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Abstract

Producing pharmaceuticals in Escherichia coli inevitably comes with an extensive
purification process. This is because many of the native proteins of E. coli are immunogenic
to humans, especially the heat and pH resistant endotoxins located in the membrane of E.
coli. These native proteins drive up the cost of the purification, which led to a request from
the biopharmaceutical company Affibody AB. They want a review on the possibilities of
producing their unique Affibody®-molecules in a new, less problematic host cell. Based on a
previous bachelor project, Affibody AB chose Pichia pastoris as the candidate. P. pastoris is
a methylotrophic yeast that is increasing in use when it comes to producing pharmaceuticals.
In this review, multiple ways of utilizing P. pastoris are presented. The process proposals are
based on 4 different promoters, pAOX1, pAOX2, pFLD1 and the pGAP. The AOX1- and
AOX2-promoters and the FLD1-promoter are inducible promoters that require an
inducer-molecule. An inducible promoter presents the best control of the process. The
GAP-promoter is a constitutive promoter, meaning that the gene is expressed continuously. A
constitutive promoter provides a process which requires fewer steps and ingredients. If the
Affibody®-molecules were to be produced with P. pastoris as the host cell, the products
would contain less immunogenic substances. Further, P. pastoris is also a very effective
option when it comes to producing protein extracellularly. This would ultimately lead to a
purification process that requires less resources.



Table of content
1 Background 1

1.1 Affibody®-molecules as an alternative to antibodies 1
1.2 Challenges with using E. coli as a production system 3
1.3 Affibody AB is exploring a new production system 3
1.4 Komagataella spp, formerly known as P. pastoris 4

1.4.1 Secretion in P. pastoris is initiated with a signal sequence 4
1.4.2 P. pastoris as a production host on an industrial scale 5

1.5 Glycosylation in general and specifically for P. pastoris 5
1.5.1 The post-translational modification glycosylation and its importance
in humans and yeasts 6
1.5.2 Glycosylation of the Z-domain of the Affibody®-molecule 7
1.5.3 Glycosylation in P. pastoris 7

1.6 Expression systems - systems of protein production 9
1.7 Promoters are crucial genetic components for expressing genes 10

2 Method of research 10
2.1 Several criteria were considered when choosing promoters for the
proposals 11
2.2 Literature selection regarding the pAOX cultivation proposal 12
2.3 Literature selection regarding the pFLD1 cultivation proposal 12
2.4 Literature selection regarding the pGAP cultivation proposal 12

3 Cultivation process proposals for P. pastoris 13
3.1 The AOX-promoters - native promoters in P. pastoris used for protein
expression 14

3.1.1 Cultivation and protein expression in P. pastoris using the
AOX-promoters 16

3.1.1.1 Pre-cultivation for large scale fermentation using the
AOX-promoters 16
3.1.1.3 Glycerol fed-batch to increase the biomass under limited
conditions 18
3.1.1.4 Methanol fed-batch to induce the protein production 19

3.2 The strong inducible methanol-dependent promoter pFLD1 22
3.2.1 Process suggestions with pFLD1 22

3.2.1.1 Methanol-free fed-batch cultivation 23
3.2.1.2 Using methanol as inducer 24
3.2.1.3 Combination of nitrogen sources and carbon sources 24



3.2.2 Productivity 26
3.2.2.1 The methanol-free fed-batch cultivation 26
3.2.2.2 The FLD1-promoter gave the best result among the
methanol-inducible promoters 26
3.2.2.3 Methylamine hydrochloride and methanol co-induction gave
the highest productivity 27

3.3 The GAP-promoter - a constitutive methanol free promoter 28
3.3.1 Examples of heterologous expression using the GAP-
promoter 29

3.3.1.1 Two versions of the inoculum using GAP-promoter 29
3.3.1.2 Only small fed-batch fermentations have been tested 30
3.3.1.3 Quantifying the proteines 31
3.3.1.4 The optimal growth time varies between the investigated
proteins 32

3.3.2 Proteins similar to Affybody®-molecules have successfully been
expressed in P. pastoris using the GAP-promoter 32

3.4 Purification and quantification of proteins 33

4 Discussion 34
4.1 Production in P. pastoris is similar as for E. coli 35
4.2 Inducible or constitutive promoters - accuracy versus simplicity 35
4.3 Comparing and evaluating the growth media and inducers 36
4.4 Hard to draw a conclusion from the yield 37

5 To conclude the process proposals for P. pastoris 39

6 Acknowledgement 39

7 Contribution statement 40

8 References 43

Appendix 1: Ethical reflection of biopharmaceutical production in P.
pastoris 51

Appendix 2: Project request 54

Appendix 3: Investigated promoters 56



1 Background
Affibody AB is a clinical stage biopharmaceutical company located in Solna, Sweden
(Affibody AB 2022). Their focus is to develop and produce next generation
biopharmaceuticals and is doing so with their unique Affibody®- and Albumod™-molecules.
Their most developed product is the Affibody®-molecule which is being used to help treat
diseases within the areas of psoriasis, oncology and autoimmune diseases.

Their current production system is taking advantage of Escherichia coli by introducing
vectors with potent promoters which force the organism to overexpress the Affibody protein.
This production is taking place inside large bioreactors of around three thousand liters. The
growth of the E. coli is based on a minimum medium without any complex ingredients. A
minimum medium is a medium that provides just enough nutrients for the culture to grow.
The carbon source that the cells are provided with is glucose. The production of the
Affibody®-molecules is induced with Isopropyl β-d-1-thiogalactopyranoside, a lactose
analog.

Using E. coli as a production system comes with the advantages of a rapid, simple and
inexpensive cultivation (Hayat et al. 2018). The cultivation is also referred to as the upstream
process. However, when it comes to the extraction of heterologous pharmaceutical proteins
from E. coli, the process becomes more demanding (Mamat et al. 2015). The demanding
purification process, which is mainly caused by endotoxins in the E. coli membrane,
motivated Affibody AB to start the investigation of a new host cell. Based on previous
studies, Affibody AB made a request that P. pastoris would be investigated as a production
host and that the group would present process proposals with focus on cultivation . Affibody
AB also requested an overview of glycosylation, since this is a potential problem in
eukaryotic cells. The full request is presented in Appendix 2.

1.1 Affibody®-molecules as an alternative to antibodies
Affibody®-molecules were introduced almost 25 years ago as an alternative to antibodies for
biotechnical and therapeutic applications (Ståhl et al. 2017). Both natural and engineered
antibodies are widely used within the pharmaceutical industry because of their strong affinity
properties and substantial size of approximately 150 kDa (Friedman & Ståhl 2009). Since 150
kDa is well above the 60 kDa renal filtration barrier in the kidneys, the antibodies have a long
serum half-life time. This results in that the antibodies remain potent for a long period of
time. Identical antibodies, so called monoclonal antibodies, that derive from the same cell are
most commonly used during treatment. The reason for this is that monoclonal antibodies have
superior specificity and sensitivity (Nguyen et al. 2012). The manufacturing process of
antibodies, however, is both complicated and expensive due to requiring elaborate
post-translational modifications, having low solubility and poor heat stability (Löfblom et al.
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2010). Because of their substantial size, they also penetrate tissues and organs at a slow rate
(Vazquez-Lombardi et al. 2015).

In contrast to antibodies, Affibody®-molecules have a molecular weight of 6.5 kDa and are a
meager 58 amino acids long (Ståhl et al. 2017). They are based on a three-helix bundle
domain framework, also known as a Z-domain, and derive from staphylococcal protein A.
The structure of the Affibody®-molecule is illustrated in Figure 1.

Figure 1. The structure of the Affibody®-molecule (Lendel et al. 2006). The three helices are
illustrated with different colors.

Distinct variants of Affibody®-molecules have been constructed by randomizing 13
surface-exposed amino acids located in helics 1 and 2 (Ståhl et al. 2017). The distinct
variants show high specificity and are therefore used to target different molecules. The
complete consistent sequence of the protein is illustrated in Figure 2 (Grönwall et al. 2007,
Nilsson et al. 1987). Affibody®-molecules can be considered as improved antibodies since
they possess all the desirable chemical properties that antibodies have in addition to having a
higher heat stability and smaller size, which both simplifies and makes the manufacturing
process cheaper (Löfblom et al. 2010). Their miniature size also contributes to higher levels
of tissue and organ penetration, meaning that potentially hard to reach targets, such as solid
tumors, become more accessible (Vazquez-Lombardi et al. 2015). The proteines ability to
penetrate organs, however, also contributes to them having a shorter serum half-life time.
This is due to the fact that 6.5 kDa is well below the 60 kDa renal filtration barrier in the
kidney.
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Figure 2. The sequence of the Affibody®-molecule. The three helices are illustrated with blue boxes
and the 13 amino acids that can be randomized are marked with bold X:es. Created with
BioRender.com.

1.2 Challenges with using E. coli as a production system
Pharmaceuticals require a very high level of purity in order to be administered to patients.
Further, many native proteins of E.coli, especially the membrane proteins, are immunogenic
to humans (Magalhães et al. 2007). The midstream process consists of lysing the cells and
removing the membranes and other bulkier fragments in order to get a homogeneous solution
that can be filtered properly.

The downstream is the most extensive part of the purification. This is where the final product
is going to be extracted. In this step it is especially the endotoxins, which ordinarily reside in
the cell membrane, that are hard to entirely remove (Magalhães et al. 2007). These
endotoxins are lipopolysaccharides and are continuously being released from their position in
the membrane into their surroundings. This is the reason that all samples created in E. coli are
contaminated with them. The lipopolysaccharides are also far more heat and pH resistant than
proteins, making them tougher to remove (Hirayama & Sakata 2002).

This leads to the necessity of performing a comprehensive purification process. Magalhães et
al. (2007) stated that at least six different processes have been developed in order to rid the
samples of lipopolysaccharides. Which of these processes that are going to be the most
effective depend notably on the properties of the protein that is being produced (Lin et al.
2005).

1.3 Affibody AB is exploring a new production system
Affibody AB is currently exploring the possibilities of using another organism to produce
their molecules. The reason for this is the aforementioned problems that arise when using E.
coli as the production host. Possibilities of using a host where no endotoxins are present have
already been explored in a previous bachelor thesis (Westholm et al. 2020). The group
presented three candidates of which Affibody AB decided that the yeast Komagataella
pastoris, previously Pichia pastoris, was going to be further investigated. Therefore,
Affibody AB has requested a new report that further investigates the potentials of K. pastoris.
In this report, process proposals based on four different promoters are analyzed and discussed
based on a bibliographical research. Further, Affibody AB wants to know whether
glycosylation will present a problem, if they are going to have to acquire new equipment in
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order to implement the proposed production systems and how the environmental impacts of
the proposed processes may differ from their current production.

1.4 Komagataella spp, formerly known as P. pastoris
Komagataella spp, formerly known as P. pastoris, is a genus of methylotrophic yeasts,
meaning that they can use methanol as its source of both carbon and energy (Heistinger et al.
2020). Komagataella spp can be found in the exudate of trees in both Europe and America,
where seven species have been isolated. Since fully discriminating the yeasts in
Komagataella spp from one another with standard physiological tests is not possible it was
formerly believed that they were part of the same yeast species, called P. pastoris. Seven
species have been identified through differences in marker genes. The seven currently known
species include among others K. pastoris, K. phaffi, K. populi and K. ulmi (Naumova et al.
2020). They have been isolated from America and Europe. The most relevant might be K.
phaffi since it is the one that most industrial strains belong to.

In this report we mean Komagataella spp when P. pastoris is written and vice versa.
Sometimes it is not clear what species of the Komagataella genus articles mention. Therefore
we write P. pastoris when the species is unclear.

1.4.1 Secretion in P. pastoris is initiated with a signal sequence
In order to secrete, i.e localize extracellularly, a recombinant protein it is possible to use a
signal sequence. Extracellular protein expression has shown promise in both biotherapeutic
production and other industrial fields (Owji et al. 2018). A signal sequence is a DNA
sequence that is translated to a signal peptide often positioned at the N-terminal of the
expressed protein. There it signals the secretory pathway to secrete the expressed protein. The
signal peptide is cleaved from the rest of the protein during or after secretion.

When it comes to extracellular or intracellular localization of the expressed protein of
interest, many perspectives are noteworthy. An advantage of extracellular protein expression
is that it may be induced for a long duration, since toxic proteins do not accumulate in the
cells (Logez et al. 2012). Further, extracellular localization requires a less demanding
purification protocol. The reason being that fewer non relevant proteins are present in the
extracellular medium. However, proteins that are not naturally secreted may misfold.
Furthermore, there is a risk of losing protein yield due to protease activity from enzymes
originating from lysed cells.

Logez et al. (2012) reports a variety of signal sequences that achieve secretion. If the protein
has its own native secretion signal, that signal can be used. Other signal sequences include
the Saccharomyces cerevisiae α-mating factor prepro leader sequence (α-MF), the P. pastoris
acid phosphatase (PHO1) signal sequence and the invertase (SUC2) signal sequence.
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1.4.2 P. pastoris as a production host on an industrial scale
The majority of industrial protein production processes that use yeast as the recombinant host
are performed with fed-batch fermentations (Meyer et al. 2016). Fed-batch cultures utilizing
P. pastoris as the recombinant protein producer are generally performed in up to 10 000 L
stirred tank bioreactors and have been proven to be very effective (Mattanovich et al. 2012).
This cultivation process, however, also has several drawbacks regarding high cell-density
cultures, such as the need for efficient aeration and cooling systems as well as a complicated
purification process.

As a result of this, the trend within the industry is to transition from a fed-batch fermentation
process to a continuous process (García-Ortega et al. 2019). Continuous processes have
several advantages in comparison to fed-batch fermentation processes, amongst them higher
productivity, decreased costs and smaller facilities. The problems that can arise with this
process is genetic instability of the cells, risk of contamination and poor short-term flexibility
(Croughan et al. 2015). Proteins expressed with the two different types of promoters,
inducible and constitutive, have both been successfully produced in small scale continuous
cultures utilizing P. pastoris (García-Ortega et al. 2019). However, only fed-batch
fermentations have been presented in this report due to the limited information found on the
subject of continuous batch.

1.5 Glycosylation in general and specifically for P. pastoris
One of the challenges of using yeast as a host organism is the post-translational modification
of glycosylation, as it differs from the glycosylation pattern in humans. Two types of
glycosylation occur in P. pastoris, N-glycosylation and O-glycosylation. There have been
studies that show that P. pastoris has the ability to produce proteins that have a high
similarity regarding glycosylation with the mammalian cell (Karbalaei et al. 2020).

A way to predict N-glycosylation is with special databases, which are based on machine
learning. O-glycosylation is harder to predict as it has not been as widely studied. There has
been limited success in regard to humanizing or avoiding O-glycosylation in P. pastoris
(Radoman et al. 2020). One major problem with O-glycans is that they occur at positions that
would not otherwise be found natively in recombinant proteins. Some studies suggest that P.
pastoris produce O-glycans of 6-Mannose residues while others suggest O-glycans of
3-Mannose residues. All have, however, concluded that there exist both - and - linkedα β
mannose residues. This could be a concern since - linked mannose residues could interactβ
with the mannose receptor, causing an immunogenic response in humans.

In conclusion, the O-glycosylation pattern in P. pastoris still needs further investigation
before understanding and predicting glycosylation patterns for avoidance of glycosylation
and development of biopharmaceuticals. N-glycosylation however seems to be manageable.
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1.5.1 The post-translational modification glycosylation and its

importance in humans and yeasts
Glycosylation is a post-translational modification that occurs for almost all organisms and is
a critical step for a variety of biological processes. It is, for example, crucial for protein
folding, stability and immunogenicity (Dai et al. 2015). It is distinguished by having
glycosidic linkages, which is a covalent bonding that connects sugar molecules to a group
that may be a carbohydrate (University of Zurich 2016). This includes for example N-, O-,
and C-linked glycosylation, whereas for both yeast and humans there occurs N- and O-linked
glycosylation.

The N-linked glycosylation in eukaryotes is the attachment of oligosaccharide to asparagine
at the motif Asn-x-Thr/Ser, where X can be any amino acid with the exception of proline.
This will generate the N-glycosidic link, between the side-chain amide of the oligosaccharide
and the asparagine (Breitling & Aebi 2013). For P. pastoris it is well established that it
N-glucosylate proteins via mannose oligosaccharide to an asparagine, this by two
N-acetylglucosulosalimens (Yang et al. 2015).

The N-glycosylation in both yeast and humans shows similarities with each other, its during
its final step for yeast it differs from humans. This leads to unexpected changes of the
structure and function of the desired expressed protein (Delic et al. 2013). There has been
successful humanization of N-glycosylation with glycoengineering in P. pastoris (Wang S et
al. 2020).

The O-linked glycosylation is when oligosaccharides are linked to a threonine or a serine
residue and is, unlike N-linked, glycosylation not as widely studied or explored (Dai et al.
2015). This was also declared in a study from Radoman et al. (2020) as they decided to
investigate further about O-glycosylation. The O-linked glycosylation is the attachment of a
sugar molecule to a hydroxyl group on a serine or threonine residue. The only known
conserved O-glycosylation for fungi and animals is O-mannosylation, see Figure 3. It makes
use of a dolichol-phosphate, which is an unsaturated organic compound made up of isoprene
units containing an alcohol group, to carry the first sugar to the serine or the threonine
residue. The biggest challenges with O-glycans is the unwanted occurrence in positions in the
recombinant position where they would not be based natively.
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Figure 3. An illustrative picture of O-mannosylation on a serine or a threonine residue. Gal, man,
GlcNac and NeuAc are different sugars. Created with Biorender.com and adapted from (Proteomics
fetched 2022).

C-glycosylation is a rare mode of an attachment of a sugar molecule to the core structure of
natural products. It is performed by the Leloir C-glycosyltransferases, also called C-GTs
(Gutmann & Nidetzky 2013). There is no indication that C-glycosylation occurs in P.
pastoris.

Generally, glycosylation occurs mainly in the cytosol, the golgi apparatus and the
endoplasmic reticulum (ER) (Karbalaei et al. 2020). It is partially homologous to the same
pathway as in cells of humans though P. pastoris cells have mannose structures containing 40
mannose residues compared to human cells that synthesize complex oligosaccharides
(Vervecken et al. 2004).

1.5.2 Glycosylation of the Z-domain of the Affibody®-molecule
Affibody AB has requested in their order to determine if glycosylation occurs in P. pastoris
and if so is it consistent. The Affibody®-molecules Z-domain consists of one constant and
one varying sequence, which makes up for 58 amino acids in total (Ståhl et al. 2017). For the
varying sequence, the glycosylation is required to not occur at all. Whereas for the constant
sequence it is preferred not to occur, due to the problems with possible unexpected changes
of the protein when expressed. The Z-domain sequence was run in a database to look for
N-glycosylation sites by using an artificial neural network. The sequence of the Z-domain
was presented in Figure 2.

The database used was provided by Gupta & Brunak (2002) which showed no possible
N-glycosylation sites. The Affibody®-molecules entire sequence is confidential which means
there is no possible way to predict either O- or N- glycosylation for the molecule when
expressed in P. pastoris. Therefore, as Affibody AB requested, an investigation of
glycosylation in P. pastoris was executed generally in this study.

1.5.3 Glycosylation in P. pastoris
The yeast P. pastoris is a generally used system for expression of heterologous proteins. It is
a promising alternative compared to other expression systems due to its ability to
inexpensively perform post translational modifications (De Pourcq et al. 2010).
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According to the published article from Wang S et al. (2020), N-glycosylation is the most
occuring post-translational modification in P pastoris, whereas it is usually asparagine (N)
residues that will create potential N-glycosylation sites. A typical form of N-glycosylation are
polysaccharides consisting of an oligosaccharide with mannose residues sprouting from the
core of the polysaccharide as seen in Figure 4 (Karbalaei et al. 2020). This kind of
glycosylation is a hyperglycosylation called hyper mannosylation. According to Karbalaei et
al. (2020) hyperglycosylation may not be a problem. The article also states that terminal
α‐1,3‐linked mannoses, which are considered immunogenic, do not exist in P. pastoris.
Besides being cost efficient, the article states that P. pastoris can produce yields of
recombinant proteins that have a high similarity with mammalian cells in regard to
glycosylation.

Figure 4. Two types of N-glycosylation. a) Shows hypermannosylated N-glycosylation b) Shows a
lesser mannosylation of the N- glycosylation. Created with BioRender.com. Adapted from (Karbalaei
et al. 2020).

If glycosylation happens to be a problem it is possible to humanize glycosylation by
engineering the metabolic pathways of N-glycosylation to prevent hyper mannosylation. This
can be done through transformation of P. pastoris with so-called “GlycoSwitch” vectors
(Jacobs et al. 2009). GlycoSwitch vectors introduce enzymes that change catabolism of
polysaccharides in P. pastoris.

As described, N-linked glycosylation is dependent and predictable to some extent from the
amino acid sequence. O-linked glycosylation has no determined predictable pattern.
However, it seems not to be as pronounced as the N-glycosylation and also adds shorter
saccharide chains (Radoman et al. 2020, Karbalaei et al. 2020). Even though the percentage
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of O-glycosylation in P. pastoris is relatively small, the O-linked glycosylation seems to have
significance in terms of protein folding quality control and for survival (Gemmill & Trimble
1999, Delic et al. 2013).

Another interesting perspective that could influence glycosylation is what process is used for
the expression of peptides and proteins. In the article by Radoman et al. (2020) they discuss
O-glycosylation and how it is affected by different expression processes in P. pastoris. The
results of the report imply that when the AOX-promoters are used, or when P. pastoris is
grown in an environment where methanol is an important basis, the glycosylation is higher
than if the batch is not grown in a methanol based system.

1.6 Expression systems - systems of protein production
An expression system, or protein production system, is a system in which it is possible to
express genes (Fisher et al. 2016). In this article we study in particular cell based systems of
the yeast P. pastoris. Industrially it is desirable to have a high production of the desired
protein.

There are two basic components of an expression system (Fisher et al. 2016). The host cell,
whose cell machinery is used for transcription and translation, and a vector. The vector
usually is a plasmid, which is circular double stranded DNA, with promoter and genes
encoding the proteins of interest. The cells are transformed and then the plasmid can be
transcribed by the cell machinery of the host cells.

The plasmid vector in P. pastoris normally consists of five elements apart from the origin of
replication and terminator sequence, see Figure 5 (Logez et al. 2012). The first genetic
element is the promoter which is essential for the expression to occur and the strength of it.
The second genetic element is the secretion sequence. With this it is possible to secrete the
protein. When choosing to use or not use a signal sequence several aspects should be
considered. Secreting a protein might give a higher yield but the risk of degradation could
increase. Also the risk of protein misfolding could rise according to Logez et al. (2012).
However, it is reasonable to believe that misfolding will not pose a great problem when
expressing the Affibody®-molecules due to their small size. The third genetic element is an
optional tag DNA sequence, which depends on what the purification process looks like. Then
comes the gene of interest which in some cases can be optimized for P. pastoris expression.
The fifth and last genetic element is the selection marker genes, which are used for selecting
the transformed microbes. For example, antibiotic resistance could be included, as well as
restriction sites and other functionalities if necessary.
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Figure 5. A schematic plasmid map for recombinant expression using P. pastoris. Made with
Biorender.com. Adapted from (Logez et al. 2012).

1.7 Promoters are crucial genetic components for

expressing genes
A promoter is the region on the DNA strand where the RNA polymerase binds to start the
transcription of a gene (Nationalencyklopedin 2022). The promoter is an important genetic
element for the regulation of a gene’s expression. It could be that a gene transcribes in certain
tissues or that a gene transcribes more or less when a certain hormone is present or not.

When expressing proteins recombinantly it is essential to use an appropriate promoter. The
promoters are divided into two categories, inducible and constitutive (Türkanoğlu Özçelik et
al. 2019). Inducible promoters use an inducer, a molecule that regulates transcription of a
gene, to either promote or repress transcription through interaction with transcription factors
(Nelson & Cox 2012). The expression of a gene with an inducible promoter is therefore
dependent on concentration of the inducer. In contrast to an inducible promoter, the
constitutive promoter is always active and independent of molecular signals. The expression
level is therefore nearly constant in a gene containing a constitutive promoter. Using a
constitutive promoter can allow for a longer production span (Goodrick et al. 2001), which
could be preferable due to fewer breaks in the production.

2 Method of research
To find the information and answer the questions about the protein production in P. pastoris,
research has been done. In this paragraph, our method of gathering the right information is
stated. Web search was used and specific areas of information were selected. Information was
gathered for different cultivation possibilities for P. pastoris regarding different promoters.
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This required a selection of promoters. Also for the different promoters chosen we used
specific search methods to acquire the information, to be able to explain the cultivation
processes for each.

In the last decade, P. pastoris was divided into different sub species. Since many of these
articles are before this division, we decided to search for the group in whole instead of the
specific sub species. The databases used for the search process were Web of Science (Web of
science 2022), PubMed (PubMed 2022) and Pubchem (Pubchem 2022).

The step of introducing the recombinant vector in P. pastoris has not been considered in this
project. Affibody AB has not requested a proposal of the composition of an expression
system nor a proposal of transforming the vector into the host P. pastoris. Therefore no
proposal regarding this has been made in the report.

In the proposed processes using P. pastoris the purification step was not looked at. The
reason for this was that Affibody AB wants to focus on the cultivation when using P.
pastoris. Also, the project group made the decision to not lay any focus on the purification
because P. pastoris does not have as many endotoxic proteins as E. coli.

The Affibody®-molecule is a small molecule of 6.5 kDa (Ståhl et al. 2017), because of this a
decision was made that the size of the proteins expressed in the literature should not be taken
into consideration. Literature about larger proteins has been used for process proposals and
spent little to no focus on finding articles about proteins of the same size as the
Affibody®-molecule.

2.1 Several criteria were considered when choosing

promoters for the proposals
When choosing our promoters, a thorough exploration was made before finally choosing the
most promising promoters. The alcohol oxidase promoter (pAOX), formaldehyde
dehydrogenase 1 promoter (pFLD1) and glyceraldehyde-3-phosphate dehydrogenase
promoter (pGAP) were chosen as our process proposals (see Appendix 3 for the compiled list
of all our candidates). We decided early on that these promoters were promising candidates
since they have been studied thoroughly.

The criteria that needed to be obtained when choosing our promoter were as follows; The
inducers should be rather cheap, hence we excluded the most expensive ones. We also wanted
to have a variety of inducers as well as an inducer free option. Methanol was one option as it
is a fairly common inducer for expression in P. pastoris. This is due to being efficient when
producing proteins on both a lab and industrial scale (Fischer et al. 2019). We also wanted to
avoid using a weak promoter. Weak refers to having the rate of transcription at a low level.
Instead we wanted to opt for a strong promoter that generally gives a higher expression level
of the protein (Liu Q et al. 2018).
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In conclusion we decided that pAOX, pFLD1 and pGAP all held up to these criteria and
could be potential promoters for growth and expression of proteins in P. pastoris.

2.2 Literature selection regarding the pAOX cultivation

proposal
When searching for literature about the cultivation process using the AOX-promoters the
decision was made that only literature discussing large scale production was relevant. The
company Affibody AB wants to produce their Affibody®-molecule at an industrial scale of
around 4000 L, which is why literature about small scale production was not directly relevant
for the proposal, although it could be interesting in the future. The literature about small scale
production could also be used as sources for background information about the promoters.

The two copies of the AOX gene are regulated by two promoters, pAOX1 and pAOX2.
These two promoters can generate three methanol utilization phenotypes. The literature found
about cultivation using the AOX-promoters consists mostly of processes using the Mut+

phenotype. Some of the literature mention the process with the Muts phenotype and only one
literature mentions the process with the Mut- phenotype. However, the literature lacks the
information about the final biomass and protein activity. Therefore, the two phenotypes were
excluded as cultivation proposals for this work.

2.3 Literature selection regarding the pFLD1 cultivation

proposal
To find articles on the cultivation process using the FLD1-promoter the search focused on
finding studies that looked at producing proteins in any size. The size of the proteins
produced are most likely bigger than the Affibody®-molecule therefore the size of the
proteins produced were not considered when choosing studies. In this case, the proteins
produced in the chosen studies happened to be enzymes.

2.4 Literature selection regarding the pGAP cultivation

proposal
When searching for literature about the cultivation process using the GAP-promoter, it
emerged that only small scale cultivations had been performed. Since the promoter still was
considered a promising alternative, the search continued. The focus was to find sources that
explained the cultivation process as thoroughly as possible and were published within a
reasonable time, approximately 10 years.
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To delimit the amount of found sources, it was decided that reports which investigated the
production of molecules similar to Affibody®-molecules were to be primarily considered.
Sources that investigated the production of small therapeutic proteins using the
GAP-promoter were therefore prioritized. Since the Affibody®-molecules only have a
molecular weight of 6.5 kDa (Ståhl et al. 2017), which is extremely small, sources that
investigated the smallest possible molecules were prioritized the highest.

3 Cultivation process proposals for P. pastoris
To investigate the protein production in P. pastoris for the Affibody®-molecule, four
promoters have been chosen to further explore. Three are inducible promoters and one is a
constitutive. The proposals will contain the cultivation proposal of P. pastoris with the
different promoters and the harvesting of the expressed proteins. The process proposals are
regarding the promoters pAOX1, pAOX2, pFLD1 and pGAP. The AOX1- and
AOX2-promoters will be presented together.

The process of cultivation and protein expression, for all promoters, is called fermentation.
For the inducible promoters pAOX1, pAOX2 and pFLD1 the cells are first grown on a
medium which always consists of a carbon source. Many other ingredients such as nitrogen,
minerals, vitamins, amino acids and various growth factor molecules are also often included
Lekha & Lonsane (1997) and are then induced with a substance to be able to express the
wanted protein. The constitutive GAP-promoter will express proteins while it grows,
meaning that it does not need to be induced with anything since its gene expression is always
turned on.

To grow the cells, glycerol is used as a carbon source for the process with pAOX1 and
pAOX2. Glycerol and glucose can be used when using pFLD1 or pGAP as promoters. The
inducer for pAOX1 and pAOX2 is methanol.

For the FLD1-promoter the carbon source used for the first study is glycerol and ammonium
sulfate as nitrogen source with the inducer methylamine. Another study mentioned methanol
as an inducer while the last study used the methanol-free option glucose as the carbon source
and methylamine hydrochloride as the nitrogen source.

P. pastoris used fed-batch and batch fermentation for the AOX-promoters, whereas for the
FLD1- and GAP-promoters they used fed-batch fermentation. Fed-batch is when there is
feeding of substrate for extending the duration of culture or to produce the protein. The
AOX-promoters had fed-batch fermentation on an industrial scale up to 1000 L whereas for
the GAP-promoter only small fed-batch fermentation was used. A simplified up-stream
process is illustrated in Figure 6.
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Figure 6. Illustration of the cultivation process when utilizing P. pastoris. Made with Biorender.com.

3.1 The AOX-promoters - native promoters in P. pastoris

used for protein expression
A promoter that expresses the gene alcohol oxidase 1 has successfully been used for
expression of forigen genes in P. pastoris (Cereghino & Cregg 2000). In the wild-type P.
pastoris there is a gene called alcohol oxidase (AOX) (Jungo et al. 2006). There are two
copies of the gene, AOX1 and AOX2. The promoters that express the two genes can be used
to drive heterologous protein expression. The AOX1-promoter is derived from the methanol
regulated alcohol oxidase 1 and it regulates 85% of the alcohol oxidase activity in the cell
(Inan & Meagher 2001). The AOX2-promoter has the same specific activity as pAOX1 but
expresses a lower level of the gene (Cregg et al. 1993, Inan & Meagher 2001). The
AOX1-promoter is induced by methanol and repressed by excess glycerol, which is the
reason glycerol is often used when growing P. pastoris because it represses the expression of
foreign genes (Jungo et al. 2006). The AOX2-promoter is also induced by methanol but at a
slower rate than AOX1-promoter (Cregg et al. 1993, Inan & Meagher 2001). Because of
these two copies of promoters P. pastoris have three methanol-utilizing phenotypes, Mut+,
Muts and Mut-.

The phenotype Mut+ is a combination of both the promoters pAOX1 and pAOX2 and uses
methanol as an inducer (Cos et al. 2005). Daly and Hearn (2005) draw the conclusion that
this phenotype has the highest expression level with methanol over 0.5%. Since Mut+ has best
production with higher methanol percentage, this phenotype has a lower probability to be
poisoned by methanol but instead has a higher risk for oxygen limitation (Romanos 1995).
This makes the production in shake-flasks less efficient för Mut+ compared to Muts.
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According to Cos et al. (2005) it is also harder for this phenotype to have a constant level of
methanol and has often fluctuating parameters in production during fed-batch.

In the phenotype Muts, methanol utilization slow, the AOX1-promoter is being repressed so
that only the AOX2-promoter is active (Cos et al. 2005). Muts is induced with a lower
amount of methanol than Mut+ and can use other carbon sources, like mannitol and sorbitol
(Daly & Hearn 2005). It has the best expression level, and also outperforms Mut+, on 0.5%
methanol. According to Daly and Hearn (2005), the lower methanol level results in a slower
growth and protein production. This slower production rate is preferred in productions of
proteins whose expression is limited by the protein folding rate. The rate of the production in
Muts results in, according to Cos et al. (2005), that the parameters in production do not
fluctuate as much as for Mut+. Additionally the methanol levels can be held at a constant
concentration. Furthermore, whilst Mut+ reaches a certain protein activity after 50 h and
thereafter decreases, Muts has the same productivity after 75 h and then keeps on increasing
(Cos et al. 2005). Additionally Muts requires less biomass than Mut+ to achieve the
productivity levels.

To get the Mut- phenotype disruptions in AOX1 and AOX2 genes needs to happen, which
leads to no utilization of methanol (Stratton et al. 1998). However, the AOX1-promoter can
still use methanol to induce transcription and regulate gene expression, but to grow the cells
another carbon source needs to be used. Glycerol can be considered as an alternative carbon
source for the cells to grow on. There are some limitations that need to be taken into
consideration, such as the repression of the AOX1-promoter in excess glycerol, which can
affect the expression of forgein genes. According to Luo et al. (2018) the Mut- phenotype is
not suitable for high-level heterologous protein expression due to the inability to grow on
methanol.

A problem with using the AOX-promoters for protein expression can be the inducer
methanol. Methanol is highly flammable and can be hazardous for humans to consume, when
inhaling for a long period of time and in contact with the skin. This means that safety
procuations is needed when managing methanol (Prielhofer et al. 2013). Also, methanol can
be hard to work with during the fed-batch phase because it can increase the temperature and
oxygen level.

The Mut- phenotype is not suitable for high-level heterologous protein expression due to the
fact that it cannot grow on methanol. This makes it unfit to use at industrial scale protein
production. When comparing the Mut+ and Muts phenotypes, it is clear that both phenotypes
have advantages compared to each other. The Mut+ phenotype has the highest level of protein
expression when growing on methanol. The Muts phenotype has a slower growth rate and
protein production, but has less flucting methanol values compared to Mut+. According to
Cos et al. (2005) this makes the process of scaling up easier compared to Mut+. Both Mut+

and Muts can be used for industrial scale production.
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3.1.1 Cultivation and protein expression in P. pastoris using the

AOX-promoters
For P. pastoris, where the AOX1- and AOX2-promoters are used, fermentation is possible for
cultivation of the cells and expression of desired proteins. The fermentation process can be
divided into three main phases and a pre-cultivation phase called inoculum. The three main
phases are glycerol batch, glycerol fed-batch and methanol fed-batch.

During the inoculation the cells are introduced to the growing medium and pre-cultivated
before the glycerol batch phase. The glycerol batch and fed-batch phase is where the cells are
grown to a high density. The last phase is the methanol fed-batch, which is when the proteins
are expressed. The inoculation, glycerol batch and fed-batch phases are the same for all three
phenotypes but the methanol fed-batch differs between them (Stratton et al. 1998). For all
phenotypes the methanol levels must be carefully monitored in the fermenter. Stratton et al.
(1998) also explain that the glycerol fed-batch phase is adding glycerol at a limiting rate,
which gives a smooth transition from glycerol to methanol and the methanol metabolizing
machinery stops being repressed.

3.1.1.1 Pre-cultivation for large scale fermentation using the

AOX-promoters

An important step before the fermentation of the culture is called inoculation. Inoculation is
the process where the cells are introduced to the medium for the first time and grown at a
smaller scale to a larger scale (Sood et al. 2011). For larger scales of fermentation, such as 60
L, 100 L or more, two steps of inoculation are needed, first seed inoculum and second seed
inoculum. The first step is done in shake flasks and the second step is done in a fermenter
smaller than the final fermenter.

The first seed inoculum starts with a single colony from a YPD agar plate that is inoculated
into a 500 mL shaking flask containing 100 mL of BMGY medium (Liu W-C et al. 2016).
The flask is then incubated at 30°C for 20 hours in a shaking incubator at 220 rpm.

An alternative is presented by Stratton et al. (1998), where the first seed inoculum is started
from a frozen cell stock culture. Frozen cells of a volume of 1 mL are placed at room
temperature for melting. The cells are then transferred into a 250 mL shake flask containing
50 mL of MGY medium. For a 4 L fermenter three shake flasks are needed for inoculation.
The flasks are then incubated at 30°C for 20-24 h under shaking. At the end of this, the OD600

is checked and should be between 2 and 5.

Depending on the size of the final fermenter, the second seed inoculum can vary. Here,
second seed inoculum for 60 L, 100 L and 1000 L fermenters will be presented. The sizes of
the fermenters needed during the inoculation are 4 L, 10 L and 200 L respectively.
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Stratton et al. (1998) says that the inoculum for the 60 L fermenter is similar to the inoculum
for the 4 L fermenter. For inoculum of the 60 L fermenter they recommend using the 4 L
fermenter and the same medium as used for inoculation of the 4 L fermenter. Before
transferring the culture to the 60 L fermenter the OD600 should reach 40-50.

Liu W-C & Zhu (2018) present that the second seed inoculum should start with the fermenter
being washed and calibration of the dissolved oxygen, temperature, pressure and pH. When
the fermenter had been washed and calibrated, 350 mL of first seed culture was used for
inoculum to the 10 L fermenter and 1 L of first seed culture for the 200 L fermenter (Liu W-C
et al. 2016). These fermenters contained 4.35 mL L-1 of PTM4 salts plus 3.5 L or 100 L of
FM22 medium respectively. The cell density of the second seed culture for the 10 L fermenter
had reached around 28.5 g L-1 dry cell weight before 3.5 L (3.5%) of the culture was added
directly to 35 L of FM22 medium in the 100 L fermenter. When the second seed culture for the
200 L fermenter reached 25 g L-1 dry cell weight, 100 L of the culture was added directly into
400 L of FM22 medium in the 1000 L fermenter (Liu W-C et al. 2016, Liu W-C & Zhu
2018).

The settings for the second seed cultivation was 30 °C, pH at 5.0, air pressure 0.10 ± 0.05
MPa (super atmospheric pressure), and dissolved oxygen of 20% saturation until the culture
reached desired cell density (Liu W-C et al. 2016, Liu W-C & Zhu 2018). Liu W-C et al.
(2016) recommend using an ammonia solution of 28% because it serves as a nitrogen source
but also keeps the pH down at 5. They also recommend using an anti-foam agent to prevent
foaming.

For a fermenter with final volume of 15 L, Invitrogen Corporation (2002) presents guidelines
for inoculation in baffled flasks. These are done at a smaller scale and with only the first seed
inoculum. They recommend that the volume of the medium should not be more than 10-30 %
of the total flask volume. A colony from a MD or MGY plate or from a frozen glycerol stock
should be inoculated with 5-10% of the initial fermentation volume of MGY or BMGY. The
flasks should then be grown at 30°C, 250-300 rpm for 16-24 h. The measurement of the cell
density should be done with OD600 measurement and should be between 2-6.

Important steps during the inoculation for large scale fermentation is the first seed inoculation
done in shake flask and the second seed inoculation done in a smaller fermentor. It is
important to perform cell density measurements before proceeding to the fermentation.

3.1.1.2 Increasing cell mass with glycerol batch
After the inoculum phase the culture is put into a bioreactor for the glycerol batch phase. This
is an important phase to let the culture grow to increase the cell mass. This has to be done
before the proteins of interest can be produced. In this phase the culture grows on an
abundance of the carbon source glycerol.
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To start the glycerol batch phase, the bioreactor has to be sterilized and calibrated (Invitrogen
Corporation 2002). According to the three articles Stratton et al. (1998), Invitrogen
Corporation (2002) and Liu W-C & Zhu (2018) the temperature in the bioreactor should be
30°C and the pH 5.0. Some of the other parameters vary slightly; Stratton et al. (1998) sets
the airflow rate at 1.25 vvm, but Invitrogen Corporation (2002) preferes 1,00 vvm.

Stratton et al. (1998) describes the process for a 4 L fermenter, which can be scaled up. They
start by adding the initial glycerol with 4% concentration. The 4 L fermenter is filled with 2 L
of the glycerol medium. The pH is controlled with 30% NH4OH solution. The fermenter is
then inoculated with the culture from the shake-flask; they use three 250 mL shake flasks,
each containing 50 mL of culture. The dissolved oxygen is kept at 35% until the agitation is
at 800 rpm. Thereafter the dissolved oxygen control is turned off. The agitation control is
then done manually and the oxygen rate adjusted. When dissolved oxygen rises sharply
glycerol is exhausted and the first phase is done. Then the OD at 600 nm should be 60-70. In
this experiment Stratton et al. (1998) suggests using Bioflow III as a bioreactor.

Invitrogen Corporation (2002) uses a base salt medium in the fermenter. For every liter base
salt 4.35 mL of PTM1 is added. This is then inoculated with 5-10% of initial fermentation
volume from the inoculation culture. As the cells grow dissolved oxygen decreases from
100%. The dissolved oxygen must be kept over 20%. This can be done by adding oxygen.
The batch is grown until all the glycerol is consumed, this is indicated by a rapid increase of
dissolved oxygen (to 100%). The process takes about 18 to 24 hours.

Liu W-C and Zhu (2018) explains the process similarly, but has used a 1000 L fermenter. To
start the process they used 400 L of FM22 medium and added 4.35 mL L-1 of PTM4 salts.
This was then inoculated with 100 mL of a second seed inoculation.

In conclusion, the culture is introduced into a bioreactor from the inoculum shake-flasks in
this phase. The cells are grown in the presence of glycerol until this carbon source is
exhausted. Thereafter the culture is ready for the next cultivation step.

3.1.1.3 Glycerol fed-batch to increase the biomass under limited conditions

The glycerol fed-batch phase follows the glycerol batch phase. This phase is important to
continue the increase of biomass, but this time under limited conditions. After the glycerol
was consumed in the previous step, glycerol is added a little at a time in this phase. This also
gives a smooth transition to following steps.

Cos et al. (2005) starts the glycerol fed-batch phase, with 40 g L-1 glycerol, and basal salt
medium. They used a 5 L Braun Biostat ED bioreactor, with the initial working volume of 3.5
L. For 2 h the glycerol feeding rate is at 300 μL min-1. Thereafter it decreases to 160 μL min-1

during the next hour and at the same time methanol is added at the rate of 100 μl min-1 and
kept constant during the next hours. Glycerol continued to decrease, in the fourth hour to 100
μL min-1, and the fifth to 65 μL min-1. After this the induction phase starts and the methanol
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concentration is kept at a constant concentration between 1 and 2 g L-1. For this transition
phase, Cos et al. used an automatic microburette and it took about 5 h.

Stratton et al. (1998) explain the phase by starting setting the fed-rate to 50% w v-1. During
the whole phase the dissolved oxygen is kept between 30 and 35%. This is controlled by
having maximum agitation, constant airflow and varying the amount of oxygen. To test that
the glycerol is not accumulating, the glycerol pump is turned off and timed how long it takes
for the dissolved oxygen to rise 10%. Thereafter it is turned on again. This is called dissolved
oxygen spikes and is usually done at 0.5, 1.0, 2.0, and 4.0 h. At the end of phase two the
OD600 should be between 100 and 120. At the end an antifoam agent is added.

Invitrogen Corporation (2002) has a similar procedure, and also starts the process with 50%
w v-1 glycerol. This also contains 12 mL PTM trace salt per liter glycerol. The feeding rate is
set at 18.18 mL h-1 for each liter of initial fermenter volume. They also used dissolved oxygen
spikes to control the glycerol. According to them the process takes four hours.

For the 1000 L fermenter Liu W-C and Zhu (2018) also use 12 mL L-1 PTM4 salts, at a rate of
18 mL L-1 h-1. They continue the cultivation until the biomass reaches 400 g L-1. And
thereafter start the transitional cultivation without glycerol feeding.

To summarize, glycerol is fed into the bioreactor at a specific rate. This rate decreases during
a period of time. In the end of the phase a specific optical density is supposed to be reached
to be able to continue into the next phase.

3.1.1.4 Methanol fed-batch to induce the protein production

When the culture has grown to the desired density, it is time for the expression of proteins.
This is done by inducing methanol into the culture. The methanol feeding for the three
different methanol utilization phenotypes is similar but differs in the amount of methanol
induced. The following describes the methanol fed-batch for the Mut+ phenotype.

Before the induction of methanol, the required level of dry cell density has to be reached (Liu
W-C et al. 2016) or the glycerol has to be fully consumed (Stratton et al. 1998, Invitrogen
Corporation 2002). Then the glycerol feeding can be stopped. When it has been stopped,
100% of methanol solution containing 12 mL PTM1 trace salts per liter methanol are added
to the culture (Invitrogen Corporation 2002, Liu W-C et al. 2016).

According to Invitrogen Corporation (2002) the feeding rate should be set at 3.6 mL h-1 per
liter initial fermentation volume. During the first two to three hours the culture will adapt to
the methanol, meaning that the dissolved oxygen reading will behave erratic. When the
reading has stabilized, it should be maintained at a level above 20% of dissolved oxygen.
Otherwise, the methanol feed should be stopped until the dissolved oxygen spikes, meaning
the level rises 10% when methanol feeding is shut off, and after continuing with the current
methanol feed rate. After two to four hours the culture should have fully adapted to the
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methanol, this means it will have a steady dissolved oxygen reading and a spiking time under
1 minute.

The lower feeding rate can be maintained for at least 1 hour after the adaptation. Then the
feeding rate is doubled to 7.3 mL h-1 per liter initial fermentation volume for two hours
(Invitrogen Corporation 2002). A last increase of the methanol feeding rate is done to 10.9
mL h-1 per liter initial fermentation volume and is maintained for the rest of the fermentation.
The entire methanol fed-batch phase should, according to Invitrogen, last around 70 hours
with a total of approximately 740 mL methanol fed per liter initial volume.

Stratton et al. (1998) presents a similar process as Invitrogen Corporation for the methanol
feeding for the 4 L fermenter. They, on the other hand, suggest that a methanol feeding rate at
3.5 mL L-1 per hour after the glycerol feeding has been stopped and that this period may last
between two and five hours. Over the period of one to three hours the dissolved oxygen level
will decrease from 100% to 40% until it increases again, meaning that the culture can accept
methanol faster. The methanol feeding rate can be raised when the dissolved oxygen
increases to 60%. A dissolved oxygen reading has to be done before changing the methanol
or O2 feed rate.

Then the methanol feed rate can be increased to 5 mL L-1 h-1, and it should be kept until the
dissolved oxygen spike takes 30 seconds or less (Stratton et al. 1998). This should happen
after two hours. When the dissolved oxygen spike time is 30 seconds or less the methanol
feed rate can be increased by 1 mL L-1 h-1. After one hour at this feeding rate another
dissolved oxygen reading is performed, if the spike time is 30 seconds or less the feed rate
should be increased by another 1 mL L-1 h-1, otherwise it should be maintained at the current
rate. Increasement with 1 mL L-1 every 1 hour can be done until a feed rate of 11-12 mL L-1

h-1 is obtained. But, if the dissolved oxygen spike time takes longer than 1 minute the feed
rate should be decreased by 1-2 mL L-1 h-1. This induction period can take 18 to 96 hours.
Stratton et al. recommend, if possible, that methanol concentration measurements should be
made and that it should be kept above 0.4% and below 3%.

Liu W-C et al. (2016) presents an alternative where the methanol feeding strategy was based
on maintaining the cell density at a nearly constant level during the methanol induction
phase. After the induction with methanol and PTM1 trace salts, the dissolved oxygen level
was set at 5% and 75 g L-1 of the initial induction biomass were used for the entire induction
period. Samples were taken every three hours for biomass analysis and every eight hours
biomass analysis and enzyme assay. To determine the feeding rate an equation was presented,
v = Vm-1 t-1, where v is the feeding rate, V is the feeding volume of methanol (ml), m is the
biomass (g l-1) and t is the feeding time (h).

Liu W-C et al. (2016) presents that different feeding rates have been tested for optimization
of the process. A feeding rate of 0.035 mL g-1 h-1 was the optimal for their product and they
reached the highest enzyme activity at 184 hours when using this rate. With the rate at 0.035
mL g-1 h-1 the final cell density is maintained around the initial induction biomass of 75 g L-1.
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Liu W-C & Zhu (2018) mention that this feeding rate is not a universal value and has to be
optimized for different fermentation processes. When using a higher feeding rate of 0.050 mL
g-1 h-1 the cell density increased from 75 g L-1 to nearly 100 g L-1 at 112 hours, but with a
lower enzyme activity (Liu W-C et al. 2016). Liu W-C & Zhu (2018) found that the dissolved
oxygen level set at 1% produced a higher level of protein expression of the protein
LXYL-P1-2 than in 20%. They recommend continuing the fermentation until maximum
enzyme activity appears.

In conclusion, there are two different ways to induce methanol into the culture presented
here. One where the cell density continues to grow and one where the cell density is kept
constant during the whole methanol induction. From the information provided by Invitrogen
Corporation (2002) and Stratton et al. (1998), it is important to monitor the dissolved oxygen
levels. Liu W-C & Zhu (2018) presents that the methanol feeding rate has to be optimized for
different fermentation processes.

3.1.1.5 Cell density of the culture after methanol induced fed-batch

cultivation
The cell density of the cultures after the methanol induced fed-batch cultivation can be of
interest because it can give a overlook of the potential protein production. When the methanol
fed-batch has been terminated Stratton et al. (1998) suggest that a last OD600 measurement of
the culture in the 4 L fermenter should reach a minimum of 400. This OD600 measurement
should be reached after 18-96 hours methanol fed-batch. They also mention that the cell
pellet should be 30-40% of the culture's volume after centrifugation.

For the 15 L fermenter Invitrogen Corporation (2002) proposes that the final biomass of the
culture should reach 350 to 450 g L-1 wet cells after the methanol fed-batch. This biomass
should be reached after 70 hours of methanol fed-batch.

The strategy that Liu W-C et al. (2016) presented during the methanol fed-batch was to keep
the biomass density nearly constant. When the feeding rate of 0.035 mL g-1 h-1 was used, the
biomass was maintained at approximately 75 g L-1 of dry cells and the highest value of
enzyme activity after 184 hours of methanol fed-batch. With the higher feeding rate of 0.050
mL g-1 h-1 the biomass increased from 75 g L-1 to approximately 100 g L-1 after 112 hours, but
the enzyme activity was lower than for the 0.035 mL g-1 h-1 feeding rate. Furthermore, Liu
W-C et al. (2016) presents that nearly 1 g of free-dried cells is equal to 4 g of wet cells in
their experiment. Meaning that they maintained a biomass of 300 g L-1 wet cells in their
experiment.
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3.2 The strong inducible methanol-dependent promoter

pFLD1
The FLD1-promoter, short for formaldehyde dehydrogenase 1, is a strong inducible
methanol-dependent promoter and can be discovered in P. pastoris by the methanol
utilization pathway (Shen et al. 1998). The FLD1-promoter has been introduced as an option
for transcriptional control compared to the promoter pAOX1. The AOX1-promoter has
successfully transcribed proteins but due to its need of large amounts of methanol, the
FLD1-promoter, which is responsive to a less volatile inducer has been investigated. It seems
that the promoter pFLD1 shows similarity in strength compared to the promoter pAOX when
induced with either methanol or methylamine. The methanol-free fed-batch fermentation
could use sorbitol as a carbon source with the inducer methylamine, thus avoiding the volatile
methanol (Zepeda et al. 2018). On further notice, even though the use of methylamine is
presented as a better alternative towards methanol, exposure to elevated levels of
methylamine could potentially cause respiratory tract and severe ocular irritation (Marino
2005).

In comparison with the AOX-promoters, the FLD1-promoter has shown greater results in
regard to productivity and yield when expressing the same protein (Zepeda et al. 2018). A
study from Cregg (2004) states that induction under methanol or methylamine shows gene
expression levels that are comparable to those using the pAOX1 as promoter. Another
interesting aspect is that the FLD1-promoter with the combination of the AOX1-promoter can
co-exist in one host cell (Duan et al. 2009). In this study the vector uses two coexisting
inducible promoters to simultaneously express two proteins, gelatin (derived from collagen)
and green fluorescent protein. This could be an advantage when simultaneously expressing
several proteins. The dual promoter can provide flexibility as well as control over the protein
expression. The gelatin gene was controlled by the promoter pAOX1 and the promoter
pFLD1 controlled the green fluorescent protein. Since both are induced by methanol, they
were simultaneously expressed with 0.5% (v/v) methanol. Their coexistence did not affect
efficiency in terms of expression of the proteins.

A study from Resina et al. (2005) compared the expression of a protein for the promoter
pFLD1 and the promoter pAOX1, whereas the pFLD1-promoter was as efficient as the
pAOX1. The methanol-free culture strategy induced by pFLD1 is an attractive option for
high cell density fermentation, both at large and small scale.

3.2.1 Process suggestions with pFLD1
The process when it comes to the cultivation using FLD1-promoter is divided into a
cultivation and inoculum part and thereafter either fed-batch fermentation or high cell density
fermentation. Three different studies have been looked at where they used P. pastoris to
express different enzymes. These studies have investigated different aspects of using the
promoter pFLD1. One aspect is that Resina et al. (2005) developed a fed-batch cultivation
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method to produce Rhizopus oryzae lipase without using methanol as an inducer and instead
used methylamine as inducer together with sorbitol as carbon source. Another aspect Wang et
al. (2019) looked at using methanol as an inducer to produce Thermomyces dupontii lipase
(TDL). The third study looked at the aspect of comparing different fed-batch strategies to
produce inulin fructotransferase using different nitrogen sources, methylamine hydrochloride
or ammonium sulfate, and carbon sources, glycerol, glucose or methanol (Zhan et al. 2014).

3.2.1.1 Methanol-free fed-batch cultivation

One of the options during the cultivation process with pFLD1 is not to use methanol.
Therefore a proposal without methanol is being investigated.

Resina et al. (2005) looked at how a methanol-free fed-batch process could look like for the
FLD1-promoter when producing Rhizopus oryzae lipase. They compared three different
fed-batch cultivations with the growth rates, 0.01 h-1, 0.005 h-1 and one with the rate 0.02 h-1

which maintained sorbitol levels over 8 g L-1. The used strain was P. pastoris XX-33-derived
strain with an expression vector pPICZFLDαROL (Resina et al. 2004) in the genome of
FLD1 locus. The strains were cultured on a modified YPD agar medium plate and stored at
4°C and the long term stocks were kept at -80°C.

For the inoculum preparations the cultures for the shake-flask and bioreactor were both
grown in baffled shake flasks with modified BMGY-medium (Resina et al. 2005). This was
done for a total time of 24 h with the temperature at 30°C and at 250 rpm. The cells were
later centrifuged at 4.000g and the shake flask culture was resuspended in a fresh medium.
For the 1 L top-bench bioreactor (Braun Biotech, Melsungen, Germany) culture, 50 mL
culture was mixed with modified BMGY medium to a volume of 500 mL and grown
overnight at 30°C and centrifuged at 4.000g. For the final 5 L bioreactor, the harvested cells
were resuspended in the bioreactor culture medium. In the 5 L bioreactor the fed-batch
cultivation was executed with a mineral medium and divided into three phases: the batch
growth phase, transition phase as well as the induction phase.

In the batch growth phase, 40 g L-1 of the carbon source glycerol and 9.2 g L-1 of the nitrogen
source ammonium sulfate was used (Resina et al. 2005). For the transition phase, 10 g L-1

sorbitol and 3 g L-1 methylamine was added which results in the induction of the promoter
pFLD1. The transition phase started when the dissolved oxygen level was increased
drastically during the batch phase. As a final step, the induction phase was performed where
both sorbitol and methylamine were added exponentially. This induction was done when the
sorbitol had been consumed. They used an automatic micro burette MicroBU-2031 (from
Crison instruments, Alella, Barcelona, Spain) to add a stock solution with 300 g L-1 sorbitol
and 35 g L-1 methylamine. During this cultivation the temperature was set at 30°C, the pH at
5.5 by adding 5M KOH, the dissolved oxygen was above 30% with air coming in at a rate of
1.5-20 L min-1 and a stirring rate at 800 rpm.
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As a conclusion it can be seen that it is possible to use a methanol-free cultivation process in
P. pastoris using the FLD1-promoter.

3.2.1.2 Using methanol as inducer

Another option for the cultivation process with pFLD1 is to use methanol as an inducer and
carbon source which is explored under this section.

In another study 15 methanol-inducible promoters, where pFLD1 was one of them, and 9
constitutive promoters were compared to each other when producing Thermomyces dupontii
lipase (TDL) in P. pastoris (Wang J et al. 2019). The conclusion was that the FLD1-promoter
was best amongst the methanol-inducible promoters. The study used the strain P. pastoris
X33 and the vectors used had the Saccharomyces cerevisiae α-factor secretion signal. The
first step was to do the shake flask cultures where the strains were put in 10 mL BMGY in a
150 mL flask. The flasks were incubated at 30°C for 24 h and shaken at 200 rpm. Afterwards
centrifugation was used to harvest the cells. The cells were then re-suspended in BMMY
(buffered methanol complex medium) and were grown in another larger shake flask with a
volume of 250 mL flask. The flask contained 50 mL BMMY and then left for incubation at a
temperature of 30°C where it was shaken with a rate of 200 rpm. During this cultivation,
0.75% (v/v) methanol was added every 24 h. Analysis was performed on 0.5 mL culture at
the same time as adding the methanol.

The next step was to do high cell density fermentation in a 5 L bioreactor where the strains
showing the highest lipase activity were used (Wang J et al. 2019). To prepare the inoculum
that later is going to be used in the 5 L bioreactor they started with cultivation in BMGY
medium. Thereafter the cells were incubated for 18-20 h at 30°C and put on a shaker at 200
rpm. For the 5 L bioreactor, 10% (v/v) of the prepared inoculum were used together with a 2
L basal salt medium. The fermentation was done at 30°C, with pH 5.0 by using NH4OH
(28%) and H3PO4 (10 %) to uphold it, the stirring rate at 700 rpm and the air flow rate was
7.5 L min-1. For the induction phase, 0.5 % (v/v) methanol was added when glycerol was
consumed, which was shown on the dissolved oxygen levels when it increased. As soon as
the 0.5% (v/v) methanol was gone, a 100% methanol solution with 1.2% (v/v) PTM1 was
added. After that the methanol concentration was maintained stable by keeping the dissolved
oxygen level over 10%.

To conclude, the use of methanol in the cultivation process is also an option in addition to the
methanol-free option.

3.2.1.3 Combination of nitrogen sources and carbon sources

During the cultivation process it is possible to use different carbon and nitrogen sources to
grow P. pastoris. For the inducible promoter pFLD1 it is also possible to use different
inducers. Therefore a comparison of the different carbon sources, nitrogen sources and
inducers is looked at.

24



In a study Zhan et al. (2014) looked at finding a process to produce inulin fructotransferase
and get an efficient secretion with the promoter pFLD1 using the P. pastoris strain GS115.
They compared fed-batch cultivation strategies with different nitrogen sources using either
methylamine hydrochloride or ammonium sulfate. They also compared different carbon
sources using glycerol, glucose or methanol.

Before the fermentation could begin the inoculum used for the fed-batch fermentation was
done in a 1 L flask with 200 mL YPD medium (Zhan et al. 2014). For this the temperature
was kept at 30°C and it was shaken at 250 rpm during 18 h.

For the fed-batch fermentation, 10% (v/v) of the inoculum was used in a 3 L bioreactor where
the working volume was 2 L together with a mineral medium (Zhan et al. 2014). This
fermentation was done with a pH of 6.0, by adding 25% ammonium hydroxide and 30%
phosphoric. Furthermore, it was with a dissolved oxygen level over 30% of air saturation.
When coming to the fed-batch phase and glycerol batch the temperature was 30°C. Later for
the induction phase the temperature was kept at 22°C. For the glycerol fed-batch phase to
start, the glycerol from the culture solution has to be gone. Thereafter the fed-batch solution
for the glycerol batch was added to the bioreactor. Depending on the nitrogen source and
carbon source the feeding stocks were different except for that all had 2 mL L-1 PTM4 stock
solution. In total there are four different feeding stock solutions in addition to the glycerol
fed-batch solution. The different feeding stock combinations were methylamine
hydrochloride with glycerol or glucose and methanol with methylamine hydrochloride or
ammonium sulfate.

The next step is the induction phase where, depending on what combination of carbon and
nitrogen source that was tested, the different feeding stocks were added with different rates
depending on how much time had passed (Zhan et al. 2014). At the beginning the rate was 5
mL h-1 L-1 initial fermentation volume for 5 h after that the rate was increased with 2.5 mL h-1

L-1. After 10 to 12 h it was increased again with 2.5 mL h-1 L-1 to the final rate 10 mL h-1 L-1

initial fermentation volume and kept at that level until the end of the fermentation.

For the comparison between the different carbon sources and nitrogen sources, they
cultivated the strains differently (Zhan et al. 2014). When comparing the carbon sources by
looking at the resulting enzyme activity and biomass they allowed the strains to grow with
each carbon source and used 1% (w/v) methylamine hydrochloride as an inducer. To compare
the nitrogen sources to each other they grew the strains using the different nitrogen sources
together with methanol.

To summarize, this shows that for the cultivation process it is possible to choose carbon
source and nitrogen source that are used. It is possible to choose from the carbon sources
glycerol, glucose and methanol and the nitrogen sources methylamine hydrochloride or
ammonium sulfate.
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3.2.2 Productivity
The different options for the cultivation process mentioned above are a methanol-free option,
using methanol as inducer and one using different nitrogen and carbon sources (Resina et al.
2005, Zhan et al. 2014, Wang J et al. 2019). The result from these different studies is
presented as for example the enzyme activity which is in the unit AU mL-1 or U mL-1 where
AU stands for arbitrary unit and U stands for unit and the productivity in AU L-1 h-1 or U mL-1

h-1. Some had also measured the dry cell weight in g L-1, cell density and total protein yield in
g L-1.

3.2.2.1 The methanol-free fed-batch cultivation

For the study using the methanol-free fed-batch cultivation and comparing different growth
rates, 0.01 h-1, 0.005 h-1 and 0.02 h-1 which kept the sorbitol level over 8 g L-1. measured the
enzyme activity, specific productivity and biomass concentration (Resina et al. 2005). The
maximal extracellular lipase activity was 385 AU mL-1 at the rate of 0.02 h-1, whereas the rate
of 0.01 h-1 had 180 AU mL-1 and 0.005 h-1 showed an extracellular lipase activity of 42 AU
mL-1 during fed-batch cultivation. The specific productivity was for the rate 0.005 h-1 at 23
AU g-1 X-1 h-1 , for the rate 0.01 h-1 at 76 AU g-1 X-1 h-1 and for the rate 0.02 h-1 at 87 AU g-1

X-1 h-1. Where X is the biomass concentration [g L-1]. The productivity was 0.579 AU L-1 h-1

for the rate 0.005 h-1, 2.254 AU L-1 h-1 for the rate 0.01 h-1 and 4.379 AU L-1 h-1 for the rate
0.02 h-1.

This showed that the growth rate at 0.02 h-1 when sorbitol was kept over 8 g L-1 during the
fed-batch induction phase had the best result compared to having the growth rate of 0.01 h-1

and 0.005 h-1 (Resina et al. 2005).

3.2.2.2 The FLD1-promoter gave the best result among the

methanol-inducible promoters

In the study where Wang et al. (2019) compared different methanol-inducible promoters
when expressing the Thermomyces dupontii lipase the results were measured in lipase
activity, total protein concentration and dry cell weight. The fermentation in a 5 L bioreactor
showed a maximum lipase activity of 27.076 U mL-1, a maximum total protein concentration
of 4.63 g L-1 and a maximum dry cell weight of 147 g L-1 for the FLD1-promoter after 196 h
(Wang J et al. 2019).

Among the 15 methanol-inducible promoters presented in this study, pFLD1 showed a lipase
activity of 27.076 U mL-1 which was the highest lipase activity compared to for example
pAOX1 that also was looked at (Wang J et al. 2019).

26



3.2.2.3 Methylamine hydrochloride and methanol co-induction gave the

highest productivity

Under this section the results are presented from the study where Zhan et al. (2014) used
different carbon sources and nitrogen sources for the cultivation process when expressing
inulin fructotransferase.

Zhan et al. (2014) compared the results of the different nitrogen sources, methylamine
hydrochloride or ammonium sulfate, after 96 h induction. It showed that the culture with
methylamine hydrochloride had the highest inulin fructotransferase activity at 5.21 U mL-1,
compared to 4.25 U mL-1 for ammonium sulfate. This result was when methanol was used as
a carbon source. The cell density was also higher for methylamine hydrochloride with a
OD600 value of 4.64 compared to 3.99 for ammonium sulfate.

If methylamine hydrochloride is used as an inducer it was shown that it needs the carbon
source glucose or glycerol to produce inulin fructotransferase (Zhan et al. 2014). Therefore as
a methanol-free option glucose is suitable to use as a carbon source with the inducer and
nitrogen source methylamine hydrochloride.

The result from this study is shown in terms of the productivity, enzyme activity from 3 L
bioreactor and the total protein yield for the different nitrogen and carbon sources
combinations (Zhan et al. 2014). The result is summarized in Table 1. This result shows that
the highest inulin fructotransferase activity, production and total protein yield were when
using methylamine hydrochloride and methanol. When using glycerol or glucose as carbon
source the production was lower.

Table 1: Result from study (Zhan et al. 2014) using different carbon sources and nitrogen sources.
Showing the productivity, enzyme activity, total protein yield, OD600 and dry cell weight of the
enzyme inulin fructotransferase.

Carbon
source

Nitrogen
source

Productivity
[U mL-1 h-1 ]

Enzyme
activity
[U mL-1]

Total protein
yield
[g L-1]

OD600 Dry cell
weight
[g L-1]

Methanol Methylamine
hydrochloride

0.63 62.72±1.60 2.25 112.4
(after 100h)

16.9
(after 100h)

Methanol Ammonium
sulfate

0.49 53.38±1.84 2.01 168.1
(after 112h)

22.9
(after 112h)

Glycerol Methylamine
hydrochloride

0.28 30.13±1.06 1.37 - -

Glucose Methylamine
hydrochloride

0.48 51.68±1.77 1.92 - -
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The concentration of methylamine hydrochloride affected the enzyme activity and the
biomass values (Zhan et al. 2014). When the concentration was around 0.5% to 1% the
enzyme activity was lower compared to a concentration between 1% to 3%. With a
concentration between 1.5% to 3% the biomass was lower than when the concentration was
below 1.5%. These indicate that high concentration is good for the enzyme activity but not
good for the biomass (cell density). Zhan et al. (2014) suggest that a high concentration
around 1.5% (w/v) to 3% (w/v) of methylamine hydrochloride can give a high enzyme
activity when P. pastoris has high cell density.

When comparing different carbon sources, glycerol, glucose or methanol, they all showed to
be good for inulin fructotransferase production (Zhan et al. 2014). The most suitable
concentration in terms of giving the highest enzyme activity for them were 2% for methanol,
0.75% for glycerol and 1% for glucose. Glucose and glycerol are favorable when wanting
high biomass. The enzyme activity was highest between 0.5-1.5% for glycerol and between
1.0-1.5% for glucose. With high concentration of glucose, higher than 1.5%, or glycerol,
higher than 1.5%, can lead to less expression of heterologous proteins.

To summarize, the combination of methanol and methylamine had the highest productivity.
The concentration of methylamine hydrochloride affects the enzyme activity and biomass and
suggests to be around 1.5% (w/v) to 3% (w/v) to give a high enzyme activity when P.
pastoris has high cell density. The carbon sources glycerol, glucose and methanol can be used
for production of the enzyme inulin fructotransferase but glucose and glycerol is better to use
when wanting high biomass.

3.3 The GAP-promoter - a constitutive methanol free

promoter
It has been shown that constitutive promoters, which are constantly active and independent of
molecular signals, always produce more straightforward cultivation processes when
compared to methanol induced production systems (Zhang et al. 2009). However, a
constitutive promoter is not suitable when producing a heterologous protein which is toxic to
the host cell, a drawback which is not as prevalent when using an inducible promoter such as
the AOX1-, AOX2- or FLD1-promoter. Due to the GAP-promoter being a constitutive
promoter, it does not need an inducer (Waterham et al. 1997). This means that it, compared to
the other investigated promoters, does not require any methanol. As methanol comes with
many hazards (Sigma-Aldrich 2022a), the GAP-promoter could be a very interesting option.

The glyceraldehyde-3-phosphate dehydrogenase promoter, GAP-promoter, is a constitutive
promoter which was first isolated in 1997 (Waterham et al. 1997). The isolation was done by
replacing a methanol induced AOX1-promoter creating the so-called pWHO10 vector. The
expression of the glyceraldehyde-3-phosphate dehydrogenase gene is a vital component in
the glycolysis and gluconeogenesis, the creation and decomposing of glucose.
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Glucose and glycerol are the two most frequently used carbon sources for expression systems
using the GAP-promoter (García-Ortega et al. 2019). Other carbon sources, such as fructose,
sorbitol, mannitol, ethanol, methanol and trehalose, can also be used. When comparing
glucose and glycerol to each other, it becomes clear that the carbon sources are preferable
under different circumstances. When P. pastoris is grown in excessive amounts of glucose,
the biomass yield is reduced and by-products, such as ethanol, arabitol and acetate, are
produced (Ata et al. 2018). When P. pastoris is grown in conditions of glycerol excess,
however, no by-products are generated. This gives rise to glycerol being the recommended
carbon source for batch cultures (Garcia-Ortega et al. 2013). No difference in yields and
productivity are observed when comparing the two alternatives in carbon-limited continuous
fed-batch cultures at a constant growth rate. Glucose is, however, the preferred carbon source
for fed-batch cultures since it both produces less heat and has a greater carbon source to
biomass yield than glycerol.

3.3.1 Examples of heterologous expression using the GAP-

promoter
In a study made by Guan et al. (2013) the GAP-promoter pGAPαA was used in P. pastoris
strain GD115 to produce the fusion protein rhIL-2-HSA. The fusion protein consisted of the
therapeutic molecule interleukin-2 with a molecular weight of 15 kDa and the adapter carrier
molecule albumin with a molecular weight of 66.5 kDa. The carrier molecule albumin works
as a vessel for the interleukin-2 molecule to help it reach its target destination. The fusion
protein has, just like the Affibody®-molecule, been proven to increase the efficacy and
decrease the harmful side effects in the treatment of solid tumors (Yao et al. 2004).

In another study, Garcia-Ortega et al. (2013) published a report that studied the production of
human antigen-binding fragments in P. pastoris under the control of the GAP-promoter. In
this study, the P. pastoris strain X-33 and the GAP-promoter gene pGAPZαA was used.
Human antigen-binding fragments consist of the antigen binding region of antibodies which
means that they have a much smaller size compared to their derivatives. Smaller molecules
are generally less time consuming and troublesome to produce. This contributes to a more
efficient pharmaceutical production.

Since both these studies investigate the production of proteins with very similar chemical
properties as Affibody ®-molecules, they are interesting for this report. The interleukin-2
molecule also has a very small size, comparable to the Affibody®-molecule, which means
that the process behind producing it should be very applicable.

3.3.1.1 Two versions of the inoculum using GAP-promoter

In the study made by Guan et al. (2013), P. pastoris cells containing the pGAP-controlled
vector encoding the fusion protein were grown in inoculum flasks containing 5 mL YPD
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medium. After the initial inoculum growth, the cultures were moved into larger 50 mL flasks
that contained YP medium supplemented with one out of five carbon sources. Out of glucose,
glycerol, methanol, sucrose and sorbitol, it was demonstrated that glycerol yielded the best
results. Separate inoculums metabolizing on the same carbon source were grown at 20, 25, 29
and 30°C and at pH 4.5, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5. Guan et al. (2013) determined that
a temperature around 29°C and a pH value ranging between 6.5 and 7.0 was the optimal
conditions for the cell growth. The expression of the fusion protein started when the optical
density, OD600 of the 50 mL flask reached 0.3 after approximately 24 h. To prepare the
inoculum for the batch phase, Guan et al. (2013) cultured the inoculum for 18-20 h in YPD
medium. This took place at 28°C at 200 rpm.

Only one carbon source, temperature and pH was examined in the study made by
Garcia-Ortega et al. (2013). Here, the successfully transformed cells were put in a 1 L baffled
shake flask containing YPD medium for 24 h at 25°C and 130 rpm. The initial solution,
which consisted of 150 mL, had a pH value of 7. The cells were then harvested via
centrifugation and resuspended in batch medium to then be inoculated in a bioreactor.

The inoculum is very similar between the two presented studies. To be able to determine the
most effective size and circumstances of the inoculum for the Affibody®-molecule, we
would recommend to experiment with a range of pH and temperatures. Further, the initial
size of the inoculum will also have to be on a larger scale in order to be suitable for Affibody
AB’s 4000 L bioreactors. Multiple shaking flasks could be used in order to reach the desired
size.

3.3.1.2 Only small fed-batch fermentations have been tested

Guan et al. (2013) inoculated 10% (v/v) of the inoculum into a 5 L stirrer biotank reactor
containing 2 L modified complex medium. During the glucose batch phase, the temperature
was set to 28°C and at the beginning of the fed-batch phase, it was reduced to 25°C. The
fed-batch medium consisted of 550 g L-1 glucose, 2 g L-1 (NH4)2SO4 and 2 g L-1 KH2PO4. By
regulating the agitation, aerating and glucose feeding rates, the dissolved oxygen
concentration was kept between 25 and 40%. By addition of 2 M KOH or 30% (v/v) H3PO4,
the pH was maintained in the range 6.5 to 7.0 throughout the fed-batch. Antifoaming agent
was added in order to regulate the amount of foam produced during the process.

Garcia-Ortega et al. (2013) started their fed-batch cultivation at 2 L in a 5 L Biostat B
Bioreactor. The batch medium that was used had a carbon source concentration of 40 g L-1.
To evaluate the impact of the carbon source, glycerol and glucose were used as the main
carbon source in different fermentations. The conditions in the culture were kept at 25°C, pH
5.0 and at a minimum of 20% dissolved oxygen. The pH was monitored by addition of 30%
(v/v) NH4OH. Dissolved oxygen was managed by varying the stirring speed between 600 and
1200 rpm and aerating with mixtures of air enriched with O2 within 1.0 and 1.25 vvm. The
group used an exhaust gas condenser, which was kept at 8°C, to reduce water evaporation
losses.
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When the batch cultured had reached a biomass concentration of approximately 20 g L-1,
Garcia-Ortega et al. (2013) initialized the fed-batch phase. The fed-batch medium that was
used had a carbon source concentration of 400 g L-1. Glycerol and glucose were, just like in
the previous batch step, used as the main carbon source in different fermentations. This
resulted in the testing of four different combinations for the two steps, i.e. glycerol-glycerol,
glycerol-glucose, glucose-glycerol and glucose-glucose. In addition, 6 mL Biotin 0.02%, 15
mL PTM1 trace salts stock solution and 0.2 mL Struktol J650 (antifoam agent) was added per
liter of feeding medium. Garcia-Ortega et al. (2013) achieved a constant growth rate, μ by
utilizing a mass balance equation in order to maintain the correct feeding rate, which was set
to 0.10 h-1. Given the results, the fermentation that utilized the glycerol-glucose combination
resulted in the highest yield.

For Affibody AB, the small size of the two studies should not immediately deter them. The
reason for this is that scalability should be possible since the processes look very similar
whether the project is small or large. The scalability has been tested with similar processes by
Stratton et al. (1998).

3.3.1.3 Quantifying the proteines

After 96 h of fermentation, Guan et al. (2013) collected 3.5 L of culture broth. The broth was
centrifuged at 10.000 rpm for 4 minutes. To minimize the proteolysis, the broth was kept at
4°C during the centrifugation. The supernatant, which contained the recombinant proteins,
was then concentrated using a Millipore Cogent M1 Tangential Flow Filtration System. In
order to fully purify the fusion protein, three different Sepharose Fast Flow columns were
used, each with a unique equilibration and elution buffer. In order to measure the protein
concentration a trace urinary albumin kit (MinDian Co, Shanghai) or Bradford total protein
content determination kit (Sangon, Shanghai) was used.

Garcia-Ortega et al. (2013) stopped the fermentations after approximately 60 hours, when the
dry cell weight had reached 100 g L-1. Although the group does not state anything about a
purification process, they do state how they measured the product and extracellular protein
quantifications. The extracellular protein quantification was measured with an protein assay
kit (Pierce BCA Protein Assay, Prod. No. 23225, Rockford, IL, USA). The product
quantification was measured with an ELISA assay, a common immunological assay used to
measure different kinds of molecules in biological samples.

In conclusion, the purification process consists of the three steps centrifugation, concentration
and filtration. This process depends mostly on the target protein and should therefore be very
similar to the two studies.
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3.3.1.4 The optimal growth time varies between the investigated proteins

It is a good idea to take samples during the fed-batch in order to find at which intervals the
culture is producing the most protein and at what point in the fermentation it becomes
excessive. Guan et al. (2013) took samples during the fed-batch process at 12 h intervals.
These samples were investigated with various techniques in order to find the dissolved
oxygen levels, cell mortality rates, cell density and the rhIL-2-HSA fusion protein
concentration. It was discovered that the dissolved oxygen levels were kept above 20% at all
times. The cell mortality rates rose to around 1% at the 24 h mark and ended at approximately
2% after 96 h. The cell density steadily grew to an OD600 240 at the 60 h mark and then
slowed down. Alongside the cell density, the concentration of the constitutively expressed
IL-2-HSA protein steadily grew up until around 250 mg L-1 at the 60 h mark, to then only rise
to 270 mg L-1 after the 96 hours had passed.

Garcia-Ortega et al. (2013) states that there is no definite answer to whether glycerol or
glucose are the most efficient carbon sources for expression of heterologous human
antigen-binding fragments using the GAP-promoter in P. pastoris. Even though their study
demonstrated that the glycerol-glucose batch gave the best result of approximately 25 mg L-1

after 40 h of fermentation, the group reports that an equal amount of studies align with their
results while just as many studies have shown otherwise.

The optimal time for the fed-batch process, regarding the Affibody®-molecules, is
impossible to determine without performing thorough laboratory studies. One thing to keep in
mind when using a constitutive promoter is that the target protein concentration should
increase with the cell density since the gene is being continuously expressed.

3.3.2 Proteins similar to Affybody®-molecules have successfully

been expressed in P. pastoris using the GAP-promoter
When developing a new process, it can be very helpful to draw inspiration from a similar one.
Harmsen & De Haard (2007) conducted a study that produced Nanobodies. Nanobodies are
proteins with a meager weight of approximately 12-15 kDa that can, just like
Affibody®-molecules, be used as an alternative to antibodies (Harmsen & De Haard 2007).
In 2019, Chen et al. (2019) published a report that explored the expression of
anti-CEACAM5 nanobodies in the P. pastoris strain GS115 under the control of the
GAP-promoter pGAPαA. The report was thought to be the first one that investigated
nanobody expression under a constitutive promoter in P. pastoris.

Chen et al. (2019) grew P. pastoris cells in 10 mL flasks containing YPD medium at 30°C
overnight. The cells were then grown in 500 mL flasks containing 50 mL BMGY media with
different carbon sources and pH-values at 28°C and 220 rpm. The carbon sources that were
investigated were glucose, glycerol, sucrose, methanol and sorbitol and the pH-values that
were considered were 5.0, 5.5, 6.0, 6.5 and 7.0. The study showed that the carbon source had
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a greater impact on the cell growth and the amount of expressed nanobodies than the
pH-value. Chen et al. (2019) study demonstrated that the carbon source glycerol and a
pH-value near 6.5 was optimal for the expression of nanobodies in P. pastoris under the
control of the constitutive GAP-promoter.

Chen et al. (2019) managed to reach a Nanobody concentration of 51.71 mg L-1 after 96 h in
the bioreactor. The group took samples at 12 h intervals. After approximately 60 h of
relatively constant growth, the culture’s dry cell weight reached its maximum of 13 g L-1. The
dry cell weight slowly started to decline after the 60 h mark and settled at around 11 g L-1

after 96 h had passed. Even though the dry cell weight started to decline, the Nanobody
concentration growth was at its highest in the 48-84 h interval. At the 48 h mark the
concentration was 10 mg L-1, it grew to around 50 mg L-1 up until the 84 h mark and then
slowly increased to the final concentration of 51.71 at the 96 h mark.

The production of nanobodies in P. pastoris is considered to be the best comparison to the
potential production of Affibody®-molecules in P. pastoris. The process could therefore
stand as a starting point if Affibody AB were to develop a new process utilizing P. pastoris,
not only for the GAP-promoter.

3.4 Purification and quantification of proteins
For most of the research teams in the aforementioned reports, samples have been taken
during the fed-batch phase. This has been done in order to be able to quantify the amount of
protein the batch has produced at said intervals. Based on the reports in this review, the
purification of a sample coming from a bioreactor always follows the same basic steps,
whether it be intra- or extracellular expression or under the control of different promoters.

First, if the yeast is expressing the target protein intracellularly the cells need to be lysed.
This is done with an enzyme that dissolves the cell membranes. However, using P. pastoris,
the proteins are in most cases secreted. In both cases, the sample is then centrifuged. Guan et
al. (2013) did this at 10.000 rpm for 4 minutes. It is also common practice to keep the sample
cold, approximately 4°C, to keep the proteolysis as low as possible. During the
centrifugation, pellets of varying sizes will form at the bottom, containing whole or lysed
cells and other hydrophobic fragments. The supernatant should, at this stage, contain the
recombinant proteins alongside other native proteins that are present in the host organism.
From here a chromatography based purification is often possible. However, it is also an
option to first perform ultrafiltration.

Ultrafiltration is a method which relies on mechanical properties of the protein. This means
that the small protein can go through a filter which other remains cannot. Further, no buffers
are needed and it is often very quick. Unlike Ultrafiltration, chromatography can rely on
many different complex properties of the protein. Chromatography is a versatile technique
that can purify almost any sample and use a chemist’s approach. Utilizing buffers and
specialized molecules in the gel, the target protein is slowed down and gets stuck in the gel,
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to then be eluted into its own container. Chromatography often includes many steps until a
fully purified sample is achieved.

To quantify a sample many different assays have been created. Garcia-Ortega et al. (2013)
used an ELISA assay, a common immunological assay used to measure different kinds of
molecules in biological samples. This can often be done without performing an extensive
purification process. Guan et al. (2013) used two different protein concentration kits, a trace
urinary albumin kit (MinDian Co, Shanghai) and a Bradford total protein content
determination kit (Sangon, Shanghai).

4 Discussion
The goal was to present cultivation processes for expressing proteins in P. pastoris. In this
project cultivation processes with four different promoters has been presented. All of these
promoters have been successfully used for protein production. The promoters are pAOX1,
pAOX2, pFLD1 and pGAP. No unusual equipment was needed for any of the presented
processes. Standard equipment such as bioreactors, inoculum instruments and chemicals was
needed for all processes. We present an overview of P. pastoris, which is a genus containing
seven species of yeasts. Additionally, an overview of glycosylation provides information that
O- and N-glycosylation occurs and that N-glycosylation seems more manageable than
O-glycosylation. Growing the yeast on methanol can increase the O-glycosylation. However,
O-glycosylation is less prevalent to begin with.

In this report it has been shown that the AOX1- and AOX2- promoters are able to be used in
large scale production of proteins. This can make it possible for Affibody AB to use this
promoter in large scale to produce their Affibody®-molecule. A downside with the AOX1-
and AOX2-promoters is the use of the methanol inducer, which is hazardous for humans.

The cultivation process with the GAP-promoter is a methanol free cultivation process
proposed in this project. The cultivation process uses glycerol or glucose as carbon source
and no inducible molecule. Glycerol and glucose are not hazardous for humans, which is
positive. However, the cultivation process has not been performed at an industrial scale.

The FLD1-promoter can as the GAP-promoter be used without methanol in its cultivation
process which is positive. Furthermore, the FLD1-promoter can use both methanol and
methylamine as nitrogen sources and also use different carbon sources such as glycerol,
glucose and methanol which gives an opportunity to choose the preferred nitrogen and carbon
source. On the other hand, a downside for the pFLD1 is that it has not been used in a
large-scale production of proteins based on this report.

The most widespread methods of growing P. pastoris include using the AOX1- and
AOX2-promoters. Production systems utilizing the AOX-promoters are the only ones that are
being used on a large scale to the best of our knowledge. Therefore, comparisons in the
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discussion will have to be made between large scale, of approximately 1000 L, and smaller
scale projects and experiments. It is also important to keep in mind that many research teams
are comparing their results from using less conventional promoters with the more established
AOX-promoters. This may lead to results being biased towards finding an alternative process
where a new promoter works better than the AOX-promoters. However, when considering
that P. pastoris has only been used for large scale production during a short period of time, it
is hard to believe that the optimal expression system has already been achieved. With that in
mind, we are hoping that this review could assist in the development of a more efficient
production system.

4.1 Production in P. pastoris is similar as for E. coli
In order to compare the processes using P. pastoris and E.coli, we have acquired the
information about the process Affibody AB uses with E.coli. The processes stated in this
report considering P. pastoris are going to be compared with the Affibody AB process using
E.coli in this section.

The cultivation of both E. coli and P. pastoris is similar. Both start with feeding of a carbon
source for the culture to grow and then induction of a molecule to express the desired protein.

Affibody AB grows the culture of E. coli in bioreactors containing minimum medium. As for
the cultivation of P. pastoris, trace salts are needed in the growth of E. coli. Affibody AB uses
a fed-batch where the culture is fed with the carbon source glucose. This makes the process
similar to the one with P. pastoris, except that the yeast instead uses the carbon source
glycerol, methanol or glucose according to the stated process proposals in this report. The E.
coli cultivation is then induced with IPTG to express the desired protein. Just like in E. coli,
the P. pastoris promoters pAOX1, pAOX2 and pFLD1 are also inducible. However, in this
report it is also stated that the constitutive promoter pGAP can be used for protein production.
Which does not need to be induced with a molecule. The production of proteins is done
intracellularly in E. coli. Unlike E. coli, P. pastoris has the possibility to express the protein
both extracellularly or intracellularly efficiently.

In conclusion, the production of P. pastoris and E. coli has many similarities. Since they both
can be produced with fed-batch in a bioreactor, much of the equipment could be used if the
production is switched to P. pastoris. Furthermore, because Affibody AB uses an inducible
promoter in E. coli it could be an easier transition to an inducible promoter in P. pastoris.

4.2 Inducible or constitutive promoters - accuracy versus

simplicity
Both the AOX-promoters and the FLD1-promoter are inducible. The main advantage of using
inducible promoters is the level of control that can be achieved. In a fermentation process it
could be very important to be able to regulate the rate of production for different proteins
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(Ahmad et al. 2014). However, utilizing constitutive promoters results in a process that
requires fewer steps, which could result in a simpler process. This could be an advantage if a
company is starting an entirely new process since every step needs its own rigorous testing
and can require large resources. The GAP-promoter could therefore be a more compelling
option for some projects. Keeping this in mind, the pAOX-based system has far more testing
and experience behind it and could, solely based on that, result in a shorter and more effective
process development.

One of the most important aspects when it comes to choosing whether to use a constitutive
promoter or inducible promoter is if the protein that is going to be expressed is in any way
toxic or inhibiting to the host cell. If the protein hinders the cell, a constitutive promoter is
not suitable. This is because the protein disrupting the cell will always be present as soon as
the cultivation begins. It is possible to use an inducible promoter in this case. The reason that
it is possible to express toxic protein even is the fact that the culture can grow to a substantial
cell density before any of the toxic protein is present. Then, in a brief period of time, quickly
induce the genes and get a considerable amount of protein, before fatal damages can be done
to the system.

When it comes to the production of Affibody®-molecules, it could be the case that one
version of the molecule is toxic to the host cell due to their ever changing patterns. Keeping
this in mind, it could be preferable to use an inducible promoter. This is because the process
would be able to proceed even if one version of the Affibody®-molecule were to be toxic.
However, this is considered a minor risk.

4.3 Comparing and evaluating the growth media and

inducers
All growth media in this review contain a carbon source. Whether it be methanol, glycerol,
glucose or any other carbon based molecule, it is the main ingredient that the cells need to
grow and divide. In this discussion, we will focus on comparing the carbon sources and
inducers of the different growth media. The potential hazards of the chemicals are
summarized in Table 2.
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Table 2: Table presenting the key features of the investigated promoters pAOX1, pAOX2, pFLD1 and
pGAP.

Promoter Inducible/
Constitutive

Inducer Carbon source Hazards

pAOX1,
pAOX2

Inducible Methanol Glycerol Methanol is highly
flammable and toxic

pFLD1 Inducible Methanol or
methylamine

Glycerol, glucose or
methanol

Methanol and
methylamine are highly
flammable and toxic

pGAP Constitutive Not applicable Glycerol or glucose Not applicable

The promoters pAOX1 and pAOX2, uses methanol as an inducer in the protein production.
As a carbon source they use the alcohol glycerol, which has no health impact when used in
the lab. However, methanol is a toxic alcohol which is harmful to humans when it gets on the
skin or is inhaled. This makes it very important to have protection, such as gloves and
glasses, when working in a lab and have safety routines. Since methanol also is highly
flammable it makes out a fire hazard and must be stored in a safe way. On the other hand, it is
good to keep in mind that methanol is consumed during the process. This means that the
methanol is only present in the methanol induction phase and will not be making out a hazard
in the following steps and the waste management.

The promoter pFLD1 can use the same combination of carbon source and inducer, with
methanol and glycerol. This proposes the same problems as for handling pAOX. The
difference to pAOX is that pFLD1 also can use the inducer methylamine instead of methanol.
To this inducer the carbon source sorbitol is often used. In this case the carbon source is also
harmless. The methylamine on the other hand is toxic for humans and highly flammable. This
makes it then, as for methanol, important to store and handle in a safe way.

Unlike the promoters mentioned above, pGAP does not need an inducer. This leaves them to
only use carbon sources, where they mostly use glycerol and glucose. These are fat and sugar
and are not hazardous to use in the lab.

4.4 Hard to draw a conclusion from the yield
It is hard to compare the results connected to production of protein or biomass from the
different studies with the different promoters. This is because they have measured different
things for example OD600, wet cell weight and dry cell weight. Also, different studies
expressed different proteins, which makes it hard to compare the amount of protein
expressed. And not all studies have presented this. Furthermore, the studies were executed
under different induction times which also contribute to difficulties in comparing the results.
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As seen in Table 3, three sources from each promoter have the yield measured in OD600. The
OD600 measurement showed values of 400, 112.4 and 240 for pAOX, pFLD1 and pGAP
respectively. It is clear from these studies that the AOX-promoters produce the highest cell
mass and that pFLD1 the lowest. However, it is hard to draw a conclusion from it since they
expressed different proteins and the cultivation were executed under different conditions. It is
also not possible to know if this means that the expression of the Affibody®-molecule would
be greater when using the AOX-promoters than the other promoters.

In Table 3 several sources discuss the dry cell weight of the different promoters. When using
the AOX-promoters the dry cell weight from one source was maintained at 75 g L-1. In their
experiment they explain that nearly 1 g of dry cells can be converted to 4 g of wet cells,
meaning that they maintained a cell mass of 300 g L-1 wet cells. Another source suggests a
final cell mass of 350-450 g L-1 wet cells. This means that the cell mass from both of these
sources are close in weight. For the GAP-promoter one study stopped their fermentation after
reaching the dry cell weight of 100 g L-1, which can mean that they could have reached a
higher value later on. Another study reported the dry cell weight between 11-13 g L-1. The
FLD1-promoter got from two different studies, the dry cell weight 147 and 16.9 g L-1. A
variety in cell mass can be seen for all of the promoters, which makes it hard to conclude
which one would be the optimal promoter. And, like the OD600 measurements, it is not
possible to know how much Affibody®-molecules will be expressed based on these cell
masses.

Table 3: Table that compiles a selection of the results, based on comparability and relevance, of the
investigated sources.

Promoter Source OD600 Wet cell weight (g L-1) Dry cell weight (g L-1)

pAOX1,
pAOX2

Stratton et al. 1998 400 - -

pAOX1,
pAOX2

Invitrogen 2002 - 350-450 -

pAOX1,
pAOX2

Liu et al. 2016 - 300 75

pFLD1 Resin et al. 2005 - - -

pFLD1 Wang et al. 2019 - - 147

pFLD1 Zhan et al. 2014 112.4 - 16.9

pGAP Guan et al. 2013 240 - -

pGAP Garcia-Ortega et al. 2013 - - 100 (stop criteria)

pGAP Chen et al. 2019 - - 11-13
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5 To conclude the process proposals for P. pastoris
The process can be concluded in different ways. All promoters have different advantages and
disadvantages to fit different occasions. The promoters pAOX1 and pAOX2 have the
advantage that they are very widely used and the growth process has been tested many times.
These promoters are also the only promoters in this project that have been used at industrial
scale. The GAP-promoter is on the other hand a less investigated promoter, but has the
advantage of not using any toxic substances in the cultivation process. The FLD1-promoter is
also not as widely explored as the AOX-promoters. The pFLD1 can use methylamine as an
inducer and pGAP does not have an inducer. These two promoters therefore present a good
alternative to the use of methanol, which requires certain security measures as well as
increasing the amount of O-glycosylation.

Since the promoters all have different properties which can be preferable on different
occasions, it is important to know what works best in one’s specific case. This gives Affibody
AB many different options who all have different advantages. The production in P. pastoris
has many similarities to the production in E. coli, for example the equipment. This gives
Affibody AB the opportunity to use similar equipment as they have now. Their knowledge
about E. coli cultivation can help in the transition to P. pastoris.

We conclude that if Affibody AB were to base a new production system on one of these
proposals, it would produce a process that includes an efficient purification process. Further,
we believe that if Affibody AB were to incorporate P. pastoris it would contribute to them
staying in the forefront in the rapid development of the biopharmaceutical industry.
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Appendix 1: Ethical reflection of biopharmaceutical

production in P. pastoris
This is an ethical reflection of the process proposals in the yeast P. pastoris. Three different
promoters were used in each proposal, which are pAOX, where the phenotypes Mut+ and
Muts are described, pFLD1 and pGAP. The proposals are to explain how a production could
be instead of using E. coli. Each promoter uses a carbon source, and pAOX and pFLD1 both
use an inducer. The reflection includes an analysis of these substances and how they affect
the people who work with them, and also the environment. Furthermore, it is reflected how
the change to P. pastoris as a production system can be positive for production. The use of
disposable items is also analyzed. It might be important for sterile production to have.

The change to P. pastoris
To change the production system from E. coli to P. pastoris it has the effect that less native
proteins are present, which can be toxic to the human body. If there are less toxic proteins
present, the purification might not take as long. This can lead to a higher productivity and
make the product more available for people in need.

To have less steps in the purification can also lead to an easier and more time efficient work.
This could have an effect on the staff to be more motivated to work since you then feel more
productive. This can lead to more efficient work and people getting more susceptible to gain
new knowledge. This can gain the company in the long run.

The risk of toxic inducer and carbon source
To protect the employees who work in the lab it can be very important to know the toxicity of
the chemicals used. Everyone has the right to feel safe in their workplace. It can also have a
positive impact on productivity, because you can often think and work better when feeling
safe. In some of the process proposals toxic chemicals are used which can be both health and
environmental hazardous.

Process with pAOX using methanol
For the first proposal, with the AOX-promoters, methanol is used as an inducer. Methanol is
both hazardous to health and the environment. As we know methanol is dangerous to drink
and can cause organ damage, blindness and even death. But it is also hazardous to inhale
methanol and to get it on the skin. This makes it a risk for the staff to handle and very
important that they have the right protection, like gloves and eye and mouth protection
(Sigma-Aldrich 2022a). Methanol is also highly flammable and it is very important to store it
in a correct and safe way. The AOX-promoters have different methanol utilization
phenotypes, where Mut+ has the biggest methanol consumption. Muts uses less and would
therefore perhaps be better to use in an ethical view, to lower the risk for the employees. Even
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though it is a risk, methanol is already used in industry today. This means that risk
assessments and safety routines already exist to protect those who work in labs.

In an environmental perspective, methanol can be produced by fossil carbon sources but also
from trees. It can therefore be very important to look at what it is made from to minimize the
use of fossil carbon sources. In the production of methanol pollution like acide gas and
wastewater is produced (Chen Z et al. 2019). Similar to how methanol affects humans, it is
also toxic to animals. Exposure of methanol can lead to death of animals and affect fertility.
For plants it can lead to loss of growth.

Process with pFLD1 using methylamine
In the proposal 2, with the promoter pFLD1, it is said to be possible to have a production
without methanol and instead use methylamine and sorbitol. Methylamine is also highly
flammable and health hazardous (Sigma-Aldrich 2022b). This does not make it better for the
employees to handle and also in need of protection. Additionally, methylamine smells like
fish, which can be both a bad and a good thing. The smell can be very unpleasant for the
staff, but it can also warn if there is a leakage. Sorbitol on the other hand is not dangerous, it
is even used as a sweetener (Livsmedelsverket 2022). Since they combined replace methanol,
there are in total less amount of harmful chemicals to handle. In the view of having a safe
workspace this combination might be better than the first.

Process with pGAP without toxic inducer
For proposal 3, with GAP-promoter, no inducer is used, since it is a constitutive promoter.
This results in that only the carbon sources that are also used in the other processes, Glucose
and Glycerol, are used. Glucose is a sugar which is not hazardous. Glycerol is an alcohol that
is extracted from fat. This can be taken from plants but also animals. If this is made from
animals, for example a pig, this could be ethically questioned. This is since they have a right
to live and an equally good fat can be extracted from plants or even synthetically produced.
When using plant based glycerol there could be a risk that they compete about the space that
could be used for food or availability for wildlife instead. Glycerol is though not hazardous
for humans, which means that the employees are not exposed to a harmful working
environment (Sigma-Aldrich 2022c). This is therefore the least toxic process proposal of
these three and maybe a more ethical proposal regarding the working environment.

Productivity can be with it
Compared to pAOX and pFLD1 the pGAP has the least hazardous substances. To protect the
staff it would be best to use pGAP so that the risk of being exposed to toxic chemicals is as
low as possible. On the other hand, both pFLD1 and pGAP are less explored as a promoter in
a production system than pAOX. This could risk that they do not always function as expected
or are not as productive in big scales as pAOX. If so, using the other promoters can risk that
the production does not succeed. If that would be the case it could be that reducing the toxic
chemicals is compromising with having an efficient production. The company needs to have
high productivity to be able to meet the demand. If pAOX gives better productivity, using it
can then lead to better healthcare and that more people can have access to the medicals. This
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can in the long run then lead to a healthier society. It therefore could be worth having more
safety routines in the lab to be able to keep up the production. Then it would be important to
have protection available for the employees and set routines so that no one comes to harm.

Disposable items in lab
In labs there are often disposable items, mostly in plastic. As we know plastic is a big
problem in the world, causing death for animals and disturbing the environment. It would be
preferable to be able to reduce the use of plastic. The problem is that the plastic is often
necessary to use to be able to keep the products hygienic. If the items instead were to be
transported without plastic cover it would be a risk of contamination. This could later affect
the production of protein so that it can not be used in a medical way without risk of a side
effect. As a consequence of this, many would lose the treatment they need. In conclusion, in
this case it might be better to keep on the plastic, as long as there is no better option, to be
able to continue the supply of medicine. Instead it is very important to see what sort of plastic
is used. For example avoid plastic with toxic chemicals to be able to prevent health impact
and bioaccumulation in flora and fauna. It is also important to reflect upon how much items
are bought to prevent overconsumption and risk of unnecessary waste.
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Appendix 2: Project request
The project request was received in Swedish and has been translated to English by the project
group. The project request is as followed:

Can a more complex host cell organism make the production process for
biological drugs easier?

Affibody is a Swedish biotech-company that focuses on developing the next generation of
biological pharmaceuticals, based on the company’s unique technology platform that the
company also owns the rights to: Affibody®-molecules and Albumod™. Affibody is
developing drugs in the areas of psoriasis, autoimmune diseases and oncology. Our drug
candidates are currently produced in Escherichia coli (E. coli), which has both advantages
and disadvantages. The advantages are that it is a well-known and established organism that
is simple and inexpensive to grow. The disadvantages are that E. coli has lipopolysaccharides
(endotoxins) on its outer membrane, which cause a feverish reaction in the body. The E. coli
cells also contain native proteins, which can also elicit an immune response. These two types
of contaminations must be purified from our Affibody®-molecules before they can be
included in medicine. Purification is performed mainly by chromatography, and large
resources are required to develop a sufficiently good production method.

A systematic literature study examining production systems where Komagataella pastoris
(formerly called Pichia pastoris) is used would be very valuable. Since the ultimate goal is an
industrial scale production process, scalability and productivity must be considered. The
regulatory perspective should also be included in the study. Some suggestions on that to
include are listed below.

Background facts (briefly):
- K. pastoris as a production strain.
- Overview of promoter. Show the advantages and disadvantages of different

promoters.

Questions:
- Glycosylation - is it a problem in K. pastoris?
- If the protein has a glycosylation site, will it be glycosylated? And, will it be the same

every time?
- What does a typical process development look like when designing a K. pastoris

manufacturing process?
- Which process steps contain a typical K. pastoris manufacturing process, and how

does it differ from E. coli?

Final goals:
Develop a continuous process with K. pastoris as the host organism.
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- Develop some process proposals and an estimate of productivity (e.g. quantity per
week).

- Give different process proposals with focus on cultivation.
- What specific equipment is needed?

An ethical analysis of the project must be included in the report. An important aspect is the
environmental impact of the different production processes (E. coli compared to K. pastoris).
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Appendix 3: Investigated promoters
Table 4: Table containing the investigated promoter. Considered priority according to opacity in the
blue field.

Promoter Expression
level

Inducible/
Constitutive

Inducer Advantages Disadvantages Comments

pAOX1,
pAOX2

Strong1 Inducible1 Methanol1 Strong
promoter.1
Different
combinations
of pAOX1
and pAOX2
can be used.
Well studied.

Methanol is highly
flammable and
toxic.2 The process
can be hard to
control since
methanol is used as
both inducer and
carbon source.3

Has been
used for
large scale
protein
production.4
Further
investigated.

pFLD1 Strong1 Inducible1 Methanol
or
methylami
ne1

Strong
promoter.1
Methanol2

and
methylamie5

are cheap.

Methanol is highly
flammable and
toxic.2 Methylamine
is toxic and
corrosive.5

Alternative
to pAOX1
and pAOX2.
Further
investigated.

pGAP Strong1 Constitutive1 Not
applicable

Strong
promoter.1
Glycerol or
glucose as
carbon
source.

Animal fat can be
used to produce
glycerol.6

Has been
used for
protein
production.4
Further
investigated.

pADH3 Strong1 Inducible1 Ethanol1 Strong
promoter.1
Ethanol is
cheap.7

Ethanol is
flammable and
toxic.7

Similar to
pAOX1 and
pAOX2.
Seems
excessive.

pGCW14 Strong8 Constitutive8 Not
applicable

Stronger than
pGAP.8

Limited
information.

-

pG1 Strong1 Inducible1 Glucose1 Stronger than
pGAP.1
Uses glucose
as an inducer.

Limited
information.

-

pTEF1 Strong1 Constitutive1 Not
applicable

Strong
promoter.1

Limited
information.

-

pLRA3 Medium1 Inducible1 Rhamnose1 Uses
rhamnose as
an inducer1.
Glucose can
be used to
regulate
protein
production.

Rhamnose is
expensive.9

-

pCUP1 Not found Inducible1 Copper1 - Copper is expensive -
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and toxic.10

pSDH Strong11 Constitutive1

1
Not
applicable

Similar
strength as
pGAP.11

Limited
information.

Similar to
pGAP.
Seems
excessive.

pDAS Strong1 Inducible1 Methanol1 Similar
strength as
pAOX1 and
pAOX2.1

Methanol is highly
flammable and
toxic.2 Limited
information.

Is not used
for protein
production.1
Similar to
pAOX1 and
pAOX2.

pTHI11 Medium1 Inducible1 Thiamine1 - Thiamine is
expencive.12

Limited
information.

-

pLRA4 Weak1 Inducible1 Rhamnose1 - Weak promoter.1
Limited
information.

-

pPGK1 Weak1 Constitutive1 Not
applicable

- Weak promoter.1
Limited
information.

Similar to
pLRA3.1

pYPT1 Weak1 Constitutive1 Not
applicable

- Weak promoter.1
Limited
information.

-

pPEX8 Weak1 Inducible1 Methanol
or oleic
acid1

- Weak promoter.1
Limited
information.

-

pICL1 Weak1 Inducible1 Ethanol1 - Weak promoter.1
Limited
information.

-

pG6 Not found Constitutive8 Glucose8 - Weaker than pG1.1
Limited
information.

Similar to
pG1. Seems
excessive.

pPPLCC1 Not found Inducible1 Copper1 - Copper is expensive
and toxic.10 Limited
information.

-

The main sources that were used to create the table above are listed below. Other sources were also
looked at to get a wider perspective of the promoters.

1. (Türkanoğlu Özçelik et al. 2019)
2. (Sigma-Aldrich 2022a)
3. (Looser et al. 2015)
4. (Liu W-C et al. 2019)
5. (Sigma-Aldrich 2022b)
6. (Sigma-Aldrich 2022c)

7. (Sigma-Aldrich 2022d)
8. (Ahmad et al. 2014)
9. (Sigma-Aldrich 2022e)
10. (Sigma-Aldrich 2022f)
11. (Çalık et al. 2015)
12. (Sigma-Aldrich 2022g)
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