scFv fragment in shake flasks from 10 to 50 mg/L, while scale 
up to fed-batch fermentations increased titers to 200 mg/L [271]. An optimization study in 
a stirred tank reactor reached over 100 mg/L when induction was started in the late-
exponential phase [269]. The production of glucoamylase fused antibody fragments showed 
to be more efficient in A. niger. Ward et al. compared the production of the antibodies 
trastuzumab and apolizumab in this organism, and shake flask experiments produced 0.9 
and 0.2 g/L, respectively [272]. An aglycosylated version of trastuzumab, through an A297Q 
mutation, was less productive at 0.1 g/L, while its Fab fragment reached 1.2 g/L. The 
Aspergillus produced antibody showed no significant differences to the mammalian 
produced one, when compared for affinity, binding strength, pharmacokinetics, or effector 
functions using in vitro studies. However, no clinical studies at any stage have been reported 
at this point [272]. 

1.5.4. Eukaryotic hosts: plants and plant cell suspension systems 
Also plant systems have been developed for the production of monoclonal antibodies, as they 
as well exhibit some interesting traits. They are found to provide an easy production process 
with a cost attractive yield and a high production capacity, which gains an increased value 
through the possibility for unlimited scale up for stable transgenic plant lines. For this, an 
increase of land for cultivation is the main factor for scale-up, without the need of 
adjustment of production parameters, as is the case in mammalian and microbial 
fermentations. Furthermore, there is an improved viral safety when compared with 
mammalian cells, and production levels stay uniform through the generations. However, as 
described before with the other systems, also here glycosylation and other posttranslational 
modifications can cause inconveniences, but during the last two decades many 
glycoengineering approaches have been reported [273–276]. Additionally, using plants a 
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specific risk of contamination through soil bacteria or pollen dissemination is present [277]. 
With respect to humanized glycosylation, the mammalian GlycoDelete system has recently 
also been introduced into Arabidopsis seeds, and it proved to be efficient in creating a 
suitable glycan species on a heterologous expressed protein [276]. 

The locations of accumulation of the recombinant proteins vary between species, for 
example rice, maize, and soybean produce and accumulate the proteins in their seeds. 
Whereas systems like tobacco and alfalfa accumulate the recombinant protein in their 
leaves, which makes them interesting as they have a high amount of easily accessible leaf 
biomass [277]. Overall, there has been significant progress in plant based expression 
systems of therapeutic antibodies and some of the products have even reached advanced 
(pre)clinical trial stages of development [278]. One of the products that reached preclinical 
studies was a novel afucosylated version of the anti-CD20 monoclonal antibody rituximab 
named BLX-300 [279]. The product was produced using the small aquatic plant Lemna 
minor, which was optimized for N-glycosylation through the expression of RNAi constructs 
[274]. Gasdaska and colleagues showed that target cell binding and apoptosis induction were 
similar to the original rituximab, while effector functions suggested that BLX-300 might 
possibly be more effective and potent than the original [279]. 

N. tabacum has been successfully used to produce an HBsAg-specific antibody [280]. This 
antibody is directed against the hepatitis B surface antigen and can thus be used for 
immunopurification of this antigen for the preparation of vaccines. The production 
efficiency reached on average 25 mg of antibody/kg of plant biomass, with a purity of over 
90 % after processing of the tobacco leaves [280]. The purified product was then successfully 
used for the immunopurification of recombinant HBsAg, with comparable efficiency to a 
mouse-derived homolog [281]. The production of the antibody has been approved by the 
Cuban regulatory authority and is currently produced by the Centre for Genetic Engineering 
and Biotechnology in Havana, Cuba [282]. 

Besides the use of full plants for the production of recombinant proteins, there has also been 
an interest in the use of plant cell suspension cultures. The production can be achieved 
through either inoculation of cultures from stable transgenic plants or by transforming wild-
type cells that are already growing in suspension. Although many recombinant proteins have 
been produced in cell lines from various plants, antibodies were mostly produced in N. 
tabacum BY-2 tobacco cells, where one of the advantages of cell suspension cultures versus 
whole plant production was that the cells produced almost no nicotine [283]. Examples are 
the production of the full size anti-HIV antibody 2G12 at 8 mg/L in seven days [284], and 
up to 15 mg/L of the monoclonal antibody against HBsAg in ten days [285]. In general, the 
plant cell suspension cultures show similar limitations to scale-up in bioreactors as what is 
known from mammalian and microbial fermentations. However, a recent study showed that 
a scale up from shake flasks to a 200-L orbitally shaken bioreactor did not change the yield 
parameters in the production of the human monoclonal M12 antibody using BY-2 cells. In 
both conditions, antibody yields of 20 mg/L were achieved, with an efficient recovery and 
purification process available [286]. 
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2. Aims of the thesis 

The yeast Saccharomyces cerevisiae has been successfully employed to manufacture a wide 
range of products like biofuels, small molecules, and therapeutic proteins. However, for 
many recombinant proteins secretion turned out to be inefficient and product titers 
remained low. In this thesis we work on the development of S. cerevisiae as an antibody 
factory to increase its value for use in therapeutic protein production. The aims of this thesis 
are to gain more insight in factors that influence the production of recombinant antibodies 
in the yeast S. cerevisiae, and, where possible, to use the found insights to create strains that 
have an increased secretion of a full-length IgG antibody.  

First, we aim to identify possible bottlenecks in IgG secretion by selecting a number of genes 
encoding proteins along the secretory pathway for screening. From these, we selected the 
most suitable cellular environment for a more extensive screening, the ER folding 
environment. The production of recombinant proteins induces many changes in the cells, 
and the unfolded protein response is the main stress response activated when the burden of 
unfolded proteins in the ER becomes too high. One aim in this thesis is to see if parts of the 
UPR can be selectively used to increase the IgG production capacity of S. cerevisiae. 
Therefore, we investigate the effects of both the overexpression of selected proteins that are 
catalyzing folding steps, as well as of the deletion of selected genes encoding proteins 
involved in different steps of the ER associated degradation pathway. 

However, targeted approaches of strain engineering are limiting in their possibilities, as they 
require knowledge about the function of the studied genes with respect to recombinant 
protein production. For this reason, one goal of this thesis is to develop a high-throughput 
screening method that can be utilized to identify genes which influence IgG secretion. We 
test the approach by screening a random deletion strain library generated by transforming 
a transposon inactivated genomic library of yeast DNA. 

Finally, the production of recombinant proteins has often been observed to impose a 
metabolic burden to the cells, as the production of recombinant proteins requires the 
reallocation of cellular resources towards protein synthesis. One goal of this thesis is to gain 
insights in the effects of recombinant protein production on a metabolite level using a 
targeted quantitative metabolomics approach. 
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3. Materials and methods 

In this section a brief summary of the materials and methods used in this thesis is given, the 
more detailed descriptions of the work done can be found in the publications in the 
appendix. 

3.1. Yeast strains  

Table 1 Yeast strains used in this thesis 
Strain Parental 

strain 
Genotype or genetic modification from parental strain Source 

SS328 N/A Matα ade2-101 his3Δ200 lys2-801 ura3-52 Article I, IV 
W303α N/A Matα leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 Article II, III 
YJR043 SS328 hrd1Δ::kanMX6 with pEK5(Ura3) Article I 
YJR044 SS328 yos9Δ::kanMX6 with pEK5(Ura3) Article I 
YJR045 SS328 hrd3Δ::kanMX6 with pEK5(Ura3) Article I 
YJR046 SS328 ubc7Δ::kanMX6 with pEK5(Ura3) Article I 
YJR049 SS328 htm1Δ::kanMX6 with pEK5(Ura3) Article I 
YJR050 SS328 pEK5(Ura3) Article I 
YJR051 SS328 alg3Δ::kanMX6 with pEK5(Ura3) Article I 
YJR102 SS328 ire1Δ:: natNT2 with pEK5(Ura3) Article I 
YJR103 SS328 hrd1Δ::kanMX6, ire1Δ::natNT2 with pEK5(Ura3) Article I 
YJR104 SS328 hrd3Δ::kanMX6, ire1Δ::natNT2 with pEK5(Ura3) Article I 
YJR105 SS328 htm1Δ::kanMX6, ire1Δ::natNT2 with pEK5(Ura3) Article I 
YJR106 SS328 ubc7Δ::kanMX6, ire1Δ::natNT2 with pEK5(Ura3) Article I 
YJR109 SS328 yos9Δ::kanMX6, ire1Δ::natNT2 with pEK5(Ura3) Article I 
YJR110 SS328 alg3Δ::kanMX6, ire1Δ::natNT2 with pEK5(Ura3) Article I 
YEK17 W303 his3Δ::natNT2::(HC+LC of anti CD-20 antibody) Article II 
YEK18 W303 his3Δ::natNT2::(HC+LC of anti CD-20 antibody) opi1Δ::loxP Article II 

3.2. Media and culture conditions 

Yeast strains were grown in rich, minimal, or synthetic drop out (SD) medium. Rich media 
contained 1 % yeast extract, 2 % peptone, and 2 % glucose or galactose, making it YPD or 
YPGal respectively. Minimal media contained 0.67 % yeast nitrogen base without amino 
acids (YNB) and 2 % glucose or raffinose, with supplementation of necessary amino acids. 
SD medium was minimal medium supplemented with the drop-out mixture lacking the 
appropriate amino acids. To induce protein production under control of the galactose 
inducible promoter, 40 % galactose was added at the appropriate time point to a final 
concentration ranging from 0.5 to 4.0 %.For screening experiments, cultures were grown in 
deep-well plates in 1 mL volumes. Shake flask cultivations were done in either 10 mL 
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volumes in 100 mL flasks or 30 mL volumes in 250 mL flasks. Growth curves were measured 
in microtiter plate format, either in the Bioscreen analyzer (Growth curves Ltd., Finland) or 
in the Eon Microplate Spectrophotometer (BioTek, Winooski, USA). 

3.3. Plasmids 

Table 2 Protein product expression plasmids used in this thesis 
Name Promoter Gene information Marker Source 
pEK5 GAL1 pho5-C2B8-lc and pho5-C2B8-hc URA3 Article I, 

III 
pEK6 GPD pho5-C2B8-lc and pho5-C2B8-hc URA3 This thesis 
pEK12 GAL1 pho5-C2B8-lc and pho5-C2B8-hc, with NatNT2, HIS3 

locus integrative 
URA3 Article II 

pAF3 TEF pho5-C2B8-lc and pho5-C2B8-hc URA3 This thesis 
pAX538 GAL1 Matα wt-HyHel-HC and Matα wt-HyHel-LC URA3 Article IV 
pAX512 GAL1 Matα wt-HyHel-Fv-Fc URA3 Article IV 
pAF10 GAL1 Matα wt-HyHel-scFv URA3 Article IV 
pAX469 GAL1 Pho5-HIS URA3 Article III 

pDEP17 Cyc1 
(4XUPRE) 

NdegY-GFP, integrative into TRP1 locus of W303 
derived strains  

TRP1 Pincus et 
al., [77], 
Article II 

Table 3 Molecular chaperone, folding factor, and transport protein expression plasmids used in this 
thesis. The source of the plasmids is Article II, excluding the plasmids marked with (a), for which the 
source is this thesis. 

Name Promoter Gene  Marker  Name Promoter Gene  Marker 
pJR001 TEF PDI1 LEU2  pJR030 PDI1 CPR5 LEU2 
pJR002 GPD PDI1 LEU2  pJR032 KAR2 ERO1 LEU2 
pJR003 GAL1 PDI1 LEU2  pJR033 KAR2 PDI1 LEU2 
pJR004(a) TEF SSO1 LEU2  pJR035 TEF PDI1 URA3 
pJR005(a) GPD SSO1 LEU2  pJR051 GPD CPR5 URA3 
pJR006(a) GAL1 SSO1 LEU2  pJR056 GAL1 LHS1 URA3 
pJR007 TEF ERO1 LEU2  pJR057 GPD LHS1 URA3 
pJR008 GPD ERO1 LEU2  pJR058 TEF LHS1 URA3 
pJR009 GAL1 ERO1 LEU2  pJR063 TEF LHS1 LEU2 
pJR010(a) TEF SLY1 LEU2  pJR065 KAR2 LHS1 LEU2 
pJR011(a) GPD SLY1 LEU2  pJR066 GAL1 SIL1 URA3 
pJR012(a) Gal1 SLY1 LEU2  pJR067 GPD SIL1 URA3 
pJR013(a) TEF SEC1 LEU2  pJR070 KAR2 SIL1 URA3 
pJR014(a) GPD SEC1 LEU2  pJR071 Gal1 SIL1 LEU2 
pJR015(a) Gal1 SEC1 LEU2  pJR074 PDI1 SIL1 LEU2 
pJR016 TEF CPR5 LEU2  pJR075 KAR2 SIL1 LEU2 
pJR017 GPD CPR5 LEU2  pAF4 GPD KAR2 LEU2 
pJR018 GAL1 CPR5 LEU2  pAF5 TEF KAR2 LEU2 
pJR021 PDI1 PDI1 URA3  pAF6 GAL1 KAR2 LEU2 
pJR026 KAR2 KAR2 URA3  pEK7 None None LEU2 
pJR028 PDI1 KAR2 LEU2  pEK17 None None URA3 
pJR029 PDI1 PDI1 LEU2  
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3.4. Analytical methods 

3.4.1. ELISA 
An enzyme linked immunoassay was used to determine antibody titers. The ELISA assay 
was automated on a HAMILTON Star line liquid handling station. 96-well plates were 
coated with 100 μL/well of 4.2 μg/mL of goat anti Human IgG (Fc specific) antibody in PBS, 
with shaking overnight at 4 °C. Plates were washed four times with 200 μl PBT, and blocked 
for 45 minutes in PBT at 22 °C, with occasional shaking. Serial dilutions of standard 
antibody were performed in PBT. 200 μl of samples in triplicates or standard antibody in 
duplicates were added to the wells, and the plates were incubated at room temperature for 
90 minutes while shaking. After incubation wells were washed three times with 200 μl of 
PBT. 100 μL/well of 1:4,000 dilution of goat anti-Human IgG (Fc specific)-peroxidase 
labelled antibody was added and allowed to bind for 1 hour at room temperature while 
shaking. After incubation, the wells were washed three times with 200 μL of PBT. For 
detection, 80 μL/well substrate solution (0.2 mg/mL o-phenylenediamine, 3 μL of 30 % 
H2O2 per 10 mL solution in 0.05 M phosphate citrate buffer) was added. After 8 minutes the 
reaction was quenched by addition of 80 μL/well of 3 M H2SO4. Absorbance was read at 490 
nm using a BioTek Synergy 2 spectrophotometer. Data evaluation was done with Gen5 
software (BioTek). 

3.4.2. Acid phosphatase activity assay 
Acid phosphatase (AP) activity was measured from clarified culture supernatant using an 
endpoint method. Samples were measured in triplicates. The assay was started by addition 
of 100 μl of 20 mM para-nitrophenyl-phosphate (Sigma-Aldrich, Buchs, Switzerland) in 
sodium acetate buffer, pH 4.2, and the reactions were terminated by addition of 200 μl 2M 
Na2CO3 after 0, 2, 10 and 20 minutes. Blanks contained only substrate but no culture 
supernatant. Absorbance was read at 405 nm using a BioTek Synergy 2 spectrophotometer. 
Data evaluation was done with Gen5 software (BioTek). 

3.4.3. Cellular clearance assay 
Precultures were grown in 5 mL of minimal medium at 30 °C, 220 rpm for 15 hours. 
Exponentially growing cells were induced with 2 % galactose when they reached an OD600 of 
0.8, and transferred to 25 °C. After four hours of expression, either 2 % glucose was added 
to repress the IgG production, or the same volume of water for control samples. Cells were 
collected zero, two, four, and six hours after addition. 

A culture volume equivalent to 10 OD600 of cells was clarified by centrifugation, the cell pellet 
was resuspended in 500 μL lysis buffer (100 mM tris HCl buffer, pH 7.4 containing 1X 
cOmplete®, EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland), and 1 mM 
PMSF). The same volume of acid washed glass beads was added, and samples were vortexed 
for 10 minutes at 4 °C using a Disruptor genie (Scientific industries). After settling of the 
beads, the supernatant was transferred to a new tube. The glass beads were washed with 500 
μL lysis buffer by vortexing the tubes twice for 30 seconds, while keeping them for 30 
seconds on ice in between. The combined supernatants were pelleted and the pellets were 
resuspended in 100 μL SDS-Page sample buffer (62.5 mM Tris-HCl (pH 6.8), 2 % SDS, 10 % 
glycerol, 5 % β-mercaptoethanol and 0.005 % bromophenolblue). Samples were heated for 
5 minutes at 65 °C, after which they were centrifuged for 5 min at 14,000 rcf and 
supernatants were used for analysis. 
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10 μL of sample was loaded onto a 12.5 % SDS-polyacrylamide gel and the electrophoresis 
was run in SDS-tris-glycine buffer. For each sample, replicate gels and blots for the detection 
of produced recombinant antibody, and for the detection of endogenous tubulin were 
prepared. After the SDS-PAGE, the separated proteins were transferred to a nitrocellulose 
membrane using western blotting. A 1:10,000 dilution of anti-human IgG (Fc specific)-
peroxidase labelled antibody produced in goat was used for staining. A 1:10,000 dilution of 
anti-tubulin [EPR13799] produced in rabbit (Abcam, Cambridge, UK) in combination with 
a 1:10,000 dilution of goat anti-rabbit IgG (Fc specific)-peroxidase labelled was used. Signal 
detection was done with the ECL western Blotting Detection kit (GE Healthcare, Helsinki, 
Finland) following the manufacturer’s instructions. Analysis and quantification of band 
intensities were performed using the Bio-Rad Image Lab Software and tubulin as a loading 
control. 

3.4.4. Collection of samples for metabolomics 
Yeast cells were inoculated into precultures of 5 ml minimal medium (0.67 % yeast nitrogen 
base without amino acids, and 2 % raffinose, with supplementation of necessary amino 
acids). These overnight cultures were used to seed 30 mL of the main cultures at a starting 
OD600=0.2. After 6 hours of cultivation at 30 °C and 180 rpm, 40 % galactose was added to 
a final concentration of 4 % to induce protein expression. The cultures were harvested after 
18 hours of expression. The fast filtration protocol for harvesting of the yeast cultures was 
modified from Kim and colleagues [287]. In short, 2 mL of the S. cerevisiae cultures was 
vacuum filtrated through a nylon membrane filter (0.45 μm pore size, 30mm diameter, 
Whatman, Piscataway, USA). The cell residue was then washed with 10 mL of water, after 
which the filter with the cells on it was transferred to a 5 mL Eppendorf tube and in the tube 
flash frozen in liquid nitrogen. Finally, samples were stored at -80 °C until metabolite 
extraction. 
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4. Results and discussion 

4.1. Determining bottlenecks along the IgG secretory pathway 

S. cerevisiae has been shown to be able to produce a wide variety of heterologous proteins 
from bacterial, other yeast and fungal, and even mammalian origins. However, in most cases 
the yeast did not reach its full secretory potential as, depending on the source and type of 
the expressed protein, different bottlenecks were found to exist along the secretory pathway 
[51]. 

In order to get more insight in where the limitations are for expression of our IgG molecule 
we selected a few targets along the secretory pathway to probe for possible bottlenecks. In 
progressing order down the secretory pathway, we first chose targets in the ER folding 
environment, with overexpression of CPR5, PDI1, and KAR2. Next were targets in vesicular 
transport, with overexpression of SLY1 in the ER to Golgi transport, and of SSO1 and SEC1, 
which are involved in fusion of vesicles to the plasma membrane. Finally, we tested the 
contribution of missorting and degradation of the protein of interest through deletion of the 
vacuolar sorting receptor VPS10, deletion of the vacuolar proteases PEP4 and PRB1, and 
deletion of the mitochondrial endoprotease CYM1. 

4.1.1. Overexpression of folding enzymes and vesicular trafficking 
proteins 

For an initial screen of how adjustment of the concentrations of ER-resident proteins 
involved in protein folding affects the secretion of the full-length human monoclonal anti-
CD20 IgG molecule, Kar2p, Pdi1p, and Cpr5p were selected and expressed under control of 
PGAL1, PTEF, and PGPD, ranging from strongest expression to least strong. These three proteins 
are involved three different aspects of the folding process, Kar2p is expected to aid in a 
general way through its chaperone function, Pdi1p through catalyzing the formation of 
disulfide bonds, and finally Cpr5p through catalyzing the isomerization of peptidyl-prolyl 
bonds. 

The secretion titers were measured using ELISA after 24 hours of IgG production with 0.5 % 
galactose induction, and are shown in Figure 4, together with their parental wild-type strain 
SS328 as control. It has to be noted that in these experiments, and also in all other secreted 
IgG titers measured with ELISA in this thesis, that the IgG levels were measured by detecting 
the Fc part of the IgG molecule with both the capturing and the detection antibodies. This 
means that possibly also degraded IgG molecule can still be measured by the presence of its 
Fc part in the culture supernatant. Nonetheless, we work under the assumption that the HC 
can only be secreted as part of a fully folded full-length IgG molecule, and thus we consider 
the measured Fc also in that possible case to be part of the secreted IgG titer. 
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The overexpression of KAR2 was slightly beneficial for IgG titers, with a maximum increase 
of 10 % for the GPD and GAL1 promoters. An increased amount of Pdi1p targeted to the ER 
led in all cases to a decrease in titers. However, the abundance of Cpr5p was shown to be an 
important limiting factor for IgG folding in the ER. In all cases of CPR5 overexpression, a 50 
to 75 % increase of measured IgG in the culture supernatant was observed. The positive 
effect of CPR5 expression indicated that isomerization of peptidyl-prolyl bonds could be a 
limiting factor in the folding of IgG in S. cerevisiae. 

 

Figure 4 Antibody production of ER-chaperone overexpression strains. All strains were grown into the 
exponential phase in deep-well plates, followed by induction of IgG production with 0.5 % galactose for 24 hours. 
ELISA was used to measure IgG titers from clarified culture supernatants. IgG titers were normalized for cell 
densities using the respective OD600 values. Error bars represent the standard deviation from three independent 
cultures, control refers to the wild type SS328 strain.  

In theory, one way to relieve the ER from the burden of a high load of secretory proteins 
would be to increase vesicle trafficking to stimulate the flow of proteins moving away from 
the ER. We chose the genes SSO1, SLY1, and SSO1 for overexpression to study the feasibility 
of this idea, and each gene was expressed using PGAL1, PTEF, and PGPD. The specific product 
yields after 24 hours of 0.5 % galactose induction at 30 °C are shown in Figure 5. In general 
none of the expressed proteins caused a significant improvement in production titers 
compared to their parental wild type control strain W303α. 

Sly1p is a regulator of SNARE proteins involved in targeting the trafficking vesicles to the 
Golgi apparatus membrane after they are released from the ER. The protein has been shown 
to accelerate the formation of the SNARE complex in vitro [288]. It was already shown 
before that its overexpression does not improve secretion titers in all cases, but was 
suggested to be beneficial mostly for larger proteins as they take up more space in the ER 
[38]. In the case of IgG there appeared to be only a modest 7 % increase of titers, resulting 
from expression using the TEF promoter, suggesting the influence of other factors than just 
the size of the recombinant protein. 

Sec1p and Sso1p are both exocytic SNARE proteins that act in the final steps of the secretory 
pathway; budding of exocytic vesicles to the plasma membrane. Here, overexpression of 
SSO1 decreased secretion titers in all cases, while for SEC1 there was a small 5 % increase of 
IgG titers. This finding was in contrast to published data that showed that in general 
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overexpression of this class of proteins has led to an increase of titers of various heterologous 
proteins [183, 184, 289, 290]. This could indicate that the main bottleneck for IgG secretion 
lies at an earlier point in the yeast secretory pathway. 

 

Figure 5 Antibody production of strains overexpressing vesicular transport components. All strains were 
grown into the exponential phase in deep-well plates, followed by induction of IgG production with 0.5 % 
galactose for 24 hours. ELISA was used to measure IgG titers from clarified culture supernatants, and the IgG 
titers were normalized for cell densities using the respective OD600 values. Error bars represent the standard 
error from three independent cultures, control refers to the wild type W303α strain. 

4.1.2. Targeting protein degradation 
One of the possible things that can decrease secretion efficiency at a late stage in the 
secretory pathway is vacuolar missorting and proteolytic degradation. To evaluate the 
influence of these processes, we selected three of the involved genes: the vacuolar sorting 
receptor VPS10, and the vacuolar proteases PEP4 and PRB1. In addition to these genes, also 
the gene CYM1 was deleted. Unlike the protein products of PEP4 and PRB1, the 
endoprotease Cym1p localizes to the mitochondrial intermembrane space, so it might not 
have a direct relation to the secretory pathway [291]. However, strains with a knockout of 
CYM1 have shown to enhance the secretion of heterologous peptides like growth hormone, 
pro-B-type natriuretic peptide and pro-cholecystokinin [292]. 

In this experiment the PGAL1, PTEF, and PGPD1 promoters were used to vary the expression level 
of the IgG molecule. The specific product yields of the Δvps10, Δpep4, and Δcym1 strains, 
together with the respective wild-type background strain SS328 are shown Figure 6. From 
the figure it is clear that IgG expression irrespective of the promoter used strongly benefitted 
from the deletion of the VPS10 gene, with an over 85 % increase in the IgG titers when 
expressing IgG from PTEF, and an over 45 % increase in IgG titers when using PGPD1, or PGAL1. 
Vps10p is a transmembrane receptor residing in the Golgi apparatus and is responsible for 
targeting CPY to the vacuole. However, data has suggested that this same pathway is used 
as a salvage pathway for degradation of nonnative proteins through vacuolar degradation 
[54, 186]. These results showed a stronger improvement of IgG titers by VPS10 deletion than 
findings by Rakestraw and colleagues, where the deletion did not significantly increase 
secretion of an IgG molecule. However, deletion of VPS13 and VPS8 yielded similar 
increases to our result of the VPS10 deletion, indicating that vacuolar sorting also in their 
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study was limiting IgG titers, although it must be noted that a different secretion leader was 
used in their study [187]. 

There was no significant increase in titers found with deletion of PEP4, indicating that it 
might not be the major protease acting on IgG in the yeast vacuole. Deletion of CYM1 only 
resulted in an increase of IgG titers when using PGAL1 and PGPD1 for expression. This might 
indicate that only in case of very high expression levels Cym1p is contributing to IgG 
degradation. 

 

Figure 6 Antibody production of yeast strains with deletions related to proteolytic degradation. All strains 
were analyzed with three different promoters for IgG expression, PTEF, PGPD, and PGAL1. The strains were grown 
into the exponential phase in 10 mL media in 100 mL shake flasks, followed by induction of IgG production with 
0.5 % galactose for the strains with IgG expression under control of the PGAL1 promoter. After 48 hours of IgG 
expression ELISA was used to measure IgG titers from clarified culture supernatants, and IgG titers were 
normalized for cell densities. Error bars represent the standard deviation from three to five independent cultures, 
control refers to wild type SS328. 

The unexpected result that prevention of vacuolar missorting did improve titers, but deletion 
of the main vacuolar protease PEP4 did not, made us decide to design a new set of 
experiments. This time, we included the deletion of the other major vacuolar protease PRB1, 
together with the Δpep4Δprb1 double deletion strain in order to create a strain that has most 
of the vacuolar protease activity disrupted. Additionally, we studied IgG titers now at 24 and 
48 hours after induction, and to investigate the extent of intracellular degradation of IgG cell 
extracts were prepared as well at both time points (Figure 7). 

The inclusion of samples at 24 hours made it apparent that protease deletion created some 
IgG production phenotypes. After 24 hours, over 50 % more IgG was measured in the 
supernatant of the Δpep4 strain than in the wild-type control (Figure 7). For the Δprb1 and 
Δpep4Δprb1 strains there was a 12 % increase at 24 hours. However, after 48 hours a general 
reduction of the IgG levels was observed indicating that other cellular components can 
reduce the amount of IgG in the culture supernatant as well. The detected HC in the cell 
extracts was in both wild-type samples completely absent at its full length size, while after 
24 hours it was highly present at similar levels for all three the deletion strains. After 48 
hours, the double deletion strain showed still the highest signal intensity for the full length 
HC. Moreover, also the band pattern created by proteolytic processing of the HC was 
changing to predominantly higher molecular weight fragments in the deletion strains.  
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Figure 7 Analysis of effects of protease deletions on IgG production. (A) Antibody production of yeast strains 
with deletions related to vacuolar degradation. All strains were grown into the exponential phase in 10 mL media 
in 100 mL shake flasks, after which IgG production was induced with 0.5 % galactose. After 24 and 48 hours of 
IgG expression ELISA was used to measure IgG titers from clarified culture supernatants, IgG titers were 
normalized for cell densities using the respective OD600 values. Error bars represent the standard deviation from 
three to five independent cultures, the control strain is wild type SS328. (B) Western blot of intracellular IgG. Cell 
extracts were prepared after 24 and 48 hours of the 4 strains and total protein was separated using SDS-PAGE. 
After transfer of protein to a nitrocellulose membrane, HC content was visualized using an antibody specific for 
the Fc region of the IgG. 

Compared to the wild-type the three deletion strains showed a decrease or absence of the 
lowest bands. This could indicate that there was at least a decrease in degradation in these 
strains. However, after 48 hours it did not lead to a corresponding increase in titers 
anymore. This could possibly be explained through extracellular degradation or through 
exhaustion of the inducer. 

4.1.3. Targeted screen as starting point for strain improvement 
strategies 

In this first preliminary screen of the secretory pathway we focused on the effects of 
manipulating the processes protein folding, vesicular transport, and proteolytic degradation 
on IgG production. Based on literature we selected candidate genes for overexpression and 
deletion to improve the secretion of IgG from our yeast. However, the results showed that 
rationally designed strain improvement is not always straightforward. 

The vesicular transport step was the only one of the three processes analyzed that showed 
no significant increases in IgG secretion. This can either mean that this step was at the 
moment not a bottleneck in IgG secretion, that the proteins chosen for overexpression were 
not the right ones to improve secretion, or that the expression levels of the selected 
components were too high so that the vesicular trafficking process is negatively affected. 

Concerning the sorting step and proteolytic degradation it became clear that miss-sorting of 
IgG to the vacuole is a limiting factor, as blocking this step increased titers. The results of 
deletions of the vacuolar proteases were variable, but indicated the importance of protease 
activity reduced strains for production.  

Our initial screen of proteins overexpressed in the ER consisted of Kar2p, Pdi1p, and Cpr5p. 
From these, mostly overexpression of Cpr5p, and to some extent Kar2p was beneficial for 
IgG secretion, while Pdi1p overexpression decreased titers. These results indicated that the 
folding process in the ER can be considered a major bottleneck for IgG folding and secretion 
in S. cerevisiae.  
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4.2. Applying a focus on the ER folding environment to improve 
secretion efficiency 

The folding environment in the ER has often been considered to be the first major bottleneck 
in recombinant protein production [51], so we decided to focus on modifications of the ER 
to improve protein folding. In general, yeast cells respond to an overload of unfolded 
proteins in the ER through activation of the UPR, which regulates expression levels of close 
to 400 genes [122]. As this affects many cellular processes, it can impose an additional 
burden to the cells if it happens during heterologous protein expression. This implies that a 
complete activation of the UPR could in the end not be the most beneficial approach to create 
an improved cell factory [129]. For this reason we strove to selectively mimic parts of the 
UPR related to the ER to create an improved folding environment, without the cellular 
burden of a full UPR activation. 

4.2.1. Studying the UPR: ER size expansion through upregulation of 
lipid biosynthesis  

One of the most straightforward approaches to create a less crowded ER is to increase the 
ER functional folding space through expansion of the ER membrane. During the UPR, the 
volume of the ER is increased over 1.5-fold through the Ino2p and Ino4p dependent 
induction of lipid biosynthesis genes [121, 293]. The transcription factors Ino2p and Ino4p 
work in a heterodimer complex to activate the transcription of the phospholipid synthesis 
genes. Their function is inhibited by Opi1p, which binds to Ino2p, and so prevents formation 
of the transcription activating complex Ino2p/Ino4p. Removal of the repressing Opi1p 
protein leads to a constitutively activated Ino2/4 complex [121, 294, 295]. OPI1 deletion 
increases the size of the ER by approximately 50 %, and this is an increase comparable to a 
UPR induced size increase of the ER. However, with the OPI1 deletion the increase is 
uncoupled from induction of the UPR, and additionally it was shown to alleviate ER stress 
when compared to a wild type strain [121]. 

We decided to see if an expansion of the ER preceding heterologous protein production 
would lead to an improvement of IgG secretion. For this, we first created a modified parental 
IgG production strain by integrating the galactose inducible expression cassette for the full-
length IgG molecule into the HIS3 locus of the yeast genome. Thereafter, a marker-free 
deletion of the OPI1 gene was created [296]. Results from experiments for characterization 
of both production strain backgrounds are shown in Figure 8. 

As the changes in regulation of lipid biosynthesis might have an effect on growth 
performance in different media, growth curves were measured for 40 hours in both complex 
(YPD and YPGal), and in synthetic defined media (SD and SGal) (Figure 8A and B, 
respectively), under normal cultivation and under protein production conditions. Under 
normal growth conditions, in YPD and SD media, no defects in growth were observed, 
although the wild-type reached slightly higher final OD600 values (top panels of Figure 8). 
When IgG expression was induced due to the presence of galactose, in YPGal and SGal media 
(lower panels in Figure 8), the Δopi1 strain displayed delayed and diminished growth 
characteristics. 

The differences observed were most prominent in rich media, where the maximum growth 
rate decreased to almost half: from 0.110 h-1 for wt to 0.065 h-1 for the OPI1-deletion strain, 
barely reaching its stationary phase during the 40 hours of growth. In contrast, in SGal 
media, the corresponding maximum growth rates were 0.280 h-1 and 0.266 h-1, respectively, 
although the Δopi1 strain did display a prolonged lag time. 
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Figure 8 Growth of wild-type and Δopi1 deletion strains in liquid media. Cultures with exponentially growing 
cells were diluted to OD600=0.02 in fresh media and grown with continuous shaking in microtiter plates for 24 
hours at 30 °C. OD600 was measured every 30 minutes, and the data shown represents the average of 8 
replicates per growth curve. Upper panels represent growth under non-inducing conditions, and lower panels 
represent growth under protein production inducing conditions, both in rich and selective media (A and B, 
respectively). 

Next, the secretory capacity of both strains was compared by measuring IgG titers after 
production at 20, 25, and 30 °C (Figure 9A), to see if the strains show difference in 
production at different temperatures. The increase in ER volume had a clear positive effect 
on IgG titers, as the Δopi1 strain was outperforming the wild-type in each condition. The 
differences between the two strains increased with increasing temperature, leading to an up 
to threefold higher IgG titer for the Δopi1 strain at 30 °C. As the Δopi1 strain showed a 
decreased cell density under production conditions, the normalization of IgG titers to cell 
densities increased the differences even further, with a corresponding increase in specific 
product yield of up to 4.8-fold compared to the wild-type. A similar approach to manipulate 
the size of the ER was successfully used for the production of membrane 

 

Figure 9 IgG production characteristics of wild-type and Δopi1 strains. (A) Notched box plot representation 
of all the measured antibody concentrations for the wild-type and Δopi1 strains. The data for each box consists 
of 82 or 84 measurement points. (B) Fluorescence of GFP under control of an UPR responsive promoter was 
recorded in the IgG expressing wild-type and Δopi1 strains. The fluorescence values are corrected for 
background and cell densities. 
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proteins in the yeast Yarrowia lipolytica. There, a rerouting of metabolic fluxes from storage 
lipids to phospholipid biosynthesis led to an increased ER membrane, which was 
accompanied by an improvement of membrane protein accumulation through the increased 
space for membrane insertion [297]. 

It was our goal to create a better production strain by decreasing the burden of heterologous 
protein production stress through mimicking a selective part of the UPR, therefore we tried 
to gain insight in the relative level of UPR induction in these strains. For this, we integrated 
a UPR reporter cassette into the genome of both strains. This cassette consists of a GFP gene 
under control of a crippled CYC1 promoter fused to four UPRE sequences, which activate 
GFP expression when the UPR is activated [77]. The magnitude of the UPR in both strains 
upon induction of IgG production is shown in Figure 9B. It is interesting to see that the 
initial signal increase happened at the same rate in both strains. However, in the wild-type 
strain the signal increased until it reached its peak strength after approximately 13 hours. In 
contrast, the signal reached in the Δopi1 strain already after five hours a plateau value, 
indicating that the stress was more quickly resolved. Finally, the UPR signal persisted in wt 
until the culture reached the stationary growth phase, after which it decreased to a stationary 
level. 

Overall, the enlarged ER in the Δopi1 strain improved the IgG production titers up to 4.8-
fold, while greatly reducing the unfolded protein response. This makes the Δopi1 strain a 
suitable starting point for further strain improvements. 

4.2.2. Studying the UPR: selective overexpression of folding 
enzymes 

After successfully increasing the conformational folding space of the ER, and thereby 
increasing IgG secretion titers, we decided to study which ER-resident proteins could 
selectively increase the folding efficiency of the IgG molecule. For this, the set of ER proteins 
described before (Kar2p, Pdi1p, and Cpr5p) was complemented with the thiol oxidase Ero1p, 
and with the Kar2p nucleotide exchange factors Lhs1p and Sil1p. 

In order to get a more broad range of expression levels, the three promoters used before: 
PGAL1, PTEF, and PGPD1, were complemented with PKAR2 and PPDI1. These two promoters from 
the yeast genes KAR2 and PDI1 have different basal expression levels, which are upregulated 
by induction of the UPR [126]. In total, 26 plasmids from the six selected genes with up to 
five different promoters were successfully constructed. 52 yeast strains with a single selected 
gene expression plasmid were created to test the effect of each helper plasmid – promoter 
combination by itself. Based on the performances of these single expression strains, 67 extra 
yeast strains were created that contained a combination of two different helper protein 
expressing plasmids. This approach was used to search for synergistic interactions between 
proteins of a different function. All strains contained always two plasmids with the LEU2 
and URA3 marker enabling the use of the identical media throughout all experiments. 

An overview of the screening process is given in Figure 10. Each strain was cultivated in three 
biological replicates, originating from three different transformants. In each of these 
cultivations, the colony was inoculated into a varying position of the deep-well plates to 
minimize bias caused by plate position. The two background strains, wild-type and Δopi1, 
were included in every transformation, and, during expression cultivations, in every 
condition on every plate, to serve as a control for transformation efficiency and for proper 
expression induction. 
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Figure 10 Schematic representation of the targeted screening setup. The plasmid library of selected genes 
was created by combining the coding regions of the six genes, with the five different promoters and a vector 
backbone either containing a LEU2 or URA3 selective marker, all plasmids contain the CYC1 terminator. The 
plasmids were transformed into wt and Δopi1 background strains, which both have a single-copy of the coding 
region for light and heavy chain genes, under control of the GAL1 promoter, integrated into the HIS3 locus of 
their genome. Strains were inoculated from plates to 1ml of liquid media in 96-deep-well plates and grown for 21 
hours at 30 °C. The precultures were diluted 1:4 in fresh media in three plates and grown for 5.5 hours at 30 °C, 
after which antibody expression was induced with 0.5 or 2.0 % galactose. Antibody was expressed for 24 hours 
at 20, 25, and 30 °C, after which final cell densities were measured. Antibody titers were determined from clarified 
supernatants using a high throughput (HTP) ELISA on an automated liquid handling station using two technical 
replicates; each strain was analyzed in three independent biological replicates. 

A graph showing an overview of all around 3000 data points measured in this screen is 
shown in Figure 3 of Publication II. The data showed that for cell density, antibody titer, and 
specific product yield, the two strain backgrounds showed distinct populations. The Δopi1 
strains reached generally higher antibody titers and lower cell densities, which manifested 
in higher specific product yields. The general increase in antibody titer was also observed for 
the background strains in Figure 9A. In general, OD values and IgG titers increased with 
temperature, but the increase in titers was more strain dependent than cell density 
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dependent. Remarkably, an increase in induction strength led to a decrease in IgG titers, 
with an average antibody concentration for 2 % galactose being 20.7 μg/L, and for 0.5 % 
galactose 25.4 μg/L (in wild-type background). However, there were no significant 
differences observed for the specific product yields, which were 20.1 and 21.0 μg/L/OD600, 
respectively. For this reason, most of the analysis is done with respect to 0.5 % galactose 
induction, as this yielded higher secretion titers. 

4.2.3. Effects of folding enzyme overexpression on IgG secretion 
As expected, the IgG titers varied depending on which chaperone or folding catalyst was 
expressed, as well with the promoter used for its expression. Figure 11 reports the fold-
change relative to the respective strain background. The colors and numbers in each cell 
represent the fold-change of the specific product yield relative to the parental background 
strain in the same condition. In general, the expressed elements created similar effects in 
both strain backgrounds, but with slightly smaller relative increases in the Δopi1 strains. In 
all the experiments combined, when comparing effects to the respective strain backgrounds, 
we identified 49 cases with an increase in final antibody titers of over 50 %, and 71 cases 
with an over 50 % increase in specific product yield. 

 

Figure 11 Effects of overexpression of a single protein on antibody secretion. A heatmap representing the 
change in specific product yield of each gene-promoter overexpression relative to the strain background (wt in 
A, Δopi1 in B). The colors and numbers of each cell represent the fold-change in specific product yield caused 
by the specific gene-promoter combination for the yeast strains grown at 30 °C and induced with 0.5 % galactose. 

One of the rate-limiting steps in the folding process of full-length antibodies is the 
isomerization of certain proline residues, and it was shown that in vitro the antibody domain 
folding could be catalyzed by the addition of a peptidyl-prolyl isomerase [201, 202]. Our data 
confirmed that this step is also rate limiting in full-length antibody assembly in the yeast 
ER, as, from the proteins analyzed, overexpression of the PPIase Cpr5p was the most 
beneficial for increasing IgG titers, reaching a 1.65- to 3.26-fold improvement. The use of 
overexpression of PPIases to improve recombinant protein production has so far only been 
studied in E. coli strains. In those experiments expression of the periplasmic FkpA protein 
was shown to increase the solubility of a single chain antibody and Fab fragments [229, 298]. 
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The overexpression of KAR2 showed similar results as those that were found in our 
preliminary targeted screen. Even though its expression has shown to be beneficial for 
production of scFv fragments [98, 99, 251], for the production of IgG all but one condition 
actually decreased IgG titers. Only in the wild type background, KAR2 expression under PPDI1 
and 0.5 % galactose led to a small 7 % increase in titers, while in the same condition in the 
OPI1 deletion background it led to a more than 50 % decrease. On average, the negative 
effect of KAR2 overexpression seemed to be slightly bigger with higher IgG induction levels. 
This could be related to the point that Kar2p binds to Ire1p in order to desensitize Ire1p to 
low levels of unfolded protein stress, and under normal conditions this promotes the 
deactivation of Ire1p to inhibit its splicing of HAC1 mRNA, which activates the UPR [77, 
299]. In that sense, overexpression of Kar2p could lead to a further desensitization of Ire1p 
to the unfolded IgG molecules and thus a delay of UPR activation. In general, up to some 
level this UPR activation could be beneficial for IgG secretion, as it helps to prevent an 
accumulation of unfolded IgG in the ER.  

Another consideration with Kar2p is that it is one of the most abundant protein in the ER, 
with an estimated amount of around 30,000 molecules per cell, so that overexpression 
might not change that amount relatively much [78]. However, two proteins that are the main 
regulators of its activity cycle, Lhs1p and Sil1p, are only present at around 140 and 2400 
proteins in the ER, respectively. For that reason, we tried to improve the Kar2p activity cycle 
through overexpression of both proteins. Our data showed that the hypothesis of regulating 
Kar2p activity had promising results, as especially Sil1p overexpression showed an increase 
in IgG levels, with up to 1.5-fold improvement, and also Lhs1p increased titers by up to 27 
%. Remarkably, while Kar2p overexpression gave worse results at high IgG induction, with 
Sil1p and Lhs1p that condition gave the best results. This increase of IgG titers through 
regulation of Kar2p activity and not Kar2p abundance is supported by data that showed that 
in a mammalian system, the Kar2p homolog BiP does not cycle away efficiently from both 
the unassembled heavy and light chain molecules [200, 300], which might stall protein 
folding at high levels of Kar2p in the ER. These results indicate that an important strategy 
in strain improvement for recombinant protein production is to rather consider improving 
the regulation and activity of an important protein, than to increase its abundance. The 
expression of these two co-chaperones have already been successfully used to increase titers 
of human transferrin and recombinant human albumin, although fold-changes were slightly 
lower than in our data [41]. 

In the wild-type background overexpression of PDI1 proved again to lead to a significant 
decrease in IgG titers, even though its expression has increased titers of various heterologous 
proteins before [98–102, 251]. One possible cause could be a disruption of the cellular redox 
balance in the ER through an increase of Pdi1p, which was not matched by an increase of its 
redox partners [51]. Additionally, evidence has been found that Pdi1p facilitates the targeting 
of certain substrates to the ERAD pathway, either through its chaperone activity, or through 
its redox activity [80], which could contribute to an increased IgG degradation. And also 
here, as in the case of Lhs1p and Sil1p, the effects of overexpression were slightly more 
positive in the OPI1 deletion strains, with an up to almost 40 % increase in titers with PTEF, 
while the highest overexpression levels with PGAL1 still gave a significant decrease. It has been 
shown that the size increase of the ER in the Δopi1 strain does not lead to an increased 
production of ER resident chaperones, effectively leading to a diluted ER. More importantly, 
the same study showed that, unlike in wild type strains, the concentrations of the important 
ER-resident proteins Kar2p, Lhs1p, and Pdi1p, do not increase when the UPR is activated 
[121]. This could mean that in the OPI1 deletion background the negative effects from too 
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high concentrations of some of the proteins that we overexpressed are less pronounced due 
to a lower final concentration as there is no additional activation of transcription from their 
genomic DNA copy through UPR induction. However, it would require further studies into 
the levels of these proteins under various levels of stress to be able to determine the exact 
effect. 

Finally, the overexpression of the thiol oxidase Ero1p showed as well that the oxidative 
balance is an important factor for protein folding, as the secretion levels of IgG were varying 
greatly depending on which promoter was used. Ero1p is important for oxidative protein 
folding, as it provides Pdi1p with disulfide bonds for transfer to folding proteins [81], and 
the activation and inactivation of Ero1p has been considered crucial for ER homeostasis 
[82]. It has been shown that Pdi1p acts as the main regulator for Ero1p, so when there is 
sufficient reduced Pdi1p in the ER it reduces the Ero1p regulatory disulfide bonds to get 
Ero1p into an active state. If Ero1p has oxidized a sufficient amount of Pdi1p, Ero1p will auto-
oxidize its regulatory disulfide bonds to avoid overoxidation of the ER [82]. This mechanism 
to protect the ER from overoxidation through Ero1p function could be a reason why Ero1p 
overexpression is in general more beneficial for IgG titers than Pdi1p overexpression. 

4.2.4. Combining overexpression of two folding elements 
From the single overexpression studies it was clear that improvement of one aspect of the 
folding process was very beneficial in some of the cases. The fact that modification of various 
parts of the folding process could each by themselves increase the folding efficiency, made 
us wonder if it would be possible to further optimize the system by combining 
overexpression of two folding factors at the same time in the same strain. For this, we used 
a two-faced rational approach, which was on one hand based on known functionalities and 
interactions of the proteins, which were used to predict complementary actions, and on the 
other hand to find new interactions between the proteins beneficial for IgG folding. An 
overview of the effects of the different combinations used on specific product yield can be 
found in the appendix with publication II.  

Some of the strains with overexpression of two different folding elements showed an 
increased IgG titer when compared with their respective background strain. However, in 
general none of the selected pairs showed beneficial synergistic or combinatorial effects with 
respect to the effects from their singular overexpressions. For example, as we noticed that 
for the single overexpression studies it was more successful to regulate Kar2p activity 
through expression of Sil1p and Lhs1p, rather than Kar2p overexpression, we decided to 
study their interactions. For this, we generated strains with either Kar2p and Lhs1p, Kar2p 
and Sil1p, or with Lhs1p and Sil1p, with a variation of the available promoters. However, 
from the close to 100 cultivations of all these strains at the different temperatures and 
induction conditions, only ten cultivations portrayed a positive result compared to the strain 
background. Unfortunately, none of them exceeded the improvement of a single expression 
of one of these factors.  

Two examples of these combinations in both strain backgrounds are shown in Figure 12A 
and 12B, for wild type and the OPI1-deletion strains, respectively. The figure shows that 
overexpression of LHS1 and KAR2 under control of PGAL1 were by themselves not 
significantly beneficial for IgG titers as in these cases, Lhs1p did not significantly increase 
titers and Kar2p even led to a decrease in titers. The strain which had both proteins 
expressed under this promoter showed even a further decreases in titer, suggesting a 
negative synergistic effect. One of the possible cause for this could be the fact that these 
strains had now in total four genes expressed under the highly active GAL1 promoter. This 
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could lead for example to a too high amount of expressed protein, which is thought to be 
toxic for cells [301]. Also, as all four proteins are targeted to the ER, it could decrease folding 
efficiency through overloading of the ER. 

 

 

Figure 12 Fold changes in specific product yield of two-gene combinations compared to overexpression 
of the respective single genes. Data is show in wild type (A) and in Δopi1 (B). The bar plots show the relative 
specific product yield, normalized to the respective background strains, for the selected genes and their 
combination in wild-type and Δopi1 yeast strains. Error bars represent the standard deviation of expression 
cultures with 0.5 % galactose at 30 °C. 

The case of overexpression of LHS1 and SIL1 under control of PKAR2 provided a different 
image. However, even though this combined overexpression was one of the most beneficial 
ones, leading to an up to 1.5-fold increase of titers, it still was in the same order of magnitude 
as the effect of overexpressing Sil1p by itself. This indicates that Sil1p is probably the main 
protein catalyzing the ATP-cycle of Kar2p. 

One other pair of interacting proteins selected was Pdi1p and Ero1p, because the proteins 
are both involved in the formation of disulfide bonds in the ER. In all promoter-gene 
combinations a decreased level of IgG titers was observed. This might indicate that the 
problem lies not directly in the activity of these proteins, but it could be related to the general 
redox-state in the ER. One possibility is that the pool of glutathione in the ER is insufficient 
to keep up with the increased amount of Pdi1p and Ero1p, as the ratios of reduced and 
oxidized glutathione are important for Ero1p and Pdi1p activation [82]. Also combining 
Pdi1p overexpression with Kar2p overexpression did not lead to improvements relative to 
the single overexpressions, even though previous studies did find a synergistic effect on the 
expression of scFv fragments [98, 99]. 

Finally, we analyzed if Cpr5p, the most beneficial single overexpression Cpr5p, showed 
synergistic interactions for IgG titers together with the other proteins analyzed in this 
screen. Even though some of these combinations yielded the highest titer improvements in 
these experiments compared to the respective strain backgrounds, none of them exceeded 
the relative fold-changes caused by overexpression of only CPR5. This is illustrated by the 
combined expression of CPR5, and either LHS1 or SIL1, all under control of PKAR2, which 
generated both an around 2.3-fold increase at 30 °C. This is however still significantly lower 
than the observed over threefold increase by expression of CPR5 alone. 



Results and discussion 
 

56 
 

Overall, the strategy of combining the expression of different chaperones and folding 
catalysts to increase the potency of the folding environment was not more successful than 
expression of single factors. Possible explanations could be that there are still other elements 
missing, like for example the co-factor glutathione for an improved functioning of Pdi1p and 
Ero1p. Other options are that the combinations are not optimal, but that other proteins 
should be screened to find the best partners. For example, the experiments with Lhs1p and 
Sil1p could be extended with Jem1p or Scj1p, which are both also involved in Kar2p 
regulation. The other possibility would be to study a broader range of expression levels, as 
high level protein expression of various proteins might create a significant competition for 
cellular resources between high level protein production and growth [302–304]. This could 
be an explanation for the decreased cell densities we have measured in some of the cultures 
of double overexpression stains. 

4.2.5. The ER as successful starting point for the creation of better 
production strains 

The overall outcome of this targeted screen was that overexpression of CPR5 proved to be 
very successful, as it yielded the highest amounts of IgG secreted per cell under all the 
promoters used. An overview of the ten strains with the highest specific product yields can 
be seen in Table 4, and this analysis put CPR5 in all top five positions. If the overexpression 
was combined with the deletion of OPI1, the specific product yield could be increased over 
tenfold when compared with the wild-type strain. 

Table 4 List of strains with the highest specific product yields(a) 
Added elements Strain Specific product 

yield (mg/L/OD600) 
Relative 

frequency(b) 
P-value(c) Fold-

change(d) 
CPR5-PGPD Δopi1 0.2027 0.2 0.000002 10.22 
CPR5-PKAR2 Δopi1 0.1992 0.15 0.000159 10.15 
CPR5-PGAL1 Δopi1 0.1579 0.1 0.000560 7.99 
CPR5-PTEF Δopi1 0.1525 0.075 0.000036 7.66 
CPR5-PPDI1 Δopi1 0.1424 0.05 0.007624 7.15 
ERO1-PGAL1 Δopi1 0.1226 0.05 0.020502 6.13 
SIL1-PGAL1 Δopi1 0.1223 0.05 0.021128 5.53 
PDI1-PTEF Δopi1 0.1208 0.075 0.279237 6.09 
LHS1-PGPD Δopi1 0.1163 0.05 0.299870 5.88 
LHS1-PKAR2 + SIL1-
PKAR2 

Δopi1 0.1139 0 0.011316 5.73 

none Δopi1 0.0886 0.075 N/A 4.47 
none wt 0.0199 0 N/A 1 

(a) Data represents the mean value of experiments conducted with 0.5% and 2% galactose induction at 30 °C 
(b) Relative frequency in the 95th percentile of Δopi1-strains  
(c) Calculated with the nonparametric equivalent of t-test, Wilcoxon signed rank test using the Δopi1-strain 
without added elements as the reference 
(d) Averages of the fold-changes were calculated relative to wild-type 

Displayed in the table are the strains with the highest specific productivity, based on a 
combined evaluation of the production results from 0.5 % and 2.0 % galactose, to mitigate 
the effect of induction levels. In order to ensure that the strains we found to be the highest 
producers were not statistical outliers, we conducted frequency analysis. With the frequency 
analysis we determined which strains were most enriched amongst the lowest (5th 
percentile), and the highest (95th percentile) five percent of all measured specific product 
yields in all temperatures. Many of the expressed proteins with specific promoters were 
found in the same percentiles of the two strain backgrounds at all temperatures used, which 
indicates that the effect is really protein dependent and not a result from background strain 
or cultivation temperature. 
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In our targeted screen we significantly increased the expression of IgG, and reached a 
reproducible specific product yield of 200 μg/L/OD600 for the Δopi1 + CPR5-PGPD, which 
corresponded to an absolute antibody concentration of 126 μg/L at 0.5 % induction. 
Additionally, individual replicates showed titers reaching up to 300 μg/L/OD600. However, 
when comparing production to commonly used industrial platforms like mammalian cell 
lines, the titers were still very modest. Seeing that we used an industrially relevant full-
length IgG molecule as model protein for secretion efficiency, a tenfold increase in secretion 
through engineering of only aspect of protein folding should not be underestimated. This 
production strain is a promising starting point for further optimization of other genetic 
targets to improve protein secretion efficiency. Additionally, deep-well plate cultivations are 
far from optimal conditions for protein expression and process optimization is expected to 
improve titers significantly further. 

4.2.6. Studying the UPR: disruption of the ER associated 
degradation pathway 

Seeing the positive results that can be achieved by mimicking parts of the UPR that promote 
protein folding, we started to wonder about the influence of the ER protein quality control 
machinery on IgG secretion. For glycoproteins the main quality control pathway in the ER 
is the ER associated degradation pathway, which targets misfolded glycoproteins. This 
targeting is achieved through a combined glycan and protein signal. When terminally 
misfolded, the glycoproteins are targeted for retrotranslocation to the cytosol followed by 
proteasomal degradation. However, it is known that through the nature of this selection 
process also slowly folding glycoproteins can be unnecessarily targeted for degradation. In 
P. pastoris, it was found that expression of the Fab3H6 antibody fragment led to a significant 
decrease of product yield because proteasomal activities were increased by 20 % [239].This 
possibly puts also in our S. cerevisiae production system the slowly folding IgG molecule at 
risk. Especially when taking into account that ERAD is a process that is constitutively active, 
and that the expression of its components are vastly upregulated by the UPR, which 
increases the chance of ERAD mediated degradation of IgG components under production 
conditions. Unfortunately, previous studies aiming to gain more insight in the mechanisms 
of ERAD had always used model substrates designed to be prone to misfolding, like CPY* 
and pRA*. However, for the creation of improved production strains for heterologous 
proteins it is absolutely necessary to evaluate ERAD using the real protein substrates. 

Therefore, we decided to study if the activity of ERAD is limiting the secretion levels of IgG 
through deletion of various ERAD components, with and without an additional disruption 
of the UPR. The genes selected from ERAD were: HTM1, YOS9, HRD1, HRD3, and UBC7, 
additionally the ALG3 gene involved in N-glycosylation was deleted, and the induction of 
the UPR was disrupted by deletion of IRE1. The main roles of these proteins are shown 
schematically in Figure 1 of Publication I, but in short Htm1p generates the glycan signal 
that starts the targeting of the glycoprotein substrate for ERAD. This signal is recognized by 
Yos9p, which brings the degradation substrate to the retrotranslocation and ubiquitination 
complexes in the ER membrane of which Hrd1p, Hrd3p, and Ubc7p are members. Deletion 
of ALG3 leads to an aberrant glycoform on the glycoprotein, which might allow escape from 
degradation by ERAD. As Ire1p is the protein that splices the inactive HAC1 mRNA, which 
then activates the unfolded protein response dependent regulation of close to 400 genes, 
deletion of IRE1 will lead to an abolished UPR.  

The genes HTM1 and YOS9 were selected for deletion to study the effect of disrupting parts 
of the ERAD targeting step, HRD1, HRD3, and UBC7 were selected to study the effect of 
disruption of parts of the retrotranslocation pore complex, and ALG3 was selected to study 
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if a glycoprotein with a pruned glycan form can escape ERAD target. Finally, disruption of 
the UPR by IRE1 deletion was included to study the effects when an accumulation of IgG 
cannot be rescued by induction of the UPR. 

Physiological effects of deletion strains. 
Since the disruption of protein quality control processes might decrease viability of the yeast 
strains, we studied the effects of the deletions on growth (Figure 13). No differences in 
growth behavior were observed and all strains reached the stationary phase after 
approximately 10 hours of cultivation, while the maximum growth rate was reached between 
2.5 and four hours of cultivation. For a quantitative comparison μmax values were calculated, 
which ranged from 0.505 h-1 to 0.581 h-1 for the strains in the wild-type background and 
from 0.497 h-1 to 0.562 h-1 for the strains that had a deletion of IRE1. Statistical analysis with 
single factor ANOVA did not detect significant differences between the μmax values of these 
strains. For the strains bearing deletion of UBC7, IRE1, and HRD1, it had been reported 
previously that growth was not affected under normal conditions [122, 305, 306], just like 
the disruption of putative ERAD components in Aspergillus niger [307]. 
 

 

Figure 13 Growth of ERAD deletion strains in liquid media. Cultures with exponentially growing cells were 
diluted to OD600=0.1 in fresh YPD media and grown in microtiter plates for 24 hours at 30 °C with continuous 
shaking. OD600 was measured every 30 minutes and the data shown represents the average of four replicates, 
with an average % standard error ranging from 1.60 to 4.15 %. 

Since the production of heterologous proteins can pose a burden on cellular processes we 
extended the analysis of effects of the deletions to IgG producing strains. Cultures of 
exponentially growing strains containing the expression plasmid for a human IgG were 
spotted in serial dilutions on solid media and incubated at 25, 30, and 37 °C, the latter 
temperature was chosen to analyze the effect of a high temperature as a source of stress. All 
strains grew indistinguishable from each other on non-inducing rich and selective media 
(YPD and SD-URA, respectively), confirming the results of the growth curves. However, 
some of the strains showed decreased growth under inducing conditions (SGal - Ura) (Figure 
14). 
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Figure 14 Growth analysis of ERAD deletion strains on inducing, solid media at different temperatures. 
Serial fivefold dilutions of exponentially growing cells were spotted on SGal – URA plates. The plates were 
incubated at 25, 30, or 37 °C for 3 days. 

Most apparent were the strong decreases in growth of the Δhtm1Δire1 and Δyos9Δire1 
strains compared to both the wt, as well as the Δire1 parental strains. Most clearly observable 
at 30 and 37 °C, these two strains were not able to grow. Remarkably, the Δubc7Δire1 and 
Δhrd3Δire1 strains appeared to be growing more efficient than their parental strains. The 
Δalg3 and Δalg3Δire1 strains showed an absence of growth at 37 °C when plated on selective 
media. However, this was expected to be unrelated to UPR and ERAD influences, as it has 
been described in literature to be a result of a decreased viability through a changed cell wall 
composition [308]. 

IgG secretion in ERAD and UPR mutant strains 
Based on the results from the spotting assays, it was decided to decrease the temperatures 
of the cultivations from 30 °C to 25 °C at the moment that IgG expression was induced by 
galactose. Figure 15 shows the specific antibody yield after 24 hours of IgG expression with 
4 % galactose at 25 °C. The IgG levels were normalized for cell densities, and final OD 
readings of the cultures varied by 13 %. 

Removing proteins from different stages of the ERAD pathway led to different phenotypes. 
Only removal of Htm1p led to an increase of antibody titers of around 15 %. The increase of 
titers in the HTM1 deletion strain might be caused by a possible escape of IgG from ERAD 
through a delayed recognition as an ERAD substrate, which could give the slowly folding IgG 
protein more time to reach its native state. The removal of the mannose from the glycan by 
Htm1p has been shown to be required for efficient binding of ERAD target proteins by Yos9p 
[139, 141]. Removal of Yos9p decreased the titers to 18 % of wild-type levels and also deletion 
of HRD1, HRD3, and UBC7, all three involved in the retrotranslocation step of ERAD 
decreased by up to 30 % compared to wild-type. A set of experiments testing the influence 
of the deletion of ERAD components on the secretion levels of an overexpressed endogenous 
yeast acid phosphatase did not lead to any significant changes in measured titers (data not 
shown). 

Overall, in all strains where the ERAD substrate can be marked for degradation by Htm1p, 
a removal of ERAD components led to a decrease in IgG titers. So, in order to exclude a 
rescue of accumulating IgG through induction of UPR parts that stimulate protein folding, 
we created a Δire1 strain background that is unable to mount the UPR. 
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Figure 15 Antibody production of ERAD deletion strains. All strains were grown into the exponential phase 
in 96 well-plate format after which IgG expression was induced with 4 % galactose for 24 hours. ELISA was used 
to measure IgG titers in clarified culture supernatants, and IgG titers were normalized for cell densities using the 
respective OD600 values. Error bars represent the standard error from nine independent cultures. *P<0.05; 
**P<0.01; (P-values are calculated for strains with an improved specific product yield versus wild-type control 
using Student’s two-tailed t test). Presence of the IRE1 gene is marked with + and -. 

Abolishing the UPR through Δire1 deletion was detrimental for IgG secretion, as the secreted 
IgG levels were reduced to 7 % of wild-type. A similar manipulation of the UPR, but through 
deletion of HAC1, showed similar detrimental effects on the expression of α-amylase [131]. 
Remarkably, this phenotype was partially rescued when the deletions of the ERAD 
components were introduced into the Δire1 strain background. In the Δhrd1Δire1, 
Δhrd3Δire1, and Δubc7Δire1 strains, secretion levels did not significantly decrease 
compared to the single ERAD deletions strains. Even though titers in the Δhtm1Δire1 strain 
were still seven times higher than the Δire1 strain, it was still an almost 2/3 decrease 
compared with the Δhtm1 strain. Interestingly, in the Δyos9Δire1 strain titers showed an 
increase compared to Δyos9, reaching 76 % of wild-type levels. 

The deletion of ALG3 was the only one to increase protein titers in both the wild-type, and 
in the Δire1 strain backgrounds. The deletion did not show to be affected by an abolished 
UPR, as there was no sign of a decreased titer in the Δalg3Δire1 strain. In the wild type 
background IgG titers reached 120 % of wild type levels, and in the Δire1 background the 
titers reached even higher levels of up to 130 % of wild type levels. In principal, the ALG3 
deletion strain should not be able to produce the glycan which is normally recognized as the 
canonical ERAD signal by Yos9p. However, conflicting data has been published using 
artificial ERAD substrates. First, it was shown that in an Δalg3 strain the ERAD substrate 
CPY* was accumulating in the ER [136], showing that the present glycan form allows escape 
from ERAD degradation. However, there is evidence that the glycan produced in this Δalg3 
strain is also recognized by Yos9p [137].  

4.2.7. Development of a cellular clearance assay 
Although the measured IgG titers show if a deletion of a gene, an overexpression of a protein, 
or a change in cultivation conditions, have a positive or negative impact on secretion 
efficiency, such experiments do not provide any information about the underlying 
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mechanism. Therefore, there is a need for more in-depth characterization of strain 
modifications and how they affect IgG secretion, in order to be able to engineer the secretory 
pathway in a more efficient way. For this reason, we developed a cellular clearance assay to 
see how the speed of clearance of IgG is different in the various strains. The general idea was 
to induce IgG production in the strains for a fixed amount of time, then inhibit the 
production, and from that point on analyze changes in the cellular IgG content over time. 

To establish the assay we considered what would be the best conditions to use. Our 
commonly used production system already allows the specific induction of IgG expression 
through the galactose inducible promoter. In similar assays, often cycloheximide is used to 
inhibit translation. However, this might create conditions that indirectly affect IgG 
processing. For this reason, we decided to analyze if addition of glucose would give 
satisfactory results, as this selectively inhibits the galactose promoter. Results of these first 
experiments using the wild-type yeast strain are shown in Figure 16. IgG expression was 
induced with addition of galactose in exponentially growing cultures. After four hours of 
expression protein production was inhibited by the addition of 2 % glucose, 200 μg/mL 
cycloheximide, or a combination of both. For the control experiment the same volume of 
water was used as a mock treatment. The intracellular IgG content was visualized after zero, 
two, four, and six hours, using an antibody specific for the HC, while equal loading of gels 
was verified using an anti-tubulin antibody. All signal intensities were digitally quantified, 
and the tubulin signal was used to correct the IgG signals for loading differences. 

 

Figure 16 Establishing the cellular clearance assay. Antibody expression was induced in exponentially 
growing wild-type yeast cultures with galactose for four hours. After this the cultures were treated with glucose 
(gluc), cycloheximide (cyc), both, or water (control) to inhibit protein expression. After zero, two, four, and six 
hours cell extracts from ten OD600 units of cells were prepared from the cultures and analyzed using SDS-PAGE 
and western blot for intracellular IgG content. A representative blot for tubulin, used as loading, is shown. 

The control sample showed that in the mock treatment IgG production continued during the 
time course of the experiment. From the different inhibition treatments, the decrease of the 
signal was highest in glucose alone and in glucose in combination with cycloheximide, with 
a signal half-life of 1.36 and 1.18 hours, respectively. The treatment with cycloheximide alone 
led to a slower IgG clearance, with an IgG signal half-life of 1.88 hours. This decrease in 
cellular processing indicates that a general inhibition of protein synthesis by cycloheximide 
also affects the processing of IgG in a negative way. For this reason, we decided to rely solely 
on the inhibitory effect of glucose to specifically repress only IgG expression, as we were 
interested in analyzing the processing of IgG with least unspecific interference. 

4.2.8. Cellular clearance of ERAD and UPR mutant strains  
In the current model of glycoprotein processing in the yeast ER, the glycoprotein can either 
reach its native state quickly, followed by transport out of the ER towards the Golgi 
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apparatus, or it can stay in an intermediate folding state in the ER indefinitely, or it can be 
misfolded and degraded via the ERAD pathway. Since it has been proposed that also slowly 
folding proteins can become targets for ERAD degradation, we decided to study if the found 
differences in productivity were correlated to differences in clearance speed from the ER. In 
the analysis we worked under the assumption that no differences affecting IgG secretion 
exist between the strains once the IgG has been successfully folded. This made it possible to 
assume that changes observed in the IgG clearance speed between the different strains were 
a result of a change in the rate of ERAD mediated protein degradation.  

First, the full set of 14 strains used in the ERAD studies was analyzed for differences in 
cellular clearance. Blots from five selected strains, together with a representative anti-
tubulin blot, are shown in Figure 17. Also here, all strains kept producing IgG during the 
experiment in the mock treatment. In the wild-type IgG levels decreased quickly and no 
signals were detected anymore after 6 hours. While in general in the strains not shown in 
Figure 17 followed the trend of the background strains, the Δubc7, Δhtm1Δire1, and 
Δyos9Δire1 strains showed a slower decrease of IgG signals, indicating that IgG processing 
was retarded. 

 

Figure 17 Analysis of IgG clearance of ERAD deletion strains using Western Blot. Antibody expression was 
induced in exponentially growing wild-type yeast cultures with galactose for four hours. After which glucose was 
added to inhibit IgG expression, zero, two, four, and six hours later cell extracts were prepared from the cultures 
and analyzed using SDS-PAGE and western blot for intracellular IgG content. A representative blot for tubulin, 
used as loading, is shown for control and inhibition. 

In order to be able to distinguish differences in clearance between strains more clearly 
clearance curves were prepared. For this, the intensities of the IgG signals on the western 
blot were quantified and normalized for loading differences using their respective tubulin 
signals. After this, band intensities were set to be 100 % at time point zero to create the 
clearance curves shown in Figure 18A and 18B. 

In general, the single deletion strains in Figure 18A showed a higher variability compared to 
the double deletion strains in Figure 18B. The wild-type strain showed in all cases the fastest 
decrease of IgG levels from the cell extracts, and for the Δire1 background strain a highly 
similar clearance was observed. Additionally, from the strains with an additional deletion 
the Δhtm1, Δire1, Δhrd1Δire1, Δhrd3Δire1, and Δalg3Δire1 strains showed similar clearance 
kinetics to the background strains. On average, each of these strains had only 15 to 25 % of 
the IgG signal left after two hours, decreasing further to approximately 5% after four hours, 
and finally only negligible signals below 2 % were left after six hours. 

 



Results and discussion 
 

63 
 

 

Figure 18 Quantitative analysis of IgG clearance. Cultures of strains in the wild-type background (A) and the 
IRE1-deletion background were analyzed for their cellular clearance of IgG. Western blots of cell extracts from 
the cellular clearance assay were stained with anti-IgG and anti-tubulin antibody (Figure 17), after which Image 
Lab software was used for quantification of IgG and tubulin signal levels. Data represents the average of two 
blots normalized for loading differences using the tubulin signals, % is relative to the normalized IgG signal at 
zero hours. 

In the set of single deletion strains, the Δhrd1 and Δubc7 strains showed clearance patterns 
that were different from the other strains. For the Δhrd1 strain, clearance started off similar 
to the rest, but in the final time point still 12 % of the IgG was left, which was more than 
double the amount of the average of the other strains. Deletion of UBC7 led to an initial 
decrease in clearance speed, as after two hours into the clearance assay, still 68 % of the IgG 
was left. However, after six hours the relative cellular load became similar to the other 
strains. Interestingly, in the Δubc7Δire1 strain only a slight initial decrease in clearance 
speed was observed. Both of these proteins are part of the HRD-ligase complex and for both 
deletion of UBC7 and HRD1, a delayed degradation of ERAD substrates was found earlier 
[122, 142, 148]. Additionally, in a Δhrd1 strain an ERAD substrate was shown to be retained 
at increased concentrations in the ER [309], which might contribute to the increased 
amount of IgG left at the end of the clearance assay in this strain. 

The strongest delay in clearance was observed in the Δyos9Δire1 strain, as this strains failed 
to deplete the cells of all the IgG within the six hours after the glucose induced inhibition of 
IgG expression and had 21 % of the IgG left. For the Δhtm1Δire1 a similar slow initial 
clearance was observed (after two hours there was 42 % left, compared with 51 % for the 
Δyos9Δire1 strain), but after six hours the strain had only 6 % left of the initial IgG amount, 
just slightly higher than the other strains in the IRE1 deletion background. Htm1p and Yos9p 
function in the early stage of ERAD and are responsible for generation and recognition of 
the ERAD-glycan signal, respectively. And deletion of these proteins might diminish the 
efficiency ERAD targeting of substrates, leading to a prolonged ER residence time. However, 
Yos9p is known to also be able to slowly recognize unfolded proteins without the correct 
glycan signal, based solely on hydrophobic patches and it can target them for 
retrotranslocation and degradation [142]. This alternative slow way to recognize unfolded 
proteins was supported by a decreased clearance speed for this strain, which still reached 
similar low IgG levels in the end of the assay compared to the other strains. When looking 
at the titers, we saw that in the strain unable to mount the UPR (Δhtm1Δire1) to support 
protein folding, IgG secretion titers were decreased compared to the Δhtm1 strain. In 
contrast, removal of Yos9p removed the main targeting step for retrotranslocation and thus 
increased the ER residence time of ERAD substrates. The reduced clearance speed that we 
observed for the IgG molecule had also already been reported earlier for artificial ERAD 
substrates [139, 141]. 
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4.2.9. Cellular clearance of chaperone strains 
After the analysis of the various ERAD deletion strains showed differences in IgG clearance, 
we decided to evaluate if our strains with a modified folding environment also show 
differences in ER-clearance. For this, we made a selection of five strains: first, wt and Δopi1, 
representing both strain backgrounds used in that part of the study. Next, we selected the 
highest producers from both backgrounds: wt with the CPR5-PKAR2 plasmid, and Δopi1 with 
the CPR5-PGPD plasmid. And finally, we selected one of the strains that negatively affected 
productivity, the Δopi1 strain carrying the KAR2-PGAL1 and the LHS1-PGAL1 plasmids. 

 

Figure 19 Analysis of IgG clearance in strains with a modified ER environment using western blot. 
Antibody expression was induced in exponentially growing wild-type yeast cultures with galactose for four hours. 
After which glucose was added to inhibit IgG expression, zero, two, four, and six hours later cell extracts were 
prepared from the cultures and analyzed using SDS-PAGE and Western blot for intracellular HC (A) and LC (C) 
content. A representative blot for tubulin, used as loading, is shown. Samples from time point zero of all strains 
were loaded on one gel, and analyzed for their intracellular HC (B) and LC (D) content, with their respective 
tubulin signals shown as loading controls. 

The experiments were performed as described above, with two additions in the analytical 
part. First, to get a comparison of the initial relative intracellular IgG load between the 
strains, blots were prepared that contained the cell extracts from each strain at time point 
zero of the clearance assay. Second, all the samples were analyzed also for light chain 
content, in addition to the heavy chain and tubulin blots. Four sets of the blots are shown in 
Figure 19. The control blots showed that in the mock treatment all strains kept producing 
both HC and LC, while in the samples from the glucose repressed cultures, LC and HC 
content decreased during the assay. No HC signal was left after 6 hours, while most of the 
samples still showed residual amounts of LC at that time point. 

The clearance curves were calculated based on the HC and LC signal strengths from the blots 
after correction for loading with the respective tubulin signals and are shown in Figure 20. 
A first clear observation was that HC and LC follow a different clearance pattern from each 
other. This could be expected as the heavy chain needs the light chain in order to complete 
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its folding process and to be secreted as the full-length IgG molecule. In contrast, the light 
chain can be secreted as a separate entity as soon as it is folded into its native form [201]. 

The comparison of the relative load of HC and LC from all strains (Figure 19B and 19D, 
respectively), showed a notable increase of intracellular HC in the Δopi1 strains compared 
to the wt strains, which was accompanied by a slightly delayed clearance. The Δopi1 strain 
had an over 75 % higher initial HC load compared to the wt strain and the selected highest 
producer in the Δopi1 background had more than two times the HC load of the selected best 
producing wt strain. In CHO cells it was shown that a high intracellular content of HC can 
be considered a molecular marker characterizing efficient producing clones [310]. In the 
same study LC content in the cells was shown to be a less significant molecular marker, while 
for heterohybridoma cells intracellular LC levels had a very strong correlation with strain 
productivity [311]. Interestingly, in our strains the differences in initial LC load were 
relatively small, but the Δopi1 derived strains showed a delayed clearance and higher 
residual LC amounts, compared with the respective wt strains. This could indicate that the 
availability of an excess of LC is favorable for the successful assembly and secretion of full-
length IgG molecules. 

 

Figure 20 Quantitative analysis of HC (A) and LC (B) clearance. Blots of cell extracts from the cellular 
clearance assay were stained with anti-HC, anti-LC, and anti-tubulin antibody (Figure 19), after which Image Lab 
software was used for quantification of HC, LC and tubulin signal levels. Data represents the average of two or 
three blots normalized for loading differences using the tubulin signals, % is relative to the normalized IgG signal 
at zero hours. 

The Δopi1 strain with the KAR2-PGAL1 and the LHS1-PGAL1 plasmids was included to see if the 
decreased IgG secretion titer phenotype was reflected in a clearance phenotype. The strain 
showed a relatively low initial load of HC and LC, even after correction for loading 
differences. For the clearance, it showed a decreased clearance of HC and an increased 
clearance of LC compared to the other Δopi1 background strains. This indicates that a slow 
clearance of LC can be beneficial for secretion, while the observed fast clearance might 
hamper it. The decreased clearance of HC can be a result of the high level overexpression of 
Kar2p, as it is known to bind tightly to HC and has difficulties releasing it [312]. An overflow 
of Kar2p might prevent the LC from associating with the HC and inadvertently promoting 
the secretion of separate LC molecules.  

This data suggest that the availability of HC and LC is important for efficient full-length IgG 
secretion and that distortion of this balance might decrease efficiency of the secretory 
system. Expression of chaperones can increase the speed of protein folding in a crucial way 
to improve secretion titers, but they can be the cause of unpredictable effects as their 
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function might be subunit specific. This can disturb the beneficial balance between the HC 
and LC availability, leading to a decrease of secretion titers. 

4.3. Development of a randomized functional genomics approach to 
screen novel genetic targets 

Even though our targeted approach was shown to be effective in increasing the secretion of 
full-length IgG molecules from our yeast strains, we realized that this approach will become 
limiting on the long run. This comes from the fact that every genetic engineering target 
chosen requires knowledge about its relation with the protein for which the secretion needs 
to be increased. This is further limited by the point that, even though over 80 % of the 6000 
genes from Saccharomyces cerevisiae are characterized, still close to 20 % are without a 
known function [2]. For this reason, a good complementary approach to a targeted screen is 
to use a genome-wide approach to screen libraries of yeast strains for efficient producer 
strains. However, even though the effects of strain engineering are often target protein 
specific, a large part of screening methods use artificial product as a model protein. 
Examples are easily measured fluorescent proteins like GFP or luciferase [313], or enzymes 
like β-galactosidase or acid phosphatase [314]. Another used approach is the use of fusion 
proteins as model proteins, for example in yeast surface display [315, 316]. 

The ease of genetic manipulation of S. cerevisiae permits to straightforwardly screen 
genome-wide libraries for proteins affecting secretory capacity. Therefore, we screened a 
transposon mediated mutagenized yeast deletion strain library for the secretion levels of the 
full length human IgG antibody. Interesting clones were contrasted for expression of a 
heterologous protein and an endogenous protein by measuring IgG and acid phosphatase 
secretion, respectively. After this, the genetic disruption caused by the transposon was 
determined. Finally, targeted deletion strains were made of two of the identified transposon 
insertions sites to confirm the expression phenotypes.  

4.3.1. Establishing strains and methods for library screening 
Generally, screening procedures show a bias towards the (model) protein used for screening, 
to overcome this limitation, we sought to create a screening method using the full-length 
IgG molecule to increases the relevance of the results. First, we assessed the background 
biological variability of the screening procedure, in order to be able to determine what could 
be considered suitable hits for further analysis, with a deviation far enough from the average 
of the library clones expression level. For this, we grew replicate cultures of the parental 
W303α strain, instead of using different transposon mutated transformants from the 
screening library. The parental strain, containing the galactose inducible IgG expression 
plasmid, was inoculated into 72 wells of a deep-well plate, and IgG titers were measured 
using automated ELISA after 24 hours of expression. On average the clones produced 
34.8 ± 7.50 μg/L, with a calculated Z-score over the plate of 3.17*10-5, where most variation 
was caused by only a few replicates deviating further from the average. This data confirmed 
that the variations coming from sample handling and small variations in growth conditions 
over the plate were small enough to justify the use of this parental strain background and 
cultivation setup for the screening method. 
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Figure 21 Z-score overview of first 900 clones analyzed for IgG expression. IgG titers of the transformants 
were determined using an ELISA assay after 24 hours of induction. The IgG expression of the transformants 
showed a normal contribution and hits were selected based on a Z-score ≥ ± 2.0. The clones A, B, and C, 
selected for further analysis, are marked with an arrow. 

The large scale mutagenesis of the yeast genome was done using a bacterial transposon 
plasmid library created and provided by Kumar and colleagues [317]. They estimated that 
this insertion library contains in total over 300,000 independent insertions, corresponding 
to 50 genome equivalents of DNA. Their screening of the transposon library showed it to be 
unbiased in selection of genomic targets, and it was successfully used in a screening for a 
genome-wide function analysis [317]. 

For our library screen, the obtained Tn7 mutagenized yeast insertional library was 
propagated in E. coli, and the plasmids were isolated using a midi prep kit. The purified 
plasmid was digested with NotI to release the transposon mutagenized yeast genomic DNA. 
After purification of the linearized DNA fragments they were transformed into competent 
W303α yeast cells that carried a plasmid for the galactose inducible expression of the full-
length human IgG molecule. We picked 900 transformants for IgG expression cultures in 
deep-well plates. After calculations of Z-scores for each transformant in their respective 
expression plates, so that all transformants can be compared irrespective of the plate they 
were grown in (Figure 21), we defined a Z-score of 2.0 as the minimum criteria for clones to 
be included for confirmation analysis. Eighty transformants were reanalyzed to confirm the 
primary screening results. For the first round of verification of the screening setup we 
included clones both with an increased, and with a decreased IgG titer, among them also the 
strains as A, B, and C, which were later characterized more in-depth (Figure 21).  

4.3.2. Characterization of selected hits 
Clones A, B, and C, that were selected from the initial screen based on their expression 
phenotype, were complemented with four randomly picked strains, without a clear 
phenotype in the primary screen, to serve as controls. In the secondary round of screening, 
the strains were analyzed for growth, expression of IgG, and expression of a yeast 
endogenous acid phosphatase (AP). 
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Figure 22 Secretion of IgG (A) and AP activity (B) of candidate and control strains. Strains were grown at 
20 (top) or 30 °C (bottom) and protein expression was induced with 0.5 % galactose for 24 hours. Data 
represents the average and standard deviation of two to four experiments with four replicate cultures. 

To evaluate the expression phenotype, all seven strains were transformed with the IgG 
expression plasmid or the yeast AP expression plasmid. All strains were grown in the 96 
deep-well plate format, with either 0.5 or 2.0 % galactose to induce protein production, and 
grown at either 20, or 30 °C. Samples were taken 24 hours after induction to measure IgG 
titers and AP activity from clarified supernatants. The data from 0.5 % galactose induction 
at 20 and 30 °C is shown in Figure 22, the other data can be found in publication III, figures 
3 and 4. 

In general, the secondary screen confirmed the IgG expression phenotypes of the primary 
screen. Clone A produced the highest IgG titers, followed by clone B, while the absence of 
IgG production in clone C was confirmed under all tested conditions (Figure 22A). The 
increased production in strains A and B was most prominent at the lower temperature, 
compared with the four control strains, with lower differences at 30 °C. Remarkably, strain 
C did show production of AP, even though it was strongly reduced compared to all the other 
strains. This indicates that production of endogenous protein was less affected than 
heterologous protein production in this strain. For strains A and B, there was no increase in 
AP activity observed compared to the 4 control strains. 

4.3.3. Identification and verification of gene disruptions 
Genomic DNA was isolated from strains A, B, and C for identification of the genomic 
integration sites using vectorette PCR. The found genomic integration sites are summarized 
in Table 5, and in Figure 23 a schematic overview of the integration sites, together with the 
surrounding loci, is shown. In clone A, the transposon was integrated into the ORF of VPS30, 
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in clone B the integration site was in the ORF of TAR1, and finally in clone C the integration 
site was located just upstream of the HEM13 ORF. Among the identified genes, the biological 
functions of VPS30 and HEM13 are relatively well characterized, but the role of TAR1 is not 
well established yet. 

Table 5 Genomic integrations of clones A, B, and C from screening 

(a)Annotation from the Saccharomyces Genome Database 

In order to completely verify the relationship between the disruption of the genes caused by 
the insertion of transposon and the observed expression phenotypes, yeast strains with clean 
deletion of the found ORF´s were prepared. From these, deletion of HEM13 proved to be 
problematic, as no viable colonies were found after transformation of the knockout cassette 
in four commonly used laboratory strains (W303, SS328, CEN.PK113-7D, and BJ3500). 
Literature revealed that previously HEM13 deletion strains displayed very slow growth at 
various temperatures, and are often not viable at all [318, 319]. However, mutations and 
partial deletions were viable with less severe growth defects [320], indicating a partial 
inactivation of HEM13 expression in strain C. One other option was shown to be the addition 
of heme into the media in order to compensate for the disruption of the heme biosynthetic 
pathway caused by HEM13 deletion [320]. Due to the combination of an unfavorable 
expression phenotype together with the, for biotechnological applications, undesirable need 
for specific media additions, we decided to exclude the HEM13 deletion from further 
analysis. 

Together with their parental W303α wild type strain, the Δvps30 and Δtar1 strains were 
transformed with the galactose inducible IgG and AP expression plasmids. IgG titers and AP 
activities were determined after 24 hours of protein expression at 30 °C, in deep-well plate 
and shake flask format (Figure 24). The data showed that both in plate and shake flask 
cultures the strains behaved similarly with respect to their expression phenotypes. With 
respect to IgG secretion titers, the Δvps30 strain had a significantly increased specific 
product yield that increased on average by 100 % with respect to the wild type. In contrast, 
in the Δtar1 strain only a slight increase was observed in shake flasks, but not in the plate 
cultivations. This strain showed however the highest increase in AP productivity of all three 
strains, although the Δvps30 was also significantly improved with respect to the wild-type 
background.  

Strain Disrupted gene(a) Function(a) 

Clone 
A 

VPS30/YPL120W Subunit of the phosphatidylinositol 3 kinase complexes 
I and II, required for overflow degradation of misfolded 
proteins when ERAD is saturated. 

Clone 
B 

TAR1/YLR154W-C Protein potentially involved in regulation of respiratory 
metabolism, located in the mitochondria 

Clone C HEM13/YDR044W Coproporphyrinogen III oxidases, oxygen requiring 
enzyme that catalyzes the sixth step in the heme 
biosynthetic pathway 
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Figure 23 Characterization of the integration sites of the transposon from strain A, B, and C in the yeast 
genomic DNA. Vectorette PCR was used with digested yeast genomic DNA to amplify the region around the 
inserted transposon. The exact integration site was found using BLAST on the sequence data, the surrounding 
genetic loci are shown in addition. 

This data shows that the screening setup did what we designed it for, to find genes that 
improve the secretion of IgG. The contrasting phenotypes we found between IgG and AP 
expression show the importance of contrasting the secretion levels of different proteins in 
order to get a more general idea about the nature of the effect of a gene deletion on protein 
secretion. In some cases knowledge about the functionality of the delete genes can provide 
more information about the underlying mechanism that improve the protein secretion. 
However, for the deletion of TAR1 it was difficult to indicate how it causes changes in protein 
secretion, as not much is known about the exact function of its protein product. The gene is 
located on the anti-sense strand of the multi-copy 25S rRNA gene, and Tar1p was shown to 
localize to the mitochondria [321, 322]. The protein seems to have a role in maintaining the 
oxidative phosphorylation capacity of the yeast cell under respiratory conditions [323]. 
However, it is unclear how its disruption is connected to the improved secretion of AP. 
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Figure 24 IgG and AP production of clean knockouts of selected strains from the library screening. Protein 
expression was induced for 24 hours with 0.5 % galactose, both in deep-well plates as well as in shake flask 
cultivation. The cultivations were followed by determination of IgG titers using ELISA or AP activity using a 
colorimetric assay. Data represents the averages and standard deviations from five to eight biological replicates. 

VPS30 on the other hand has been well documented, the gene encodes a protein that is part 
of the vacuolar protein sorting receptor family. Vps30p was shown to be involved in the CPY 
to vacuole protein sorting pathway, and mutations in and deletion of the gene showed to 
lead to missorting of the vacuolar carboxypeptidase Y (CPY), followed by its secretion into 
the extracellular space [324]. It showed that its CPY expression phenotype was indirectly 
caused by an impaired recycling of Vps10p. The Vps10p protein is the cargo receptor for CPY 
to the early endosome, and it is normally recycled back to the Golgi apparatus in a Vps30p 
mediated process. However, when Vps30p is removed from the process, Vps10p 
accumulates in the endosome, and is eventually transferred to the vacuole. The CPY that is 
now accumulating in the Golgi apparatus will then eventually be secreted [324]. It was 
shown that several heterologous proteins are targets of this CPY to vacuole pathway, leading 
to unwanted degradation, and giving an indication of how IgG titers are positively affected 
by VPS30 deletion [54, 187, 188, 325]. Later, it was shown that this degradation pathway is 
a back-up for ERAD targets that escape ER degradation. Kruse and colleagues showed that 
the ERAD target A1PiZ (the Z variant of the human α-1 proteinase inhibitor) is escaping 
vacuolar degradation when the VPS30 gene is inactivated [326]. In addition, another effect 
of VPS30 deletion was a low constitutive activation of the UPR, which reached levels 
comparable to wild-type cells under tunicamycin stress [326]. This low level activation of 
the UPR before stress from the IgG expression is induced might aid the cells to be able to 
more efficiently secrete the IgG molecules. 
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4.3.4. Differences between the screening rounds 
In general, the expression phenotypes of the vps30 and tar1 strains were more distinct in 
the final strain characterization, than in the secondary screen. This is related to the point 
that in the final screen the deletion strains were compared with the laboratory wild-type 
background strain, which contained no further modifications than bearing the IgG 
expression plasmid. However, the four transformants selected as controls from the primary 
screen contained insertions of the transposon mutagenesis library. Although they did not 
exhibit a clear expression phenotype, it is still possible that they were secreting IgG slightly 
more efficient than the W303 wild type.  

The expression of IgG and AP for the vps30 and tar1 strains was studied in deep-well 
plates and in shake flasks. No significant differences in the relative titer increases compared 
with the wild type were observed between both cultivation systems. This indicates that the 
positive effects of the deletions are transferable to the slightly bigger production scale in the 
shake flask. As the cultivation conditions between deep-well plate and shake flasks are quite 
different it is important to consider if the deletion phenotypes are preserved in the different 
growth formats. Through a significant increase in specific IgG yield and specific AP activity 
it was clear that the shake flask provided relatively better growth conditions, with better 
shaking providing better aeration and mixing of media components. 

4.4. Gaining insight in the metabolic burden of heterologous protein 
production 

In many studies it has been observed that recombinant protein production in microbial 
hosts leads to significant changes in the cell. For example, recombinant protein production 
is prone to activate the UPR if the load of unfolded proteins in the ER becomes too high 
[122]. The UPR is known to regulate close to 400 genes [117], meaning that the 
transcriptome and proteome of the cells changes significantly. For example, chaperones and 
folding factors were found to be upregulated [293]. Amongst the changes triggered by 
protein overexpression, are also alterations at the metabolome level, and it is known that 
recombinant protein production is a significant metabolic burden to the host cell. This 
burden originates from a redirection of resources from normal cellular processes towards 
the production of the recombinant protein [327]. For S. cerevisiae this metabolic burden 
was shown to lead to reduction in the maximum specific growth rate, a decreased biomass 
yield, and a lower respiratory capacity [76, 303, 327–329]. Noting that many cellular 
processes are changed when recombinant protein production is induced, it is to be expected 
that a shift in the direction of cellular resources to accommodate elevated protein production 
also alters the levels of intracellular metabolites. So far, analysis of the effects of the 
metabolic burden has been mostly restricted to parameters like growth rate, biomass yield, 
carbon source consumption, and byproduct formation [328, 330]. Modeling methods have 
provided insights in some of the metabolic flux distributions in particular in the central 
carbon metabolism under recombinant protein production conditions [302, 331]. However, 
the changes in intracellular metabolite levels caused by recombinant protein production 
have often been neglected, even though they could provide possible new leads for metabolic 
engineering of production strains. 
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4.4.1. Changes in growth characteristics for yeast strains expressing 
different antibody variants  

We observed differences in growth characteristics during cultivations of strains producing a 
scFv fragment, a scFv-Fc fusion protein, and a full-length IgG molecule, the respective 
recombinant strains are from here on referred to as scFv strain, Fusion strain, and IgG 
strain. In order to quantify the growth changes caused by the induction of antibody 
production we recorded growth curves. Without protein production no clear differences in 
growth patterns were observed (Figure 25A). And even though the differences between the 
μmax values were statistically significant, they were rather small. However, when galactose 
was added to the media to induce protein production, all expression strains showed a lag 
period, followed by a decreased growth rate compared to the wild type control (Figure 25B 
and Table 6). Interestingly, the μmax values decreased more when the size of the expressed 
antibody variant increased, down to a μmax of only half of the wild-type control for the IgG 
strain (Table 6). The three proteins produced differ in the amount of Ig-fold domains, 2 for 
scFv, 8 for the scFv-Fc fusion protein, and 12 for the full-length IgG. The Ig-fold is not 
natively found in yeast, and that contributes to the slow folding and maturation of the 
antibody molecules. It is noteworthy to mention, that protein folding was proposed to be the 
most energy consuming component of the yeast secretory machinery [78], and the 
lengthened folding process for the larger antibody molecules might contribute to the 
increased metabolic burden observed in these strains. 

Table 6 Growth rates of expression strains 
Strain Antibody 

(fragment

) 

Size Ig 

folds 

μmax(a) 

(raffinose) 

μmax(a) 

(raffinose + 

galactose) 

WT WT control N/A N/A 0.161±0.00143 0.095±0.000958 

ScFv ScFv 

fragment 

26.1 kDa 2 0.151±0.000852* 0.087±0.000715** 

Fusion ScFv-Fc 

fusion 

106.0 kDa 8 0.152±0.000663

* 

0.060±0.000409*** 

IgG Full IgG 144.5 kDa 12 0.148±0.00066* 0.048±0.000534*** 

(a) *P<0.05; **P<0.01; *** P<0.001 (versus WT in the same condition. By Student’s two-tailed t test) 

4.4.2. Expression of antibody variants leads to distinct intracellular 
metabolic profiles 

Seeing the large differences in growth rates when protein production was induced, we 
wondered if these changes were reflected in changes in intracellular metabolite levels in the 
recombinant strains. To analyze the intracellular metabolite profiles of the different 
expression strains, we used a targeted (semi) quantitative mass spectrometry based 
metabolomics method to measure the concentrations of 76 metabolites from the wild-type, 
and from the three recombinant strains under protein expression inducing conditions. 
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Figure 25 Growth curves of strains expressing different antibody variants. Cultures with exponentially 
growing cells were diluted to OD600=0.02 in fresh media without (A), or with galactose (B) to induce protein 
expression, and grown in microtiter plates for 48 hours at 30 °C with continuous shaking. OD600 was measured 
every 30 minutes and the data is here represented by a logistic growth curve fitted to the average of four 
replicates per curve, except for wt in (B), because the curve was not applicable with the model.  

Unsupervised multivariate analysis, Principal Component Analysis (PCA), showed that the 
four strains formed distinct populations based on the metabolite profiles. The scFv and IgG 
strains were more similar to each other than to the Fusion strain or to the wild-type (Figure 
26A). Supervised multivariate analysis, Partial Least Squares Discriminant Analysis 
(PLSDA), identified the top variables contributing to the group separation, and Figure 26B-
D shows an overview of the 20 metabolites most contributing to the differences between the 
recombinant strains and the wild-type. The metabolites that were determined to be 
contributing most to the separations between the recombinant strains and the wild-type 
were predominantly involved in amino acid metabolism (for example ornithine, proline, and 
arginine) and redox metabolism (for example GABA, glutathione, and succinate). 

4.4.3. Recombinant protein production alters the pool of free amino 
acids 

The expression of the antibody variants induced changes in concentrations of all amino acids 
that were measured. We sought for a possible correlation between differences in the amino 
acid composition of the expressed antibody variants with the changes in amino acid levels 
in the recombinant strains. For this, we compared the amino acid compositions of the 
antibody variants, with the average amino acid composition of S. cerevisiae that was 
published by Karlin et al. [332]. The main differences were found to be a decrease of 
arginine, asparagine, and aspartate, and an increase of serine, threonine, and valine in the 
recombinant proteins (Figure 27A). 

Next, we calculated the log2 fold-changes of the pool of intracellular free amino acids in 
recombinant strains respective to the wild-type, and sought for possible correlations. We 
mainly observed a decrease in concentration in the strains expressing the antibody variants 
(for 13 out of 18 amino acids). The changes ranged from an over two fold increase in 
concentration for methionine and alanine to an over threefold decrease for tyrosine and 
arginine (Figure 27B). However, no clear correlation was observed between the changes in 
free amino acid levels and the differences in amino acid composition of the expressed 
proteins compared with wild-type or relative to each other. The large changes in amino acid 
levels suggest that it could be a target to improve production titers. Although genetic  
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Figure 26 Recombinant protein expression inflicts changes on the metabolome. (A) PCA scores plot from 
all metabolomics samples of the four different strains, showing a clear clustering within samples from the same 
strain as a separation between samples from the different strains. (B-D) The top 20 metabolites are ranked for 
their contribution in group separation in the PLSDA-VIP plots, comparing the scFv strain (B), the Fusion strain 
(C), and the IgG strain (D) with the wild-type.  

engineering of metabolic pathways is expected to be complex, as many amino acids also act 
as precursors for different metabolic pathways, supplementation of certain combinations 
of amino acids to culture medium was proven to be successful to increase the production of 
a recombinant xylanases [333]. 

4.4.4. Recombinant protein production has an impact on 
metabolites involved in redox metabolism 

The production of recombinant antibodies comes with the need for formation of disulfide 
bonds so that the proteins can reach their native folding state. This process consumes 
reduced glutathione when disulfide bonds are broken, and that can lead to oxidative stress 
in the ER [132]. The concentration of glutathione was decreased 0.94-, 0.62-, and 1.39-fold 
in the scFv, the Fusion, and the IgG strain, respectively. Glutathione was also reported to  
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Figure 27 Amino acid composition analysis. (A) Overview of amino acid composition of the expressed 
antibody variants and an average amino acid composition of yeast proteins. (B) Fold changes of concentrations 
of amino acids relative to wild-type after induction of expression of the respective antibody variants. 

be able to buffer oxidative stress in the ER [334], so the decrease in glutathione we observed 
suggests that the production of the antibody fragments disturbed the redox balance in the 
ER 

In all recombinant strains GABA showed a decrease in concentrations when compared with 
wild-type, and that decrease became stronger with an increase of the size of the antibody 
variant. Also, GABA was one of the determining metabolites contributing to the group 
separation in all strains (Figure 26B-D). The metabolite was decreased 3.55-fold in the scFv 
strain, 4.42-fold in the Fusion strain, and 4.84-fold in the IgG strain. It was shown that 
GABA can play a role in oxidative stress tolerance by acting as a buffer for cellular redox 
changes [335], this happens through a conversion from tryptophan to GABA, followed by a 
conversion to succinate. In our data we found that the tryptophan concentrations were 
decreased up to 2.33-fold, and the succinate concentrations were increased up to 4-fold in 
the recombinant strains. This indicates a possible increased flux through this metabolic 
pathway to buffer the changes in the cellular redox state resulting from recombinant 
antibody production. 
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NAD+ is a key player in electron transport in many cellular reactions, the metabolite is either 
synthesized by nicotinate scavenging, or through de novo biosynthesis from tryptophan 
[336]. The concentration of NAD+ was increased 1.41-, 1.01-, and 0.88-fold in the scFv, the 
Fusion, and the IgG strains, respectively. The scavenging pathway utilizes nicotinic acid for 
NAD+ regeneration, nicotinic acid was increased 3.19-, 1.15-, and 1.91- fold in the scFv, the 
Fusion, and the IgG strain, respectively. For the de novo biosynthesis pathway, the amino 
acid tryptophan was one of the amino acids with the most decreased levels. In contrast, 
downstream from tryptophan in the metabolic pathway the metabolites L-kynurenine and 
3-hydroxyanthranilic acid showed increased concentrations. For L-kynurenine this was 
2.51-, 4.06-, and 2.55- fold, and for 3-hydroxyanthranilic acid this was 0.47-, 1.46-, and 0.19-
fold, both in the scFv, the Fusion, and the IgG strain, respectively. 

4.4.5. The cellular burden is connected to slow IgG folding and 
maturation  

 

Figure 28 Western blots of cell extracts from the antibody variant expressing strains. After 18 hours of 
protein expression cell extracts were prepared from strains expressing the scFv fragment (A), the scFv-Fc fusion 
protein (B), and the full-length IgG molecule (c). The scFv fragment was probed using a mouse anti-tetra his 
antibody together with a rabbit anti-mouse peroxidase labeled antibody. The Fc portion of the scFv-Fc fusion 
protein and the full-length IgG were probed with a goat anti-human (Fc-specific)-peroxidase labelled antibody. 

Western blot analysis of cell extracts from the expression cultures showed for all three 
recombinant strains the protein signals at the expected apparent molecular sizes, displaying 
the polypeptides with, and without the Matα propeptide (Figure 28). The presences of 
polypeptides with the Matα propeptide indicates that part of the polypeptides is 
accumulated in the ER and Golgi apparatus during the folding and protein maturation 
process. The proportion of unprocessed polypeptides was the highest in the IgG strain, 
suggesting that the folding process is slowest for the largest antibody variant with the most 
Ig-folds. The IgG strain also displayed the lowest maximum growth rate, indicating that the 
cellular burden of the slow folding process is significant. However, even though we found 
connections between the changes in metabolite levels and cellular processes involved in the 
recombinant protein production, the changes in maximum growth rates can only be partially 
explained by the metabolic burden, as induction of the UPR is expected to put an additional 
stress on the cells. 

In this thesis, we showed that optimization of aspects of the secretory pathway, like protein 
folding and trafficking steps, increased the secretion efficiency of IgG. In our data, the 
overexpression of CPR5 was most beneficial for IgG titers. The isomerization of certain 



Results and discussion 
 

78 
 

proline residues is one of the slowest steps in the folding of the IgG heavy chain fragment 
and this step is catalyzed by the Cpr5 peptidyl-prolyl isomerase [201, 202]. The optimization 
of one of the rate limiting steps in IgG folding reduces the negative effects of this bottlenecks 
in the secretory pathway and leads to a reduction in the cellular burden from recombinant 
protein production.  
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5. Conclusions and future prospects 

In this thesis we sought to identify genetic factors that influence the secretion of a full-length 
IgG molecule from the yeast Saccharomyces cerevisiae. We found genes involved in protein 
folding, N-glycosylation, vacuolar sorting, and proteolytic degradation, that increased or 
decreased IgG production after their overexpression or deletion. An overview of all the genes 
studied and their functions, together with their effect on IgG secretion is shown in Table 7 
and Table 8, for deletions and overexpressions, respectively. 

By studying a selection of genes that are regulated by the UPR, and that affect the protein 
folding process in the ER we aimed to harness parts of the cells natural stress response to 
unfolded proteins to increase the folding efficiency of the IgG molecule. We increased the 
functional folding space of the ER through deletion of the OPI1 gene, which showed to 
increase IgG titers by up to 4.8-fold. The overexpressed protein most beneficial for IgG titers 
in this study was the peptidyl-prolyl isomerase Cpr5p, with an increase of IgG titers of up to 
3.2-fold. The overall best performing strain was the Δopi1 strain with CPR5 under control of 
PGPD, this strain secreted over ten times more IgG than the wild type control strain. 

Deletion of genes encoding components of protein quality control system ERAD did not 
negatively affect strain fitness of the strains under non-stressed conditions. However, of the 
strains tested only deletion of HTM1 improved IgG titers, by 1.15-fold. Creation of a glycan-
form that could possibly escape ERAD through deletion of ALG3 also improved IgG titers, 
by 1.20-fold. In order to gain more insight in how the deletions affect the folding process in 
the ER a cellular clearance assay was developed. The assay allowed us to distinguish 
differences in the cellular clearance of IgG between some of the ERAD deletion strains. 

We successfully developed a high throughput method for screening a transposon mediated 
yeast deletion strain library, and identified genes influencing IgG secretion. The data showed 
that clear IgG secretion phenotypes could be distinguished in the primary screen. After 
confirmation of the transposon insertion site of two selected transformants the resulting 
Δvps30 and Δtar1 strains showed to improve IgG secretion by up to 2.5-fold and up to 1.13-
fold, respectively. The genes were also shown to improve the secretion of a control protein, 
the endogenous yeast acid phosphatase by up to 1.75-fold for Δvps30, and up to 2.5-fold for 
Δtar1. VPS30 was a known target in strain engineering, but the gene TAR1 was previously 
not connected with protein secretion. 

Expression of a scFv, a scFv-Fc fusion antibody, and a full-length IgG was found to impose 
an increasing burden on S. cerevisiae that was inversely correlated to the growth rate with 
an increased size and complexity of the antibody variant. Using a targeted (semi) 
quantitative metabolomics approach we showed that all three production strains formed 
distinct populations based on the levels of selected metabolites. The most significant 
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changes were found to be related to metabolites involved in amino acid and redox 
metabolism. 

Table 7 Effects of gene deletions on specific IgG yield 

(a)  Fold change of specific product yield relative to the respective wild type strain 

Table 8 Effects of gene overexpression on specific IgG yield 
Gene Function Promoter induced fold 

change(a) 
PTEF PGPD PGAL1 PKAR2 PPDI1 

CPR5 ER peptidyl-prolyl cis-trans isomerase 1.66 1.78 1.77 3.26 2.16 
ERO1 ER thiol oxidase 1.37 1.09 1.17 0.28 N.D. 
KAR2 ER molecular chaperone 0.99 0.84 0.53 N.D. 1.07 
LHS1 ER nucleotide exchange factor for Kar2p 1.05 1.13 0.97 1.13 N.D. 
PDI1 ER protein disulfide isomerase 0.9 0.55 0.25 0.59 0.72 
SEC1 Involved in docking and fusion of exocytic 

vesicles 
0.88 0.82 0.96 N.D. N.D. 

SIL1 ER nucleotide exchange factor for Kar2p N.D. 1.51 1.23 1.41 1.43 
SLY1 Involved in ER/Golgi vesicle trafficking 1.11 0.96 0.91 N.D. N.D. 
SSO1 Plasma membrane t-SNARE 0.76 0.72 0.83 N.D. N.D. 

(a) Fold change of specific product yield relative to the respective wild type strain background for each of the 
promoters used. N.D. = not determined 

Deletion Function Fold 
change(a) 

Δalg3 α-1,3-mannosyltransferase involved in the synthesis of 
the dolichol-linked oligosaccharide donor for N-
glycosylation 

1.21 

Δcym1 Lysine specific metalloprotease of the mitochondrial 
intermembrane space 

1.52 

Δhtm1 ER α-1,2-exomannosidase, involved in the glycan 
trimming step of ERAD 

1.15 

Δhrd1 Ubiquitin-protein ligase, required for ERAD of misfolded 
proteins 

0.62 

Δhrd3 HRD-complex membrane protein with a central role in 
ERAD 

0.69 

Δire1 Transmembrane protein that mediates the UPR 0.07 
Δopi1 Transcriptional regulator of phospholipid genes 4.8 
Δpep4 Vacuolar proteinase A 1.58 
Δprb1 Vacuolar proteinase B 1.12 
Δpep4 
Δprb1 

Vacuolar proteinase A and B 1.14 

Δtar1 Potentially involved in regulation of respiratory 
metabolism 

1.13 

Δubc7 Ubiquitin conjugating enzyme involved in ERAD 0.68 
Δvps10 Vacuolar transmembrane sorting receptor 1.47 
Δvps30 Subunit of PTdIns 3-kinase complexes I and II, involved 

in autophagy and vacuolar protein sorting 
2.51 

Δyos9 ER quality control lectin involved in ERAD 0.18 
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5.1. Further targeted strain improvement 

In this thesis we focused on improving the secretion of a full-length IgG molecule, and have 
identified genetic targets that do so. However, it would be very interesting to determine the 
universal applicability of these targets on the secretion of a broader range of recombinant 
proteins. In many studies it was observed that the strain modifications that improved 
secretion efficiency for one specific protein cannot be easily used to generate the same 
positive effect for the secretion of other recombinant proteins [51, 290]. The protein folding, 
processing, and secretory pathways form a complex network, and each of these needs to be 
specifically tuned to accommodate the characteristics of the target protein, for example 
protein size, glycosylation sites, disulfide bonds, hydrophobic elements, dimerization, 
amongst others. It has been shown that even small differences in amino acid sequences of a 
protein can have significant consequences for secretion levels [337]. In order to analyze this, 
additional recombinant proteins relevant for production in industrial processes need to be 
selected to analyze if the strain improvements found in this thesis are also beneficial for 
other classes of proteins. 

Furthermore, in this thesis we have shown that mimicking selective parts of the UPR can be 
beneficial for improved IgG titers. In that respect, it could be interesting to further continue 
the research into the effect of the protein quality control system ERAD, as this was shown to 
contribute to degradation of up to 60 % of a Fab3H6 antibody fragment produced in P. 
pastoris [238, 239]. In this thesis, we focused merely on the impact of disrupting ERAD to 
avoid unwanted degradation, which led mostly to a decrease in IgG titers. However, there is 
a possibility that overexpression of selective ERAD parts could improve the quantity and 
quality of the produced IgG. Most interesting would be to increase the presence of 
components of the retrotranslocation pore complex, as an increased removal of ERAD 
substrates from the ER might increase the folding space for other proteins. The analysis of 
the influence of ERAD on product titers becomes especially interesting with the rise of 
glycoengineered strains for industrial biopharmaceutical production, as the change in glycan 
structure on the glycoproteins in these strains might alter their affinity for glycan dependent 
folding and degradation processes. An indication for the effect of glycan engineering was 
found in this thesis, where deletion of the ALG3 gene increased IgG titers, and this is a 
deletion used in some of the glycan engineering strategies [252, 253]. 

Finally, in this thesis we found genetic targets at various parts of the secretory pathway that 
by themselves could significantly improve IgG secretion. There is a possibility that 
engineering one part of the secretory pathway not just improves protein secretion, but also 
creates a new bottleneck or moves the existing bottleneck to a new place in the secretory 
pathway. In that sense it would be interesting to create an IgG production strain that has 
been optimized for production at several stages of the secretory pathway, in order to see if 
modifications of different parts show a synergistic effect when they are combined. For 
example it would be interesting to see if the positive expression phenotype of modifying the 
ER environment by deletion of OPI1 can be further improved by modification of a later step 
in the secretory pathway. The diminishing of vacuolar degradation through additional 
deletion of the VPS30 gene we found in the randomized functional genomics approach 
would be an interesting candidate for this. 
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5.2. Deletion library screen improvements 

For the yeast deletion strain library screening method it would be beneficial if the amount 
of information that is obtained in the first round of screening is increased. One option to 
achieve this would be simultaneous overexpression of a second target protein in the library 
strain, already in the first round of screening. This could be either a second heterologous 
protein in order to analyze the effect of the deletion on different classes of proteins [316]. 
Or, another option is the overexpression of an endogenous S. cerevisiae protein, like the 
yeast acid phosphatase, to characterize the effect on heterologous versus endogenous 
protein expression. In this thesis, we have analyzed the AP expression of selected clones in 
a secondary screening round. In initial experiments, the genetic cassette encoding the AP 
was integrated into the IgG expressing parental strain from the library screening, and this 
allowed us to analyze the expression phenotypes of IgG and AP simultaneously in the 
primary screening round (unpublished data). The enzyme’s activity can be relatively easily 
measured in a high-throughput activity assay using a colorimetric substrate and allows 
distinguishing of different expression phenotypes of the library transformants when 
compared with the relative IgG expression levels.  

There are also possibilities to include reporter assays that provide information about the 
state of cellular processes that influence protein secretion. After implementation of the AP 
expression, we also integrated the UPR-reporter construct (that has been used in publication 
II) into this double expression strain, and tested its suitability for identifying ER-stress 
phenotypes in the library transformants. This enabled the measurement of the fluorescence 
of GFP as a relative measure for how high the stress caused by unfolded proteins is 
(unpublished data). Another fluorescent readout option could be a reporter for the redox 
state of the ER [338].  

When through combination of the GFP UPR-reporter with the IgG and AP expression a 
strain with a multiplex readout is created, reporting heterologous protein expression, 
endogenous protein expression, and induction strength of the UPR. This could enable a 
more versatile readout to analyze the effects of deletions in the background strain, allowing 
to select interesting clones based on more information.  

One other possible approach to increase the use of the screening approach, would be to 
utilize an already optimized production strain as the parental strain for this mutagenesis 
screen, for example the OPI1 deletion strain with an integrated cassette for the 
overexpression of the CPR5 gene under control of the GPD promoter. In this way it would 
be possible to identify genes that can further improve an already significantly optimized 
secretory process. 

5.3. Towards more versatile industrial yeast cell factories 

When many genes of interest that improve secretion efficiency have been selected for 
overexpression, the burden their expression imposes on the cell has to be considered. For 
example, it has to be taken into account that for industrial scale production strains, the 
expression of multiple helper proteins in a plasmid based system is not feasible. This is due 
to possible variations in plasmid copy numbers and corresponding expression levels, and 
also due to an undesirable requirement for a constant multiplex selection pressure for the 
various plasmids. Furthermore, yeast strains tend to more easily lose their plasmids in larger 
scale cultivations due to long cultivation times, as dead cells provide amino acids to the 
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media after lysis, and due to use of rich or undefined media [339, 340].In general, stable 
integration into the yeast genome is a viable option for a limited number of genes, but the 
most versatile solution would be the construction of yeast artificial chromosomes (YAC). 
These synthetic chromosomes can accommodate DNA up to 800 kb providing capacity for 
many genetic elements to be expressed. YACs containing on average around 50 different 
heterologous expression cassettes were successfully used in the random assembly of 
biosynthetic pathways to produce various flavonoid compounds [14]. 

After extensive strain engineering, it can be expected that multiple genes, encoding proteins 
that increase the secretion efficiency of the target protein, have been selected for 
overexpression. When these are overexpressed at the same time a secure fine tuning of 
expression levels becomes paramount to avoid saturating the cell with the overexpressed 
proteins. Balancing of expression levels becomes especially important when the protein 
products interact with each other in a stoichiometric way. It is quite probable that native 
yeast promoters don’t offer enough possibilities for adjustment of expression levels and a 
switch to synthetic promoters could be necessary. These rationally designed promoters often 
use DNA binding molecules from other organisms, together with different numbers of 
binding sequences in the promoter region to regulate expression levels [13].  

Besides all strain engineering steps, also bioprocess engineering will play an important role 
in the development of S. cerevisiae as an antibody factory. To determine the current full 
production potential of S. cerevisiae, it would be interesting to use our IgG production strain 
with the highest titers, or a to be developed strain with a more extensive engineering of the 
secretory pathway, and analyze the maximum IgG titers that can be reached with bioprocess 
engineering. The experimental setups we used for IgG production were favorable for 
screening purposes, but had far from optimal growth conditions. Especially in the deep-well 
plates oxygen transfer is limiting and the batch-phase conditions might result in non-
optimal carbon source concentrations when the cultivation time proceeds. To be able to 
reach the true potential of these S. cerevisiae strains as antibody factories, their expression 
cultivations would need to be scaled up to bioreactor systems. For example, a fed-batch 
bioreactor setup that allows full control over reaction parameters; the feed allows 
continuous control over carbon source levels necessary for growth and induction level of 
protein expression, while stirring speed and aeration create optimal oxygen levels, and can 
lead to corresponding improved growth rates. Finally, when process conditions have been 
optimized, and the highest possible productivity is reached, a fair comparison of the real 
value of S. cerevisiae as an antibody factory can be made with the current established 
mammalian systems. It has to be noted that for CHO cells over 25 years of research has been 
invested in order to get the optimal production cell lines and conditions that lead to the 
current high IgG titers [341]. In comparison there has been less than a decade of research 
on recombinant full-length IgG production in S. cerevisiae, but with the current progress we 
believe that the yeast for sure has potential. 

Finally, there is the question of transferability of the knowledge obtained in our S. cerevisiae 
production system into other, less characterized, microbial expression hosts. For example 
the methylotrophic yeast P. pastoris is an often used host for the production of heterologous 
proteins. This is because it benefits from the possibility to grow on relatively inexpensive 
methanol as its sole carbon source and protein expression inducer, it secretes low amounts 
of native proteins, and it is able to grow into very high cell densities, thereby increasing the 
volumetric protein yield. However, genetically, P. pastoris is less well characterized than 
S. cerevisiae, and that makes it less suitable for targeted engineering strategies. 
Additionally, genetic manipulation is less efficient, what makes it less suitable for large scale 
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genetic engineering studies. Seeing that P. pastoris and S. cerevisiae are relatively similar, 
it can be assumed that there is a possibility that similar effects can be reached when using 
the successful engineering strategies from S. cerevisiae in P. pastoris. For example, P. 
pastoris homologs of the overexpressed or deleted genes in S. cerevisiae can be used to 
improve heterologous protein production. Additionally, it even has been shown to be 
possible to use S. cerevisiae proteins in P. pastoris to create an improved cell factory [342]. 

Overall, many targets for strain and process engineering are available to increase the IgG 
secretion from S. cerevisiae. Although the IgG titers are currently still rather modest 
compared to established antibody production systems like CHO cells, we do believe that S. 
cerevisiae has the potential to become a relevant antibody factory.  
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