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My PhD journey has truly been an adventure, and I've been fortunate
to visit many places over the past few years. As someone who enjoys
traveling, I've had the opportunity to attend international conferences,
meetings, study visits, and even a research stay abroad. I've also been
part of several groups where | got to perform lab work in different
settings. No matter where I've been, my favorite place has always been
the lab, regardless of its location.
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Abstract

Enzymes serve as biological catalysts in a wide range of applications, from
household products to industrial processes, research, diagnostics and forensic
science. They accelerate reactions with high specificity under mild reaction
conditions and are essential for life. Advances in recombinant DNA technology
have enabled the use of microorganisms as efficient cell factories for production of
heterologous enzymes. Proteases and DNA polymerases are important enzymes in
biotechnology due to their roles in protein degradation and DNA synthesis,
respectively. In this thesis work, I focused on challenges related to the production
of microbial proteases and DNA polymerases. It involved exploring host
interactions between yeast and recombinant bacterial proteases and developing a
simplified protocol for in-house production of DNA polymerases. Additionally, this
thesis also focused on characterizing polymerase performance, including error types
and rates during in vitro DNA amplification.

Bacterial proteases were fused to Green Fluorescent Protein (GFP) and produced in
the yeast Saccharomyces cerevisiae. Both plasmid-based and integration-based
systems were evaluated for use in protease production. The protein production after
induction with galactose was followed on a single-cell level using flow cytometry
(FCM), enabled by the GFP fusion. The plasmid-based strains resulted in population
heterogeneity with two subpopulations, where approximately half of the cells did
not show fluorescence levels above the autofluorescence. On the other hand, the
integration-based strains resulted in homogenous populations where almost all the
cells produced GFP fusions that resulted in fluorescence above the autofluorescence
level. IdeS, a cysteine protease with a unique substrate specificity towards human
IgG, was successfully produced as detected by FCM, Western blot and an activity
assay. BdpK, a broad-spectrum serine protease, was produced and fluorescence was
detected. However, no protease activity was observed, likely due to the formation
of inclusion bodies. SpeB, another cysteine protease with a broad substrate scope,
posed a substantial fitness burden on the yeast cells, even before induction. This
indicates leakiness of the promoter used. Compartmentalization of the proteases to
the peroxisome was successful and could potentially be used as a strategy to protect
the host cells from the proteolytic activity.

A simplified protocol for in-house production of DNA polymerases was developed,
which only requires readily available laboratory reagents, for use in the event of
supply shortage or disruptions. The recombinant polymerases were successfully



produced in the Escherichia coli strain Rosetta (DE3) pLysS and purified using
Immobilized Metal Affinity Chromatography (IMAC) and gravity flow. The
produced DNA polymerases were then shown to be compatible with several
molecular biology techniques, including PCR, colony PCR, quantitative PCR
(qPCR) and library preparation for sequencing. Comparable performance was
achieved across the polymerase variants produced.

The effects of polymerase characteristics on amplicon yield and PCR error
formation in Short Tandem Repeat (STR) analysis, including single-base
substitutions and stutter artefacts, were studied using the SiMSen-Seq library
preparation method. Unique Molecular Identifiers (UMIs) were applied in the first
barcoding PCR, which was then followed by a second PCR (adaptor PCR), enabling
detailed analysis of polymerase-introduced errors. Six DNA polymerases with
different characteristics were used. The SiMSen-Seq library preparation was
successful for all polymerases when applied in the adaptor PCR. DNA polymerases
with both proofreading activity and DNA-binding domains produced high STR
amplicon yield and lower levels of base substitutions compared to DNA
polymerases lacking these domains. Stutter levels were not clearly connected with
proofreading or DNA-binding properties.

This thesis demonstrates that alternative microbial hosts and simplified production
workflows can be efficiently used for the recombinant production of both proteases
and DNA polymerases, with specific strategies to mitigate host stress and optimize
yield. The simplified polymerase production protocol enables accessible and
reliable enzyme synthesis using standard laboratory resources. Furthermore,
detailed characterization of polymerase performance in STR analysis highlights the
importance of enzyme properties in minimizing PCR errors.
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Popular science summary

Microorganisms, like bacteria and yeast, are organisms that are too small to be
clearly seen by the naked eye. Still, they are everywhere: in soil, water, on our
bodies, and even in extreme environments like hot springs and deep-sea vents. Many
of these microbes are incredibly useful to humans. Inside each microscopic cell
there are thousands of enzymes, specialized proteins that speed up biochemical
reactions with remarkable precision and efficiency. These enzymes turn cells into
miniature factories, capable of producing, breaking down and transforming
molecules that we can use. Enzymes are nature’s molecular tools, and we can use
them in a wide range of applications, from medicine to environmental science and
biotechnology.

Think of a microbial cell as a production unit, a cell factory. Raw material or
building blocks enter the cell and are processed by enzymes resulting in different
products. We can program this natural machinery to specialize in producing certain
proteins or chemicals by modifying the genes inside the cells. Different microbial
cells can be used depending on what we want to produce. In this thesis, I developed
and evaluated production strategies and applications for two important microbial
enzymes, proteases and DNA polymerases, using cell factories.

Proteases and DNA polymerases are vital to maintain normal cell functions in all
living organisms. We all use enzymes in our everyday life, often without realizing
it. Proteases break down proteins into their building blocks, amino acids. In cells,
this property is crucial for removal of damaged proteins, recycling of cellular
components and as a defense mechanism against foreign proteins. Proteases are
used in laundry detergents, in cheese making and in biotechnology they provide
controlled cleaving of proteins. DNA polymerases are responsible for copying all
the genetic material inside the cell and making sure that the copy is identical to the
original. Polymerases can also be used outside of the cells, often in a technique
called PCR. Maybe you recognize the word PCR and maybe you even took a PCR
test to make sure you did not have Covid during the recent pandemic? PCR and
DNA polymerases are used in forensics to analyze DNA samples, in paternity
testing, and diagnostics to determine genetic variations, detect pathogens and in
cancer screening, among others.

Production of these two microbial enzymes comes with some specific challenges.
Proteases are tricky enzymes to produce since they cut other proteins into pieces,
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and not all cell factories can handle this burden. Saccharomyces cerevisiae, or
Baker’s yeast, has traditionally been used by humans when baking bread, making
wine or beer. It is a well-known microorganism, and several tools have been
developed to genetically modify the yeast. With the use of the gene scissors,
CRISPR/Cas9, genetic modifications can easily be done in S. cerevisiae. In this
thesis, I evaluated Baker’s yeast as an alternative cell factory to produce three
bacterial proteases. To follow the protein production, I connected the proteases with
a green fluorescent protein (GFP). This made it possible to measure how much
fluorescence each cell produced, related to how much protease that was produced
in each individual cell factory. One of the three proteases tested was successfully
produced in yeast, one was produced but lacked activity and one severely affected
the yeast viability.

DNA polymerases are generally produced in Escherichia coli using these bacteria
as cell factories. When DNA polymerases are produced inside these cell factories,
it is important that the final product is free from the cell’s DNA. Otherwise, this
DNA can interfere with the assay and can as an example lead to false positives,
which gives us the wrong results. DNA polymerases are purified using highly
sophisticated methods and instruments to remove cell debris and E. coli DNA.
However, recent crises, such as the Covid pandemic, have highlighted the
vulnerability of the supply chains, leading to shortage of critical reagents and
enzymes. Therefore, I developed a simple polymerase production-chain that only
requires materials that are commonly found in ordinary biotechnology laboratories
that can be used in case of supply disruption. The production may be performed in
3 to 4 days and generates enough enzyme for 90 000 PCR reactions. The produced
polymerases were successfully used in several different PCR-based DNA analysis
methods, ranging from detection and quantification to sequencing.

We all leave DNA traces behind when handling items or touching surfaces, but to
analyze it, we need to copy it to get sufficient amount of DNA for the analysis. The
parts of our DNA that is analyzed for forensic DNA profiles are repetitive
sequences, which makes it harder for the DNA polymerase to correctly copy the
DNA. Since errors are introduced in the copies, this makes it extra complicated to
analyze a sample from a crime scene, which might contain DNA from several
different individuals.

I performed a study to evaluate the errors that the polymerases make during copying
of these repetitive sequences. Six different polymerases were evaluated in a
technique where all the individual starting DNA molecules are labeled with a unique
barcode. This barcode is then copied together with the DNA sequence and all copies
having the same barcode can then be grouped. There are two types of errors, random
and systematic. The use of barcodes makes it possible to track how many errors
were introduced and what type of error is the most common and then compare the
different DNA polymerases to each other. I found that DNA polymerases that bind
harder to the DNA and that can proofread the DNA copies performed better than

12



DNA polymerases without these characteristics, both in terms of how much DNA
that was copied and in the random errors that were introduced. The systematic errors
introduced were more even between the DNA polymerases. However, when
creating these groups with the same barcode, the proportion of incorrect sequences
was decreased, which has been shown previously.

Together, proteases and DNA polymerases exemplify how microbial enzymes,
though invisible to the unaided eye, play a massive role in shaping the future of
molecular science. Their natural efficiency and specificity make them indispensable
tools to further understand and manipulate the building blocks of life. In this thesis,
I showed how proteases and DNA polymerases can be produced in different cell
factories using simple production methods and how the yeast cells were affected by
the proteases. Additionally, DNA polymerases were evaluated in several PCR based
assays and errors introduced by different polymerases were investigated, helping us
understand how we can minimize these errors.

13
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Popularvetenskaplig sammanfattning

Mikroorganismer, sdsom bakterier och jést, dr organismer som &r for sma for att ses
med blotta dgat. Trots detta finns de dverallt: i jord, vatten, pa véra kroppar och till
och med i extrema miljder s4 som heta kéllor och vulkaniska Oppningar pa
havsbotten dir varmt vatten strommar ut. Manga av dessa mikrober dr anvéndbara
for oss maénniskor. Inuti varje mikroskopisk cell finns tusentals enzymer,
specialiserade proteiner som paskyndar biokemiska reaktioner med imponerande
precision och effektivitet. Dessa enzymer gor cellerna till sma fabriker som kan
producera, bryta ner och omvandla molekyler och kemikalier som vi kan anvinda.
Enzymer dr naturens molekyldra verktyg och anvénds inom allt fran medicin till
miljovetenskap och bioteknik.

Téank dig en mikrobiell cell som en produktionsenhet, en cellfabrik. Ramaterial eller
byggstenar transporteras in i cellen och bearbetas av enzymer till olika produkter.
Vi kan programmera cellernas naturliga maskineri genom att dndra generna i cellen
s& att den specialiserar sig pa att producera specifika proteiner eller kemikalier.
Olika mikrobiella celler anvinds beroende pa vad vi vill producera. I den hir
doktorsavhandlingen har jag utvecklat och utvdrderat produktionsstrategier och
tillimpningar for tva viktiga mikrobiella enzymer, proteaser och DNA-polymeraser,
med hjélp av cellfabriker.

Proteaser och DNA-polymeraser dr avgorande for att uppritthalla normala
cellfunktioner i alla levande organismer. Vi anviander enzymer i vardagen, ofta utan
att tinka pa det. Proteaser bryter ner proteiner till deras byggstenar, aminosyror. |
celler ar detta viktigt for att ta bort skadade proteiner, atervinna cellkomponenter
och som en forsvarsmekanism mot frimmande proteiner. Proteaser anvinds i
tvittmedel, vid osttillverkning och inom bioteknik for kontrollerad nedbrytning av
proteiner. DNA-polymeraser kopierar allt genetiskt material i cellen och ser till att
kopian dr identisk med originalet. Polymeraser anvénds &dven utanfor celler, ofta i
en teknik som kallas PCR. Du kanske kadnner igen ordet PCR, kanske tog du till och
med ett PCR-test under pandemin? PCR och DNA-polymeraser anvinds bland
annat inom forensisk DNA analys, rdttsmedicin, faderskapstester och inom
diagnostik for bestdmning av genetiska avvikelser, detektion av patogena
mikroorganismer eller virus och inom cancerdiagnostik.

Att producera dessa tva mikrobiella enzymer innebdr dock vissa utmaningar.
Proteaser ar svéra att producera eftersom de bryter ner andra proteiner, vilket kan
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leda till en stor belastning for cellfabriken. Saccharomyces cerevisiae, eller bakjast,
har lange anvénts vid bakning och framstillning av vin och 6l av ménniskor. Det &r
en vélstuderad mikroorganism och flera verktyg har utvecklats for att mojliggora
genetisk modifiering. Med gensaxen CRISPR/Cas9 kan genetiska fordndringar
enkelt goras i jést. I detta arbete utvérderade jag jdst som alternativ cellfabrik for att
producera tre bakteriella proteaser. For att folja proteinproduktionen kopplades
proteaserna till ett gront fluorescerande protein (GFP), vilket gjorde det mojligt att
mita hur mycket fluorescens varje cell producerade, ett matt pd hur mycket proteas
som producerades i varje enskild cellfabrik. Ett av proteaserna producerades
framgangsrikt i jést, det andra producerades men saknade aktivitet, och det tredje
paverkade jéstens livskraft negativt och kunde inte produceras.

DNA-polymeraser produceras vanligtvis i Escherichia coli, dar bakterierna fungerar
som cellfabriker. Nar polymeraser produceras ar det viktigt att slutprodukten &r fri
fran cellens eget DNA, eftersom detta kan stora analyser och till exempel ge falska
positiva resultat. Polymeraser renas med avancerade metoder for att ta bort cellrester
och DNA. Kriser som pandemin har de senaste aren visat hur kinsliga vara
leveranskedjor dr, vilket lett till brist pa viktiga reagenser och enzymer. Dérfor
utvecklade jag en enkel produktionskedja for polymeraser som endast kréver
material som finns i vanliga biotekniklaboratorier och som kan anvédndas vid
leveransstorningar. Produktionen tar 3—4 dagar och ger tillrdckligt med enzym for
cirka 90 000 PCR-reaktioner. De producerade polymeraserna anvindes
framgéngsrikt i flera PCR-baserade DNA-analyser, frdn detektion och kvantifiering
till sekvensering.

Vi ldmnar alla DNA-spar efter oss nér vi hanterar foremal eller ror ytor, men for att
analysera dem maste DNAt kopieras for att fa tillricklig méngd. De delar av vart
DNA som analyseras vid forensiska DNA profiler ar repetitiva sekvenser, vilket gor
det svérare for polymerasen att kopiera korrekt. Eftersom fel introduceras i kopiorna
blir det extra komplicerat att analysera prover fran brottsplatser, dir DNA fran flera
olika individer kan forekomma.

Jag genomforde en studie for att utvardera vilka fel polymeraser gor nér de kopierar
de har repetitiva sekvenserna. Sex olika polymeraser utviarderades med en teknik
dér varje ursprunglig DNA-molekyl mirks med en unik streckkod. Denna streckkod
kopieras tillsammans med DNA-sekvensen, och alla kopior med samma streckkod
kan sedan grupperas. Det finns tva typer av fel, slumpmaéssiga och systematiska.
Streckkoderna gor det mojligt att spara hur ménga fel som introducerats och vilken
typ som é&r vanligast, och mdjliggor jamforelser mellan polymeraserna. Jag fann att
polymeraser med stark DNA-bindning och forméga att korrekturldsa kopiorna
presterade battre dn de utan dessa egenskaper, bade vad géller méngden kopierat
DNA och antalet slumpmaéssiga fel. De systematiska felen var mer lika mellan
polymeraserna. Nér grupper med samma streckkod skapades minskade andelen
felaktiga sekvenser, vilket dven visats tidigare.
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Tillsammans visar proteaser och DNA-polymeraser hur mikrobiella enzymer, trots
att de inte kan ses med blotta dgat, spelar en avgorande roll i utvecklingen av
molekylér bioteknik. Deras naturliga effektivitet och specificitet gér dem till viktiga
verktyg for att forsta och manipulera livets byggstenar. I detta arbete visade jag hur
dessa enzymer kan produceras i olika cellfabriker med enkla produktionsvéagar, hur
jastceller paverkas av proteaser, samt hur DNA-polymeraser kan utvérderas i PCR-
baserade analyser for att férstd och minimera fel.
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Chapter 1
Introduction

The word enzyme was established by the German physiologist Wilhelm Kiihne in
1877, derived from the Greek words en (meaning within) and zume (meaning yeast)
to describe substances “within yeast” that were responsible for the fermentation
process (Aehle, 2007; Kiihne, 1877). Since then, significant advancements have
been made in the discovery, extraction, and characterization of enzymes (Robinson,
2015). Enzymes act as biocatalysts, i.e., biological catalysts, and can increase
reaction rates by up to a million-fold, depending on the specific reaction catalyzed
(Adrio & Demain, 2014; Cooper, 2000). Many biochemical processes would not
occur under life-compatible conditions without catalytic assistance from enzymes
(Cooper, 2000). Cells contain thousands of distinct enzymes, whose specific
activities determine which of the numerous potential biochemical reactions that are
carried out at any given moment within the cellular environment. Enzymes
accelerate biochemical reactions both within living organisms and in controlled
environments outside cells (Cooper, 2000; Narayanan et al., 2023). Due to their
catalytic nature, enzymes are effective at very low concentrations and catalyze
reactions without being consumed or permanently altered (Robinson, 2015). In
addition to their high catalytic efficiency, enzymes demonstrate remarkable
specificity, typically catalyzing the conversion of a single substrate type, or a narrow
range of structurally related substrates, into product molecules (Robinson, 2015).
These characteristics have made enzymes important tools in several technological
applications, such as in the development of industrial bioprocesses, diagnostic
systems, and forensic science where reactions are catalyzed with great specificity
(Adrio & Demain, 2014).
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Enzymes and their role in biotechnology

Advancements in recombinant DNA technology and protein engineering have
enabled the development of diverse industrial enzyme applications beyond their
native functions (Sanchez & Demain, 2017). Further improvements in genomics,
metagenomics, proteomics, and efficient expression and production systems have
facilitated exploration of the rich biodiversity and discovery of novel microbial
enzymes along with better engineered enzymes with enhanced catalytic properties
(Adrio & Demain, 2014; Fasim et al., 2021).

Industries and markets where current applications involve enzymes include pulp and
paper manufacturing, leather processing, detergent and textile production,
pharmaceutical and chemical industries, food and beverage processing, biofuel
generation, animal feed formulation, personal care products, molecular biology, and
forensic science (Table 1.1) (Kirk et al., 2002; Liu & Kokare, 2017). Native host
organisms are not always suitable for protein production and native enzymes may
not be produced in sufficient quantities (Trono, 2019). Consequently, approximately
90% of industrial enzymes are recombinantly produced in optimized microbial host
organisms, such as bacteria, yeasts or filamentous fungi (Adrio & Demain, 2014;
Liu & Kokare, 2017; Robinson, 2015).

Microbial hosts remain the preferred systems for recombinant enzyme production
due to their high yields, robust activity, reproducibility, and cost-effective
production compared to insect and mammalian cells. The exponential growth of
microorganisms in inexpensive media, combined with established and continuously
improved protocols for process optimizations and strain improvements make them
suitable for industrial use (Fasim et al., 2021).
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Table 1.1: Microbial enzymes used in various industrial, medical and analytical applications. Adapted
from Liu & Kokare, 2017 and Kirk et al., 2002.

Industry Enzymes Applications References
Animal feed B-Glucanase, phytase | Increase total phosphorus content for | (Mitidieri et al.,
and xylanase growth and digestibility. 2006; Tomschy et
al., 2000)
Detergents Amylase, cellulase, Remove protein after staining, (Pandey et al.,
lipase, mannanase, cleaning agents, color clarification, 2000; Wintrode et
and protease removing insoluble starch, fats and al., 2000)
oils, and to increase effectiveness of
detergents.
Ethanol Cellulase, ligninase, Formation of ethanol (Jolly, 2001)
production and mannanase
Food, dairy and Amylase, Degradation of starch and proteins (Gurung et al.,
beverage amyloglucosidase, into sugars, production of low caloric | 2013; Nigam &
glucose oxidase, beer, fruit juice processing, cheese Singh, 1995)
laccase, lactase, flavor and production, milk clotting,
lipase, pectinase glucose production from lactose,
lipoxygenase, pectin infant formulas and lactose removal
methyl esterase, from milk, dough stability and
phospholipase, conditioning, modify visco-elastic
protease, properties, dough strengthening,
transglutaminase, bread whitening, bread softness and
xylanase volume, and flour adjustment
Leather Protease and lipase Unhearing, bating, de-picking (Binod et al., 2013;

Saha et al., 2009)

Molecular biology

DNA ligase, restriction
enzymes,
polymerases, and
proteases

Manipulate DNA in genetic
engineering. DNA restriction and
polymerase chain reaction (PCR).

(Nigam, 2013;
Roberts et al.,
2009) (Paper |, 11,
Il and IV)

Paper and pulp

Amylase, lipase,
protease, cellulase,
hemicellulase,
esterase, ligninase,
and xylanase

Degrade starch to lower viscosity,
aiding sizing, deinking, and coating
paper. Cellulase and hemicellulase
smooth fibers, enhance water
drainage, and promote ink removal.
Lipases reduce pitch and ligninase
remove lignin to soften paper. Biofilm
removal, contaminant control, and
bleach boosting.

(Kirk et al., 2002;
Kohli et al., 2001;
Polizeli et al., 2005)

Personal care

Amyloglucosidase,
glucose oxidase, and
peroxidase

Antimicrobial and bleaching.

(Kirk et al., 2002)

Pharmaceuticals

Penicillin acylase,
peroxidase, and

Synthesis of semisynthetic
antibiotics, and antimicrobials

(Gurung et al.,
2013; Roberts et

amyloglucosidase,
cyclodextrin-
glycosyltransferase,
glucose isomerase,
protease, pullulanase,
and xylanase

saccharification, cyclodextrin
production, glucose to fructose
conversion, yeast nutrition, and
viscosity reduction

protease al., 2007) (Paper |
and II)
Starch and fuel Amylase, Starch liquefaction and (Kirk et al., 2002)

Textiles

Amylase, catalase,
cellulase, keratinase,
laccase, pectinase,
peroxidase, and
protease

Fabric finishing in denims, wool
treatment, bleaching, bleach
termination, degumming of raw silk
(biopolishing), excess stain removal,
and cotton softening.

(Liu et al., 2013;
Saha et al., 2009)
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Reactions that are catalyzed by enzymes can also be chemically catalyzed.
However, there are several disadvantages with chemical synthesis processes,
including limited catalytic performance, insufficient enantiomeric selectivity for
stereoselective synthesis, and requirement for harsh reaction conditions including
high temperature and pressure, acidic pH, and the use of organic solvents (Sanchez
& Demain, 2017). In contrast, most enzymes are functional under mild reaction
conditions, i.e., lower temperatures, neutral pH, and atmospheric pressure, and have
a high stereo-selectivity and reaction rate (Abedi et al., 2011; Cooper, 2000).
Enzymes can also be selected and modified to enhance stability, substrate specificity
and specific activity, making them suitable as tools in biotechnology (Abedi et al.,
2011; Adrio & Demain, 2014; Sanchez & Demain, 2017).

Despite the advantages of enzymatic reactions, enzymes have limitations in
industrial and analytical applications. These limitations include requirements for co-
factors, susceptibility to substrate or product inhibition, stability issues, and
challenges in reuse of the enzymes across multiple reactions (Robinson, 2015). In
research, diagnostic, and forensic applications, enzymes may be sensitive to
inhibitors and contaminants, show reduced catalytic efficiency over time and suffer
from high production costs for certain applications (Iyer & Ananthanarayan, 2008;
Robinson, 2015; Sidstedt et al., 2020; Sidstedt et al., 2019; Uchii et al., 2019).
Supply chains and centralized enzyme production have been disrupted and shown
to be vulnerable in recent global crises, increasing the need for simple and robust
production methods that can be rapidly employed in case of shortages. This also
highlights the importance of exploring alternative host organisms for enzyme
production which may offer advantages in terms of scalability, resilience, or
resource efficiency. Investigating new hosts broadens the biotechnological toolbox
and can strengthen preparedness for future disruptions in enzyme production
systems.

Many enzymes either build or degrade biological polymers. For example, proteases
catalyze the degradation of proteins and polymerases catalyze the synthesis of DNA
strands. Proteases are widely used in food processing, detergent formulations, as
biotechnological tools and for therapeutic antibody characterization (Contesini et
al., 2018; Dyer & Weiss, 2022; Robinson, 2015; Sjogren et al., 2017). In molecular
biology, polymerases are essential for DNA manipulation and sequencing, and they
also enable genome editing technologies like CRISPR/Cas9 (Table 1.1)
(Aschenbrenner & Marx, 2017; Ishino & Ishino, 2014; Ritti¢é & Perbal, 2008;
Robinson, 2015). Their sensitivity and selectivity make them valuable in diagnostics
and forensic analyses, while their use in environmental biotechnology supports
bioremediation and waste treatment (Liu & Kokare, 2017; McDonald et al., 2024;
Robinson, 2015). Advances in synthetic biology and protein engineering continue
to expand the applications of proteases and polymerases, driving innovation and
sustainability across the biotechnology sector (Liu & Kokare, 2017; Rittié & Perbal,
2008).
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Overview of proteases

Proteases are a large family of enzymes that catalyze the hydrolysis of proteins into
peptides or individual amino acids and are widely utilized across various industries
(Ward, 2011). In nature, proteases are ubiquitous and comprise approximately 2%
of an organism’s genome (Martinusen et al., 2025). They play critical roles in nearly
all cellular processes, including managing protein life cycles, modulating cellular
signaling, activating zymogens (inactive enzyme precursors), processing precursor
proteins, recycling nutrients, and enabling adaptation to stress (Afrin et al., 2024;
Bond, 2019; Culp & Wright, 2017; Sukharev et al., 1997). Proteases can be
classified based on their catalytic residue, according to the specific type of reaction
they catalyze or by their molecular structure and homology (Rawlings et al., 2014).
Proteolytic enzymes are described as serine-, cysteine-, threonine-, aspartic-,
glutamic-, asparagine- or metallo-proteases when classified based on the chemical
mechanism of catalysis (Oda, 2011; Rawlings et al., 2014). Proteases that act on
shorter peptides are sometimes referred to as peptidases. These often have their site
of action at the ends of the amino acid chains. Endopeptidases cleave internal
peptide bonds, exopeptidases target terminal peptide bonds, aminopeptidases
specifically hydrolyze bonds at the amino-terminal end of peptides, and
carboxypeptidases specifically hydrolyze bonds at the carboxy-terminal end of
peptides (Figure 1.1) (Rawlings et al., 2014). Proteases represent over 60% of the
global enzyme market, which requires efficient production (Dyer & Weiss, 2022;
Sanchez & Demain, 2017; Ward, 2011). However, recombinant production of
proteases includes several challenges. One of the main challenges is that their
proteolytic activity can lead to degradation of essential cellular components in the
non-native host organism, especially for proteases with a broad substrate scope,
capable of degrading several different types of proteins (Komai et al., 1997; Kwon
et al., 2011). Other challenges associated with recombinant protease production
include formation of inclusion bodies, and aggregation of unfolded proteins.

Dipeptidyl ) ) Peptidyl
peptidase Amino acid that dipeptidase
interacts with
the peptidase
HN-O-0-0-0-090-0-000 000000 000000000 CO0H
Amino- Endopeptidase Carboxypeptidase
peptidase ¢ Aspartic o Metal
e Serine ¢ Serine
; " e Metal e Cysteine
Trlpe_ptldyl e Glutamic
peptidase e Threonine
e Cysteine

Figure 1.1: Types of peptidases and their sites of action.
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The optimal production host may vary depending on the specific protease to be
produced. In this thesis work, the yeast Saccharomyces cerevisiae was evaluated as
a potential host for production of three bacterial proteases (BdpK, IdeS and SpeB)
with different substrate specificities (Paper I and II). All three bacterial proteases
degrade human immunoglobulin G (IgG) and are used as research tools, e.g., for
therapeutic antibody characterization (Nelson et al., 2011; Sjégren et al., 2017; van
Rijswijck et al., 2024; von Pawel-Rammingen et al., 2002). S. cerevisiae is a well-
characterized host organism with known physiological behavior in large-scale
processes. The usage of yeast as a production host also offers a way to study the
effects of the proteases on a eukaryotic model system, which can be used to evaluate
and develop new protease variants. In Paper 11, detailed analysis was conducted on
how proteases with varying substrate scopes affect the physiology of S. cerevisiae.
The protease BdpK originates from the predatory bacterium Bdellovibrio
bacteriovorus and demonstrates a broad-spectrum activity (van Rijswijck et al.,
2024). The other two proteases, IdeS and SpeB, originate from the pathogenic
bacterium Streptococcus pyogenes. 1deS is a highly specific protease with a unique
specificity for human IgG, while SpeB is a broad-spectrum protease (Carroll &
Musser, 2011; Happonen & Collin, 2024; Johansson et al., 2008; Vincents et al.,
2004).

Overview of DNA polymerases

Polymerases are essential enzymes that catalyze the synthesis of nucleic acids and
are fundamental in the process of DNA replication and RNA transcription in all
living organisms (Akram et al., 2023; Case & Hingorani, 2017). Nucleotide building
blocks are assembled into long chains of DNA or RNA, where polymerases use a
template strand to direct sequence-specific synthesis, ensuring the correct
inheritance of genetic information and precise gene expression (Case & Hingorani,
2017). Reverse transcriptases (RT) are RNA-dependent DNA polymerases that use
RNA to generate DNA, and are commonly found in retroviruses (Clark et al., 2019).
Polymerases are highly specific for their substrates, with many possessing
proofreading capabilities that enhance the fidelity of nucleic acid synthesis and
minimize the risk of mutations (Akram et al., 2023). Polymerases act in coordination
with several other enzymes inside cells in order to synthesize nucleic acids in an
accurate, efficient and well-regulated manner (Case & Hingorani, 2017). The
diverse activities of polymerases are essential for cellular growth, maintenance,
repair, and heredity, forming the molecular foundation for all biological systems
(Garcia-Diaz & Bebenek, 2007; Laatri et al., 2024). Since the activity of
polymerases is fundamental for all nucleic acid processing, their core structure and
catalytic properties are highly conserved through evolution (Case & Hingorani,
2017).
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Based on sequence homology and crystal structure analysis, DNA polymerases are
classified into seven families: A, B, C, D, X, Y and RT (Ishino & Ishino, 2014;
Steitz, 1999). Despite differences in overall structure and function, all families share
a conserved catalytic domain, with similar catalytic residues responsible for the
polymerization activity (Braithwaite & Ito, 1993; Steitz, 1999). The specificity and
characteristics of DNA polymerases have made them important as biotechnological
tools (Akram et al., 2023). DNA polymerases from thermophilic bacteria and
archaea are commonly used in in vitro DNA polymerization for DNA analysis and
as molecular biology tools where their thermostable properties are important
(Bartlett & Stirling, 2003; Ishino & Ishino, 2014; Witte et al., 2018). Two of the
most used DNA polymerases in polymerase chain reaction (PCR) applications are
Taq polymerase from Thermus aquaticus and Pfu polymerase from Pyrococcus
furiosus (Chien et al., 1976; Cline et al., 1996; Eckert & Kunkel, 1990; Lundberg et
al., 1991; Tindall & Kunkel, 1988). Novel and engineered DNA polymerase variants
are continuously developed, often tailored to the requirements of specific
applications and providing improved activity, processivity, fidelity, or PCR
inhibitor tolerance (Coulther et al., 2019; Ishino & Ishino, 2014; Sidstedt et al.,
2020).

This thesis work includes recombinant production of 7ag and Pfu polymerases, as
well as Taq-Sso7d and Pfu-Sso7d using Escherichia coli as production host (Paper
III). Sso7d is a double-stranded DNA-binding protein from Sulfolobus solfataricus
previously shown to increase processivity when fused to DNA polymerases
(Farooqui et al., 2023; Wang et al., 2004). A robust production protocol, feasible
even with limited resources, was developed and the produced DNA polymerases
were evaluated for use in PCR and qPCR assays and in library preparation for
sequencing. Errors introduced during PCR and sequencing typically impair the limit
of detection and in forensic DNA profiling it may lead to masking of DNA
information from minor contributors in mixtures and faulty allele calling (Filges et
al., 2019; Raz et al., 2019; Woerner et al., 2021). In forensic DNA profiling,
microsatellites or Short Tandem Repeat (STR) markers are commonly used. The
repetitive nature of STRs makes them highly susceptible to systematic artefacts
called stutters. These are typically one repeat shorter than the true allele (Hauge &
Litt, 1993; Meldgaard & Morling, 1997; Sparkes et al., 1996; Walsh et al., 1996).
In this thesis, the effects of DNA polymerases with different characteristics on
amplicon yield and PCR error formation, both systematic stutter artefacts and
random base-substitutions, were studied in STR analysis (Paper 1V).
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Scope and outline of the thesis

The overall objective of this PhD thesis was to study recombinant production of
proteases and DNA polymerases and their biotechnologically relevant
characteristics. Specifically, my work included investigating the yeast host
interactions with recombinant bacterial proteases, establishing a resource-efficient
in-house protocol for polymerase production and characterizing polymerases as well
as type and rate of errors during in vitro DNA polymerization.
Compartmentalization of recombinant proteases was explored as a strategy to
protect the yeast cell from proteolytic activity. Initial evaluation of a 28-plex STR
assay utilizing unique molecular identifiers (UMIs) was performed, indicating
potential, but also the need for further optimization. This work contributes to the
research field by (i) investigating the use of yeast as a potential production host for
bacterial proteases, addressing challenges associated with protease production, (ii)
exploring single-cell monitoring of protein production through flow cytometry
(FCM) by fusing proteases to Green Fluorescent Protein (GFP), (iii) developing a
simple and practical protocol for DNA polymerase synthesis with limited resources
only requiring readily available laboratory materials, and (iv) investigating how
different DNA polymerase characteristics affect the levels of single-base
substitutions and stutter artefacts in STR analysis.

Chapter 2 introduces the enzymatic mechanisms of action of proteases, their native
activity and their biotechnological applications. Chapter 3 explores the enzymatic
mechanisms behind the activity of DNA polymerases, their activity inside cells and
their characteristics and applications in biotechnology. Chapter 4 focuses on the host
organisms and methods for recombinant protein production used in my work,
including expression systems and vectors. Challenges with recombinant enzyme
production and strategies to improve protein production and purification are
presented. Chapter 5 discusses how DNA polymerase characteristics impact
amplicon yield and noise levels in STR analysis. Finally, the conclusions and
outlook of the thesis work and its associated Papers I-IV are found in Chapter 6 and
Chapter 7, respectively. This thesis is composed of four research papers, and the
focus of each paper is described below.

In Paper I, a method to recombinantly produce the bacterial protease IdeS in the
yeast S. cerevisiae is reported, together with the fusion to GFP to enable single cell
measurements by flow cytometry. CRISPR/Cas9 was used to integrate the gene
cassette in the yeast genome, applying the inducible GALI promoter (GALIp) to
control protein production.

In Paper II, the method reported in Paper I was used to further explore yeast as a
production host for bacterial proteases. There, three bacterial proteases (BdpK, IdeS
and SpeB) with different substrate scopes were fused to GFP and produced in S.
cerevisiae. Expression from a multicopy plasmid and from single-copy genome
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integration were explored, and the protein production was monitored on a single-
cell level through flow cytometry. The GAL Ip was used to separate the growth and
protein production phase and the physiological effects on the yeast host and protease
activity were explored.

Paper III describes the development of a simple protocol to produce DNA
polymerases, with minimal requirements on reagents and instrumentation. In-house
synthesis of DNA polymerases with the developed protocol was performed and the
polymerases were evaluated with PCR, colony PCR, real-time quantitative PCR
(qPCR) and library preparation for subsequent sequencing. The library preparation
used the SiMSen-Seq technique (described in Chapter 3), which enabled insights
into base substitutions and stutter artefacts made by Tag and Pfu polymerase with
or without the dsSDNA-binding domain Sso7d.

Paper IV focuses on how different properties of DNA polymerases affect amplicon
yield and the formation of PCR errors, including single-base substitutions and
stutter artefacts. Six DNA polymerases with varying characteristics, such as
proofreading capacity and DNA-binging domains, were applied in the two PCRs of
the SiMSen-Seq STR assay. Sequencing and the use of UMIs enabled detailed
insights into both the first few PCR cycles where genomic DNA act as template, as
well as the later cycles where short STR amplicons act as template. This was
achieved by looking at all STR sequences and consensus sequences grouped by the
same UMI, reflecting the polymerase performance in the initial PCR cycles.
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Chapter 2
Enzymatic activity and mechanisms
of proteases

Proteases are critical components in cellular functions, playing key roles in protein
turnover, signaling, and regulation (Lopez-Otin & Bond, 2008). The proteolytic
degradation of polypeptide chains, through hydrolysis of peptide bonds is essential
for recycling of amino acids and for preventing the accumulation of damaged or
misfolded proteins and thereby for sustaining life (Dos Santos, 2011; Hengge &
Turgay, 2009).

Peptide bonds are generally stable in aqueous solution at neutral pH and room
temperature, with hydrolysis occurring extremely slowly. Half-lives range from 7
to over 600 years depending on the bond environment (Kahne & Still, 1988;
Radzicka & Wolfenden, 1996; Vlasak & Ionescu, 2011). The exact rate of
hydrolysis of peptide bonds varies with the amino acid sequence, where certain sites
such as glycine-glycine may be more susceptible to hydrolysis. However,
spontaneous cleavage is rare under physiological conditions (Radzicka &
Wolfenden, 1996; Vlasak & lonescu, 2011). Hydrolysis rates increase under
extreme pH conditions (acidic or basic) and elevated temperatures (Vlasak &
Ionescu, 2011). For example, acid hydrolysis at 105 °C in 6 M hydrochloric acid for
around 24 hours, breaks down most peptide bonds into the constituent amino acids
(Roach & Gehrke, 1970). Some proteins, like ribonuclease A, can resist degradation
and require even higher temperatures or longer times. Additionally, metal ions such
as zinc and nickel can promote site-specific cleavage, and chemicals like cyanogen
bromide and hydroxylamine enable targeted bond disruption for protein analysis
(Krezel et al., 2006; Lyons et al., 2016).

Although non-enzymatic cleavage is possible, proteases offer several advantages
for controlled hydrolysis as they act under mild, physiological conditions, exhibit
high specificity for sequences or structural motifs, and allow precise and efficient
protein degradation.
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Biological function of proteases

Proteases have several critical roles inside cells, including regulating protein
turnover, activation or inactivation of signal molecules, facilitating cellular
responses and contributing to essential processes such as cell division and apoptosis
(Bond, 2019; Lopez-Otin & Bond, 2008). Proteases are involved in several
processes to obtain functional proteins. Limited proteolysis often occurs during or
after translation and is often essential for converting newly synthesized polypeptides
into their functional forms (Rogers & Overall, 2013). The initial translation product
is often referred to as a preproprotein, which includes both a signal peptide and a
propeptide. Proteolytic cleavage of the signal peptide generates the intermediate
proprotein and further processing results in the mature and active protein (Fikes et
al., 1990). Proteins that are secreted or localized to organelles typically have an N-
terminal signal peptide that directs them to their final cellular destination (Harwood
& Kikuchi, 2022). The signal peptide is removed by proteolysis following
translocation across membranes (Harwood & Kikuchi, 2022). Some proteins are
synthesized as large precursors called polyproteins, consisting of several enzymes.
These zymogens or proenzymes require proteolytic cleavage into smaller and
functional polypeptides (Wetmore et al., 1992).

In microorganisms, proteases are also crucial for nutrient acquisition, environmental
adaptation, competition, and pathogenesis, all of which contribute to their survival
and interaction with the surrounding environment (Muszewska et al., 2017; Zhang
et al., 2020). Proteolysis serves as a mechanism for nutrient recycling, occurring
extracellularly and intracellularly. During extracellular digestion, enzymes break
down proteins into peptides or amino acids to be metabolized (Mahmoud & Chien,
2018). Proteolytic activity in microorganisms can be regulated by nutrient
availability (Hengge & Turgay, 2009). Limitations of carbon, nitrogen or sulfur can
induce proteolytic activity in some microorganisms or microbial communities (Li
et al., 2021).

Intracellularly, proteases are responsible for maintaining protein homeostasis and
quality control by degrading misfolded or damaged proteins, modulating cell
division, and responding to stress (Culp & Wright, 2017; Muszewska et al., 2017).
This degradation also regulates cellular processes by removing enzymes and
regulatory proteins that are no longer needed (Rogers & Overall, 2013). Some
proteases are involved in signal peptide processing, vacuole maintenance, and
intracellular protein recycling (Muszewska et al., 2017). The rate of protein
degradation varies depending on the protein’s function and condition. Abnormal
proteins are typically degraded rapidly, while others are regulated based on
metabolic needs (Goldberg, 2004). Proteases are also important in adaptation, as
changes in the proteome can be advantageous as a response to harsh or changing
environmental conditions (Kallazhi et al., 2025; Omnus et al., 2023).
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Proteases are often synthesized as inactive precursors, zymogens, to prevent
premature or unwanted proteolytic activity that could be harmful to the cell
(Wetmore et al.,, 1992). Activation typically occurs in a specific cellular
compartment or physiological context (Turk et al., 2012). As an example, in S.
cerevisiae, protein degradation and recycling occur in the vacuole and at least seven
distinct vacuolar proteases have been characterized and experimentally verified
(Hecht et al., 2014; Rawlings et al., 2014). The vacuole is also vital under nutrient
limitation and stressful conditions, where degradation of up to around 85% of the
cell’s intracellular protein content has been observed during nutrient starvation
(Hecht et al., 2014; Teichert et al., 1989). Many vacuolar proteases are translated as
precursors that are proteolytically cleaved to become mature and active proteases in
the vacuole (Hecht et al., 2014; Jones, 1991; van den Hazel et al., 1996).

Catalytic mechanisms of proteases

Proteases described based on their catalytic mechanisms include serine-, cysteine-,
threonine-, aspartic-, glutamic-, asparagine- and metallo-proteases (Figure 2.1) (Rao
et al., 1998; Rawlings et al., 2014; Ward, 2011). In this thesis, I focused on one
serine protease and two cysteine proteases (Paper I and II). Serine proteases are a
large group characterized by the presence of a serine residue in their active site
(Hecht et al., 2014; Rao et al., 1998). The nucleophilicity of the catalytic serine is
typically dependent on a catalytic triad of Asp-His-Ser residues, which is one of the
most thoroughly characterized catalytic motifs in enzyme biochemistry (Blow et al.,
1969; Di Cera, 2009). However, there are several other catalytic triads and dyads
within serine proteases (Di Cera, 2009; Hedstrom, 2002).

Cysteine proteases, also known as thiol proteases, share the catalytic mechanism
involving a nucleophilic cysteine thiol in a catalytic dyad or triad (Rawat et al.,
2021; Verma et al., 2016; Yang et al., 2023). Threonine proteases are enzymes
harboring a threonine residue within the active site and use the secondary alcohol
of their N-terminal threonine as a nucleophile to perform catalysis (Brannigan et al.,
1995). Aspartic proteases use aspartic residues as ligands of the activated water
molecule in the active site (Szecsi, 1992). In most aspartic peptidases, a pair of
aspartic residues act together to bind and activate the catalytic water molecule.
However, in some cases other amino acid residues replace the second aspartic acid
(Hecht et al., 2014; Rawlings & Barrett, 2013a). Glutamic proteases contain one or
two glutamic acid residues that bind and activate the catalytic water molecule for
their proteolytic activity (Rawlings & Barrett, 2013a). Asparagine peptide lyases are
the most recently discovered group of proteolytic enzymes. Their catalytic
mechanism involves an asparagine residue acting as a nucleophile to perform a
nucleophilic elimination reaction, rather than hydrolysis to catalyze the breaking of
a peptide bond (Rawlings et al., 2011). Metalloproteases depend on divalent metal
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cations, mainly zinc (Zn*"), but sometimes cobalt, manganese, nickel, copper or
iron, to activate a water molecule for their catalytic function, where the metal ion is
coordinated to the protein usually via three ligands (Hecht et al., 2014; Rawlings &
Barrett, 2013b). Besides the metal ion, at least one other residue is required for
catalysis, usually consisting of glutamic acid (Rawlings & Barrett, 2013b). Aspartic,
glutamic and metallopeptidases differ from serine, cysteine and threonine
peptidases in that they utilize an activated water molecule as the nucleophile to
cleave the peptide bond, rather than relying on the nucleophilic side chain of an
amino acid residue in the active site (Rawlings & Barrett, 2013a). Catalytic residues
include amino acids that function as ligands, either directly for the activated water
molecule as seen in aspartic and glutamic proteases, or by binding one or two metal
ions that in turn bind the activated water molecule in metalloproteases (Rawlings &
Barrett, 2013a).
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Applications of proteases in biotechnology

Proteases are used in biotechnology as tools in several different types of
applications. These applications include proteomics, diagnostic tools, antibody
processing and characterization, specific removal of protein tags, degradation of
proteins in RNA and DNA extraction and as therapeutic enzymes (Rao et al., 1998;
Song et al., 2023). Trypsin is commonly used to digest proteins into smaller peptides
for mass spectrometry (MS)-based proteomics (Dau et al., 2020). Digestion by
trypsin occurs at the C-terminal of arginine and lysine residues, leaving a positive
charge on the peptide C-terminus, which is advantageous for MS analysis (Dau et
al., 2020; Woessmann et al., 2023). Trypsin is a serine protease, with high cleavage
specificity and is stable under a wide variety of conditions (Olsen et al., 2004;
Woessmann et al., 2023). Other proteases have also been explored for proteomics,
sometimes in combination with trypsin in a sequential digestion (Dau et al., 2020;
Giansanti et al., 2016). Site-specific cleavage for removal of protein tags, e.g., after
protein purification, is commonly performed with tobacco etch virus (TEV) protease
(Raran-Kurussi et al., 2017).

Proteases have essential roles in cells of all living organisms, and multiple
pathological conditions including cancer, neurodegenerative disorders,
inflammatory and cardiovascular diseases involve alterations in proteolytic systems
(Lopez-Otin & Bond, 2008). Overexpression or dysregulated activity of proteases
in diseases can thus be used as diagnostic biomarkers for early detection as well as
therapeutic targets by blocking of the appropriate proteases (Lopez-Otin & Bond,
2008; Turk, 2006). Both protease inhibitors and proteases are utilized and approved
as therapeutic agents (Al-Salama, 2020; Turk, 2006). Examples of protease
inhibitors for clinical use are angiotensin-converting enzyme (AEC) inhibitors that
were introduced in the 1980s and are used for treatment of several cardiovascular
diseases (Turk, 2006). With the unique specificity for IgGs, the protease IdeS is also
approved for clinical use against antibody-mediated transplant rejection and is used
in ongoing clinical trials against other autoimmune conditions (Al-Salama, 2020;
Happonen & Collin, 2024; Huang et al., 2022).

In DNA and RNA extraction, proteinase K, a broad-spectrum serine alkaline
protease, named after its ability to degrade keratin, is commonly used (Morihara &
Tsuzuki, 1975). Proteinase K can digest a wide range of proteins, including some
that are resistant to other proteases like trypsin (Ebeling et al., 1974; Saenger, 2013).
When isolating DNA or RNA, proteinase K is used to degrade unwanted proteins,
such as nucleases and ribonuclease (RNases) and deoxyribonucleases (DNases), to
obtain intact DNA or RNA (Gautam, 2022; Goldenberger et al., 1995). Proteinase
K also breaks down the protein component in the cell membrane and nuclear
proteins, allowing access to DNA and RNA in the nucleic acid extraction process
(Hilz et al., 1975, Petsch et al., 1998). In the lysed sample, proteinase K also breaks
down other chromosomal proteins and histones, which otherwise may interfere with
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downstream applications such as PCR, RT-PCR, Sanger sequencing, Massively
Parallel Sequencing (MPS), fluorescent in situ hybridization (FISH) and other
molecular biology research and diagnostic applications (Shakoori, 2017; Sidstedt et
al., 2020; H. Zhao et al., 2020).

Therapeutic antibodies represent a substantial and rapidly growing part of the
biopharmaceutical market, where proteases are crucial in their characterization.
Proteases such as papain, pepsin, Lys-C, IdeS, IdeZ, SpeB, and BdpK are routinely
used to cleave antibodies into defined fragments, which is essential for structural
characterization, therapeutic development and analytical assays (Beck et al., 2013;
Happonen & Collin, 2024; Romei et al., 2023; Ryan et al., 2008; van Rijswijck et
al., 2024). Analysis of antibodies by MS and chromatography is simplified by
generating predictable antibody fragments through protease digestion, enabling
evaluation of sequence, glycosylation patterns and structural features (Ryan et al.,
2008; Schillinger et al., 2024). The controlled fragmentation obtained with proteases
is used when studying antibody-antigen interactions (epitope mapping), specifically
targeting of antibodies and purification processes for research and pharmaceutical
production (Martinusen et al., 2025; Ryan et al., 2008).

The evaluated proteases BdpK, IdeS and SpeB

The bacterial proteases synthesized and evaluated in S. cerevisiae in this thesis
(Paper I and IT), BdpK, IdeS and SpeB, have different substrate scopes and catalytic
properties (Table 2.1). The characteristics of these proteases and their ability to
cleave human IgG with high specificity have made them valuable as
biotechnological tools.

Table 2.1: Bacterial proteases evaluated in this thesis. The origin of the proteases, their size and their

substrate specificity are presented. For substrate specificity, the sequence in parenthesis represents the
cleavage site in the hinge region of human IgG. Adapted from Paper II.

Protease | Origin of protein | Size Substrate specificity References
(kDa)

BdpK B. bacteriovorus | 32 Broad substrate specificity, (van Rijswijck et al., 2024)
cleaves human IgG1 above the
hinge region.

(KSCDK/THTCPPCP)

IdeS S. pyogenes 38 1gG substrate specific, (Happonen & Collin, 2024;
recognizes 3D structure and Johansson et al., 2008;
cleaves below the hinge region. Sjogren et al., 2017; Vincents
No other substrates are et al., 2004; von Pawel-
reported. (CPAPELLG/GPSVF) Rammingen et al., 2002)

SpeB S. pyogenes 28 Broad substrate specificity, (Gonzélez-Paez & Wolan,
cleaves human IgG above the 2012; Gubba et al., 1998;
hinge region. (KTHT/CPPCPAP) | Happonen & Collin, 2024;

Lane & Seelig, 2016; Nelson
et al., 2011; Persson et al.,
2013; Sjogren et al., 2017)
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BdpK is a serine protease derived from the predatory bacterium B. bacteriovorus
(van Rijswijck et al., 2024). B. bacteriovorus is non-pathogenic to humans, and a
Gram-negative bacterium that lives through preying on other Gram-negative
bacteria (Im et al., 2018; Sockett, 2009). The life cycle of B. bacteriovorus consists
of two different phases, a free-swimming nonreplicative attack phase where free
living cells are searching for new prey, and a replicative growth phase inside the
prey’s periplasm where it is growing and replicating DNA, forming a bdelloplast
structure, degrading the host’s macromolecules and reusing them as nutrients and
building blocks for its own growth and replication which occurs right before the
lysis of the prey, releasing daughter cells into the medium (Herencias et al., 2020;
Makowski et al., 2019). Due to B. bacteriovorus’ predatory lifestyle, it has a high
enzyme-to-genome ratio with many proteases, resulting in one of the highest
reported densities of protease genes per genome among bacterial species (Bratanis
etal.,2017; Rendulic et al., 2004). One of these proteases is BdpK, which is a broad-
acting protease, that due to the conformation of the substrate, only cleaves human
IgGl1 at a single site above the hinge region generating intact Fab (fragment antigen-
binding region) and Fc (fragment crystallizable region) fragments, even on mutated
hinge regions (van Rijswijck et al., 2024). The enzymatic activity of BdpK is
dependent on calcium ions as cofactor, while no reducing agent is required (van
Rijswijck et al., 2024).

IdeS and SpeB are two secreted cysteine proteases from the pathogen S. pyogenes
acting as virulence factors. Proteases are important virulence factors of pathogenic
bacteria that play an important role in the colonization and circumvention of the host
defense system (Maeda & Yamamoto, 1996; Vincents et al., 2004). A common
mechanism used by many pathogenic bacterial species is direct interference with
the adaptive immune system by cleaving antibodies (Collin & Kilian, 2014; Maeda
& Yamamoto, 1996; Travis & Potempa, 2000). S. pyogenes is a group A
Streptococcus, a well-characterized human pathogen and the causing agent of
several mild infections like pharyngitis, as well as some severe life-threatening
diseases like streptococcal toxic shock syndrome and sepsis (Nelson et al., 2011;
Persson et al., 2013). A variety of immunomodulating proteases are produced, both
secreted and surface-attached, allowing S. pyogenes to survive and proliferate in the
human host (Collin & Kilian, 2014; Happonen & Collin, 2024; Persson et al., 2013).
IdeS is well-characterized and has a unique specificity for human IgG (von Pawel-
Rammingen et al., 2002). All subclasses of human, monkey, rabbit, and sheep IgGs
are digested by IdeS and no other substrate than IgG is known. No cofactors or
reducing agent are required for the proteolytic activity. The specificity of IdeS has
been shown to be dependent on the protein-protein interaction where IdeS binds to
the Fc region of the IgG before cleavage occurs and the IgG is hydrolyzed below
the disulfide bridge in the hinge region (Johansson et al., 2008; Vincents et al.,
2004).
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The streptococcal cysteine protease SpeB was one of the first secreted enzymes to
be identified and is among the most studied proteases from any pathogen (Nelson et
al., 2011; Vincents et al., 2004). The proteolytic activity of SpeB is dependent on
reduction of the catalytic-site cysteine (Collin & Olsén, 2001; Persson et al., 2013).
Therefore, activation of SpeB in enzymatic in vitro assays is usually achieved
through addition of a reducing agent such as dithiothreitol (DTT) or f-
mercaptoethanol (B-ME) (Collin & Olsén, 2001; Persson et al., 2013). The
physiological relevance of SpeB-mediated antibody hydrolysis has been questioned
(Persson etal., 2013), while SpeB has been shown to have in vitro activity on several
human proteins in the extracellular matrix and plasma (Nelson et al., 2011). The
native protein is secreted as an inactive zymogen and then autocatalytically
processed in several steps into the active form of the protease (Carroll & Musser,
2011; Happonen & Collin, 2024). SpeB is a broad-spectrum protease acting on a
wide variety of substrates, cleaving peptide loops with a loose requirement of amino
acid composition, as long as they are fairly accessible in solution, without cofactor
requirement (Nelson et al., 2011).

The three proteases applied in my thesis work, BdpK, IdeS and SpeB (Paper I and
II), are currently used as research and development tools for antibody production
within the pharmaceutical industry as they all cleave human IgG around the hinge
region (Figure 2.2) (Happonen & Collin, 2024; Johansson et al., 2008; Nelson et al.,
2011; van Rijswijck et al., 2024; Vincents et al., 2004). The specificity of BdpK is
determined by the tertiary structure of IgG, which exposes only a single lysine
residue in the hinge region of IgG1, making the protease highly selective (van
Rijswijck et al., 2024). This type of specificity resembles that of broad acting
proteases, such as KGP or trypsin, but differs from others like papain, which cleave
IgG1 above the hinge region (Wang & Wang, 1977). Papain has lower specificity
when digesting human IgG1, as it targets multiple cleavage sites, making it less
suitable for LC-MS-based IgG1 Fab clonal profiling (Collins & Khalili, 2022).

The strict specificity towards IgG makes IdeS a suitable and precise tool for IgG
analysis for diagnostic and therapeutic monitoring (Happonen & Collin, 2024;
Huang et al., 2022; Johansson et al., 2008; Lonze et al., 2018). The tertiary IgG
structure where IdeS first binds to the Fc region makes the digestion of IgG by IdeS
rapid and efficient at the lower hinge region between two glycine residues (Gly-
236/Gly-237) or less efficient between glycine and alanine in human IgG2 (Sudol
et al., 2022; Wenig et al., 2004). This digestion results in F(ab’)2 and Fc fragments,
while leaving other proteins and immunoglobulin classes (IgM, IgA, IgD and IgE)
intact (von Pawel-Rammingen et al., 2002; Wenig et al., 2004).

SpeB, with broad proteolytic activity, cleaves IgG specifically in the hinge region,
generating Fab and Fc fragments, under reducing conditions (Happonen & Collin,
2024; Nelson et al., 2011; Sjogren et al., 2017). The broad specificity of SpeB can
degrade the heavy chains of several immunoglobulins (IgM, IgA, IgD and IgE) and
other host proteins and the usage is therefore context specific (Collin & Olsén, 2001;
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Gubba et al., 1998; Happonen & Collin, 2024). Several different subclasses of IgG
from different species can be digested by SpeB and the generated fragments can be
used in affinity studies, structural studies and glycosylation studies of Fab fragments
(Blochl et al., 2022).

BdpK IdeS SpeB

Reducing
\\ ” «d“’”
e
IdeS SpeB
Reducing
conditions

Figure 2.2: Cleavage site for the three proteases BdpK, IdeS and SpeB in the hinge region of human
IgG. BdpK and SpeB cleave above the disulfide bonds in the hinge, while IdeS cleaves below the
disulfide bonds in the hinge region.

IgG
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Chapter 3
Enzymatic activity and mechanisms
of DNA polymerases

DNA polymerases are vital enzymes in both prokaryotic and eukaryotic cells,
responsible for synthesizing new DNA strands during genome replication and DNA
repair (Akram et al., 2023). These processes are fundamental for inheritance, cell
survival and genetic stability (Bebenek & Kunkel, 2004). DNA synthesis requires
high fidelity and coordination, as errors can lead to mutations or genomic instability
(Garcia-Diaz & Bebenek, 2007). While the formation of phosphodiester bonds
between nucleotides is thermodynamically favorable, it is extremely slow under
physiological conditions due to a high kinetic barrier, necessitating enzyme catalysis
(Cherepanov & de Vries, 2003; Schroeder et al., 2006). DNA polymerases
accelerate this otherwise slow chemical process, enabling rapid and highly specific
synthesis of DNA with great accuracy and efficiency. The Klenow fragment, a large
protein product of E. coli DNA polymerase 1 after cleavage by the protease
subtilisin, was one of the first DNA polymerases to be characterized (Jacobsen et
al., 1974; Klenow & Henningsen, 1970).

Biological function of DNA polymerases

During replication, DNA polymerases catalyze the addition of deoxyribonucleoside
triphosphates (ANTPs) to the 3’-end of a growing DNA strand, using an existing
strand as template (Berdis, 2009). This ensures accurate copying of genetic
information during cell division. DNA polymerases function as part of large multi-
enzyme complexes known as replisomes (Benkovic et al., 2001). The replisome
coordinates the activities of various proteins including helicases, topoisomerases,
primases, single strand DNA-binding proteins (SSBs), clamp loaders, sliding
clamps, RNases, ligases, and DNA polymerases (Baker & Bell, 1998). These
components work together to unwind DNA, stabilize single strands, initiate
synthesis, and join fragments, enabling efficient and high-fidelity replication. The
bacterial replisome consists of at least 30 proteins (Willey et al., 2019). DNA
polymerases cannot synthesize DNA de novo and thus require DNA or RNA as a
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starting material (Greci et al., 2022). Additionally, DNA polymerases require a free
3’-hydroxyl group to initiate ANTP incorporation and nucleotides are added to the
3’-end of the growing DNA strand (Berdis, 2009). The directional synthesis occurs
at the replication fork, a dynamic structure where leading and lagging strand
synthesis is coordinated. The leading strand is synthesized in the 5° to 3’ direction,
one nucleotide at a time, and the DNA polymerase moves in the same direction as
the replication fork, continuously synthesizing DNA while the DNA unwinds ahead
of the polymerase, only requiring one primer (Hamdan & van Oijen, 2010; Willey
etal., 2019). The lagging strand on the other hand cannot be synthesized in the same
direction as the movement of the replication fork since there is no free 3’-OH group
to which a nucleotide can be added (Willey et al., 2019). The lagging strand is
therefore synthesized discontinuously in the 5’ to 3’ direction, opposite to the
direction of the replication fork, in a series of fragments called Okazaki fragments
(Okazaki et al., 1968). Primases make many RNA primers along the template strand,
which are extended by the DNA polymerase and eventually the Okazaki fragments
are joined to form a complete strand. The many RNA primers must then be removed
from the lagging stand, the gaps between the Okazaki fragments filled in by a DNA
polymerase and ligated together by a ligase to form a complete DNA strand (Willey
et al., 2019).

Microbial DNA polymerases enable rapid and accurate genome replication for cell
division and adaptation to environmental changes, which is important to maintain
short generation times (O'Donnell et al., 2013). Less accurate replication can in
some cases be advantageous and lead to genetic variation through mutations that
can drive evolution, adaptation and affect antibiotic resistance (Denamur & Matic,
2006; Martinez & Baquero, 2000).

Catalytic mechanisms of DNA polymerases

DNA polymerases have highly conserved structures, with similar overall catalytic
subunits and little variation between species, independent of their subunit
composition (Berdis, 2009; Joyce & Steitz, 1995). Based on amino acid sequence
homology and crystal structure, DNA polymerases are divided into seven families
(Table 3.1) (Akram et al., 2023; Case & Hingorani, 2017). The structure of most
DNA polymerases is often compared to that of a partially closed right hand,
consisting of “thumb”, “palm”, and “fingers” domains (Hamilton et al., 2001; Steitz,
1999). The function of the palm subdomain is the catalysis of the phosphoryl
transfer reaction (Joyce & Steitz, 1995). Three conserved carboxylate residues in
the DNA polymerase active site coordinate two Mg?" ions essential for catalysis as
cofactors (Figure 3.1 A) (Steitz, 1998). One of the metal ions facilitates
deprotonation of the growing strand’s 3’-OH group while the other one stabilizes
the transition state during the nucleophilic attack on the incoming dNTP’s a-
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phosphate (Figure 3.1 A) (Steitz, 1998, 1999). The spatial arrangement of these
catalytic residues is highly conserved between polymerases, reverse transcriptases
and RNA polymerases (Joyce & Steitz, 1994; Steitz, 1999). The thumb subdomain
is less conserved but has a common feature of largely helical structure and plays a
role in positioning the duplex DNA and affects processivity and translocation
(Hamilton et al., 2001). The thumb is believed to interact with the minor groove and
with the incoming nucleotide. The fingers subdomain shows the greatest structural
diversity of the three subdomains, where the finger domain may play a role in
template fixation and template specificity (Joyce & Steitz, 1995). Like the thumb, it
is likely to interact with the incoming nucleotide.

Table 3.1: DNA polymerase families, their functions and examples. Adapted from Willey et al., 2019.

Family Examples Functions
A Bacterial DNA polymerase | Replacements of RNA primers present in
Okazaki fragments
B Archaeal DNA polymerase B, Replicative DNA polymerases in eukaryotes
Eukaryotic DNA polymerases a, 8, | and in some archaea
and €
C Bacterial DNA polymerase I Replicative DNA polymerase
D Archaeal DNA polymerase D Replicative DNA polymerase in some
archaea, unique to archaea
X Eucaryotic DNA polymerase DNA repair
Y Bacterial DNA polymerase IV DNA repair
Reverse Retroviral reverse transcriptase, RNA-dependent DNA polymerase
transcriptase Telomerase RT
(RT)

In addition to polymerization activity, some DNA polymerases also possess
proofreading activity via 3’ to 5’ exonuclease domains. This feature enhances
replication fidelity by removing incorrectly incorporated nucleotides during DNA
synthesis (Eun, 1996; Hamilton et al., 2001). Protein sequence alignment and
structural analysis suggest that the 3’ to 5’ exonuclease active site is highly
conserved in such polymerases across prokaryotic and eukaryotic organisms
(Hamilton et al., 2001; Ishino et al., 1994; Joyce & Steitz, 1994). Although the
exonuclease catalytic site is conserved, the spatial arrangement between the
exonuclease and polymerase active site can vary between polymerase families (del
Prado et al., 2018). Hydrolysis of an incorrectly incorporated nucleotide occurs at
the exonuclease active site, and the 3’-end of the growing strand must therefore be
transferred from the polymerase active site to the exonuclease active site (Figure
3.1 B) (del Prado et al., 2018). This transfer can in some polymerases occur
intramolecularly, without any dissociation of the polymerase/DNA complex. In
other polymerases, the exonuclease activity requires a previous dissociation of the
polymerase/DNA complex and then binding of the 3’-terminus at the exonuclease
active site, a process called intermolecular proofreading (del Prado et al., 2018).
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DNA polymerases may also possess 5’ to 3’ exonuclease activity. /n vivo this is
used during lagging strand synthesis of replication and upon removal of RNA
primers from Okazaki fragments (Willey et al., 2019). When nicks are present in
the DNA strand, the polymerase adds nucleotides to the template while the 5’ to 3’
exonuclease simultaneously removes nucleotides ahead of the polymerase through
hydrolysis of phosphodiester bonds, facilitating strand displacement synthesis
(Hamilton et al., 2001).

A 5 B. Nucleotide incorporation
P &
O\ — \o/p -
| < \[ \, Template
k‘\/’o ~
BASE'
BASE'
BASE
J Exonuclease domain
BASE dNTP
- \\ L
Q ;’ / ~ “ow ) )
Primer\ Gl Removal of incorrect nucleotide
- coennadpl )
c/ —=° ";/(())
A2 1 0\0 Fingers
L] o Q 0 \ Thumb
3 g \
1 Y
@25 @ j @"vo‘l"\o
1} v /2 Rl Palm |
Lo I
O\(CA/O /c\
/
Exonuclease domain
D705\

Figure 3.1: DNA synthesis by DNA polymerases. A) The two-metal ion mechanism of DNA
polymerase marked as 1 and 2. Adapted from (Steitz, 1999). B) Model for polymerase DNA synthesis
editing via the exonuclease domain.

An important characteristic of DNA polymerases used for in vitro DNA
amplification in PCR applications is the thermostability (Hamilton et al., 2001).
This makes them able to withstand the elevated temperatures of PCR. For this
purpose, DNA polymerases have been isolated from thermophilic microorganisms,
including thermophilic bacteria such as 7. aquaticus (Taq), Thermus thermophilus
(Tth), and Geobacillus stearothermophilus (Bst), as well as hyperthermophilic
archaea such as P. furiosus (Pfu), Thermococcus kodakarensis (Pfx/KOD) and
Thermococcus litoralis (Tli/Vent) (Akram et al., 2023; Ishino & Ishino, 2014).
These microorganisms have been isolated from high temperature environments like
hot springs, deep sea vents, volcanically heated grounds and hydrothermal
sediments (Ishino & Ishino, 2014). Molecular features contributing to the
thermostability of these DNA polymerases include an increased number of ionic
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interactions and salt bridges, greater hydrophobic core packing, shorter and more
rigid surface loops, higher proportions of proline and arginine residues, and efficient
DNA binding (Borhani & Arab, 2023; Yip et al., 1995). The thermostability of
polymerases is primarily due to an increased number of non-covalent interactions,
such as salt bridges and hydrogen bonds (Al-Mansoori et al., 2025). More ion pairs
and salt bridges in the proteins strengthen the intramolecular cohesion and help
resist thermal degradation (Al-Mansoori et al., 2025; Borhani & Arab, 2023).
Enhanced packing of hydrophobic amino acid side chains in the core of the enzyme
minimizes unfolding at high temperatures (Borhani & Arab, 2023). Structural
modifications with shorter and more rigid surface loops reduce the flexibility and
disorder that otherwise can lead to thermal unfolding of the protein and rigidity
provided help maintaining the enzyme function (Rahban et al., 2022; Yip et al.,
1995). Proline and arginine residues increase the protein’s rigidity as an additional
stabilization (Panja et al., 2020; Yip et al., 1995). DNA binding at high temperatures
helps to maintain an active polymerase conformation which supports the activity
under heat stress (Brown & LiCata, 2013; Datta & LiCata, 2003). Together, these
features give the DNA polymerases their important and useful thermostable
properties (Akram et al., 2023).

DNA polymerase-based methods in biotechnology

Since the invention of PCR by Nobel Prize recipient Kary B. Mullis in 1983,
continuous development and new applications of PCR have emerged (Mullis, 1990;
The Royal Swedish Academy of Sciences, 1993). PCR has revolutionized molecular
research, diagnostics, forensics and biotechnology by enabling rapid and precise
amplification of DNA (Dewangan et al., 2020). In molecular biology research, it
supports genetic cloning, sequencing, and the analysis of gene expression among
numerous other applications (Kaunitz, 2015; Pelt-Verkuil et al., 2008). In medicine,
PCR enables precise identification of pathogens, characterization of microbial
communities such as the gut microbiota, and the detection of genetic mutations,
polymorphisms, and tissue types (Sibley et al., 2012). Applications of PCR also
include DNA profiling that has transformed forensic science, and it has enabled the
recovery and amplification of degraded DNA which has opened new opportunities
in molecular paleontology, allowing analysis of specimens preserved as fossils and
dried samples (Kaunitz, 2015).

Polymerase chain reaction

PCR provides exponential in vitro amplification of specific nucleotide sequences
(Mullis & Faloona, 1987). Reagents required for a PCR reaction are template DNA,
target-specific primers, DNA polymerase, dNTPs, divalent ions (Mg?"), and a buffer

47



with suitable pH and ion content (Lorenz, 2012; Pelt-Verkuil et al., 2008). Thermal
cycling is performed in a thermocycler starting with denaturation of the dsDNA,
usually at around 95 °C. After the initial denaturation, repeated temperature cycles
of denaturation, annealing of primers (temperature dependent on the melting
temperature (Tm) of the specific primers) and polymerase-based DNA extension
(elongation, usually at 72 °C). A final extension step is sometimes added to reach
full adenylation of the amplicons. Several reaction parameters can be modified and
optimized for the specific assay, such as the concentrations of the included reaction
ingredients, the number of cycles and the annealing temperature (Dewangan et al.,
2020).

The introduction of the thermostable Tag DNA polymerase in PCR made a great
impact as it withstands the heat during the denaturation step and circumvents the
need for addition of new polymerases in each cycle (Ishino & Ishino, 2014). Tag
DNA polymerase shows the highest activity at 80 °C but still retains some activity
at room temperature (Chien et al., 1976), which can lead to unspecific product
formation. To overcome this, DNA polymerases that are inactive at room
temperature have been developed (Ishino & Ishino, 2014). Hot-start DNA
polymerases are designed to prevent non-specific amplification and primer-dimer
formation by remaining inactive at room temperature. Activation occurs after a
high-temperature step during PCR. This is commonly achieved by antibody-
mediated inhibition or through chemical cross-linking (Paul et al., 2010). In
antibody-mediated inhibition, a specific antibody or a smaller affibody blocks the
polymerase activity until it is denatured by heat (Kellogg et al., 1994). In chemical
cross-linking, the polymerase is temporarily inactivated by a reversible chemical
modification that is removed during the initial denaturation step of the PCR (Birch
et al., 1996).

Real-time quantitative PCR (qPCR) is a technique used for detection and
quantification of nucleic acids (Heid et al., 1996). In qPCR, fluorescence detection
is utilized to monitor the increase in nucleic acid amplicons in real time (Dymond,
2013). One of the main advantages with qPCR compared to conventional PCR is
the immediate generation of results which removes the need for post-amplification
analysis, reducing the risk for contamination due to manipulation of amplicons
(Kaltenboeck & Wang, 2005). The fluorescence is measured after each
amplification cycle and the general approaches for detection are DNA-binding
fluorescent dyes or fluorophore-labeled oligonucleotide probes (Navarro et al.,
2015). Amplicon detection using DNA-binding dyes relies on the increase in
fluorescence when dsDNA is produced during the reaction, and the generation of
the correct amplicons may be determined using melting curves (Mao et al., 2007,
Wang et al., 2006). Sequence-specific detection of amplicons can be achieved by
using fluorescently labelled probes that are either attached to the primers (e.g.,
hairpin primer-probes) or designed to anneal to the target amplicon (e.g., hydrolysis
probes) (Navarro et al., 2015). The 5’ to 3’ exonuclease activity of for example Tag
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DNA polymerase is used in hydrolysis probe assays (Dymond, 2013). In Paper III,
I evaluated four in-house produced DNA polymerases using qPCR with the DNA-
binding dye EVAGreen as well as a Tag polymerase with a hydrolysis probe. These
polymerases were demonstrated to have the desired activity and purity for a range
of molecular biology applications, including conventional PCR and qPCR.
Quantification by qPCR is based on determining cycle of quantification (Cq) values
from the amplification curves and the construction of a standard curve with
reference material of known DNA quantity (Heid et al., 1996). The standard curve
can then be used to determine the DNA concentration of unknown samples.

Development of new PCR applications since its invention includes multiplex PCR,
which consists of more than one target in a single reaction, enabling simultaneous
detection of several targets (Chamberlain et al., 1988; Henegariu et al., 1997).
Multiplex PCR assays are more complex to develop and require careful primer
design, adjusted primer concentrations and optimization of the reaction components
and thermal cycling conditions to ensure even amplification of all targeted PCR
products (Butler, 2005; Henegariu et al., 1997; Hill et al., 2009). Microsatellites or
Short Tandem Repeat (STR) markers are used for forensic DNA profiling, applying
multiplex PCR and capillary electrophoresis (CE) for detection (Jobling & Gill,
2004; Sparkes et al., 1996). Analysis with CE yields an electropherogram (EPG),
where fragments are differentiated based on size and labelled with different
fluorophores for detection (Butler et al., 2004). The intensity of each peak in the
EPG reflects the amount of PCR product. However, STR profiling with PCR and
CE can be limited when analyzing low-template or degraded DNA samples,
complex mixtures or inhibitory sample matrices, where allele drop-out, peak
imbalance and stochastic effects sometimes complicate interpretation (Dierig et al.,
2024; Pedroza Matute & lyavoo, 2025).

STRs are a common type of polymorphism in the human genome, which consists of
1 — 6 bases that are repeated a certain number of times (Gymrek, 2017; Shi et al.,
2023). The number of repeats in a specific STR marker differs between individuals
and can thus be used to generate DNA profiles with extremely low random match
probabilities (Weber & Wong, 1993). The repetitive sequence of STR markers
makes them highly susceptible to slipped strand mispairing in PCR, resulting in
artefacts commonly referred to as stutters (Hauge & Litt, 1993; Meldgaard &
Morling, 1997; Walsh et al., 1996). Stutter artefacts are problematic, as they may
conceal the detection of minor contributors in crime scene stains with DNA from
multiple contributors, so called mixtures (Agudo et al., 2022; Meldgaard & Morling,
1997).

Massively parallel sequencing

Massively Parallel Sequencing (MPS) has played an important role in molecular
biology, by enabling cost-effective and fast analysis of microbial genomes as well
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as metagenomic studies and sequence and mutation analysis in diagnostics
(Biancalana & Laporte, 2015; Bruijns et al., 2018). MPS is employed in several new
applications in forensic genetics, such as phenotype prediction, enhanced mixture
analysis and body fluid identification (Alonso et al., 2018; Bruijns et al., 2018).
Several targeted MPS kits for multiplex forensic STR analysis are commercially
available (Bruijns et al., 2018; Dierig et al., 2024; Pedroza Matute & lyavoo, 2025).
One of the major advantages of using MPS in forensic STR analysis is the increased
resolution, going from fragment length determination to sequence level analysis.
Additional variants can be identified by analyzing the sequence of each allele
(Pedroza Matute & lyavoo, 2025). STR alleles with the same length can thus be
differentiated by sequencing, while indistinguishable by CE (Alonso et al., 2018; de
Knijff, 2019). Sequence variants in the flanking region of STRs can further increase
the discrimination power (Devesse et al., 2020). However, this increased resolution
may not provide the expected increased evidential strength (Staadig & Tillmar,
2019). Still, sequence data enables the differentiation between stutter artefacts and
alleles of minor contributors in complex DNA mixtures (de Knijff, 2019).
Additionally, MPS allows for simultaneous analysis of high numbers of loci with
small fragment sizes since it is not dye- or fragment length-limited like CE, which
is advantageous for example when dealing with degraded DNA samples (Alonso et
al., 2018; de Knijff, 2019; Pedroza Matute & Iyavoo, 2025).

SiMSen-Seq MPS and UMIs in STR analysis

During PCR, errors such as base substitutions, and insertions and deletions may be
introduced and accumulate over successive cycles (Potapov & Ong, 2017). Stutter
artefacts also occur when analyzing repetitive sequences such as forensic STR
markers. The use of unique molecular identifiers (UMlIs), nucleotide barcodes added
to the DNA, allows reads originating from the same original molecule to be grouped
into a consensus read after sequencing (Kinde et al., 2011; Staadig et al., 2023;
Stahlberg et al., 2016). Barcodes can be ligated to the target DNA prior to selection
and amplification, or incorporated during the initial PCR cycles, followed by a
second adaptor PCR to increase yield and incorporate sequencing adaptors (Filges
et al., 2019; Sloan et al., 2018). Post sequencing, the UMI information is utilized to
correct for incorrect sequences. This is done by sorting all sequences containing the
same UMI into groups and generating a consensus read, often based on the most
common sequence variant. However, if the amplification artefact is introduced in
the initial PCR cycles, an incorrect consensus read may be obtained. In forensic
DNA analysis, UMIs have been applied for both single nucleotide polymorphism
(SNP) and STR analysis (Sidstedt et al., 2024; Staadig et al., 2023; Woerner et al.,
2021).

The UMlI-based library preparation method Simple, Multiplexed, PCR-based
barcoding of DNA for Sensitive mutation detection using Sequencing (SiMSen-
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Seq) has previously been shown to result in a ten-fold reduction of PCR errors in
STR analysis (Sidstedt et al., 2024). Both random base-substitutions and systematic
stutter artefacts were reduced.

SiMSen-Seq includes two consecutive PCRs, a barcoding PCR followed by adaptor
PCR (Figure 3.2). In the barcoding PCR, a combination of low primer
concentrations, low amounts of DNA polymerase, increased annealing and
extension times and four PCR cycles help to minimize errors while tagging the
copies of each original template molecule with UMIs. The UMIs in the primers are
protected by a stem-loop structure to avoid interaction with the template during
annealing (Stahlberg et al., 2016). The initial barcoding PCR uses genomic DNA as
input template (Figure 3.2). There, three different polymerization processes give rise
to the targeted short products labelled with UMIs: 1) generation of long products
defined by the primer in one end, from genomic DNA, 2) generation of short product
STR amplicons from long products and 3) generation of STR amplicons from other
short amplicons. These three events have different efficiencies due to the different
templates of different sizes, spanning from genomic DNA to short products. In
regular PCR, such as qPCR, only the last process may be monitored. SiMSen-Seq,
however, makes it possible to study the performance in the initial PCR cycles
separately.
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Figure 3.2: Schematic overview of the SiMSen-Seq STR method for construction of UMI families and
generation of consensus reads. The correct molecules are indicated with an arrow in step 4. From
Paper IV.

In the adaptor PCR, each UMI-labelled short product from barcoding PCR will
generate a UMI family with reads having the same UMI or barcode (Figure 3.2). All
products from the barcoding PCR are transferred to the adaptor PCR, and only the
short products will serve as template for the adaptor primers used (Figure 3.2). Thus,
only the third process will take place, generation of short products from other short
products, and any erroneous sequences formed emanate from this process. The
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consensus read is generated from the most common sequence of all STR reads with
the same UMI. This will remove most of the errors introduced in the adaptor PCR.

By using one DNA polymerase as a reference in barcoding PCR and adaptor PCR
(i.e., SuperFi II), respectively, any differences between the DNA polymerases with
different properties will be connected to events happening in either of the two PCRs
(Paper IV). Thus, it is possible to determine if the DNA polymerases are prone to
form single-base substitutions and stutters in the initial PCR cycles, using genomic
DNA as template, or in the later cycles, using short products as template. Using
regular PCR would not enable this distinction, even if the PCR was split into two
distinct thermal cycling programs, since, without the UMI approach, all three types
of template molecules from the first PCR would serve as template for the second
and it would not be possible to trace errors back to individual template molecules.

In Paper III, I used the in-house synthesized DNA polymerases Taq, Taq-Sso7d,
Pfu and Pfu-Sso7d in SiMSen-Seq library preparation (Sidstedt et al., 2024). All
four polymerase variants demonstrated the desired activity and enabled successful
adaptor PCR amplification of STR markers, with similar performance between the
polymerases (see Chapter 5). Applying UMIs and generating consensus reads
reduced the proportion of stutter artefacts to around a third compared to before
consensus read generation.

In Paper 1V, | evaluated the effects of commercial DNA polymerases with different
characteristics regarding amplicon yield and PCR error formation, considering both
random base-substitutions and systematic stutter artefacts, in STR analysis (see
Chapter 5). The SiMSen-Seq MPS library preparation method with UMIs (Sidstedt
et al., 2024; Stahlberg et al., 2016) was used to study polymerization errors
emanating from individual DNA molecules and to study events in the early and late
PCR cycles separately.

The SiMSen-Seq library preparation was successful for all polymerases, both in-
house produced and commercial, when applied in the adaptor PCR (Paper III and
IV). A reduction of both single-base substitutions and stutter artefacts was seen for
all DNA polymerases when generating consensus reads. The challenging conditions
in the barcoding PCR resulted in low yields of STR amplicons for some of the
applied polymerases (Paper IV). By studying UMI families, errors emanating from
individual genomic DNA template molecules were investigated. The usage of
SiMSen-Seq and UMIs also helped to elucidate at what stage of the PCR the errors
were formed: if the barcoding provided the correct sequence, then any errors noted
emanated from the adaptor PCR.

The results presented in this thesis and in Paper III and IV were obtained by
employing a 7-plex STR assay. However, to reach maximum impact and to be of
practical use in forensic DNA analysis, a larger multiplex is desired. Using more
DNA markers in forensic DNA analysis increases the chances of obtaining high
likelihood ratios or low random match probabilities, which is especially important
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for mixtures or when distinguishing between closely related individuals (Bille et al.,
2013; Karlsson et al., 2007; Martin et al., 2014). While seven STR markers may be
sufficient for single-source samples from unrelated individuals, more markers are
needed to achieve reliable results in complex mixtures, or when potential
contributors are relatives. Statistical power and discrimination capacity improve as
additional markers are included (Bandah-Rozenfeld et al., 2025; Bleka et al., 2020;
Navarro-Lopez et al., 2022).

Initial experiments with an early-stage prototype 28-plex SiMSen-Seq STR assay,
developed by Simsen Diagnostics AB, were performed, and promising results were
obtained. The prototype includes the same markers as the ForenSeq MainstAY kit
(Qiagen) (Stephens et al., 2023). Five different single-source DNA samples were
analyzed, and 5 ng DNA was used as template. In the initial trials, 26 out of the 28
STR markers were detected with correct genotypes. However, the number of reads
and consensus reads varied substantially between the markers, from only a few
consensus reads up to more than 1400 consensus reads. This suggests that further
optimization of the library preparation is needed. Regarding the two markers that
were not detected, the reason why needs to be investigated. It could be due to the
primer design or primer concentration, or due to how the data is bioinformatically
handled including how the STR markers are defined in the pipeline. Continued
efforts are ongoing to refine and optimize the assay for improved performance and
reliability.

Produced and evaluated DNA polymerases

The DNA polymerases evaluated for in-house production and characterization in
this thesis were Tag and Pfu polymerases including variants fused with the dsDNA-
binding domain Sso7d (Paper III). Taq polymerase, from the thermophilic
bacterium 7. aquaticus, belongs to Family A and has 5’-3” exonuclease activity
apart from 5°-3 polymerase activity (Chien et al., 1976; Eckert & Kunkel, 1990;
Tindall & Kunkel, 1988). T. aquaticus was first isolated from hot springs in
Yellowstone National Park. It is a Gram-negative rod and filamentous bacterium
prone to aggregation that can form larger round bodies consisting of multiple cells
connected by a combined outer envelope (Brock & Edwards, 1970; Brock & Freeze,
1969; Brumm et al., 2015). Its optimal growth temperature is between 65 °C and 70
°C, but it can tolerate temperatures between 40 °C and 80 °C (Brock & Freeze, 1969;
Brumm et al., 2015). Tag polymerase was the first thermostable DNA polymerase
to be discovered and characterized, and variants thereof remain among the most
widely used DNA polymerases in PCR (Ishino & Ishino, 2014).

Pfu polymerase, from the hyperthermophilic archaeon P. furiosus belongs to Family
B and has 3°-5° exonuclease activity (proofreading) and thus generates fewer base
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substitution errors compared to Tag polymerase (Cline et al., 1996; Lundberg et al.,
1991). P. furiosus was first isolated from geothermally heated marine sediments
near volcanic vents at Vulcano Island, Italy (Fiala & Stetter, 1986). It is an irregular
coccus with multiple flagella, giving it high motility. Its optimal growth temperature
is around 100 °C, one of the highest known for life (Fiala & Stetter, 1986; Yip et
al., 1995). Due to the high optimal growth temperature, proteins produced by P.
furiosus are extremely thermostable (Farooq et al., 2024; Yip et al., 1995). Pfu
polymerase and engineered variants are also commonly used in PCR, as well as
mixtures of Taq and Pfu polymerases (Farooq et al., 2024).

Several strategies have been developed to engineer DNA polymerases to enhance
their fidelity and processivity (Coulther et al., 2019; Ishino & Ishino, 2014). Fidelity
is frequently expressed as the inverse of the error rate (fidelity = 1/error rate) and
refers to the number of mis-incorporated nucleotides per total number of nucleotides
polymerized. The fidelity of a polymerase is often expressed in relation to the
fidelity of 7ag DNA polymerase. Proofreading DNA polymerases like Pfit and
KOD (from T. kodakarensis) exhibit approximately tenfold higher fidelity
compared to Tag polymerase (Ishino & Ishino, 2014). The processivity of DNA
polymerases is defined as the number of nucleotides incorporated in one binding
event. One of the simplest approaches to increase processivity involves fusing the
polymerase with a non-specific DNA-binding domain (Olszewski et al., 2017;
Wang et al., 2004). For example, the dsDNA-binding Sso7d domain from S.
solfataricus has been shown to enhance processivity (Farooqui et al., 2023; Wang
et al., 2004). The Sso7d domain binds to dsDNA and stabilizes the polymerase—
DNA complex, thereby reducing the likelihood of enzyme dissociation during
amplification, while largely preserving the polymerase’s catalytic properties
(Farooqui et al., 2023; Ishino & Ishino, 2014). When Sso7d was fused to Pfu
polymerase, the processivity was increased 9-fold, from an average of 6 nucleotides
to 55 nucleotides per binding event (Fazekas et al., 2010; Wang et al., 2004).

The characteristics of these DNA polymerases and the ability to specifically
catalyze DNA synthesis have made them valuable and well established as
biotechnological tools.

In Paper IV, I used six different commercial DNA polymerases with distinct
characteristics (see Table 2 in Paper IV). Three of these belong to family A and do
not have 3’ to 5° exonuclease activity. However, two of these are mixed with
exonucleases to provide proofreading. The fidelity of the applied family A
polymerases ranges from 1X to 9X compared to Tag DNA polymerase. The other
three belong to family B and are proofreading polymerases. The fidelity of the
included family B polymerases ranges from 26X to above 300X compared to Tag
DNA polymerase.

The selected DNA polymerases represent a diverse set of enzymes with varying
biochemical properties. Platinum SuperFi II and Phusion HS II are high-fidelity,
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proofreading polymerases with 3’ to 5 exonuclease activity and DNA-binding
domains, with SuperFi II offering over 300-fold higher fidelity than Tag and
Phusion HS 1II offering 52X fidelity compared to Tag, designed to minimize base
substitution errors and improve accuracy and processivity. AccuPrime Pfx is a
recombinant DNA polymerase with 3’ to 5’ exonuclease activity (26X fidelity
compared to Taq), with proprietary accessory proteins to enhance primer-template
hybridization. AccuPrime 7aq High Fidelity combines Taqg DNA polymerase with
a proofreading enzyme and accessory proteins for improved PCR fidelity, yield, and
specificity, offering a 9-fold higher fidelity compared to Tag. ExTag HS is a blend
of Tag polymerase and a proofreading exonuclease providing 4.5X fidelity
compared to Taq. Immolase is a novel, Tag-like family A DNA polymerase from
an undisclosed organism. It lacks proofreading activity and is the only chemically
inactivated hot start polymerase used. All other DNA polymerases have antibody or
affibody mediated heat activation. All six polymerases are designed to require hot
start activation to avoid unspecific product formation at room temperature.
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Chapter 4
Challenges 1n recombinant enzyme
production

Recombinant enzymes are fundamental in modern biotechnology, supporting
applications ranging from pharmaceuticals and diagnostics to production of
sustainable foods and research (De Brabander et al., 2023). However, achieving
efficient and scalable production of functional enzymes presents several challenges,
including protein misfolding, aggregation and inclusion body formation,
insufficient post-translational modifications (PTMs), proteolytic degradation, low
yield, and difficulties in recovering biologically active proteins (Beygmoradi et al.,
2023; Bhatwa et al., 2021). The selection of appropriate host organisms, expression
systems, vectors, and induction mechanisms is crucial to overcoming these
challenges and optimizing protein quality and quantity (De Brabander et al., 2023;
Palomares et al., 2004). There is also an increasing demand for resilience and civil
contingency and a growing need for resource-efficient and cost-effective production
pipelines for in-house production of molecular biology reagents. Availability of
such simple and efficient protocols reduces dependency on commercial supply
chains and enhances preparedness for situations where access to critical resources
may be limited. Apart from production, cellular systems can also be used to study
proteins, their functions, their effects on the host cell and for evaluation and
development of new proteins. This chapter explores host organisms including tools
for genetic manipulation, expression systems and vectors, and induction
mechanisms, focusing on recombinant production of DNA polymerases and
proteases.

E. coli remains one of the most extensively used microbial systems for heterologous
protein production. Recombinant DNA polymerases are currently produced in E.
coli and well-established production methods exist. However, challenges with
complex production pipelines as well as proprietary formulations persist. Other
challenges, like residual host DNA in the final DNA polymerase preparation can
influence the usability of the produced DNA polymerase. In Paper 111, I developed
a simplified and resource-efficient E. coli-based production protocol and
characterized the performance of the synthesized polymerases using several PCR-
based assays.
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S. cerevisiae has previously not been extensively studied as a production host for
bacterial proteases. However, its well-characterized genetics and robust
fermentation capabilities make it a suitable alternative for synthesis of proteases. In
Paper I and II I investigated the applicability of S. cerevisiae for production of three
different proteases. Additionally, I studied how bacterial proteases interact with a
eukaryotic production host and how the proteases affect yeast physiology.

Host organisms for protein production

Choosing the proper production host for recombinant enzymes is an important part
of developing a production process. Microbial hosts have different characteristics
that need to be assessed depending on the desired product (Overton, 2014). Well-
characterized microbial hosts and model organisms are commonly used in industrial
production processes, e.g., E. coli, Bacillus subtilis, S. cerevisiae, Aspergillus spp.
and Komagataella phaffii (previously Pichia pastoris) (Contesini et al., 2018;
Johnson & Echavarri-Erasun, 2011; Ward, 2011). Advantages with microbial
production systems are rapid growth to high cell densities with comparably low-
cost and simple media, advancements in process scale up and high protein titer, rate,
and yield compared to insect and mammalian cells (Karbalaei et al., 2020).

E. coli as a production host

E. coli is one of the most widely used hosts for recombinant protein production due
to its fast growth and ability to reach high cell densities in simple and inexpensive
media (Baneyx, 1999; Baneyx & Mujacic, 2004). E. coli is Gram-negative and one
of the most extensively studied bacteria, both physiologically and metabolically,
and was among the first organisms to have its genome sequenced (Blattner et al.,
1997; Overton, 2014). It is typically the first choice for recombinant protein
production, independent of the protein’s origin (Baneyx, 1999; Baneyx & Mujacic,
2004). Some non-pathogenic strains are recognized as universally accepted
commercial manufacturing hosts with a long history of safe use. These strains are
considered as safe for industrial use under controlled conditions and compounds
produced by these strains are considered safe by agencies such as the European Food
Safety Authority (EFSA), the U.S. Environmental Protection Agency (EDA) and
Food Standards Australia New Zeeland (FSANZ). Also, decades of optimization
have established £. coli as a robust platform for large-scale bioprocessing (Huang
et al., 2012; incir & Kaplan, 2024). Genetic engineering is facilitated by a broad
repertoire of molecular tools, ranging from classical plasmid-based expression
systems to advanced genome editing strategies, including CRISPR/Cas technologies
(incir & Kaplan, 2024; Pontrelli et al., 2018).
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Specific E. coli strains have been optimized for recombinant protein production.
BL21 (DE3) combined with a multi-copy plasmid, is the preferred host strain for
recombinant protein production (Heyde & Nerholm, 2021). The strengths of BL21
(DE3) include fast growth, diminished acetate production and deficiency in key
proteases which minimizes proteolysis of heterologous proteins (Rosano et al.,
2019). Furthermore, it harbors a phage T7 RNA polymerase gene, under control of
the /acUVS promoter. Heterologous genes on plasmids are controlled by the T7
promoter and gene expression is started upon addition of isopropyl B-D-1-
thiogalactopyranoside (IPTG) (see Induction mechanisms) (Rosano et al., 2019).
Advancements in strain engineering include the addition of the pLysS plasmid,
containing the bacteriophage T7 lysozyme gene, that reduces basal expression from
the T7 promoter (Rosano et al., 2019). An additional advantage of the T7 lysozyme
is its ability to facilitate the cell lysis required for protein purification (Studier,
1991).

The Rosetta (DE3) strain is derived from BL21 (DE3) and has additional rare tRNA
genes to correct for codon bias (Rosano et al., 2019). Limitations with E. coli as a
production host include the lack of PTMs and possibilities of large fractions of
insoluble proteins due to protein misfolding and the formation of inclusion bodies
(Baneyx & Mujacic, 2004; Bhatwa et al., 2021). However, inclusion body formation
may also be utilized as a method to produce high quantities of pure proteins that are
purified and later refolded into active enzymes (Clark, 2001; Singh et al., 2015). In
this work, E. coli BL21 (DE3) and Rosetta (DE3) pLysS were used to produce
recombinant DNA polymerases (Paper III). BL21 (DE3) was selected as the
starting point for polymerase production and Rosetta (DE3) pLysS was then used to
obtain tighter control of gene expression as basal expression of Pfu polymerase
previously has been shown to be cytotoxic (Lu & Erickson, 1997) and to compensate
for rare codons in the gene cassettes. Substantially higher concentrations of DNA
polymerases were obtained when E. coli Rosetta (DE3) pLysS was used compared
to BL21 (DE3) (Paper III).

8. cerevisiae as a production host

S. cerevisiae, or Baker’s yeast, is widely used for recombinant protein production
due to its Generally Recognized As Safe (GRAS) status, its well-characterized
large-scale physiological behavior and its robustness and tolerance to industrial
conditions (Han et al., 2018; Hou et al., 2012; Johnson & Echavarri-Erasun, 2011;
Myburgh et al., 2023; Wang et al., 2017). It is a well-established model organism
with a long history of use in wine, beer and bread making as well as for protein
production. Being a eukaryote, it is capable of carrying out some PTMs, which are
essential for the correct production of proteins that depend on them (Ferrer-Miralles
et al., 2009; Johnson & Echavarri-Erasun, 2011). Additionally, S. cerevisiae offers
genetic stability and ease of genetic engineering, with a range of tools and plasmid-
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based systems for efficient genetic manipulation, including CRISPR/Cas9
(Borodina & Nielsen, 2014; Xie et al., 2018). Enhanced gene editing efficiency is
achieved through a robust cellular DNA repair system, which facilitates precise
genome editing (Haber, 2018). Limitations of S. cerevisiae include lower protein
yield compared to E. coli as well as hyperglycosylation and a different glycosylation
pattern compared to mammalian systems (Ferrer-Miralles et al., 2009). Until now,
there has been limited research on production of bacterial proteases in yeast. Here,
I used S. cerevisiae as a eukaryotic model system to study protein production,
protease effects on the host cell and the protease substrate scopes that can be handled
by S. cerevisiae (Paper I and II). The bacterial proteases produced in S. cerevisiae
resulted in different burdens on the cells (see Selection markers and copy number
effects below).

CRISPR/Cas9

In this work, CRISPR/Cas9 was used to integrate heterologous protease genes into
the genome of S. cerevisiae (Paper I and II). CRISPR/Cas technologies have been
engineered and optimized for applications and genetic manipulation across a diverse
range of microbial species. Gene editing tools such as the Cas9 endonuclease enable
precise genome modifications by inducing double-stranded DNA breaks (DSBs),
but the actual insertion or deletion of genetic material depends on the cell’s
endogenous DNA repair pathways (Figure 4.1) (Rainha et al., 2021). Guided by a
single RNA (guidingRNA, short gRNA) composed of fused CRISPR RNA (crRNA)
and transactivating crRNA (tracrRNA), Cas9 introduces a DSB three nucleotides
upstream of a protospacer adjacent motif (PAM), typically NGG (Stovicek et al.,
2017). For cell survival, the DSB must be repaired and in S. cerevisiae, DSBs are
primarily repaired by non-homologous end joining (NHEJ) or homology-directed
repair (HDR) (Haber, 2018). Unlike many other yeasts, S. cerevisiae exhibits
particularly high HDR activity, which facilitates efficient gene replacement using
homologous DNA sequences provided as linear fragments or integrative plasmids
(Cai et al., 2019; Haber, 2018). The CRISPR/Cas9 system has further expanded the
possibilities for yeast genome engineering, enabling simultaneous modifications at
multiple loci (Stovicek et al., 2017). The main advantages of CRISPR/Cas9 are its
precision, multiplexing capacity, and independence from selective markers (J. Zhao
et al., 2020). The gene cassette of interest can be inserted in an intergenic region of
the genome to avoid effects on the growth rate using CRISPR/Cas9 (Jessop-Fabre
etal., 2016). The integration sites are designed not to interfere with any neighboring
genes and are located at highly expressed parts of the genome, making the DNA
casily accessible by the RNA polymerase (Mikkelsen et al., 2012).
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Figure 4.1: Schematic overview of CRISPR/Cas9 gene editing where the double-stranded break
(DSB) is repaired either by non-homologous end joining (NHEJ) (left) or homology-directed repair
(HDR) (right).

Other production hosts

One strategy to overcome some of the challenges encountered in recombinant
enzyme production is to use an alternative production host (Paper I and II). Two
other potential production hosts are B. subtilis and K. phaffii, with characteristics
that may be advantageous in recombinant enzyme production.

B. subtilis is a robust Gram-positive bacterium widely used as a protein production
host due to its GRAS and QPS (Qualified Presumption of Safety) status, rapid
growth, and natural ability to secrete proteins directly into the culture medium (Liu
& Yu, 2025; Su et al., 2020). Its lack of endotoxins and outer membrane simplifies
downstream processing and makes it particularly attractive for industrial enzyme
production (Su et al., 2020). A broad genetic toolbox, including protease-deficient
and secretion-optimized strains, has been developed to improve heterologous
protein yields, and genome-reduced variants further enhance secretion efficiency
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(Liu & Yu, 2025). However, B. subtilis has limitations, including degradation of
target proteins by residual proteases, challenges with proper folding of some
heterologous proteins, and generally lower efficiency in producing complex
eukaryotic proteins requiring PTMs (Liu & Yu, 2025; Su et al., 2020).

K. phaffii is an established eukaryotic yeast host for recombinant protein production
thanks to the QPS and GRAS status on products produced in K. phaffii, its ability to
grow to very high cell densities on inexpensive media, and its efficient secretion
machinery that reduces background protein contamination (Bustos et al., 2022;
Karbalaei et al., 2020). K. phaffii performs PTMs such as disulfide bond formation
and glycosylation, making it suitable for the expression of complex proteins
(Karbalaei et al., 2020; Spohner et al., 2015; Vijayakumar & Venkataraman, 2024).
A range of strong and inducible promoters, together with stable genome integration,
supports high-level and reliable expression (Bustos et al., 2022; Spohner et al.,
2015). However, its native glycosylation patterns differ from those in humans and
can lead to hypermannosylation, which may compromise therapeutic protein
applications (Offei et al., 2022; Vijayakumar & Venkataraman, 2024). In addition,
some strains produce extracellular polysaccharides that complicate downstream
processing (Steimann et al., 2024).

Expression systems and vectors

Recombinant protein production relies on gene expression systems, the choice of
which can vary depending on the host organism and the protein to be produced (Incir
& Kaplan, 2024). The target gene is commonly expressed from a multi-copy
plasmid to increase the protein yield. The choice of expression vector can influence
the yield, and optimization is often required to reach necessary production levels
(Lozano Terol et al., 2021; Schiitz et al., 2023). Other central parts for controlling
gene expression and protein production include some typical features of expression
vectors, such as a strong constitutive or inducible promoter, a ribosome binding site
in prokaryotes, or upstream activating sequences, enhancers or Kozak fragments in
eukaryotes, selective antibiotic resistance markers or selective auxotrophic markers,
a replication origin (ori) and fusion tags for protein purification, detection or
localization.

Promoters, terminators and mRNA stability

The choice of promoter and induction mechanism influences protein yield and host
physiology (incir & Kaplan, 2024). Reasons for promoter selection include
maximum expression during exponential growth, maximum expression during
stationary phase, constitutive expression of a gene, induced expression of a gene,
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controlled expression of a gene, moderate expression of a gene and temporal
expression of a gene (Goldstein & Doi, 1995). It is not always suitable to rapidly
produce high quantities of recombinant proteins, as this may compromise their
quality and function through protein misfolding and aggregation into insoluble
inclusion bodies, or lead to toxicity to the host cell, resulting in impaired growth and
viability. Together, this lowers the overall protein yield and depletes the host cell’s
resources (Bhatwa et al., 2021). Proteins requiring post translational modifications
will become non-functioning if these modifications are not performed and
glycosylation patterns may change under extreme production rates (Beygmoradi et
al., 2023; Gawlitzek et al., 1994; Schenk et al., 2008). Different promoters can be
used to regulate protein production rate and timing. In Paper I and I, I used the
inducible GALIp promoter to control the time of induction with galactose, to
separate the production phase from the growth phase. Recombinant production of
cytotoxic proteins, as in the case of certain proteases, is favored by a separation of
the growth and production phase. GALIp is repressed by the presence of glucose
and induced when galactose is available as the carbon source (Li et al., 2000). In
Paper I11, the polymerase production was regulated by induction with Isopropyl -
D-1-thiogalactopyranoside (IPTG). Both systems use strong promoters that are
repressed and when induced result in strong activation of transcription and
translation into proteins.

Promoters and transcription into mRNA play an important role in protein synthesis.
The protein yield is also influenced by terminators, although this is not as well-
studied (Wei et al., 2017). The terminator mainly influences the protein yield by
affecting the mRNA stability and half-life, translational efficiency and localization
of the mRNA (Ren et al., 2025; Vargas et al., 2023). The choice of terminator may
be used to finetune gene expression for specific applications and metabolic
engineering approaches. However, standard terminators were used in this thesis
work.

After transcription to mRNA, translation is initiated to synthesize the polypeptide
chain. In bacteria, the 5’ untranslated region of mRNA contains the Shine-Dalgarno
sequence, part of the ribosome-binding site (RBS), located upstream of the start
codon (Willey et al., 2019). This sequence pairs with the 16S rRNA of the 30S
ribosomal subunit, facilitating the formation of the 70S initiation complex with the
help of initiation factors and the initiator tRNA, aligning the ribosome to the start
codon AUG (Willey et al., 2019). In eukaryotes, translation initiation is more
complex, involving numerous initiation factors and interactions between the 5’ cap,
3’ poly-A tail, and associated proteins, interacting with each other, which folds the
mRNA back on itself (Sonenberg & Hinnebusch, 2009; Willey et al., 2019). The
40S ribosomal subunit, bound to initiator tRNA and initiation factors, scans the
mRNA for the start codon (Hinnebusch & Lorsch, 2012; Willey et al., 2019). Upon
recognition, the 60S subunit joins to form the 80S ribosome, initiating elongation
(Sonenberg & Hinnebusch, 2009; Willey et al., 2019). A key regulatory element in
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cukaryotic translation is the Kozak sequence, located near the initiation site of
translation and influences ribosome recognition and translation efficiency (Kozak,
1984, 1987; Xie et al., 2023). Modifications to the Kozak sequence have been used
to fine-tune protein synthesis levels (Li et al., 2017; Xie et al., 2023).

Induction mechanisms

Induction systems are commonly used in recombinant protein production to regulate
transcription initiation, and to control the timing and level of gene expression
(Paper I, II and III) (Overton, 2014). Producing the target proteins continuously
can be a burden to the host cell or reduce the yield. Induction can be used to keep
the gene expression repressed until cell growth has reached a desirable state
(Kastberg et al., 2022; Overton, 2014). Induction is then triggered by adding a
specific molecule or by shifting growth conditions, enabling strong, coordinated
production of the recombinant protein. This separates the growth and production
phases, which is important in the case of production of a cytotoxic protein, like
broad-spectrum proteases (Paper II) (Kastberg et al., 2022). Using induction can
improve host viability and maximize protein yield (Bhatwa et al., 2021). Although
induction facilitates coordinated protein production, problems with misfolding and
aggregation of recombinant proteins can still occur. Mitigation strategies include
usage of a weaker promoter, lowered inducer concentration, lowered temperature
and prolonged time during induction to allow for slower but correct production and
folding of the recombinant protein (Bhatwa et al., 2021).

One of the most used E. coli expression systems relies on the inducible T7 RNA
polymerase, which enables high protein yields (Paper III) (Briand et al., 2016;
Tabor & Richardson, 1985). The T7 RNA polymerase gene is integrated into the
bacterial chromosome under control of the /lacUVS5 promoter and initially
transcribed by the host’s native RNA polymerase (Figure 4.2) (Studier & Moffatt,
1986). Expression is tightly regulated by the Lacl repressor, which blocks
transcription until induction. However, some promoter leakage and basal expression
occur (Briand et al.,, 2016; Studier & Moffatt, 1986). Isopropyl B-D-1-
thiogalactopyranoside (IPTG) is a synthetic analog of allolactose, a natural inducer
of the lac operon in E. coli (Simas et al., 2023). Unlike allolactose, IPTG is not
metabolized, ensuring a constant inducer concentration during cultivations. When
added, IPTG binds to the Lacl repressor protein, causing a conformational change
that reduces Lacl's affinity for the operator region of the /ac operon (Lewis, 2005).
When the Lacl repression is relieved, it leads to production of T7 RNA polymerase.
The T7 RNA polymerase then drives strong and specific transcription of the target
gene, which is placed on an expression plasmid under control of the T7 promoter
(Lopez et al., 1998; Tabor & Richardson, 1985). Since the T7 system amplifies
transcription via a dedicated RNA polymerase, it enables extremely strong and
tightly controlled expression of recombinant genes.
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Figure 4.2: Schematic overview of IPTG induction of the T7 RNA polymerase expression system in
E. coli.

In the yeast S. cerevisiae, the regulation of the GAL genes has served as an important
model for regulation of transcription initiation in eukaryotic organisms (Willey et
al., 2019). The GAL genes encode proteins required for the uptake and catabolism
of galactose (Vollenbroich et al., 1999). Their expression is regulated by the
transcriptional activator Gal4, which binds to upstream activating sequences located
near each GAL gene. The activity of Gal4 is, in turn, inhibited by Gal80, which
blocks transcription when galactose is absent or when glucose is present (Willey et
al.,2019). In the presence of galactose, Gal3 can bind to galactose and ATP, causing
a confirmational change, where Gal3 can move into the nucleus, bind Gal80 and
escort it to the cytoplasm, relieving the Gal80 inhibition, allowing Gal4 to activate
transcription (Lohr et al., 1995). Gal4 initiates this process by recruiting chromatin
remodeling enzymes to expose the promoter region, followed by the recruitment of
basal transcription factors (Sellick et al., 2008). Finally, RNA polymerase Il binds
to the promoter, enabling transcription to begin (Sellick et al., 2008). The regulation
of yeast GAL genes exemplifies many of the features of eukaryotic gene regulations,
including chromatin remodeling, chromatin modification, formation of activation
complexes, and the indirect influence of activators and repressors on genes
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(Stockwell & Rifkin, 2017). When galactose is the only available carbon source, the
enzymes responsible for its metabolism are upregulated by a factor of 1000
compared to their expression in glucose (Lohr et al., 1995), making them some of
the most tightly regulated proteins in yeast (Stockwell et al., 2015).

Galactose induction is a powerful and widely used strategy for recombinant protein
production in S. cerevisiae, exploiting the tightly regulated GALI promoter
(GALIp) (Da Silva & Srikrishnan, 2012). This was used in Paper I and II for
separation of the growth and production phase for recombinant protease production.
In S. cerevisiae, the presence of galactose activates the regulatory network described
above which ends with Gal4p driving a strong transcription from GALIp (Sellick et
al., 2008). This results in robust production of target proteins under the control of
GALIp, typically yielding large amounts of recombinant protein within hours after
galactose addition (Da Silva & Srikrishnan, 2012). The induction system allows for
minimal background expression in the presence of glucose, providing precise
temporal control over protein production (Sellick et al., 2008). The induction speed
and tunability make galactose induction an essential tool for molecular biology and
biotechnology (Stockwell et al., 2015). Even though GAL Ip is reported to be tightly
regulated, significant growth inhibition was seen among the cells carrying the speB
gene before induction (Paper II). Galactose, in contrast to IPTG, is metabolized by
S. cerevisiae when used as an inducer and its concentration in the culture will reduce
over time (Sellick et al., 2008). However, galactose is metabolized slowly, and |
found it to result in a long induction time (>24 hours) and high protein
concentrations (Paper II). For protein production purposes, this gradual depletion
poses no issue if sufficient protein levels are reached before harvest of the culture.

Selection markers and copy number effects

Selection markers are essential tools in molecular biology and genetic engineering,
where they are used to identify and isolate successfully transformed cells and make
sure that the plasmids are maintained by the cells (Stanbury et al., 2017). Antibiotic
selection markers give resistance to specific antibiotics, e.g., ampicillin, kanamycin,
or chloramphenicol, only allowing the cells that have incorporated the desired
genetic construct to survive in the presence of the antibiotic. Resistance mechanisms
can involve the production of enzymes that degrade the antibiotic, modify its target,
or prevent its uptake, thereby neutralizing its effect (Muteeb et al., 2023). This
method is highly efficient and widely used in both prokaryotic and eukaryotic
systems. However, the antibiotic ampicillin can cause allergic reactions in some
individuals and its use in production of therapeutic agents is therefore limited as
even trace elements need to be removed (Carnes, 2005; FDA, 1998; Jourdan et al.,
2020). Other antibiotics, like kanamycin, are often used instead of ampicillin for
recombinant protein production. In contrast, auxotrophic selection markers rely on
the restoration of a metabolic function in mutant strains that are unable to synthesize

66



a particular essential compound, e.g., amino acids such as uracil, histidine, or
leucine (Stanbury et al., 2017). Cells transformed with a plasmid carrying the
corresponding functional gene can grow in media lacking that compound, enabling
selection without the use of antibiotics (Pronk, 2002). Auxotrophic markers are
useful in yeast and other microbial systems, as an antibiotic-free alternative that can
be advantageous in certain regulatory or environmental contexts as well as in scale
up efforts (Pronk, 2002). Some antibiotics, especially targeting eukaryotes, are
harmful to humans and auxotrophic markers can be a great alternative to those
(Bottger et al., 2001; Mingeot-Leclercq & Tulkens, 1999). In Paper II, the
auxotrophic marker for leucine was used. However, the burden of the plasmid
carrying the gene speB was high and thus only a few cells in the culture harbored
the plasmid, while other cells likely survived on leucine from the plasmid bearing
cells or lysed cells. The cell culture with the plasmid carrying the gene speB was
barely growing, even before induction. This suggests that trace-level transcription
occurred, enough to cause the growth inhibition (Figure 4.3 A). Cells producing the
other two proteases, BdpK and IdeS, as well as the control with only GFP, had
similar growth profiles and resulted in two subpopulations. Only around half of the
population produced GFP above autofluorescence levels. The loss of plasmids, even
when the recombinant proteins did not pose an extreme burden on the cells, can be
explained by cross-feeding of leucine or related biosynthetic intermediates and a
decreased selection pressure (Hu et al., 2024; Pronk, 2002). The selection pressure
and plasmid copy number can be increased using a deficient promoter like LEU2d
(Pronk, 2002).

A 20 4 © BdpK-GFP B. 20 4 © BdpK-GFP
B (deSGFP B IdeS-GFP
A SpeB-GFP A SpeB-GFP
¢ GFP @ CFP

0D 620 nm
0D 620 nm

Time (h) Time (h)

Figure 4.3: Aerobic batch growth of engineered yeast. A) Plasmid-based, and B) integration-based
strains in YNB medium before and after induction of the GAL1 promoter controlling protease gene
expression. The dashed vertical line indicates the time of induction where galactose was added to a
final concentration of 20 g/L. Symbols represent the strains producing BdpK-GFP (o), IdeS-GFP (o),
SpeB-GFP (A), and GFP control (¢). Error bars correspond to standard deviation of biological
triplicates. Adapted from Paper Il
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The gene copy number is generally associated with protein synthesis levels.
However, the relationship between gene copy number and protein yield is not
always linear (Kim et al., 2015). The ori used on the plasmid can result in very
different copy numbers inside the host cells (del Solar et al., 1998). Shuttle vectors
that function across multiple hosts can contain several oris (Gniigge & Rudolf,
2017). Multi-copy plasmids are commonly used for recombinant protein production
(Incir & Kaplan, 2024). In Paper III, pET vectors were used for recombinant
polymerase production in E. coli, where pET vectors usually result in 15 to 20
plasmid copies per cell (Wall, 2009). In Paper II, multi-copy pESC plasmids with
the auxotrophic leucine marker and the 2p Ori that usually result between 10 and 40
copies per cell (Da Silva & Srikrishnan, 2012) were transformed into S. cerevisiae
for recombinant protease production. Combinations of multi-copy plasmids and
strong, inducible promoters generally result in high protein yields. In the context of
protease production in yeast, previous studies have reported yields of up to 40 mg/L
of yeast carboxypeptidase (CYP) when the PRCI gene is expressed under the
strongly inducible GAL [p promoter on a multicopy plasmid (Nielsen et al., 1990;
Rao et al., 1998).

To avoid selection markers, genes can be integrated into the genome of the
production host. Integrative plasmids can be used for stable gene expression and
protein production (Jensen et al., 2014). However, development of advanced tools,
such as CRISPR/Cas9 have enabled precise and marker-free integration expanding
the possibilities for precise genetic manipulation and co-production of several
proteins (Jessop-Fabre et al., 2016). CRISPR/Cas9 mediated genome integration
was performed in Paper I and II, where protease genes fused with GFP were
integrated into the genome of S. cerevisiae for recombinant protein production.
There, a larger proportion of the cell population produced GFP above
autofluorescence levels compared to the production from plasmids, resulting in a
homogeneous population. When one copy of the protease gene was integrated into
the genome, the strains producing BdpK, IdeS and only GFP had similar growth
profiles and a higher growth rate compared to the plasmid-based strains (Figure
4.3 B). The strain with the integrated speB gene grew before induction, although at
a slower growth rate, and reached an ODg value of around 7 after 24 hours The
other strains reached ODg)o values between 7.7 and 9.7 before the induction was
started. After induction, the strains producing BdpK, IdeS and GFP continued to
grow, and in contrast, the strain producing SpeB exhibited complete growth arrest
after induction. Again, an extreme fitness loss was seen due to the production of
SpeB (Paper II). No fluorescence from the SpeB-GFP fusion above
autofluorescence levels was detected by flow cytometry, regardless of the
expression system, likely due to the extreme burden of a small amount of active
SpeB. When crude cell extract was incubated with pure SpeB, a large part of the
proteome was degraded already after two hours of incubation (see Supplementary
Figure S8-S10 in Paper II). The in vitro assay with cell extract and pure enzymes
added showed that BdpK also degraded large parts of the proteome. This may
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indicate that the protease BdpK produced in S. cerevisiae was inactive, since no
fitness loss was observed although GFP was detected.

Reporter proteins and flow cytometry

In Paper I and I1, I used GFP as a reporter protein to monitor protein production at
a single-cell level using flow cytometry (FCM), and for detection through Western
blot. A reporter protein is a protein that can be easily detected and indicate protein
localization and gene expression. GFP is a common example of a reporter protein
(Carter & Shieh, 2015). Fusion proteins with GFP and FCM analysis allow for real-
time monitoring of protein production without the need for extraction. FCM
analyses individual events (cells) in a liquid stream, passed through a laser beam,
measuring light scatter and fluorescence (Figure 4.4). Light scattering is measured
in two ways where forward scatter (FSC) provides an estimate of cell size and side
scatter (SSC) indicates the granularity of, especially larger (mammalian), cells
(Shapiro, 2005). Lasers of different wavelengths, such as the standard 488 nm blue
laser, excite fluorophores whose emitted fluorescence is detected through
wavelength-specific filters. The recorded events can be used both for phenotypic
characterization and cell quantification (Rao et al., 2023). FCM can also be used
with fluorescent dyes to obtain additional information. Propidium iodide (PI), for
example, penetrates cells with damaged membranes and subsequently binds to
DNA, allowing assessment of cell viability (Davey & Hexley, 2011). The resulting
data, fluorescence intensities and scatter parameters for each event, can be analyzed
using software such as FlowJo or open-source tools like Python, to summarize mean
fluorescence intensities (MFIs), identify subpopulations, and in the case of Paper I
and 11, follow GFP levels over time after induction (Figure 4.5 and Supplementary
Figure S1 in Paper II).
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Figure 4.4: Schematic representation of a flow cytometry (FCM) instrument. The sheath fluid is
circulated on the sides to push the cells in a single line as indicated with arrows. This way the cells
reach the interrogation point one at a time where they are exposed to the blue and red excitation lasers
and their light refraction and fluorescent emission is collected in the different channels. FSC: Forward
scatter, SSC: Side scatter, FL1-FL3: representation of fluorescence collection channels.

As mentioned earlier, there was a difference in subpopulations depending on if the
gene expression was from a multi-copy plasmid or from a single-copy genome
integration. The two proteases BdpK and IdeS as well as the GFP control resulted
in high fluorescence levels when produced in the plasmid-based strains. However,
only about half of the cells produced GFP that reached fluorescence levels above
the autofluorescence levels (Figure 4.5) (Paper II). The GFP positive population of
the plasmid-based strains resulted in higher fluorescence levels compared to the
integration-based strains. When looking at the whole cell population, the
integration-based strains resulted in higher mean fluorescence intensities (MFI)
compared to the plasmid-based strains. For protein production purposes, it is
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important that all cells in the population produce the protein of interest in a desired

amount.
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Figure 4.5: Flow cytometry analysis of yeast strains carrying genes for different bacterial proteases
fused with GFP. Each dot represents a cell, and the distribution is plotted along with the histograms,
showing the fluorescent intensity in the channels FL1-H (GFP) and FL3-H (PI). Q1: intact GFP + cells,
where plus (+) means GFP positive, i.e., fluorescence above autofluorescence. Q2: permeable GFP +
cells. Q3: permeable GFP - cells, where minus (-) means GFP negative cells, i.e., fluorescence at or
below autofluorescence. Q4: intact GFP- cells. The green color corresponds to the multi-copy plasmid-
based strains, and the blue color corresponds to the single-copy integrated strains. Samples taken 6 h
after induction are shown. The samples shown are representative of three biological replicates.

A) BdpK-GFP B) IdeS-GFP. C) SpeB-GFP. D) GFP control strains. Adapted from Paper II.
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Signal peptides for protein localization

Signal peptides can be used to direct recombinant proteins to specific cellular
compartments in eukaryotic cells or to facilitate secretion (Owji et al., 2018).
Organelle-specific localization may be necessary for proper PTMs, such as
glycosylation in the Golgi apparatus or disulfide bond formation in the endoplasmic
reticulum (Kapp et al., 2009). Secretion of recombinant proteins is a common
approach that can simplify downstream processing and purification, as it reduces
the complexity of cell lysis and minimizes contamination from intracellular
components (Owji et al., 2018). Additionally, compartmentalization can reduce
cytotoxicity associated with certain proteins, for example by targeting enzymes to
the peroxisome or vacuole (Sibirny, 2016; Weis et al., 2013). Expression of a broad-
spectrum protease in yeast was found to have a significant negative impact on cell
growth and fitness (Paper II). It has previously been found that organelle
compartmentalization could circumvent toxicity of recombinant proteins (Bar-Peled
& Kory, 2022; Yin et al., 2024).

Therefore, 1 explored peroxisomal localization of the protease-GFP fusions as a
means to protect the cells from the proteolytic activity. A previous study showed an
improvement in growth and product titer by compartmentalization of a toxic
enzyme, norcoclaurine synthase, into the peroxisome of S. cerevisiae (Grewal et al.,
2021). Heterologous proteins can be targeted to the peroxisome by the addition of a
small signal peptide (peroxisomal targeting signal type 1, PTS1) to the C terminus
of the protein of interest (Subramani, 1992). To obtain peroxisomal localization, I
added the enhanced PTS1 (ePTS1) to the C terminus to generate BdpK-GFP-ePTS1
and IdeS-GFP-ePTS1. The N-terminal region of the peroxisomal membrane protein
Pex22 fused to a Red Fluorescent Protein (RFP, mRuby?2) was co-expressed as a
fluorescent peroxisomal marker (Halbach et al., 2009). Localization of the protease
fusions was verified through fluorescence microscopy (Figure 4.6). For IdeS, the
fused protein was localized to the peroxisome as the RFP and GFP signals
overlapped in the merged image. For BdpK, some of the protein was localized to
the peroxisome. However, GFP signals not overlapping with the RFP signal were
seen and may have emerged from the formation of inclusion bodies. This could
explain the high GFP signals observed by flow cytometry, and the lack of fitness
reduction and protease activity seen in Paper II. These results demonstrate that
peroxisomal localization of proteases is feasible. However, further experiments are
needed to confirm any protective effect, as well as to evaluate compartmentalization
of SpeB, which imposed the greatest burden on the yeast cells.
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Figure 4.6: Fluorescence microscopy and phase contrast imaging for verification of peroxisomal
localization. Results for IdeS are shown at the top row and for BdpK at the bottom row. Purple clusters
in the first column indicate peroxisomal localization of the peroxisomal protein Pex22 fused to the red
fluorescent protein (RFP) mRuby2, used as a control. Green clusters in the second column indicate
presence of GFP-protease-ePTS1 fusions. The overlap of green and purple clusters in the fourth
column indicates peroxisomal localization of the GFP-protease-ePTS1 fusion proteins.

Fusion tags for downstream purification

Fusion tags are important for effective downstream processing and purification of
the produced protein (Serensen & Mortensen, 2005; Yuan et al., 2025). Fusion tags
such as poly-histidine (His) tags and Glutathione-S-Transferase (GST) tags are
examples of affinity tags, used in protein purification (Arakawa & Akuta, 2025).
His-tags usually consist of six to fourteen consecutive histidine residues at either
terminus of the protein. Due to their small size, they can often remain fused with the
target protein without interfering with its activity, intended application and
biological function (Block et al., 2009; Charlton & Zachariou, 2008). Their terminal
placement enhances accessibility for binding to immobilized metal ions during
purification (Bornhorst & Falke, 2000). In contrast, GST is a large protein, and the
fusion is frequently removed post-purification using site-specific proteases such as
TEV protease (Graslund et al., 2008; Yuan et al., 2025).

Before protein purification using affinity tags, the protein needs to be accessible.
Both sonication and detergent-based lysis were evaluated for cell lysis to obtain the
recombinantly produced DNA polymerases (Paper III). Sonication was, however,
important both to lyse the cells and to shear the E. coli DNA. Fragmentation of the
genomic DNA was necessary to obtain a manageable liquid cell lysate for
downstream protein purification, as the intact genomic DNA formed a highly
viscous, gel-like structure that was not possible to pellet by centrifugation and would
interfere with purification.
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In Paper III, His-tagged recombinant DNA polymerases were purified using
Immobilized Metal ion Affinity Chromatography (IMAC) with gravity flow (Figure
4.7). This method relies on nickel ions (Ni**) bound to a chelating resin, such as
nitrilotriacetic acid (NTA), which interacts with the His-tag via coordination bonds
(Bornhorst & Falke, 2000; Porath, 1992). Upon loading the lysate, His-tagged
proteins bind to the resin while unbound proteins are washed away. In Paper III,
additional washing steps were added to reduce DNA contamination in the
polymerase fraction. Elution was performed using imidazole, which competes with
histidine residues for nickel binding, thereby releasing the target protein (Bornhorst
& Falke, 2000).

The relatively simple purification method using IMAC with gravity flow was
chosen in Paper III to develop a resource-efficient protocol for DNA polymerase
production to be applied under constrained conditions, using only readily available
laboratory reagents. Residual DNA in the final polymerase preparation can interfere
with the intended applications and limit its usability. Assays involving bacteria and
especially E. coli detection are limited by the presence of host cell DNA in the
polymerase preparation. Unspecific product formation between the background
DNA and primers or if shorter fragments of the residual DNA act as primers,
complementary to longer parts of the background DNA, product formation can
occur. If formation of unspecific products occurs and the length in base pairs (bp)
or GC-content matches the intended product, the assay could result in false positives
or masking the true products if the melt curves are similar. The additional washing
steps added while the His-tagged DNA polymerase was bound to the column
decreased the DNA concentration in the final polymerase preparation (Paper III).
Another strategy to minimize DNA content in the final polymerase preparations is
the addition of DNase, however, it needs to be efficiently removed as even traces of
DNase in the final preparation may interfere with the target DNA in PCR. Efficient
removal of DNases typically requires more advanced chromatography-based
purification systems that separate the DNase from the DNA polymerase based on
their molecular size, such as Fast Procedure Liquid Chromatography System
(FPLC) coupled with size exclusion chromatography (SEC). Heat sensitive DNases
are available but they are not compatible with large-scale production and reaction
setups used for polymerase production due to their the high cost. As the protocol in
Paper I1I was developed to require limited materials and readily available reagents,
with the goal of supporting preparedness in the event of supply shortages, DNase
and more advanced chromatography-based protein purification setups were
excluded.
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Figure 4.7: Schematic overview of the workflow of Immobilized Metal ion Affinity Chromatography
(IMAC) with gravity flow for protein purification.

Ultimately, the choice of production host, expression system and vector or
integration depends on the protein to be produced, required modifications,
downstream applications, and production scale.
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Chapter 5
DNA polymerase characteristics and
PCR errors

DNA polymerase characteristics can impact the amplicon yield and polymerization
errors formed in PCR assays. Errors introduced during amplification, such as base
substitutions, insertions, deletions, or stutter artefacts can compromise the reliability
of downstream analyses, leading to false-positive results, misinterpretation of
genetic variations or incorrect allele calls in STR profiling (Cline et al., 1996; Hauge
& Litt, 1993; Kebschull & Zador, 2015; Pienaar et al., 2006; Walsh et al., 1996). As
described in Chapter 3, STR profiling with CE is not without limitations. Stutter
artefacts may make it difficult to correctly call the alleles present in the sample,
especially in crime scene stains containing DNA from multiple donors (Meldgaard
& Morling, 1997). Base substitutions are generally not problematic in CE-based
STR analysis, as the method relies on fragment length rather than sequence.
However, in sequencing assays, base substitution errors become more apparent and
can affect data interpretation. MPS-based STR analysis visualizes artefacts
containing base substitution errors. The increased resolution compared to CE also
leads to better allele discrimination, as sequence variants in both the repeat region
and in the flanking regions are distinguishable (Agudo et al., 2022). Still, base
substitutions and stutter artefacts formed in the PCR-based library preparation prior
to sequencing may have an impact on the results. In Paper IV, six DNA
polymerases with different characteristics were evaluated in terms of amplicon yield
and polymerization errors in sequencing of STRs using SiMSen-Seq and UMlIs. The
use of STR markers enabled simultaneous investigation of random single-base
substitutions and systematic stutter artefacts.

Amplicon yield

In a forensic or clinical context, an optimal limit of detection is crucial. It is therefore
important to apply DNA polymerases that give both a high product yield and a
minimum of errors. The amplicon yield is generally higher when using a Tag
polymerase compared to a Pfi polymerase, which is one of the reasons why these
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two enzymes often are combined in PCR (Ishino & Ishino, 2014). Blending the
polymerases takes advantage of the higher yield of Tag polymerase and the superior
fidelity of Pfir polymerase (Arezi et al., 2003). There is sometimes a trade-off
between yield and specificity when optimizing PCR assays, as measures to increase
specificity, e.g. raising the annealing temperature for more stringent primer binding,
may reduce the overall yield. Amplicon yield is often high when using commercial
DNA polymerases under ideal conditions, such as high template DNA
concentrations, high quality samples, and optimized mastermix compositions. These
favorable conditions, however, may not accurately represent the complexity of
forensic or clinical samples. The presence of PCR inhibitors from the samples or
the sample processing (Sidstedt et al., 2020; Sidstedt et al., 2019) as well as other
challenging amplification conditions, such as the barcoding PCR in SiMSen-Seq,
can significantly decrease the amplification efficiency depending on the applied
DNA polymerase (Paper IV). Under these circumstances, DNA polymerase
performance can vary greatly, making it important to select a polymerase that is
tolerant to a wide range of conditions.

Two of the six evaluated DNA polymerases in barcoding PCR, SuperFi II (fidelity
>300X vs. Tag) and Phusion HS II (52X vs. Tagq), resulted in high STR amplicon
yields when applied in the barcoding PCR (see Figure 2 A and B in Paper IV).
These are enzymes with similar characteristics, such as a 3° to 5’ exonuclease
domain that provides high fidelity and a DNA-binding domain that increases the
processivity. The low concentration of DNA polymerase and primers used in the
barcoding PCR, in combination with large genomic DNA molecules serving as
template and the few cycles applied sets high demands on the DNA polymerase
performance. In the experimental setup, SuperFi II and Phusion HS II performed
well in the barcoding PCR, resulting in large amounts of short product STR
amplicons labelled with UMIs.

The other DNA polymerases AccuPrime Pfx (26X vs. Taq), AccuPrime Tag HF and
ExTaq HS (9X and 4.5X vs. Taq respectively), and Immolase, a novel family A
DNA polymerase variant from an undisclosed organism, resulted in low STR
amplicon yields when applied in the barcoding PCR. This indicates the importance
of the DNA-binding domain or high fidelity on the product formation in the initial
PCR cycles. However, when the same polymerases were applied in the adaptor
PCR, less variation between the polymerases was observed, both in terms of raw
read counts and STR amplicon yield (see Figure 2 E and F in Paper IV). The short
product STR amplicons from the barcoding PCR act as template molecules in the
adaptor PCR and this, together with the less challenging PCR conditions with higher
concentrations of polymerase and primers and 27 PCR cycles, seemed to even out
some of the differences between the polymerases. Thus, high fidelity and
processivity did not have a substantial positive effect on the yield of STR amplicons
in adaptor PCR.
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Single-base substitutions

Single-base substitution errors arise from incorrect nucleotide incorporation that is
not corrected by proofreading and subsequently propagates through successive PCR
cycles. These errors are random and are generally more common for polymerases
without a 3’ to 5° exonuclease domain (Eckert & Kunkel, 1991). The polymerase
fidelity varies significantly between enzymes. For example, Tag DNA polymerase,
which lacks 3’ to 5° exonuclease activity, introduces incorrect nucleotides more
frequently than Pyrococcus-based DNA polymerases. SuperFi Il and Phusion HS II
are Pfu-based polymerases, that exhibit proofreading capabilities and have DNA-
binding domains, that reduce base substitution errors (Cline et al., 1996; Coulther et
al., 2019).

In the barcoding PCR, the proportion of base substitutions (referred to as “other
errors” in Figure 5.1) was significantly lower after consensus read generation
(reflecting the sequences generated in the barcode PCR) when using the high fidelity
polymerases SuperFi II and Phusion HS II, compared to AccuPrime 7aq HF and
Immolase (Paper IV). Both AccuPrime 7Tag HF and Immolase have lower fidelity
compared to SuperFi II and Phusion HS II and resulted in proportions of other
errors, mainly base substitutions, around 2% after consensus read generation (Figure
5.1 B). This was between 3.1 and 7.6 times higher than SuperFi II and Phusion HS
II. The proofreading of AccuPrime 7ag HF is performed by a separate proofreading
enzyme. This provided less efficient correction than 3’ to 5’ exonuclease domains
within the polymerases themselves. Immolase lacks proofreading activity
altogether, why more base substitution errors were expected for this enzyme.

When different enzymes were applied in the adaptor PCR, AccuPrime Pfx resulted
in a higher proportion of overall errors, including stutters, compared to the other
polymerases. The percentage of base substitutions was also higher, although the
fidelity of AccuPrime Pfx is higher than three of the enzymes displaying lower
proportions of base substitutions (Figure 5.1 C). The more even results between the
different polymerases applied in the adaptor PCR, after consensus read generation,
both in terms of single-base substitutions and stutter artefacts, shows the importance
of correct and efficient amplification in the initial PCR cycles (Figure 5.1 D). The
generation of consensus reads reduced the proportion of incorrect sequences
substantially, highlighting how UMIs can be used to lower the incidence of random
base-substitutions as well as systematic stutter artefacts bioinformatically.
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Figure 5.1: Error proportions in barcode PCR (A and B) and adaptor PCR (C and D) for STR reads (A
and C), and consensus reads (B and D). Errors are categorized into n-1 stutters (left, no pattern), n+1
stutters (middle, crossed pattern), and other errors such as base substitutions and rare stutter variants
(right, striped pattern). The circles and crosses represent individual samples, where the circles are
sequenced at Laboratory A and the crosses sequenced at Laboratory B. The different colors represent
different DNA samples as input DNA. SuperFi Il was used in the barcoding PCR when studying the
effects of different DNA polymerases on adaptor PCR, and vice versa. In A and B n=24 for SuperFi Il
Phusion HS Il and AccuPrime Taq HF and n=12 for Immolase. In C and D n=24 for SuperFi I, Phusion
HS Il, AccuPrime Taq HF, ExTaq HS and Immolase and n=12 for AccuPrime Pfx. From Paper IV.

Stutter artefacts

The systematic nature of stutter formation makes it possible to remove them by
applying thresholds at a certain percentage of the parental allele, i.e., number of
reads in sequencing or fluorescence peak heights in CE. Such thresholds filter out
the most common stutters, i.e., n-1 and n+1 variants. This works well in forensic
analysis of single-source samples but comes with the risk of removing any true
alleles that are present at low ratios such as in crime scene stains with DNA from
multiple donors or cancer variants in clinical diagnostics. Efforts have been made
to reduce the amounts of stutters, either by adapting the DNA polymerase or the
thermal cycling program (Courtney et al., 2024; Loh et al., 2024), by removing them
bioinformatically post analysis (Sidstedt et al., 2024; Woerner et al., 2021), or by
removing the PCR step (Fungtammasan et al., 2015).

Different DNA polymerases yield varying stutter ratios, although the relationship
between stutter formation and factors such as fidelity has remained unclear
(Yamanoi et al., 2021). In a previous study, SuperFi, a high-fidelity, Pyrococcus-
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like family B DNA polymerase with a DNA-binding domain, outperformed two
other high-fidelity polymerases, while a Tag-based polymerase with much lower
fidelity produced nearly identical stutter levels as SuperFi (Yamanoi et al., 2021).
Research has shown that high concentrations of E. coli SSB can reduce slippage
during amplification (Viguera et al., 2001). Additionally, biologically compatible
solutes like betaine or sorbitol have been found to reduce stutter artefacts in mono-
to penta-nucleotide repeats when used as PCR additives. These effects were
observed across polymerases from various sources, including 7aq and Pfu (Coticone
& Bloch, 2014). The potential connection between stutter formation and the
processivity of thermostable DNA polymerases used for amplification of STR
markers is not fully elucidated. A Taq polymerase fused with the bacteriophage T7
thioredoxin binding domain and the thioredoxin protein resulted in a conformational
change that substantially reduced stutter formation (Courtney et al., 2024). This
suggests that enhanced processivity may help minimize stutters. Maintaining
thioredoxin in its reduced state using DTT was needed to minimize stutters. The
processivity of the bacteriophage T7 polymerase is an effect of a conformational
change following binding of thioredoxin to the thioredoxin binding domain, as it,
unlike other polymerases lacks a protein clamp to enable processive polymerization
(Davidson et al., 2003; Lovett, 2007). Apart from processivity, strand-displacement
activity has also been implicated in reducing stutter levels, as demonstrated by 7/i
DNA polymerase, which exhibits inducible strand-displacement (Viguera et al.,
2001).

In Paper IV, a total of 12 different single-source DNA samples with published or
known STR profiles were used for sequencing of STR markers. Since the profiles
were known, this allowed for differentiation between true allele variants and PCR-
introduced artefacts. Systematic stutter artefacts were observed across all DNA
polymerases, including incorrect consensus reads and erroneous sequences within
UMI families that resulted in correct consensus reads (Figure 5.1). Phusion HS II
resulted in the lowest proportion of stutters. The increased processivity through a
DNA-binding domain as well as high fidelity through the 3’ to 5’ exonuclease
domain seemed to influence the amplicon yield. Polymerases lacking 3’ to 5’
exonuclease activity or DNA-binding domains gave similar or lower stutter levels
compared to SuperFi II. Thus, no clear relationship between these characteristics
and stutter formation were seen.
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Performance of in-house produced DNA polymerases in
SiMSen-Seq library preparation

In Paper III, the in-house produced DNA polymerases were applied in library
preparation for subsequent sequencing of STR markers using the SiMSen-Seq STR
method (Sidstedt et al., 2024). SuperFi II was used in the barcoding PCR and in-
house produced polymerases in the adaptor PCR. The overall performance of the
polymerase variants was consistent and comparable to each other and the mean
proportion of STR reads were above 40%. Before consensus read generation, the
mean proportions of n-1 stutter ranged from 6% to 7.5%. Other errors, including
n+1 stutters, base substitutions and more complex stutter variants ranged from 5.5%
to 6.5%. These levels are comparable to or even a bit lower than the error rates for
the commercial polymerases (Figure 5.1 C). Super Fi II was used in the barcoding
PCR when evaluating both the commercial polymerases and the in-house enzymes
in adaptor PCR. After consensus read generation, the proportion of n-1 stutters was
around 2% and other errors around 0.5%, reflecting the performance of SuperFi II
in the early PCR cycles and again similar to the results of the commercial enzymes
(Figure 5.2 D). A higher amount of genomic template DNA (20 ng) was used for
the in-house synthesized DNA polymerases compared to the commercial ones (1
ng), leading to more amplicons from the barcoding PCR acting as template
molecules in the adaptor PCR. However, two samples where 1 ng input DNA was
used were sequenced successfully, one for Pfir polymerase and one for Pfu-Sso7d
polymerase, showing that the in-house polymerases are compatible with lower
amounts of template DNA in the barcoding PCR. Further optimization would be
required to obtain similar performance as the commercial DNA polymerases in the
terms of amplicon yield. Some long unwanted products were seen when the
produced polymerases were used, which was not the case for SuperFi Il (see Figure
5 in Paper III). This could be due to the residual E. coli DNA in the polymerase
preparations, possibly generating PCR products through unspecific binding of STR
primers or by short E. coli DNA fragments acting as primers themselves. Still, more
than 40% of the reads were recognized as STRs, which is comparable to several
commercial DNA polymerases (Paper IV). Thus, the E. coli DNA seemed to have
a limited negative effect on the performance of the assay. However, the residual
DNA may cause larger problems if the in-house polymerases are to be used in the
barcoding PCR.
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Chapter 6
Conclusions

In this thesis, I have focused on recombinant production of proteases and DNA
polymerases as well as their biotechnological applications. My work spanned from
introduction of heterologous genes in S. cerevisiae and E. coli and development of
protocols for recombinant protein production with limited resources to assessing
how the host organism is affected by the recombinant enzymes as well as evaluation
of DNA polymerase performance in applications ranging from conventional PCR to
library preparation for sequencing of STR markers. The impact of DNA
polymerases with varying properties on amplicon yield and PCR error formation,
both random base-substitutions and systematic stutter artefacts, was investigated in
the context of STR analysis. The main conclusions are summarized below.

o The yeast S. cerevisiae can be used to produce microbial proteases with
specific substrate scopes, such as IdeS. The broad-spectrum protease BdpK
was produced in the yeast and resulted in high fluorescence levels when
fused to GFP, although the probable formation of inclusion bodies suggests
challenges in proper protein folding or solubility.

e Production of the protease SpeB was found to pose an extreme burden on
S. cerevisiae cells, affecting both growth and viability negatively. The
negative effect was likely due to the broad substrate scope of SpeB.

e GFP fusions combined with PI staining and FCM analysis provide a
powerful method to monitor both protein production and physiological
effects on the host cell without the need for cell lysis and protein
purification. This can be used for optimization of the protein production
process, to follow the induction over time and to track subpopulations that
do not produce the desired protein.

e I developed a resource-efficient protocol that enables the production of Taq,
Taqg-Sso7d, Pfu and Pfu-Sso7d DNA polymerases in-house using readily
available laboratory materials and reagents. This protocol can be employed
in case of supply chain disruptions with limited access to specialized
equipment. Large quantities of active polymerase were produced. Enough
Taq polymerase to perform 90 000 PCR reactions were obtained from a
200 mL cell culture. These polymerases are suitable for a range of PCR-
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based applications, from conventional amplification to qPCR and library
preparation for sequencing. The performance was comparable across the
different in-house produced polymerases, supporting a robust production
method.

e The production pipeline was improved to minimize residual DNA in the
polymerase preparations. Residual E. coli DNA in polymerase preparations
can interfere with downstream assays, leading to nonspecific amplification
products. Preparations of 7ag-Sso7d and Pfu-Sso7d polymerases contained
more residual DNA, likely due to the DNA-binding domain retaining DNA
during the protein purification process. Addressing this is crucial for
improving assay specificity and reliability.

e Polymerase characteristics affect the amplicon yield and formation of PCR
errors, both random single-base substitutions and systematic stutter
artefacts. Through the usage of UMIs and SiMSen-Seq, it was possible to
study the first few PCR cycles where genomic DNA is the main template
as well as the later cycles where short STR amplicons are the primary
template. Polymerases with high fidelity through a 3* to 5’ exonuclease
domain and increased processivity through a DNA-binding domain
produced high STR amplicon yields and low levels of base substitutions
when applied in the initial PCR cycles. These characteristics are important
in the first few cycles to maximize yield and minimize errors.

e Systematic stutter artefacts were seen among all polymerases applied,
regardless of their characteristics. Phusion HS II resulted in the lowest
proportion of stutter artefacts, while SuperFi II resulted in the highest,
despite their similar characteristics. 7Tag-based polymerases generated
lower proportions of stutter artefacts compared to SuperFi II and no clear
correlation between proportion of stutters and polymerase characteristics
such as fidelity and processivity was seen.

Overall, this thesis demonstrates the versatility and challenges of using S. cerevisiae
as a host organism for microbial protease production, highlighting both successful
production as well as cellular stress response. The observed burden from proteolytic
activity, particularly with SpeB, shows the need for targeted localization or secretion
strategies to mitigate intracellular damage. The development of a simplified
protocol for in-house DNA polymerase production offers a cost-effective and robust
alternative in case of supply shortage for various PCR applications. However,
residual E. coli DNA in the polymerase preparations presents a hurdle to assay
specificity. Finally, the study shows that polymerase characteristics are important
for accuracy in amplification of repetitive sequences, such as STR markers.
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These results provide a foundation for future efforts in optimizing host organism
systems, enzyme production, and a deeper understanding of stutter formation in
early and late PCR cycles for both research, diagnostic and forensic applications.
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Chapter 7
Outlook

This thesis has addressed key aspects of recombinant production of microbial DNA
polymerases and proteases for molecular applications, and this chapter highlights
unresolved questions and challenges for further investigation. Future research
directions and remaining challenges are summarized below.

Recombinant protease production in S. cerevisiae

When a plasmid-based system was used for production of proteases in S. cerevisiae,
a large subpopulation of non-producing cells was observed. In contrast, this was not
observed when an integration-based system was used, where only a small
subpopulation of non-producing cells was present. The GFP positive sub-population
of the plasmid-based cells reached higher fluorescence intensities, likely due to the
increased gene copy number. However, the cells grew at a lower growth rate
compared to the integration-based strains. The gene copy number is generally
associated with protein concentration but the relationship is not always linear. A
strategy to reach higher protein concentrations, and benefit from production of the
whole cell population and higher growth rate could therefore be to integrate several
copies of the protease gene into the genome of S. cerevisiae. This could be done
with CRISPR/Cas9 where several gene copies can be integrated into the genome at
the same time. Due to the highly efficient HDR in S. cerevisiae, too many copies
with identical sequences can lead to genetic instability, and experiments to find an
optimal number of gene copies for high protein production and maintaining genetic
stability would be necessary.

Strategies to mitigate the toxic effect include targeting proteases to specific
organelles. Compartmentalization of the produced proteases may be used to protect
the cells from the proteolytic activity of the proteases with a broad substrate
spectrum. Localization of the proteases to the peroxisome was successful, however
more work is needed to confirm if the cells are protected from the proteolytic
activity, as well as the effect of compartmentalization of SpeB that posed an extreme
burden on the yeast cells. Other organelles, like the vacuole, where the native
proteases of S. cerevisiae are located, or secretion of the produced proteases could
also be investigated as a strategy to protect the host cells and produce high amounts
of recombinant proteases.
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When pure BdpK was incubated with crude cell extract, degradation of large parts
of the proteome was observed, while no negative physiological effects were seen on
the strains producing BdpK, suggesting that inactive protease was produced. In the
fluorescence microscopy pictures, aggregations of GFP that could be inclusion
bodies were seen, which would explain why no activity was measured and no
negative effect on the host cells were seen. Further experiments are needed to
confirm this also, if inclusion bodies are formed, that could possibly be used as a
production strategy to produce large quantities of pure protein. The inclusion bodies
may be purified from cell lysate and later refolded into solubilized functional
proteins.

GALIp is anative tightly regulated promoter. However, the severe impact on growth
on the cells harboring the speB gene, even before induction, suggests that some basal
transcription occurs prior to induction, although under the limit of detection with
GFP and FCM. Due to this drastic effect, likely caused by trace levels of SpeB, this
protease could potentially be used as a sensitive indicator of basal transcription from
promoters before induction. This could then be used as a tool to identify and develop
promoters with tight regulations or repressors to turn off transcription.

Another approach to avoid the protein formation before induction could be to
change to another inducible synthetic promoter with an insulator that regulates the
promoter even tighter and prevents leakiness. There are several available synthetic
promoters, where unintended basal expression has been minimized by an insulator
sequence upstream of the TATA-box (Tominaga et al., 2024). This could potentially
be used in combination with compartmentalization or secretion for production of
cytotoxic proteins like SpeB.

Alternatively, if the strategies presented above do not improve protease production,
other host organisms like K. phaffii or B. subtilis could be investigated due to their
efficient secretion systems.

DNA polymerase production, characterization and PCR noise levels

Sonication was used to lyse the cells and to fragment the E. coli DNA. The
fragmentation was necessary to obtain a liquid for further protein purification as the
DNA formed a gel-like, highly viscous clump too thick to handle in the
centrifugation and purification steps. Different sonication protocols may fragment
the DNA to varying degrees. There may be an optimal level of fragmentation that
minimizes background E. coli DNA carried over with the polymerase during
purification, resulting in less DNA in the final polymerase preparation. The
additional washing steps added while the polymerase was bound to the IMAC
column decreased the DNA concentrations in the final preparations and it is possible
that a higher level of DNA degradation could lead to even more DNA being washed
away. An altered sonication protocol would be a simple method to evaluate and
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include if improvements are seen as both sonication and washing are existing steps
in the developed polymerase production protocol.

DNase needs to be efficiently removed as degradation of DNA when added into a
PCR reaction would interfere with the accuracy of the assay. DNases can efficiently
be removed from polymerase preparations through advanced chromatography
systems such as FPLF and SEC based on the differences in molecular size. In this
work, DNase was not used to degrade the host DNA from the polymerase
preparations, however a strategy to evaluate could be the addition of DNase before
protein purification and determination if the DNase efficiently can be removed from
the polymerase while bound to the IMAC column. Would the addition of DNase to
the developed simplified production protocol with efficient removal be possible
without traces of DNase ending up in the final DNA polymerase preparation?

With the higher sequence resolution of the STR markers obtained in Paper IV, the
data could be further evaluated to investigate the single-base substitutions within
the UMI families. Are there certain bases or positions in the amplicons that are more
prone to incorrect nucleotide incorporation and does this differ between the applied
DNA polymerases?

The in-house produced DNA polymerases were used in the adaptor PCR in the
SiMSen-Seq assay. Future studies could use these polymerases in the barcode PCR
of the SiMSen-Seq assay to investigate the differences between the Tag and Pfu
based polymerases with or without the DNA-binding domain Sso7d when it comes
to formation of systematic stutter artefacts and single-base substitutions in the first
few PCR cycles. This would allow for more precise control of the polymerase
characteristics and what roles they play in stutter formation in STR analysis.

A recently engineered polymerase variant from the marine archaea Nanoarchaeum
equitans (Neq), which belongs to family B, includes two point mutations that
increased the fidelity (Neg2X) (Hernandez-Rollan et al., 2024). Fusion with Sso7d
(Neq2X7) enhances the processivity but reduces the fidelity of the polymerase,
indicating a trade-off between fidelity and processivity. Since the relationship
between stutter formation and fidelity is unclear and processivity has been shown to
decrease stutter formation, the Neg polymerase variants could be evaluated in STR
analysis to further investigate the relationship between polymerase characteristics
and stutter formation. The Neg2X7 DNA polymerase was shown to better tolerate
several common PCR inhibitors compared to Neg2X and Pfu-Sso7d polymerases.
For evaluation of polymerase performance in STR analysis, tolerance to inhibitors
found in soil, sediment and blood, commonly found in crime scene samples, would
need to be evaluated as well.

Another interesting recently engineered DNA polymerase is a Tag-based
polymerase, fused with a bacteriophage T7 thioredoxin binding domain and the
polypeptide thioredoxin (Courtney et al., 2024). This fusion resulted in a
conformational change that led to substantially reduced stutter formation. Future
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method development could therefore include the UMI-based 28-plex SiMSen-Seq
prototype in combination with a polymerase that has been shown to produce low
levels of stutter, such as Phusion HS II and the novel engineered variant. Both the
UMI SiMSen-Seq method and the engineered Tag-based polymerase variant have
been shown to substantially reduce stutters and the combination of the two would
therefore be interesting to evaluate and investigate if stutter artefacts could be
eliminated entirely with this approach.
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