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1. Abstract

Bioprocess development has seen significant advancements in recent years, with a strong
emphasis on automation to improve efficiency, productivity and to accelerate research.
This thesis aimed to contribute to this field by developing an automated microcultivation
and analytical workflow for the screening of peroxygenase producing

Komagataella phaffii strains.

The analytical workflow consists of an automated ABTS assay which demonstrated its
robustness and consistency in determining the activity of the target enzyme, providing a
crucial parameter for the screening process. Furthermore, the workflow allowed for au-
tomated measurement of protein concentrations via Bradford assay, aiding in the evalua-
tion of peroxygenase expression levels. The results indicated that the automated assays
were reliable and provided reproducible data. The target enzyme, peroxygenase, is regu-
lated by a PDF promotor which is repressed in the presence of carbon sources such as
glycerol or glucose. Hence, methanol is used to provide carbon for the protein biosynthe-
sis of POX by taking advantage of the methanol utilization pathway and the PDF promo-
tor of the engineered Komagataella phaffii strain. However, challenges were encountered
in the production of peroxygenases in BioLector® microcultivations, requiring further in-

vestigation.

The aim of the overlying EnzyPol project is to apply peroxygenase as a substitute for
cobalt in curing of unsaturated polyester resins as a more sustainable, environmentally

friendly and renewable alternative.

This work contributes to the ongoing efforts in bioprocess development and demonstrates
the benefits of lab-scale automation. By successfully developing an automated workflow
for analysing POX activity, this thesis lays the foundation for high-throughput screening

of POX producing Komagataella phaffii strains and optimal process parameters.
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2. Introduction

In recent years the growing demand of novel biotechnological products, such as biophar-
maceuticals, vaccines, and enzymes led to an increasing importance of robust and fast
bioprocess development 2. Numerous steps including cell line development, optimiza-
tion of media components and fermentation conditions as well as choosing the ideal
downstream processing methods are involved in the development of such processes. To
reduce the time-consuming and labour-intensive nature of bioprocess development, many
steps can be automated while also improving the efficiency, accuracy, and reproducibil-
ity. This results in faster development times, reduced costs, and higher product yields.
Automation refers to the use of advanced technologies such as robotics, high-throughput
screening, and artificial intelligence, which help to streamline and optimize bioprocess
development workflows, allowing researchers to quickly identify the optimal conditions
for cell growth, product yield and efficacy 7. As demonstrated in Figure 1, small-scale
cultivation and lab automation increase process insight and control while still maintaining

a high experimental throughput in contrast to conventional bioprocess development .

J‘ — ||

Small-scale cultivation and lab automation

A

\i...

Conventional bioprocess development

Process insight and control

Experimental throughput

Figure 1: Small-scale cultivation and lab automation allow high process insight and control while main-
taining relatively high experimental throughput compared to conventional bioprocess development. (Based

on Hemmerich et al. (2018))



HAW
HAMBURG

The objective of this thesis is to develop and validate an automated screening workflow
including parallel microscale cultivation, protein quantification and determination of en-
zymatic activity. To set this workflow up, fungal peroxygenases were selected as the tar-
get protein produced by Komagataella phaffii (formerly classified as Pichia pastoris) as

the model organism.

In the following chapters, the overlying EnzyPol project will be outlined, then, the organ-
ism Komagataella phaffii and the methanol utilization pathway will be elaborated. Next,
the ABTS assay, which measures enzymatic activity as well as the Bradford assay, which
quantifies the protein concentration will be explained. Afterwards the BioLector® system

will be described and, lastly, the experimental approach is presented.

2.1. EnzyPol Project
EnzyPol is a subproject of the competence center Bio4MatPro, which is part of the Bio-
economy Model Region in the Rhenish Mining Area funded by the Federal Ministry of
Education and Research (BMBF). This subproject aims to discover an industrially appli-

cable, enzymatic alternative to cobalt curing of unsaturated polyester resins ®.

Cobalt curing refers to the process of using cobalt-based compounds as accelerators to
initiate the chemical reaction that cures or hardens composites, such as unsaturated poly-
ester resins used in fiberglass-reinforced plastics. This process involves mixing cobalt
compounds with the resin and then exposing the mixture to air, which triggers the curing
process °. This material is widely used in the construction of vehicles, boats, and wind

turbine rotor blades '°.

However, the use of cobalt comes with numerous downsides like its carcinogenic prop-
erties, its hazardous mining conditions and limited availability !''2. Because cobalt is also
used in lithium-ion batteries for electric vehicles, a significant increase in demand is ex-
pected, leading to a high risk of cobalt shortage by the year 2050 !°. The EnzyPol project
aims to find a substitute catalyst with equivalent performance. Biotechnologically pro-
duced enzymes are a promising alternative to replace cobalt with numerous advantages

such as their renewable and biodegradable characteristics '*. Finding such an alternative
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to cobalt required identifying, testing, and optimizing enzymes based on specific appli-
cation criteria. The project will also focus on developing and optimizing microbial pro-
duction processes for these enzymes and conducting economic evaluations of the substi-

tute material through application testing %.

The BYK-Chemie GmbH, an associate of the EnzyPol project, conducted a proof-of-
concept study, showing that horseradish peroxygenase (HRP) can be used as a substitute
for cobalt in the curing process. However, HRP is only available in very limited amounts
(~1 kg per year) [unpublished data from BYK-Chemie GmbH]. For an industrial scale, it

was decided to produce fungal peroxygenases in Komagataella phaffii.

2.2. Fungal peroxygenase
Fungal peroxygenase (POX) are a class of enzymes found in fungi that are involved in
the degradation of lignocellulosic materials, such as wood and plant biomass. These en-
zymes are oxidoreductases and can catalyse a variety of reactions, including the oxidation
of organic compounds, cleavage of lignin, and the reduction of peroxides. The structure
of fungal peroxygenases consists of a heme-containing active site that is surrounded by
several amino acid residues. These residues play important roles in substrate binding and
catalysis, and their composition varies depending on the POX type. The active site is
capable of binding and activating hydrogen peroxide (H202), which is used as a co-sub-

strate to oxidize organic substrates 317,

The oxidation reaction catalysed by fungal peroxygenases involves the transfer of an ox-
ygen atom from H>O; to the organic substrate, resulting in the formation of an unstable
intermediate that can undergo further reactions to produce a variety of products. This
mechanism is used to trigger the polymerization of a mediator in compound curing. The
exact mechanism of this reaction is not yet fully understood, but it is believed to involve
the formation of a high-valent iron-oxygen intermediate, which can abstract hydrogen

atoms from the organic substrate !>18,

The Komagataella phaffii strain used in this thesis is genetically modified to produce

POX. The expression cassette of POX includes a promoter system engineering approach,
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incorporating a PDF promoter '*2° (a novel variant of the Hansenula polymorpha FMD
promoter 2!). This promoter exhibits repression in the presence of carbon sources such as
glycerol or glucose in the cultivation medium. However, it becomes derepressed once
these carbon sources are depleted and its activity is further enhanced through the addition
of methanol. This regulatory mechanism allows for tight control of gene expression and

ensures that the promoter is active only when needed.

In order for Komagataella phaffii to successfully produce the target enzyme, it is neces-
sary to utilize a carbon source that provides energy for POX production without repress-

ing the PDF promoter. For this reason, the methanol utilization pathway is utilized.

2.3. Komagataella phaffii and the methanol utilization path-
way
Komagataella phaffii (K. phaffii) is a highly popular organism in biotechnology due to
its many advantages and the profound knowledge on industrial and academic cultivation
and scale-up. It is simple to cultivate in inexpensive growth media, features well estab-
lished post-translational modification techniques, has a high secretion capacity, and is
considered safe as it has no known pathogenicity to humans or animals 2>2*, A key aspect
of K. phaffiis popularity lies in the fact, that it is a methylotrophic yeast, inheriting strong
methanol-inducible promotors derived from the methanol utilization (MUT) pathway.
The initial reaction of the MUT pathway starts in the peroxisomes, thus, methylotrophic
yeasts are used in studies regarding peroxisome biosynthesis and function, primarily used
for recombinant protein production. The expression of the alcohol oxidase (AOX) gene,
which encodes the first enzyme of the MUT pathway, is regulated by the alcohol oxidase I
(AOXT) promotor. The promotors activity depends on the type and concentration of car-
bon source in the growth medium. Equally to the PDF promotor, the AOX1 promotor is
repressed in the presence of carbon sources such as glycerol or glucose. In contrast to the
PDF promotor, simple depletion of these carbon sources does not lead to activation of
AOXI1 in order to prevent the synthesis of alcohol oxidase and conserve cellular re-
sources. Only when methanol is present, the AOX1 promotor is activated and the AOX
gene is highly expressed, which leads to high levels of alcohol oxidase activity and effi-
cient methanol utilization 2?42 Thus, a typical cultivation profile for producing a

recombinant protein involves a batch and fed-batch phase with focus on biomass
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accumulation with glycerol or glucose as carbon sources. Hence, a starvation phase fol-
lows in which the remaining carbon source is depleted to derepress the PDF promotor
and start POX production. Thereafter, an adaptation phase can be applied. Here, the pro-
cess conditions are gradually changed from optimal cell growth to optimal protein pro-
duction. Lastly, methanol is introduced to the cell to mediate the yeast to switch to the

MUT pathway 2.

For this thesis, K. phaffii is used to produce POX after depletion of glycerol/glucose in
combination with methanol as carbon source, taking advantage of the MUT pathway.
Because POX is secreted into the cultivation medium, only simple downstream processes

are needed. To evaluate the activity of POX, the ABTS assay was used.

2.4. ABTS Assay — Measuring enzymatic activity
The enzymatic ABTS assay is a common method used to measure the activity of enzymes,
particularly peroxygenases. The assay is based on the oxidation of the ABTS
(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) molecule by hydrogen peroxide
in the presence of the tested enzyme. The oxidized ABTS now becomes a radical mole-
cule, which can be measured photometrical due to its blue-green colour. The colour in-
tensity of the product is directly proportional to the product formation and therefore en-
zymatic activity, measured at a wavelength of 405 — 415 nm. The catalysed reaction can

be seen in Figure 2.
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2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

[ABTS]
Figure 2: Chemical reaction of the ABTS assay. Peroxygenases mediate the oxidation of ABTS when H>O»
is present. ABTS is oxidised to a radical state, which leads to a blue-green product, photometrically meas-
urable at 405-415 nm (see red circle) and 2 H,O. The amount of oxidized ABTS is proportional to the

enzymatic activity.
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2.5. Bradford Assay — Measuring protein quantification
Protein quantification assays are crucial in biochemistry and molecular biology to deter-
mine the protein concentration of a sample. One of the most commonly used methods for
protein quantification is the Bradford assay. The assay principle is based on the binding
of the dye Coomassie Brilliant Blue G-250 to the amino acid residues of proteins. When
the dye binds to the protein, it undergoes a shift in its absorption spectrum from 465 nm
to 595 nm, resulting in a change in colour from brown to blue. The degree of colour
change is directly proportional to the amount of protein that is present in the sample. The
Bradford assay is performed by adding the protein sample to the Coomassie solution and
measuring the absorbance at 595 nm using a photometer after incubation. A standard
curve generated with samples of known protein concentrations allows to quantify the pro-
tein content of a sample of unknown concentration. The Bradford assay is simple, fast,
and relatively insensitive to interfering substances. However, the assay is not specific to
the target enzyme, as the total protein content of a sample is determined. Thus, it can only

be regarded as a rough method for POX quantification.

2.6. BioLector® cultivation system
On one hand, shake flask cultivation is a simple and inexpensive method, providing basic
information about growth and behaviour of microorganisms. However, the simplicity
comes with downsides like inconsistent oxygen transfer and limited on- and at-line ana-
lytics. Lab scale fermentation on the other hand offers a more comprehensive view of the
fermentation process, allowing for better control and monitoring of key variables such as
dissolved oxygen (DO) and pH. However, lab scale fermentation is costly and only ap-

plicable with limited throughput due to intensive hands-on labor 227,

The BioLector® from Beckman Coulter GmbH is a high-throughput microfermentation
system, designed for automated and parallel cultivation and monitoring of microbial cul-
tures. The closed system of the multifermenter allows for oxygen regulation inside the
cultivation chamber. The system operates with a multi-well plate containing up to 48
individual wells, each equipped with non-invasive, online optodes that provide real-time
data on parameters such as DO, pH, and scattered light (backscatter) which is an indicator

for biomass. The technique for online biomass measurement utilizes backscatter signals
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of a specific wavelength to detect particles, including microorganisms, in the cultivation
broth. A wavelength of 620 nm is employed to measure biomass concentration, with
higher backscatter signals indicating higher biomass levels in the respective well. In order
to assure accurate measurement, microtiter plates with transparent well bottoms, non-
transparent base plates, and non-transparent well walls are required. This approach pro-
vides a valuable means of monitoring biomass dynamics throughout the cultivation pro-

t28

cess, offering insights into microbial growth and development “°. A schematic represen-

tation of this can be seen in Figure 3.

Figure 3: Scheme of the measurement device inside of the BioLector® (modified after Samorski et al., 2005)

There are different types of multi-well plates. The shape of the so-called FlowerPlate®
works similarly to baffles in shake flasks and bioreactors, enabling higher shaking fre-
quencies and increasing the gas-liquid mass transfer for a kLa up to 650 h'! %, Another
benefit is the special sealing film which consist of three layers. The bottom layer is a gas
permeable membrane allowing gas transfer between the wells and the cultivation chamber
of the BioLector®. The top layer is a silicone mat with a venting hole for gas exchange
and a slit for each well. Repeated sampling and dosing can be performed trough the slit
since it is self-resealing. The middle layer works as a bonding sheet for the bottom and

top layer. A schematic illustration of the FlowerPlate® is illustrated in Figure 4.

-10 -
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Figure 4: Schematic representation of the FlowerPlate® design from m2p-Labs. (A) On the bottom of each
well are optodes for the DO, the pH-Value and a spot for biomass and fluorescence measurement. (B)
FlowerPlate® design. (C) Sealing film consisting of a gas permeable membrane, a silicone mat, and a
bonding sheet. (Source: https://www m2p-labs.com, last visited: 06.04.2023)

Another plate type is the microfluidic (MF) FlowerPlate®. Here, the wells of the first two
rows of the plate serve as reservoirs for the respective columns below. The purpose of the
reservoir wells can vary and contain i.e., medium for a fed-batch cultivation, acid or base
for pH-control, or an induction solution such as methanol. Membrane valves on the mi-
crofluidic chip are controlled pneumatically, to pump liquids through independent micro-
channels into each cultivation well. Constant, linear, or exponential feeding profiles can

be applied. An illustration of this plate type can be seen in Figure 5.

-11 -



= HAW
“— HAMBURG

90000000
00000000

ccececee | ss8sssss

HELHLHLEHLEEH 22X X223
LA A SA A oA A X S PP E S
CLELEHLEE A A 2 2 421

Figure 5: Schematic representation of the microfluidic FlowerPlate®. (A) Top view of the plate. The first
two rows are reservoirs for the respective column below. (B) Bottom view of the plate. The membrane
valves and the microchannels can be seen. (Source: https://www.m2p-labs.com, last visited: 06.04.2023)

Equally to the regular FlowerPlate®, the MF FlowerPlate® holds the same optodes. Hence,
the addition of reservoir fluid can be triggered by using pH, DO, biomass or cultivation

time set points.

Possible applications for the multifermenter system include strain screening, bioprocess
development and optimization. For this thesis, it is particularly useful for testing different

process conditions.

The BioLector® system is compatible with other laboratory automation systems like the
Freedom EVO® 200 platform from TECAN, allowing for seamless integration into exist-

ing workflows.

2.7. Freedom EVO® 200 platform
The Freedom EVO® 200 platform from TECAN is an advanced robotic system designed
for laboratory automation, including automated liquid handling and sample preparation.
The platform is highly customizable, allowing researchers to tailor the system to their

specific needs and workflows.
The platform used in this work was equipped with a liquid handling (LiHa) arm for pi-

petting, a robotic manipulator (RoMa) arm to move labware such as microtiter plates

(MTP), a centrifuge, and a plate reader. The LiHa arm holds eight steel needles that can

-12 -
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be operated to aspirate or dispense liquids from microtiter plates and throughs located on
different carriers on the deck. Each needle of the LiHa can pipette volumes between 10
and 980 pL. Thus, the LiHa can be used, for example, to pipette assays, harvest superna-
tants, or dilute samples.

The RoMa transports microtiter plates between different carriers on the deck, including
the centrifuge and the plate reader. A picture of the platform setup with BioLector® inte-

gration can be seen in Figure 6.

Figure 6: Picture of the automation platform for the workflow development. The platform contains a Bio-
Lector® multifermenter system (1), a LiHa for pipetting (2), a RoMa to transfer plates (3) a plate reader (4),
a plate carrier for microtiter-, deep well- and BioLector® plates (5) as well as a centrifuge(6).

The Freedom EVO® 200 platform is controlled by the software called Freedom
EVOware® by TECAN. The software is used to create workflow protocols controlling
the respective instruments. Various parameters, such as pipetting volumes of the LiHa or
plate layouts can be defined. This also includes instrument settings like centrifugation

time and speed or the wavelength of the plate reader measurements.

-13-
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2.8. Experimental approach
In the overlying EnzyPol project, one focus is to find optimal cultivation conditions to
produce fungal peroxygenases in K. phaffii with regard to enzymatic activity, productivity
and product yield. To achieve this goal, an automated and robust workflow is required.
The workflow that was developed in this thesis contains a parallel micro-scale cultivation,
protein quantification and enzyme activity assay. The cultivations of the POX-producing
K. phaffii strain were conducted in the BioLector® Pro from Beckman Coulter GmbH.
Here, different methanol induction profiles and methods were applied to identify the op-
timal conditions for inducing POX expression. Additionally, a Bradford protein assay
was performed to determine the total protein concentration. Lastly, an ABTS assay was
conducted to measure the enzyme activity for the respective cultivation conditions. Both

assays were executed on the Freedom EVO® 200 platform from TECAN.

To automate the readout for POX activity, the ABTS assay was initially tested with var-
ious pipetting patterns on the Freedom EVO® 200 platform, with the goal of minimizing
deviation within replicates. The automation also involved sample preparation, including
centrifugation, supernatant harvesting, and sample dilution. Samples were obtained by
cultivating K. phaffii in shake flasks, where POX production was induced using methanol.
The Bradford assay for protein quantification was also automated using the TECAN plat-
form. With accomplished automation of both the ABTS and Bradford assays, the next
step is cultivation of K. phaffii using the BioLector® system. To achieve high cell densi-
ties and good reproducibility, the optimal concentrations of glycerol and glucose were
evaluated. Furthermore, various methanol induction strategies such as (repetitive) pulses

and continuous feeding were studied using the MF FlowerPlates®.

A scheme of the final workflow can be seen in Figure 7.

-14 -
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Figure 7: Schematic representation of the final automated, microcultivation and analytical workflow.
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All devices, consumables and software used in this work can be seen in Table 1, Table 2

and Table 3, respectively. The media and their components are displayed from Table 4 to

Table 16.

3.1. Devices

Table 1: List of devices

Device

Manufacturer

Autoclave FOB5/T2, FVA3/Al
BioLector® Pro

Cleanbench, 1540-V-10

Freedom EVO® 200

Freezer (-20 °C)

Freezer (-80 °C)

Fridge (4 °C), K3130

Incubator Multitron Pro
MilliQ®-System, Omnia Pure System
pH Electrode, S20 seven easy

Photometer, UV1800
Pipettes, research plus
Plate reader Infinite M Nano+

Rotanta 460 robotic centrifuge

Fedegari, Albuzzano, Italy

Beckman Coulter, Brea, CA, USA
Heraeus, Hanau, Germany

Tecan Group Ltd., Ménnedorf, Switzerland
Siemens, Miinchen, Germany

Thermo Fisher Scientific, Waltham, USA
Liebherr, Bulle, Switzerland

Infors, Einsbach, Germany

stakpure GmbH, Niederahr, Germany
Mettler-Toledo International Inc., Colum-
bus, OH, USA

Shimadzu, Reinach, Switzerland
Eppendorf AG, Hamburg, Germany

Tecan Group Ltd., Méannedorf, Switzerland
Hettich GmbH, Tuttlingen, Germany

3.2. Consumables

Table 2: List of consumables

Consumable

Manufacturer

96-well microtiter plate,
f-bottom, black
Cryovials

Cuvettes

Greiner BIO-ONE, Frickenhausen, Germany

Eppendorf AG, Hamburg, Germany

Ratiolab, Dreieich, Germany

-16 -
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Consumable

Manufacturer

Deep Well Plates (1 mL)

Flower Plate®, MTP-48-BOH]1
Flower Plate®, MTP-MF32C-BOH 1
Micro reaction tubes 1.5 mL,

2mL, 5mL

Coomassie (Bradford) Protein Assay
Kit (Cat. No. 23200)

Pipette tips 100-1000 pL

Pipette tips 2-200 uLL

Reactiontube (15 mL, 50 mL)

Sealing Foil for Automation

Serological Pipettes

Silverseal sealer, aluminium foil

Sterile filter, Nalgene® 0.2 uM

Ritter Medical, Schwabmiinchen, Germany
m2p-labs, Baesweiler, Germany
m2p-labs, Baesweiler, Germany

Eppendorf AG, Hamburg, Germany

Thermo Fisher Scientific, Waltham, USA

Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

m2p-labs, Baesweiler, Germany

VWR International GmbH, Langenfeld, Ger-
many

Greiner Bio-One, Frickenhausen, Germany

Thermo Fisher Scientific, Waltham, USA

3.3. Software

Table 3: List of software

Software Manufacturer

BioLection Beckman Coulter, Brea, CA, USA

Freedom EVOware® Tecan Group Ltd., Mannedorf, Switzerland
GraphPad Prism 9 GraphPad Software, Inc., Boston, MA, USA
Python Python Software Foundation, DE, USA
Visual Studio Code Microsoft Corporation, Redmond, WA USA

-17 -
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All used media and their respective compositions are shown in Table 4 to Table 16.

Table 4: YPG Medium composition

Component Stock concentration  Final concentration Volume [mL]
[¢/L] [¢/L]

YP Base 60 30 500

Glycerol 500 20 40

Zeocin 100 0.15 2.5

Add MilliQ to Final Volume of:

1000

Table 5: YP Base composition

Component Mass [g]
Yeast Extract 20
Peptone 40
Add MilliQ to Final Volume of: 1000 mL

Table 6: BMD1 Media composition

Component Stock concentration  Final concentration Vol-
[¢/L] [g/L] ume
[mL]
Potassium Phosphate Buffer B 200
Yeast Nitrogen Base 134 13,4 100
Glucose 200 10 50
Biotin 0,2 0,0004 2.0
Zeocin 100 0.15 2.5
Add MilliQ to Final Volume of: 1000

-18 -
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Table 7: BMM10 Medium composition

Component Stock concentration  Final concentration Vol-
[g/L] [g/L] ume
[mL]
Potassium Phosphate Buffer B 200
Yeast Nitrogen Base 134 13.4 100
Methanol 790 39.5 50
Biotin 0.2 0.0004 2.0
Zeocin 100 0.15 2.5
Add MilliQ to Final Volume of: 1000

Table 8: Potassium Phosphate Buffer A composition

Component Sum Formula Mass [g]
Potassium phosphate dibasic KoHPO4 0.82
Add MilliQ to Final Volume of: 1000 mL

Table 9: Potassium Buffer B composition

Component Sum Formula Mass [g]

Potassium phosphate monobasic KH>PO4 0.82
Adjust to pH 6 with Potassium Phosphate Buffer A

Add MilliQ to Final Volume of: 1000 mL
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Table 10: BSM Medium composition
Component Sum Formula Mass [g]
Citric acid CsHsO7 1.96
Calciumchlorid dihydrat CaClz - 2 H.O 0.02
Ammonium sulfate (NH4)2SO4 12.6
Magnesium sulfate heptahydrate MgSO4 - 7 H2O 0.5
Potassium chloride KCl 0.9
Potassium phosphate monobasic KH2PO4 1.0
Potassium phosphate dibasic KoHPO4 1.0
Biotin 2.0 mL
PTMI1 Trace Salts 4.6 mL
Glycerol or Glucose Depending on desired
concentration
Add MilliQ to Final Volume of: 1000 mL

Table 11: PTMI1 Trace Salts composition

Component Sum Formula Mass [g]
Boric acid H;BOs 0.02
Cobalt(IT) chloride hexahydrate CoCl, - 6 H20 0.82
Sodium iodide Nal 0.08
Sodium molybdate dihydrate NaxMoOs - 2 H20 0.2
Copper(II) sulfate pentahydrate CuSOq4 - 5 H20 6.0
Iron(II) sulfate heptahydrate FeSOs4 - 7 H20 0.025
Manganese(Il) sulfate monohydrate MnSO;4 - H20 3.36
Zinc chloride ZnCL, 20
Sulfuric acid H>SO4 2.717
Add MilliQ to Final Volume of: 1000 mL
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Table 12: BSM Feed Medium composition
Component Sum Formula Mass [g]
Calciumchlorid dihydrat CaCl; - 2 HO 0.35
Magnesium sulfate heptahydrate MgSO4 - 7 H20 6.45
Potassium chloride KCL 10
Glycerol 400
Biotin 6.0 mL
PTMI1 Trace Salts 15 mL
Add MilliQ to Final Volume of: 1000 mL
Table 13: ABTS Assay Solution composition

Component Stock concentration  Final concentration Volume

[mol/L] [mol/L] [mL]
ABTS Stock 0.02 0.001 1
H>0: Solution (3 %) 1.29 0.0005 0.00775
Sodium Citrate Solution ~ 0.21 0.2 19

Table 14: ABTS Stock composition

Component Sum Formula Mass [g]
ABTS 0.55
Sodium acetate C2H3NaO; 0.34
Add MilliQ to Final Volume of: 1000 mL

Table 15: Hydrogen Peroxide Solution composition

Component Volume [mL]
Hydrogen Peroxide (30%) 100
Add MilliQ to Final Volume of: 1000
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Table 16:Sodium Citrate Solution composition

Component Sum Formula Mass [g]
Trisodium citrate NazCeHs507 61.96
Add MilliQ to Final Volume of: 1000 mL

3.5. Cell lines
Two strains of the K. phaffii organism were used in this work. The wild type (WT) and a
genetically modified strain K. phaffii BSYBG11JP-HP pBSY5S1Z POX12 Gl. In the
following, the strains will be referred to as WT and POX12, respectively. The exact mod-
ifications of the POX12 strain were not elaborated, however, the strain inherits a PDF
promotor in its expression cassette. The POX12 strain was provided by the bisy GmbH
(a project partner of the EnzyPol project) and the WT by the Forschungszetrum Jiilich.
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4. Methods
4.1. Cultivation of K. phaffii

This chapter covers all methods concerning the cultivation of K. phaffii in different scales
and systems, as well as POX production and methanol addition. All these operations were
conducted in a sterile environment working in a class II biological safety cabinet. The

working space as well as all devices were cleaned with Bacillol® before and after use.

4.1.1. Strain maintenance
The optical densitysoo (ODsoo) from a pre-culture cultivation (chapter 4.1.2.1) was meas-
ured and the cells were centrifuged at 4000 rpm (2898 g) and 4 °C for 10 min. The cell
pellet was then resuspended in fresh YPG media to an ODgoo of 90. Then 500 pL cell
suspension was mixed with 500 pL of 50 % (v/v) glycerol and stored in cryovials at

- 80 °C.

4.1.2. Shake flask cultivations

4.1.2.1. Pre-culture cultivation
A cryogenic culture of the K. phaffii strain of choice was used to inoculate 50 mL YPG
medium in an unbaffled, 500 mL Erlenmeyer flask. Note that Zeocin was not added to
the YPG media when the WT strain was cultivated. The yeast was cultivated at 250 rpm
and 30 °C for 24-36 h.

4.1.2.2. Main-cultivation and POX expression for
ABTS and Bradford assay

An unbaffled Erlenmeyer flask was prepared with 50 mL BMD1 medium and inoculated
with a starting ODgoonm of 0.1 from a pre-culture (see chapter 4.1). The cells were culti-
vated at 250 rpm and 30 °C for 60 h. To induce POX expression, 5.55 mL of BMM10
medium was added to the shake flask culture and cultivated for 8 h under the same con-
ditions as before. After that, 0.55 mL BMM10 medium was added to the culture in three
consecutive inductions, each spaced 24 h apart. Then, the culture was centrifuged at
4000 rpm (2898 g) and 4 °C for 20 min. Finally, the supernatant was aliquoted and either

analyzed immediately or frozen at -20 °C for later use.
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4.1.3. Cultivation of K. phaffii in the BioLector®
4.1.3.1. Batch cultivation

A respective amount of BSM medium was inoculated with ODgoonm of 0.3 from a pre-
culture (see chapter 4.1.2.1). Note, that BSM media with different C-sources and concen-
trations were used. Hence, 1 mL of inoculated BSM medium was pipetted into the re-
spective wells of a FlowerPlate®. The plate was then covered with a sealing film and

placed in the BioLector®.

The cultivation parameter included the time between measurements with 13 min, a shak-
ing frequency of 1000 rpm, a humidity control of 85 % and the cultivation temperature
of 30 °C. The humidity and temperature were measured in the cultivation chamber. The

cells were cultivated for a total of 72 h.

After the cultivation, the plate was placed onto the dedicated plate carrier of the Freedom

EVO® 200 platform for assay execution.

4.1.3.2. Fed-Batch cultivation
Similar to the batch cultivation, a respective amount of BSM medium was inoculated with
ODegoonm of 0.3 from a pre-culture (see chapter 4.1.2.1). Note, that BSM media with dif-
ferent C-sources and concentrations were used. Afterwards, 800 puL inoculated medium
was transferred into the respective wells in row C - F of a MF FlowerPlate®. Then, the
reservoir wells in row A were filled with 1 mL of BSM feed-media, and row B with 1 mL
of methanol solutions in respective concentrations. After covering the plate with a sealing

film, the plate was put into the BioLector®.

The cultivation parameters remained the same as for batch cultivation (see chapter
4.1.3.1). The start and stop of the reservoir feeds were triggered using time setpoints. The
fed-batch started after 26 h of cultivation and stopped after 42 h. Thereafter a 4 h waiting
phase was implemented to allow the total consumption of glycerol from the BSM feed
medium. Then, the methanol feed started after 46 h of cultivation and continued for 48 h.

Hence, the total cultivation time was 94 h. The cultivation timeline can be seen in Figure
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8. Both feeding profiles were linear. The feeding rate of the BSM feeding medium was
set to 10 puL/h, thus, a total of 160 pL was fed in 16 h into each well. The methanol feed
was 3.5 uL/h for a total fed volume of 168 pL.

Figure 8: Timeline of the fed-batch cultivation of K. phaffii with methanol feed.

After cultivation, the plate was placed onto the dedicated plate carrier of the Freedom

EVO® 200 platform for automated analytical procedures.

4.14. POX expression of K. phaffii during BioLector
cultivation®
4.1.4.1. Methanol induction via manual pipetting
The manual methanol pulses were carried out during batch cultivation of K. phaffii in the

BioLector® (see chapter 4.1.3.1).

First, methanol was diluted to the respective concentration using H>Ogist.. The methanol
solution was pipetted into the dedicated well of the FlowerPlate® by piercing the gas per-
meable membrane through the self-resealing slit of the plate sealing film. A total of seven
pulses with 20 uL each were performed. The pulse time points were 45 h, 47 h,49 h, 51 h
and 53 h as well as 69 h and 71 h.

4.1.4.2. Methanol induction via microfluidic
The POX production and methanol feed via MF was carried out during a fed-batch culti-
vation of K. phaffii in the BioLector® (see chapter 4.1.3.2).

After 46 hours of fed-batch cultivation, the methanol feeding started. With the MF, 3.5 uLL

of the respected methanol feed was added to the cultivation wells for 48 hours, for a total

volume of 168 uL methanol fed in each cultivation well.
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4.2. Analytic of enzyme activity and protein quantification
4.2.1. Bradford assay

The Bradford assay was first conducted manually to assess the rough protein concentra-
tion that can be expected after K. phaffii cultivation and to gain insights for the successive

automation of the assay.

4.2.1.1. Manual Bradford assay execution
The Bradford assay was executed as explained in the Standard Test Tube Protocol of the

Coomassie (Bradford) Protein Assay Kit (Cat. No. 23200) instruction manual.

First, the Albumin (BSA) standards were prepared, as shown in Table 17.

Table 17: Dilution scheme of BSA standards for manual Bradford assay

Vial VDiluent [LL] VBsa source [LL] CBsA_Final [ng/mL]
A 0 300 (Stock) 2000
125 375 (Stock) 1500
C 325 325 (Stock) 1000
D 175 175 (Vial B) 750
E 325 325 (Vial C) 500
F 325 325 (Vial E) 250
G 325 325 (Vial F) 125
H 400 100 (Vial G) 25
I 400 0 0

30 uL of each standard and sample was pipetted into a 2 mL reaction tube. Standards
were applied in duplicates and samples in triplicates. Then, 1.5 mL Coomassie reagent
(equilibrated to room temperature (RT)) was added and the tubes were incubated for 10
minutes at RT. Subsequently, the solutions were decanted into cuvettes and measured
spectrophotometrically at a wavelength of 595 nm.

To correct the data, the average measurement of the blank replicates was subtracted from

all other measurements. Then, a standard curve was created, by plotting the average
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measurements from the BSA standards against their respective concentrations. The pro-

tein concentrations of the unknown samples were then interpolated using Equation 1.

Equation 1: Calculation of protein concentration using the Bradford assay.

Absorptionynkown sample — Dstandard curve

Cunkown sample —

(1)

Mgstandard curve
with:
m = slope

b = y-axis interception

4.2.1.2. Automation of the Braford assay on the
TECAN Freedom EVO® 200 platform

For the automated Bradford assays, the BSA standards were prepared as shown in Table

18.

Table 18: Dilution scheme of BSA standards for automated Bradford assay

Vial VDiluent [LL] VBsa source [LL] CBsA_Final [ng/mL]
A 125 375 (Stock) 1500
400 400 (Stock) 1000
C 192.5 157.5 (Stock) 900
D 210 140 (Stock) 800
E 175 175 (Vial A) 750
F 400 400 (Vial B) 500
G 271.25 78.75 (Stock) 450
H 280 70 (Stock) 400
I 288.75 61.25 (Stock) 350
J 297.5 52.5 (Stock) 300
K 325 325 (Vial F) 250
L 210 140 (Vial F) 200
M 245 105 (Vial F) 150
N 325 325 (Vial K) 125
0) 400 100 (Vial N) 25
P 400 0 0
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In a first step, 800 uL of cell culture was harvested from the 48-Well FlowerPlate®, or
32-Well microfluidic FlowerPlate®, respectively, and pipetted into a 1 mL, 96-well, deep-
well plate (DWP). A tara plate was then pipetted by transferring 800 uL of water into
another 1 mL, 96-well, DWP. Next, both plates were transferred into the centrifuge and
centrifuged for 10 minutes at 4000 rpm (2898 g). Thereafter, the plates were transferred
back and 700 pL of supernatant was pipetted into a new 1 mL 96-well, deep well plate.

To prepare the samples for the assay, 200 uL, 40 uL, and 20 puL of the supernatant was
transferred to a new 1 mL DWPs. Dilution of the samples was achieved by adding 0 pL,
160 pL, or 180 pL of distilled water, respectively, resulting in undiluted, 1:5, and 1:10
diluted samples. Subsequently, 20 uL of these dilutions were transferred to new DWPs
along with 20 pL of BSA standards, which were pipetted into separate wells of the DWP.
The standards and samples were then mixed with 500 uL. of Coomassie solution, and
200 pL of the resulting solution was transferred to a MTP for absorbance measurement

at 595 nm using a plate reader.

4.2.2. ABTS assay
The ABTS assay was once conducted manually to assess the rough enzymatic activity
that can be expected after K. phaffii cultivation and to gain insights for the successive
automation of the assay. Hence, the assay pipetting was automated, and the workflow

was successively optimized.

4.2.2.1. Manual ABTS assay execution

To calculate the volumetric POX activity, Equation 2 is used.

Equation 2: Calculation of enzymatic activity.

AA
(E*Vtot*D)
Vsample*€+d=R

U= 2)

with the variables:
% := Change in absorption per time [min-1]
D := Dilution factor for the sample [-]

U := Units per mL [umol - mL™! - min™']
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and the constants:

Viot == Total assay volume [mL] = 0.2

Vsample = Sample volume [mL] = 0.02

d := Layer thickness [cm] =1

R := Correlation coefficient between photometer and plate reader [-] = 0.998

e := Extinction coefficient at 405 nm [mL - umol™!' - cm™'] =36

4.2.2.2. Automation of the ABTS assay on the TECAN
Freedom EVO® 200 platform

Since optimizing the ABTS assay workflow was one of the key aspects of this thesis,
multiple versions were developed and will be elaborated as relevant. However, the fol-
lowing process was employed for all versions. All steps in this process were carried out
automatically with the help of the robotic system (e.g., LiHa for pipetting and RoMa for

transferring labware).
The supernatant for the ABTS assay was obtained as explained in 4.2.1.2.

To dilute the supernatant, 200 pL of supernatant was pipetted into another | mL DWP
and followed by adding 800 uL of ABTS assay buffer for a 1:5 dilution. Subsequently,
20 uL of the diluted samples were pipetted into a clear 96-well flat-bottomed Greiner
plate. Lastly, 180 uL of ABTS assay solution was added to each sample, and the plate
was placed in the plate reader to measure the kinetic absorption at 405 nm every 15 s.
Total measurement time was first set to 120 min and later reduced to 30 min (see respec-

tive experiment).

4.3. Data evaluation
The ABTS assay and cultivation data was evaluated using the computational environment
Jupyter Notebook, with Python as the programming language. Data evaluation included
loading the raw data, filtering, and visualization. For visualization, the mean value of

replicates is shown as a solid line, and the standard deviation is shown as an aerial range.
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The ABTS assay analysis also included the calculation of the minimal, maximal, and
average enzymatic activity as well as the average of the percentage deviations between

replicates. For evaluation of the Bradford assay, the program GraphPad Prism 8 was used.

5. Results
5.1. Establishment and automation of ABTS assay

The overall goal of the ABTS assay experiments was to evaluate the respective assay
workflow on the Freedom EVO® platform in terms of accuracy and precision. The assay
workflows were then adapted by, e.g., changing the pipetting volumes or layouts, and the

results were analysed to assess the feasibility.

To begin with, the ABTS assay was pipetted manually to obtain data for comparison with
the succeeding automated assay. The samples were obtained at the end of a shake flask
cultivation with POX production and methanol induced MUT pathway (see chapter
4.1.2.2). The samples were diluted 1:5 and 1:50 prior conducting the ABTS assay. 96

technical replicates were measured for each dilution. Results can be seen in Figure 9.

1.5+
1 — 1:50 Dilution

-=— 1:5 Dilution

Absorption [-]
5
1

o
L2y
sz 0 4 4 4 4

o
=)

—Tr—TrTrTr—rTrTr—r—r—
S 10 15

Time [min]

o

Figure 9: Manually conducted ABTS assay with different sample dilutions. Samples were diluted with
ABTS assay buffer. 96 technical replicates were measured for each dilution.

As visible in Figure 9, the 1:5 diluted samples demonstrate a significant and observable
increase in absorption over time. Hence, this dilution was consistently utilized for all

subsequent ABTS assays in the study.
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After the manually conducted assay, a workflow was created on the Freedom EVO® 200
platform for automated execution. This newly created workflow was initially tested to
assess the first automated assay run for possible optimization. Here, samples from a shake
flask cultivation with POX expression were used (see chapter 4.1.2.2). The samples were
manually pipetted into a FlowerPlate® for direct connection to future microcultivation.
Since the assay plate was a 96-well microtiter plate, the layout of the 48-well Flower-
Plate® is pipetted twice into the assay plate. 42 technical replicates of the cell suspension
and six negative controls (no cells, just ABTS buffer and assay solution) were pipetted in
the FlowerPlate®. The general layout and pipetting steps can be seen in Figure 10 and the

results of the assay are displayed in Figure 11.
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48 Well FlowerPlate Layout Sample Dilution Plate Layout (DWP
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E | B E3 H E o1 | D2
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4 800 pL G | R

Centrifugation Plate Layout (DWP! "

J 20 pL + 180 pL ABTS Assay Solution

A Assay Plate Layout (MTP
B Al A2 A3 ! 1 2 3 4 5 6 7 8
c B1 B2 B3 ! A Al c2 Al c2
D c1 c2 c ! B B1 D2 =] B1 D2
E D1 D3 E c c E2 ! c1 E2
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Supernatant after centrifugation Plate Layout (DWP)
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E D1 | D2
F E1 E2
G F1 F2
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Figure 10: Schematic representation of the pipetting layout of the first conducted ABTS assay. The figure shows the initial
layout of the 48-well FlowerPlate® and how it is transferred into the DWP and MTP, respectively. In addition. the pipetted

volumes are shown. Each column of the layout has a different colour to better follow the pipetting scheme.

-32 -



HAW
HAMBURG

Two graphs can be seen in Figure 11 representing the mean values of the samples and the

negative control.

3.5

—— Negative Control
3.04 POX12

Absorption [-]
wn o wn

Iy
[=}

&
W

0.0

0 8 16 24 32 40 48 56 64 72 80 88 96 104 112
Time [min]

Figure 11: Evaluation of the first conducted ABTS assay workflow on the automation platform. The
K. phaffii POX12 strain as well as the negative control can be seen. The POX12 samples were measured as
42 technical replicates, the negative control as 6 technical replicates.

Because the deviation between the replicates was considered unusually high, the data was
plotted as a heatmap to evaluated possible plate effects. Here, the last measured absorb-
ance of each well is shown. Considering the results, the data was plotted again taking the
observed ‘left-right’ plate effect into account by plotting the replicates of the left and right

plate sides as independent graphs. This is shown in Figure 12.
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Figure 12: Visualization of the plate effect of the first automated ABTS assay. Each graph represents 22
technical replicates. (A) The absorption of each well is shown to observe a possible plate effect. The darker
the well, the higher the absolute value of the absorption at the end of the measurement. (B) The replicates

from the left and from the right side of the plate are plotted in separate graphs to better observe the observed
plate effect.

For this first automated assay workflow several pipetting steps were done as multi-dis-
pense steps. Here, a solution is aspirated and then dispensed several times, e.g., when

pipetting 20 pL from the sample dilution plate to the assay plate (see Figure 11). Hence,

-34-



HAW
HAMBURG

40 pL of sample solution was aspirated and then 20 pL were dispensed twice into the

respective wells.

The next assay workflow was adapted to minimize multi-dispense steps where possible.
In addition, more washing steps were added between sampling and pipetting. The same
sample from the last experiment was used. A 96-well MTP was pipetted entirely with this
sample, so 96 technical replicates were created. To determine the enzymatic activity, it
was necessary to establish the timespan in which the absorption over time is linear. For
this purpose, a linear regression analysis was performed, which was fitted to the maxi-
mum number of data points possible while maintaining a coefficient of determination
(R-squared) greater than or equal to 0.99. The results showed that this criterion is satisfied
within the first 8 minutes of measurement. Hence, this condition was used for all calcu-

lations of enzymatic activity. The result of the assay is displayed in Figure 13.
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Figure 13: Result of the second ABTS assay workflow. A total of 44 technical replicates were tested. (A)
The data was divided into the respective plate side to observe if the plate effect is still present. (B) The
results of the whole plate, without separation into left and right plate side can be seen. At t = 8 min, a
perpendicular line was drawn to indicate the endpoint of the time frame used for calculating the enzymatic
activity.

In Figure 13 (A), one can see that there is no “left-right” position effect visible anymore.
For this assay, the mean enzymatic activity Umean and the average percentage deviation
Uavgup of the replicates within the first 8 min of the assay were calculated:

Umean= 0.065 },Lmol/mln and Uavg%D = 4.5 %.
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Thereafter another assay was performed with the purpose to test the sensitivity of the

assay. Thus, the same sample as before was now diluted prior assay execution. Dilution

factors were: undiluted, 1:2, 1:5 and 1:10 with ABTS assay buffer. Note, that all samples

were again diluted 1:5 with ABTS assay buffer during the assay. To cut the overall assay

time, the duration of the measurement was reduced to 30 minutes. The graphs of the assay

measurements are shown in Figure 14, the calculated enzymatic activity can be seen in

Table 19.
1.0
—— 1:10 Dilution
—— 1:5 Dilution
1:2 Dilution
0.8

—— Undiluted

0.6

Absorption [-]

0.2+

0.0

8 10

12 14 16 18 20 22 24 26 28 30
Time [min]

Figure 14: ABTS assay with different sample dilutions. The sample was diluted to analyse the sensitivity
of the assay. Note that the dilution refers to the dilution pre-assay execution and all samples were still
diluted 1:5 with ABTS assay buffer. For each condition, 12 technical replicates were tested.

Table 19: Mean enzymatic activity and average percentage deviation of the ABTS assay with different

sample dilutions.

Dilution Factor

Undiluted 1:2 1:5 1:10
Umean =
. 0.049 0.053 0.051 0.046
[wmol/min]
Uavg%b = 5.6 % 51% 7.5 % 8.9 %
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Figure 14 shows that for the starting absorption at ¢ = 0 min, different diluted samples
show different y-axis interceptions. Hence, for the next assay, modifications were made
to the pipetting layout and measurement procedure. In order to minimize the interval be-
tween pipetting the ABTS assay solution into the sample and obtaining the absorbance
reading, the assay plate was divided into three segments that were measured inde-
pendently. In detail, after transferring 20 pL of sample solution into the assay plate,
180 uL of ABTS assay solution was added into the first of three segments only. This
segment was then analysed first in the plate reader. Afterwards, assay solution was added
to the second segment, and the absorption was measured once again. This process was
then repeated for the last segment of the assay plate. The sample used in this assay was
obtained from a 1 L fed-batch fermentation with methanol induced POX expression. The
sample was provided by my supervisor Christian Wagner, who conducted the fermenta-
tion. A schematic depiction of the plate segments and the measured absorbance graphs

are shown in Figure 15, in Table 20 the enzymatic activity can be seen.
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Figure 15: ABTS assay measurement of segmented assay plate. The measurement procedure of the assay
plate was optimized to reduce the timespan between ABTS assay solution pipetting and measurement. 96
technical replicates were measured. (A) Schematic representation of the plate segment that were pipetted
and measured independently. (B) Mean ABTS assay measurement of each segment.

Table 20: Mean enzymatic activity and average percentage deviation of the ABTS assay of different plate

segments.

Plate Segment

1 2 3
Unean = 0.26 0.28 0.28
[wmol/min]

Ungio= | 1.9% 12 % 1.8 %

-39 -



HAW
HAMBURG

As the deviation of Umean and Uavgb between segments were low (see Table 20), the
robotic platform implementation of the assay was deemed successful. Consequently, all

subsequent ABTS assays were conducted following the same procedure.

5.2. Establishment and automation of Bradford assay
To obtain data for comparison with the subsequent automated assay, a manual Bradford
assay was initially performed using the same sample as in the last ABTS assay (Figure
15). The undiluted sample was measured, as well as 1:2, 1:5, and 1:10 dilutions. The
standards were measured in technical duplicates, while the samples were measured in
technical triplicates. In Table 21 the absorption measurements of the Bradford standards
can be seen. Figure 16 show the corresponding linear regression of those standards and
the interpolated protein concentration. Note that the accuracy of the calculated protein
concentrations depends on the accuracy of the calibration curve. Thus, the linear regres-
sion of the standards was limited to 1000 pg/mL to obtain a coefficient of determination

>0.98.

Table 21: Bradford standard measurements of the manually pipetted assay.

Bradford Standards

(manually pipetted assay)
Cprotein [1g/mL] A Absorption [-]

0 0.512
25 0.529
125 0.681
250 0.829
500 1.133
750 1.376
1000 1.526
1500 1.733
2000 1.824
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Figure 16: Bradford measurements of the manually pipetted assay. (A) Linear regression of the assay stand-
ards. The regression was only fitted until 1000 pg/mL to ensure a coefficient of determination
> 0.98. (B) The corrected protein concentration of the diluted samples. The higher the dilution, the higher
the corrected protein concentration.
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As a next step, a workflow was created on the automation platform. Hence, the assay was

performed with samples from a 1 L fed-batch fermentation with POX12. The samples

were again provided by Christian Wagner who conducted the fermentation. The sample

was measured undiluted, 1:5 and 1:10 diluted in technical quadruplicates. Standards were

measured in technical duplicates. Table 22 shows the measured values of the BSA stand-

ards. In Figure 17, the linear regression of the standards and the calculated, corrected

protein concentration of the sample can be seen.

Table 22: Bradford standard measurements of the automated assay.

Bradford Standards
(automated assay)

CProtein [Hg/mL]

A Absorption [-]

0
25
125
150
200
250
300
350
400
450
750
800
900

1000

0.430
0.491
0.576
0.612
0.670
0.668
0.825
0.877
0.797
0.846
1.146
1.159
1.180
1.218
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S
a
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w
2 0.5
0.0 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Cprotein [“g/ml—]
B Bradford Assay Samples

(automated)

Cprotein [M@/mL] (corrected)

Undiluted 1:5 1:10

Sample Dilution

Figure 17: Bradford measurements of the automated assay. (A) Linear regression of the assay standards.
(B) Corrected protein concentration of the diluted samples.

The successful automation of the process was confirmed based on the comprehensive

data obtained from the replicates and different dilutions, which exhibited low deviation.
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5.3. BioLector® cultivation of K. phaffii

5.3.1. Determination of carbon source concentration
for later POX induction

Before starting with the methanol induction experiments, the best concentration of glyc-
erol or glucose in the batch phase had to be determined. The goal was to achieve a high
cell density while still maintaining good reproducibility. Because of its lower price glyc-
erol is generally considered more a feasible carbon source at an industrial scale. Hence,
more glycerol conditions were tested to get a more detailed insight of the growth behav-
iour of the POX12 strain. The experimental conditions for glycerol ranged from 5 g/L to
50 g/LL in increments of 5 g/L, while for glucose, the conditions varied from 10 g/L to

50 g/L with increments of 10 g/L.

In the first experiment, the K. phaffii POX12 strain was cultivated with different glycerol
and glucose concentrations as explained in chapter 4.1.3.1. Results of the backscatter and
dissolved oxygen of the cultivation with glycerol can be seen in Figure 18. Figure 19
shows the results of the fermentation with glucose. The pH-value for both fermentations

are displayed in Figure 19 (C).
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Figure 19: K. phaffii POX12 cultivation with different glucose concentration for comparison with glycerol
fermentation. For each condition 3 biological replicates were conducted. Cultivation parameters: 1000 rpm
shaking frequency, 85 % humidity control and 30 °C temperature. (A) Backscatter values of the fermenta-
tion with glucose. (B) Corresponding dissolved oxygen values. (C) pH-Values for the fermentation with
glycerol and glucose.

—46 -



HAW
HAMBURG

In Figure 18 (A) one can see that the higher the glycerol concentration, the later the plat-
eau in backscatter signal is reached. For the cultivations with 10, 15 and 20 g/L glycerol,
a second growth phase is visible, which begins later as the concentration of the carbon
source increases. The corresponding dissolved oxygen values (C) first show a decreasing
trend and then increase at around t = 16 h. For fermentations with glycerol between 30 g/L.
and 45 g/L , a higher glycerol concentrtaion led to smaller decrease in DO until t =16 h.
Conversely, for cultivations with higher glycerol concentrations (B), a second increase in
cell growth is not visible. The graphs all show a similar trend, however, the deviation
between replicates is considerably higher in comparison to the fermentations with glyc-
erol concentrations less than 25 g/L. The corresponding dissolved oxygen values (D)
show that, except of the cultivation with 50 g/L glycerol, the higher the C-source concen-
tration the faster the decrease of the graph trends. Similar to the fermentation with lower

glycerol concentrations, the dissolved oxygen increases at around t = 16 h.

In Figure 19 (A), the results demonstrate that all fermentation conditions lead to a sec-
ondary increase in cell growth. However, the 10 g/LL glucose condition exhibits high de-
viation within the replicates compared to all other glucose concentrations. Among the
glucose conditions of 30 g/L, 40 g/L, and 50 g/L, similar backscatter trends are observed,
with 40 g/L glucose condition displaying the highest value at the end of the cultivation.
In (B) one can see that for all conditions greater than 10 g/LL glucose the DO reaches
100 % at around t = 26 h after an initial decrease. The pH-values (C) for all glycerol and
glucose fermentation conditions indicate low deviations between different concentrations
of the same carbon source. The pH-values decrease and stabilize after a slight increase,
with glucose fermentation reaching stability faster (at around pH = 5.1), while glycerol

fermentation shows a stronger increase in pH (to around pH = 5.4).
Subsequently, the experiment was repeated with the WT of K. phaffii with equal condi-

tions to the POX12 strain cultivation. The purpose was to observe possible differences in

the growth behaviour between those two strains, see Figure 20.
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The results in Figure 20 (A) and (B) show, that the higher the concentration of the respec-
tive carbon source, the later a backscatter plateau is reached, resulting in higher backscat-
ter values at the end of the cultivation. For cultivations with a higher concentration than
30 g/L of glycerol or glucose, a plateau is not reached at the end of the fermentation. The
data of the dissolved oxygen values in (C) and (D) are coherent to the backscatter values.
Except for the cultivation with 50 g/L glucose, the lower the carbon source concentration,
the faster the oxygen values again increase to 100 %. Overall, the data in this experiment
display significantly lower deviation within replicates in contrast to the cultivation with

the POX12 strain.

5.3.2. Methanol feeding for POX production

Based on the findings presented in Figure 18, which indicate significant variation in rep-
licates with carbon concentrations exceeding 25 g/L, and no increase in biomass beyond
25 g/L, subsequent cultivations were conducted using 25 g/L of glycerol or glucose, re-

spectively.

In a first experiment, production of POX was attempted by manually pulsing methanol.
The added methanol solutions had a concentration of 400 g/L. Different voluminal were
pipetted into the respective cells to reach methanol concentrations of 0 g/L, 1 g/L, 2 g/L,
3g/L, 4 g/l and 8 g/L and were added after 45 h, 47 h, 49 h, 51 h, 53 h as well as after
69 h and 71 h of cultivation time. The data of the cultivation is displayed in Figure 21.
Since the different methanol concentrations showed no differences in the growth behav-

iours, DO or pH values, the mean of all conditions were plotted together.
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Figure 21: Cultivation data for the manual methanol pulsing for POX expression. All conditions were
measured in biological quadrulpicates with 25 g/L of glycerol or glucose, respectively. Cultivation param-
eters: 1000 rpm shaking frequency, 85 % humidity control and 30 °C temperature. (A) Backscatter data of
the cultivation is shown. The dashed vertical lines mark the time when 20 pL of the respective methanol
solution was pulsed to the dedicated wells. (B) & (C) The respective DO and pH values are shown.

-50 -

HAMBURG



HAW
HAMBURG

In Figure 21 (A) one can see that the cultivations with 25 g/L glucose exhibit a faster
increase in backscatter value than cultivations with 25 g/L glycerol. Additionally, the
cells cultivated with glycerol show a second growth phase at approximately 19 hours of
cultivation. At around 40 hours of cultivation, the backscatter values of all fermentation
conditions converge, with glycerol cultivations showing slightly higher values at the end.
The dissolved oxygen data (B) shows that for the fermentations with glucose after initial
decrease, a first slight increase can be seen. Then, a second increase is visible, leading to
stable values of 100 % dissolved oxygen after around 22 hours. The cultivations with
glycerol as carbon source also display an initial decrease of dissolved oxygen. The value
then increases and exceeds 100 %, and then decreases again at t = 50 hours. The graphs
for the pH-values (C) show similar trends to the graphs of the dissolved oxygen values
by first showing a decrease followed by an increase. The fermentations with glucose show
stable values of pH 4.7 after 20 hours. The fermentations with glycerol show a slower

and lesser decrease of pH followed by a higher increase.

Following the BioLector® fermentation, the Bradford and ABTS assays were conducted.
However, no substantial protein concentration or enzymatic activity was observed. The
assays were repeated with undiluted samples, also resulting in no measurable signals.

Therefore, this data is not shown.

In the next experiment, the strategy of methanol addition was changed. Here, a constant
methanol feed was applied to mediate the POX expression. This constant feed was
achieved by using the microfluidic method (see chapter 4.1.4.2). In addition, a fed-batch
cultivation was conducted to increase the cell count for a greater chance of POX produc-
tion (see chapter 4.1.2.1). Thus, the cultivation was conducted with an initial glycerol
concentration of 25 g/L, then a fed-batch with a total fed glycerol concentration of
100 g/L glycerol was applied after finally feeding a 70 %, 50 %, 30 % and 0 % solution
of methanol. For each condition, 8 biological replicates were conducted. The fermenta-

tion data can be seen in Figure 22.
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Figure 22: Cultivation data for the MF methanol feed for POX expression. Samples were measured as 8
biological replicates. Here, the glycerol concentration was 25 g/L. Cultivation parameters: 1000 rpm shak-
ing frequency, 85 % humidity control and 30 °C temperature. (A) Backscatter data of the cultivation is
shown. Vertical lines mark the different phases of the fermentation. (B) & (C) The corresponding DO and

pH values are shown.
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Figure 22 (A) shows that the backscatter increases in the batch phase, then decreases
during the fed-batch phase until reaching a stable value for the rest of the cultivation.

After an initial stable value, the dissolved oxygen values (B) decrease until approximately
17 hours of cultivation. Hence, the dissolved oxygen increases up until 38 hours and then
slightly decrease again. The pH values displayed in (C) first drops to approximately pH

4. Afterwards, the pH increases and reaches a stable value of about 4.9.

Overall, all cultivations display similar progressions, independent from the added meth-
anol concentration. Except of the dissolved oxygen data, the backscatter and pH data

show low abbreviation within the eight replicates.

Again, the automated Bradford and ABTS assays were conducted with this cultivation
samples. However, both assays again showed no detectable levels of protein concentra-
tion or enzymatic POX activity, even when conducting the assays with undiluted samples.

Hence, this data is not shown.
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6. Discussion

The aim of this study was the development of an automated, microcultivation and analyt-
ical workflow for screening of peroxygenase producing K. phaffii strains. Therefore, a
robust and automated analysis workflow needed to be created first. Hence, the ABTS

assay was chosen to determine the enzymatic activity of POX, the target protein.

The first manually pipetted assay showed, that a 1:50 dilution is too high to measure the
enzymatic activity. The 1:5 dilution however resulted in promising absorbance values.

Thus, all following ABTS assays were conducted with 1:5 diluted samples.

Figure 11 displays a relatively high deviation between replicates of the first automated
ABTS assay which indicated room for improvement regarding the newly created work-
flow. In Figure 12 (A) one can see that the right plate side features higher absorptions
than the left plate side. Note, that the layout of the FlowerPlate® is transferred twice into
the MTP plate with multidispense steps. That means, that the sample in well A1 from the
FlowePlate® is first pipetted into well A1 and then well A7 of the MTP, etc (see Figure
10). Thus, it is safe to assume that the pipetting layout of the LiHa in this workflow leads
to a larger pipetting volume in the second dispensing step, when dispensing the samples.
The reason for this lies in the LiHa pipetting mechanism. This issue is depicted in Figure
23. The liquid transfer process involves pneumatic manipulation of the system liquid
(blue) within the steel needles. To prevent mixing between the system and the sampled
liquid, a trailing air gap (purple) and a leading air gap (yellow) within the needles separate
the liquids. Additionally, a sample trailing air gap (green) follows the sample (orange) to
prevent any liquid loss from the needles during the pipetting process. However, there is
no additional air gap when aspirating a larger volume of liquid which is meant to be dis-
pensed stepwise. The sample trailing air gap is dispensed with the first multidispense step.
In the second multidispense step, the dead volume of this air gap is not taken into account,
resulting is a larger dispensed volume. Thus, the pipetting accuracy decreases, and the
dispensed volumes of the multi-dispense steps can differ, especially with lower volumes.
Hence, multi-dispense steps were eliminated and replaced with single pipetting steps.
Adding more washing steps to the workflow rebuilds the air gaps, resetting the pipetting

accuracy.
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Figure 23: Depiction of the issue of multi-dispense pipetting of the LiHa.

The adapted assay workflow showed that the observed plate effect was eliminated by the
single pipetting steps. Now, the enzymatic POX activity needed to be calculated. One

. . . . . . . AA .
variable in Equation 2 is the change in absorption per time (E)' Thus, the timespan At

needed to be determined. With linear regression analysis, the timespan was determined
to At = 8 min, with the criteria of a coefficient of determination greater than 0.99. With

this the enzymatic activity was calculated to Up,eqn = 0.065 %

, and the average
percentage deviation between replicates to Ugygo,p = 4.5 %, thus, satisfying the goal of

Uangnop < 10 % .

Next, the sensitivity of the assay was studied by measuring the POX activity of a sample
with different dilutions. Since the same sample for this and the previous ABTS assay was

used the same enzymatic activity for the corrected measurements was expected. Although
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the ABTS results show low abbreviation within the same assay, the values are lower than
in the previous one. This might be due to different sample handling before the assay. The
used samples were frozen and had to be defrosted. Here, the thawing time differed by
several hours, though, the exact time was not recorded. However, the overall goal of the
workflow is to be able to compare different POX strains after a BioLector® cultivation.

As long as the samples are treated equally after cultivation this issue should not occur.

When looking at the results in Figure 14 (A), it becomes apparent that the initial absorp-
tion at t = 0 min varies among the different dilutions. Given that the ABTS assay is a
kinetic assay, and all dilutions were measured on a single MTP, the y-axis interceptions,
representing the starting points of the absorbance curves, should exhibit minimal differ-
ences in their distances on the y-axis. To achieve this, the workflow was once more ad-

justed.

By dividing the plate in three segments, as displayed in Figure 15, the time between pi-
petting the assay solution to the samples and measuring each well decreases, which can
be seen by the same starting value of absorption for each plate segment. This workflow
shows that abbreviations between the plate segments are minimal as well as the average
percentage deviation between replicates. For this reason, the automation of the ABTS
assay deemed successfully and was completed. This optimization of the assay procedure
enables an accurate and precise distinction between different process parameters and
strains which is crucial for the overall screening workflow. All following assays were

executed using this workflow.

The next step of developing the automation workflow was to establish and automate the
Bradford assay to evaluate the protein concentration in the supernatant of the cultivation
broth. To begin with, the assay was conducted manually to determine a protein concen-
tration value for later comparison with the automated assay. Figure 16 (A) shows a satis-
fying determination of the standard curve. The interpolated protein concentration in (B)
however, display inconsistent data. Here, a higher dilution led to higher corrected protein
concentration values. A reason for this might be the nature of the Bradford standard curve.
To interpolate the protein concentration, a simple linear regression was fitted through the

values of the standards. Although the typical response curves for BSA progresses like a
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saturation curve, here, a linear correlation was assumed. It should be noted that the
undiluted sample surpassed the confidence range of the standard curve, leading to an un-
derestimation of the actual protein concentration. Hence, for future estimations of protein
concentration, the samples should be measured in different dilutions to assess the best

one for this particular sample.

For the automated assay, more BSA standards were implemented to better cover the lower
ranges of the assay. Now, samples from a 1 L fermentation were tested. In Figure 17 one
can see that although the coefficient of determination of the standard curve (A) is lower
than in the previous assay, the corrected protein concentrations (B) show high con-
sistency. Here, samples indicate a protein concentration of Cpyptein = 1 ug/mkL. Due to

this coherent data the automation of the Bradford assay was considered successful.

After the automation of the analytical assays was completed, the optimization of the mi-
crocultivation started. The first step was to assess the right concentration of glycerol or
glucose in the batch phase, respectively, for later cultivation with POX induction. Hence,
the growth behaviour of K. phaffii POX12 and the WT was observed during batch fer-
mentation. The data in Figure 18 and Figure 19 showed that for all cultivations with glu-
cose and for cultivations with glycerol up to 25 g/L a second growth phase is visible. This
is most likely due to secondary metabolism, which is common in cultivation of K. phaffii.
This second growth phase can also be seen in the pH trend of the cultivation in Figure 19
(C). First, the pH decreases because of the increasing concentration of acetate, which is a
side product of K. phaffii **3!. During the second growth phase acetate is consumed again,
hence, the pH increases slightly **3!. For glucose as C-source, the initial decrease is
stronger with a subsequent weaker increase compared to fermentations with glycerol.
This general trend of the pH is equal for all fermentations of the POX12 strain. In contrast,
this second growth phase is not that apparent for the WT which can be seen in Figure 20.
While observing the DO data in Figure 19 (B) and Figure 20 (C) and (D), one can see
that the DO decreases while the backscatter increases. Here, a higher cell titre led to a
higher oxygen uptake, hence the DO value decreased. When the respective backscatter
data reached a plateau, the DO values increased again, until reaching 100 % DO. This is
because the cells switched from a growth metabolism to a maintenance metabolism which

requires a lower oxygen amount. However, one striking difference to this can be seen in
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Figure 18 (C) and (D), the DO data for the POX12 cultivation with glycerol as carbon
source. Here, all cultivations exceeded 100 % DO. In fact, this phenomenon can be seen
for all cultivations where POX12 was cultivated with glycerol. Given the fact that the DO
value cannot surpass 100 %, these measurements must be considered erroneous readings.
It can be assumed that a by-product of glycerol metabolism causes the DO optode of the
FlowerPlate® to be corrupted. This hypothesis is supported by the fact that 1 L fermenta-
tions of the POX12 with glycerol do not lead to similar observations, since DO probes
are more resilient than the optodes on the FlowerPlate®. Henceforth, when cultivation the
POX12 strain with glycerol, the DO data can only be considered a rough estimate of the

actual DO value of the fermentation.

Generally, the deviation between replicates is relatively low in the WT fermentation com-
pared to the other two. This demonstrates that the modifications of the POX12 strain
affect the growth behaviour of the organism. Based on these findings a glycerol and glu-

cose concentration of 25 g/L was determined for the subsequent cultivations.

To induce the POX expression in the K. phaffii POX12 strain, methanol induction is
needed. The methanol induction is already established in shake flask and lab scale culti-
vation of 1 L bioreactors. For high throughput screening of other strains, the establish-
ment in microscale is crucial. In a first experiment, methanol was induced by manually
pulsing it into the cultivation wells. In Figure 21 the results of this cultivation can be seen.
The overall fermentation data is coherent with the previous cultivations i.e., the second
growth phase for the cultivation with glucose or the DO data of glycerol fermentations
exceeding 100 %. The fast and short decreases in the backscatter data in Figure 21 (A)
are due to the methanol pulses. Since methanol was diluted with distilled water, adding
the solution to the wells increases the cultivation volume and hence, led to decreases in

the backscatter data.

After 72 hours the cultivation was completed, and the cell suspension was immediately
processed further to conduct the Bradford and ABTS assays. None of the cultivation con-
ditions led to a recordable value of POX activity or protein concentration. Thus, the meth-
anol pulsing did not lead to induce to expression of POX. One reason for this could be,

that the glycerol or glucose, respectively, was not entirely used up by the microorganisms
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at the time the methanol was introduced to the yeast. This can be seen in Figure 21 (A).
Here the backscatter data did not reach a clear plateau before the addition of the methanol.
As explained, the PDF promotor, which regulated POX production, is highly repressed
in the presence of carbon sources other than methanol °2!2*25_ Another reason could be
the pH value during cultivation. Figure 21 (B) shows, that the initial pH value of 6 de-
creases and then stabilizes at around 4.7 for cultivations with glucose and 5.0 for glycerol
as carbon source. Although K. phaffii can grow under a broad pH range of 3 — 7 , pH
changes can lead to altered specific growth rates and activation of host cell proteases 3232
Hence, it is plausible to consider that the absence of pH regulation during the BioLector®
cultivation may have resulted in the degradation of the POX enzyme. A counterargument
could be made based on the successful POX induction in shake flask cultivations, despite
the absence of pH regulation. However, it is worth noting that the shake flask cultivations
utilize BMD1 (Table 6) and BMM 10 (Table 7) media, which exhibit a strong buffer effect
due to the presence of KPI. Consequently, the pH shift experienced during shake flask
cultivations might be relatively low compared to BioLector® cultivation, potentially pre-

serving the integrity of the POX enzyme.

Another possible explanation for the low POX activity could be attributed to a low cell
mass in the microbioreactors, which might not have been sufficient to produce a detecta-
ble concentration of POX for either of the assays. This can be observed in Figure 21 (C),
DO data did not decrease while the backscatter increased. Typically, a higher cell con-
centration results in increased oxygen uptake, which would be reflected in lower DO val-

ucs.

To address the possible issue of low cell mass and improve the chances of POX expres-
sion, two key adaptations were implemented for the final cultivation. Firstly, a fed-batch
cultivation strategy was employed to promote higher cell counts, consequently increasing
the number of cells capable of secreting POX after expression. Secondly, a continuous
methanol feed was introduced to have a stronger lever on the MUT pathway, which is

crucial to provide carbon for the protein biosynthesis of POX.

The results in Figure 22 show that the batch phase led to similar data as the previous

cultivation. When the fed-batch phase starts, the backscatter data decreases and
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continuous to decrease until the fed-batch phase ends. Because the decrease start imme-
diately after the feed starts, it is safe to assume that the dilution of the cultivation broth
via the feed solution is stronger than the increase of cell count. In general, the backscatter,
DO and pH data show similar values and trends for the different concentrations of the

methanol feeds. Hence, the different feeds have no greater impact on the cultivation itself.

After this fermentation, the analytical assays were performed. Once again, no measurable
signals were detected for either of the assays. This negative outcome indicates that the
previous challenges in detecting protein concentrations and POX activity persisted, de-
spite the modifications made to enhance cell mass and improve POX expression. As be-
fore, the samples were also measured undiluted, in case low protein concentrations or

POX activity could be detected.

To conclude this work, it is safe to say that the analytical part of the workflow automation
is successfully completed. The assays show to be reliable and produce reproducible data.
Especially the implemented ABTS assay demonstrated robustness and consistency in de-
termining the enzymatic activity of POX, providing a critical parameter for the screening
process. The automation of this assay workflow was achieved through optimization, ad-
dressing issues such as pipetting accuracy and plate effects. The POX expression via
methanol induction during BioLector® microcultivations proved to be more challenging
than anticipated. The inability to observe significant signals suggests that the protein con-
centrations and POX activity were still below the detection limits of the assays utilized.
Interestingly, experiments conducted by colleagues using 1 L fed-batch cultivations with
the similar parameters have shown detectable protein concentrations and POX activities.
Despite the challenges encountered, the completion of the analytical part of the workflow

automation provides a solid foundation for future research and optimization.

Overall, this study has made significant progress in establishing a reliable workflow for
the screening of POX producing K. phaffii strains. Moving forward, further investigation
is required to overcome the challenges associated with POX induction, paving the way

for future advancements in this field of research.
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7. Outlook

Despite the efforts made to enhance cell mass and improve POX expression through ad-
justments such as fed-batch cultivation and continuous methanol feed, no significant sig-
nals were observed in the assays. To overcome this issue, several actions can be taken.
For one, lower concentrations of glycerol should be tested in combination with methanol
induction. The current concentration of 25 g/L glycerol may lead to overflow metabolism
and repression of the PDF promoter. By reducing the glycerol concentration, POX ex-
pression could be promoted. Additionally, instead of conduction a fed-batch fermenta-
tion, a batch fermentation can be performed to use one reservoir well of the MF Flower-
Plate® for pH control. By maintaining a stable pH throughout the fermentation, any po-
tential decrease in POX activity caused by pH shifts can be mitigated. Lastly, when con-
ducting a fed-batch fermentation, it is advisable to consider a longer waiting phase than
the current 4 hours. Extending the waiting phase allows for the complete consumption of
the carbon source, ensuring optimal activation of the PDF promoter and potentially en-
hancing POX expression. Moreover, it would also be possible to cultivate without adding
methanol and instead utilize a limited glycerol feed. This approach could result in partial

derepression of the PDF promoter and potentially lead to POX expression.

By implementing these actions, it is anticipated that the challenges associated with
achieving detectable POX activity can be addressed. It is important to carefully evaluate
and optimize each parameter to enhance the expression and activity of the POX enzyme

in the BioLector® microcultivation system.

Moving forward, once the current workflow optimization is successfully completed and
the desired POX expression is achieved, different POX strains can be tested. By compar-
ing the results obtained from these screenings, the most promising strains can be identi-
fied based on their performance in terms of POX expression. Additionally, more key per-
formance indicators like total biomass yield, product yield and product activity can be
compared. This comprehensive evaluation allows for the identification of strains that ex-
hibit not only high POX production levels but also demonstrate superior POX activity.
By considering multiple metrics with the ABTS and Bradford assay, a more thorough

assessment can be conducted to select the most promising strains for further development.
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Following the identification of the most promising strains, the next step would be to val-
idate their performance through scale-up fermentations. Initially, a 1 L scale fermentation
can be performed to assess the strain's behaviour and productivity in a larger volume.
This step helps to ensure that the strain performs consistently and reliably at a larger scale.
Once the 1 L scale fermentation is successfully completed, the next stage would involve
conducting industrial-scale cultivations. These large-scale fermentations would aim to
further validate the strain's performance, productivity, and overall suitability for industrial

production.

Regarding the choice of carbon source, glycerol is favoured over glucose in future indus-
trial applications because of several advantages. One notable benefit of using glycerol as
a carbon source over glucose is its lower price point, primarily attributed to its status as a
by-product of biodiesel production. The availability of glycerol as a waste product con-
tributes to its economic viability and cost-effectiveness in bioprocesses. Moreover, uti-
lizing glycerol as a carbon source aligns with sustainability goals by repurposing a waste

material and reducing overall waste generation >*.

In addition to the mentioned parameters, there are numerous other factors that can be
optimized to enhance the identification of the optimal strain. For instance, adjustments to
the pH in the beginning and during cultivation can be explored. Furthermore, the compo-
sition of the BioLector® cultivation and feed media can be fine-tuned to improve pH buff-
ering and mitigate observed pH shifts. The methanol induction method is also a valuable
aspect to optimize. Various strategies, such as implementing a DO-triggered start for
methanol addition or employing frequent methanol pulsing via the LiHa, can be investi-

gated to enhance POX expression and productivity.

By systematically testing different strains, validating their performance through scale-up
fermentations, and eventually moving to industrial-scale cultivations, it becomes possible
to identify and select the most promising POX strain for potential industrial applications,
eventually replace cobalt curing with a biotechnologically produced POX enzyme in the

future.
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