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Abstract

Abstract

Until today, it is impossible to predict a suitable signal peptide for Sec-type secretion
of heterologous proteins in Gram-positive bacteria. Instead, signal peptides have
to be tested for each host and target protein under process conditions. In addition,
the ribosome binding site and in particular the spacer between the Shine-Dalgarno
sequence and the start codon of the signal peptide can also affect protein secretion.
To accelerate the identification of suitable combinations of signal peptides and target
proteins, automated workflows for targeted strain construction and high-throughput
screening for heterologous protein secretion in Corynebacterium glutamicum were
established, which can be easily adapted to different target proteins.

A plasmid library with different Bacillus subtilis signal peptides was constructed in
the newly designed pPBEx2-based plasmid pCMEx12, which allows the exchange
of the ribosome binding site including the spacer sequence as well as the signal
peptide sequence by cassette mutagenesis. In this method, the inserts are provided
as hybridized oligonucleotides that are not fully complementary, but have overhangs
that can be ligated to the restriction digested backbone. For target protein secretion
with pCMEx-based plasmids, a reporter gene coding for a blue chromoprotein under
the control of a constitutive promoter can be exchanged with the gene of interest by
Golden Gate assembly, combining restriction and ligation in a one-pot setup. Since
the chromoprotein leads to blue colonies after transformation, successful cloning
can be detected by a change in colony color from blue to white, in addition to a re-
striction enzyme digest in which the number and size of DNA fragments depend on
the insert. The gene of interest is then expressed in frame with an amino-terminal
signal peptide and carboxyl-terminally linked to the 11th β-sheet of the green flu-
orescent protein (GFP, GFP11-tag) under the control of the inducible tac promoter.
The molecular cloning steps of the Golden Gate assembly, the Escherichia coli heat-
shock transformation, the plasmid purification and the restriction digest were auto-
mated using the Opentrons OT-2 liquid handling robot with integrated Temperature
or Magnetic Module. This reduced the process time for molecular cloning to about
58% of that for the manual process.
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Abstract

For testing cultivation workflows with online product monitoring, the C. glutamicum
pPBEx2-PhoDCg-GFP enabling tightly controlled induction of GFP secretion was
successfully prepared. An automated high-throughput screening workflow was de-
veloped on a Tecan Freedom EVO® robotic platform with an integrated centrifuge,
microplate reader, and BioLector® for microscale cultivation with online measure-
ment of the backscatter signal that correlates to cell dry weight. Automated pre-
culture handling and backscatter-triggered inoculation of main cultures and induction
ensure high comparability of bacterial growth. Using this workflow, suitable combi-
nations of ribosome binding sites and B. subtilis signal peptides were identified for
Fusarium solani f. sp. pisi cutinase-GFP11 secretion by C. glutamicum. Cutinase-
GFP11 in the cultivation supernatant was detected 4 h after induction via activity
measurement and activity-independently by assembly of the GFP11-tag with GFP1-
10 in added detector solution by holo-GFP fluorescence in split GFP assay. The
process time from cultivation of up to 12 different strains to detection of the target
protein in the supernatant is about 1.5 days, with manual operations only required
at the start of cultivation and prior to the assays.

For high-throughput screening approaches, sufficient quantities of detector solu-
tion is needed. Therefore, a fed-batch cultivation process for the GFP1-10 pro-
duction in laboratory-scale bioreactors was established and detector solution for up
to 385 screenings in 96-well plates could be obtained. Aspects of GFP1-10 detector
protein stability, storage and assay incubation conditions have been investigated.

After a proof-of-concept using the secretion model protein cutinase, a B. subtilis sig-
nal peptide screening for secretion of polyethylene terephthalate degrading enzymes
leaf-branch compost cutinase (LCC) and PE-H was conducted. For this, the culti-
vation workflow was optimized to allow the comparison of up to 24 different strains
in one run. Using a process model combining Bayesian inference and Thompson
sampling, the best of 24 signal peptides was identified with a probability of 80% for
the PE-H and 75% for the LCC after only three batch cultivations.
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Zusammenfassung

Zusammenfassung

Bis heute ist es nicht möglich, ein geeignetes Signalpeptid für die Sec-abhängige
Sekretion heterologer Proteine in Gram-positiven Bakterien vorherzusagen. Statt-
dessen müssen Signalpeptide für jeden Wirt und jedes Zielprotein unter Prozessbe-
dingungen getestet werden. Darüber hinaus können auch die Ribosomen-Bindungs-
stelle und insbesondere der Spacer zwischen der Shine-Dalgarno-Sequenz und
dem Startcodon des Signalpeptids die Proteinsekretion beeinflussen. Um die Identi-
fizierung geeigneter Signalpeptid-Zielprotein-Kombinationen zu beschleunigen, wur-
den automatisierte Arbeitsabläufe für die gezielte Stammkonstruktion und das Hoch-
durchsatz-Screening für die heterologe Proteinsekretion in Corynebacterium gluta-
micum etabliert, die an verschiedene Zielproteine angepasst werden können.

Eine Plasmidbibliothek mit verschiedenen Bacillus subtilis Signalpeptiden wurde mit
dem neu entworfenen pPBEx2-basierten Plasmid pCMEx12 konstruiert, das den
Austausch der Ribosomenbindungsstelle einschließlich der Spacer-Sequenz sowie
der Signalpeptidsequenz durch Kassettenmutagenese ermöglicht. Bei dieser Me-
thode werden die Inserts als hybridisierte Oligonukleotide bereitgestellt, die nicht
vollständig komplementär sind, sondern Überhänge aufweisen, die mit einem ent-
sprechenden restriktionsverdauten pCMEx-Plasmid ligiert werden können. Für die
Sekretion des Zielproteins kann in pCMEx-basierten Plasmiden das Reportergen,
das für ein blaues Chromoprotein unter der Kontrolle eines konstitutiven Promotors
kodiert, durch Golden Gate Assemblierung mit dem gewünschten Gen ausgetauscht
werden, wobei Restriktion und Ligation in einem Prozessschritt kombiniert werden.
Da das Chromoprotein nach der Transformation zu blauen Kolonien führt, kann eine
erfolgreiche Klonierung durch eine Änderung der Koloniefarbe von blau nach weiß
nachgewiesen werden, zusätzlich zu einem Restriktionsenzym-Testverdau, bei dem
die Anzahl und Größe der DNA-Fragmente vom Insert abhängt. Das Zielgen wird
dann zusammen mit einem aminoterminalen Signalpeptid mit einem kurzen Linker
und einem Carboxy-terminalen 11. β-Faltblatt des grün fluoreszierenden Proteins
(GFP, GFP11-tag) unter der Kontrolle des induzierbaren tac-Promotors exprimiert.
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Zusammenfassung

Mit Hilfe eines Opentrons OT-2 Pipettierroboters mit integriertem Temperatur- oder
Magnetmodul wurden die Klonierungsschritte Golden Gate Assemblierung, Esche-
richia coli Hitzeschock-Transformation, Plasmidreinigung und Testverdauung auto-
matisiert. Dadurch konnte die Prozesszeit für diese Klonierungsschritte auf etwa
58% der Zeit für den manuellen Prozess reduziert werden.

Zum Testen von Workflows für die Kultivierung mit Online-Produktmessung wurde
der Stamm C. glutamicum pPBEx2-PhoDCg-GFP erfolgreich erstellt, der eine streng
kontrollierte Induktion der GFP-Sekretion ermöglicht. Ein automatisierter Hochdurch-
satz-Screening Workflow wurde auf einer Tecan Freedom EVO® Robotikplattform
entwickelt mit integrierter Zentrifuge, Mikroplattenlesegerät und einem BioLector®

für die Mikrokultivierung mit Online-Messung des Rückstreusignals, das mit dem
Zelltrockengewicht korreliert. Die automatisierte Handhabung der Vorkulturen und
die durch Rückstreuung ausgelöste Inokulation der Hauptkulturen und Induktion ge-
währleisten eine hohe Vergleichbarkeit des Bakterienwachstums. Mit diesem Work-
flow wurden geeignete Kombinationen von Ribosomenbindungsstellen und B. subti-
lis Signalpeptiden für die Sekretion der Fusarium solani f. sp. pisi Cutinase-GFP11
mit C. glutamicum identifiziert. Cutinase-GFP11 im Kultivierungsüberstand wurde
4 h nach Induktion durch Aktivitätsmessung und aktivitätsunabhängig durch Assem-
blierung des GFP11-tags mit GFP1-10 in der zugegebenen Detektorlösung mit an-
schließender Chromophorbildung im Split GFP Assay nachgewiesen. Die Prozess-
dauer von der Kultivierung von bis zu 12 verschiedenen Stämmen bis zum Nachweis
des Zielproteins im Überstand beträgt etwa 1,5 Tage, wobei manuelle Eingriffe nur
zu Beginn der Kultivierung und vor den Assays erforderlich sind.

Für Hochdurchsatz-Screenings werden ausreichende Mengen an Detektorlösung
benötigt. Daher wurde ein Fed-Batch Kultivierungsprozess für die GFP1-10 Produk-
tion im Labormaßstab in Bioreaktoren etabliert und es konnte Detektorlösung für bis
zu 385 Screenings in 96-Well-Platten gewonnen werden. Aspekte der Stabilität des
GFP1-10 Detektorproteins, der Lagerung und der Assay-Inkubationsbedingungen
wurden untersucht.

Nach einem Proof-of-Concept mit der Cutinase, einem Modellprotein für die hetero-
loge Proteinsekretion, wurde ein B. subtilis Signalpeptid-Screening für die Sekreti-
on der Polyethylenterephthalat-abbauenden Enzyme Leaf-branch compost cutinase
(LCC) und PE-H durchgeführt. Dafür wurde die Kultivierung optimiert, um den Ver-
gleich von bis zu 24 verschiedenen Stämmen in einem Durchgang zu ermöglichen.
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Zusammenfassung

Mit Hilfe eines Prozessmodells, das Bayes’sche Inferenz und Thompson-Sampling
kombiniert, wurde das beste von 24 Signalpeptiden mit einer Wahrscheinlichkeit von
80% für die PE-H und 75% für die LCC nach nur drei Batch-Kultivierungen identifi-
ziert.
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MTP microtiter plate
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OD optical density
PCA protocatechuic acid
PCR polymerase chain reaction
PET polyethylene terephthalate
PETase PET hydrolase
PLICing phosphorothioate-based ligase-independent gene cloning
PTFE polytetrafluoroethylene
RBS ribosome binding site
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1. Introduction

1.1. C. glutamicum

Corynebacterium glutamicum (see Fig. 1.1) is a Gram-positive, non-sporulating and
facultatively anaerobic actinobacterium that was isolated from soil samples in Japan
in 1957 [1, 2]. Unlike most other Gram-positive bacteria, C. glutamicum comprises
an additional outer layer with the mycomembrane [3]. The genome of wild type (WT)
strain ATCC 13032 was sequenced in 2003 [4, 5] and C. glutamicum is genetically
accessible through various vectors for heterologous protein expression [6–8]. Ge-
netic toolboxes for metabolic engineering are available as summarized by Chai et al.
[9].

Fig. 1.1. Scanning electron microscopy of C. glutamicum on a nucleopore membrane with character-
istic snapping division [10]

C. glutamicum is industrially established for the large-scale production of amino
acids such as L-glutamate and L-lysine [11, 12], but it is also used for production
of other small molecules as summarized elsewhere [13]. It is a robust organism that
can produce under aerobic or oxygen-deprivation conditions [14–16] and it is able
to utilize a broad spectrum of carbon sources, such as sugars, organic acids, and
alcohols [17]. C. glutamicum has endotoxin-free properties and some production
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1.2. Protein secretion

processes are generally recognized as safe (GRAS) [18]. Since it exhibits only low
extracellular proteolytic activity [19], C. glutamicum became of interest as a potential
host for recombinant protein production and secretion [20, 21]. Even a commercial
protein and peptide expression and secretion system is available with CORYNEX®

(Ajinomoto Co., Inc., Japan).

1.2. Protein secretion

Intracellular protein production is not always suitable as overproduction can lead to
toxic effects for the host. The reducing environment of the cytoplasm prevents the
formation of disulfide bonds and target proteins can aggregate in the polar region
of the cells in insoluble inclusion bodies [22, 23]. It is important to note here, that
the view on inclusion bodies changed recently. They can retain their residual ac-
tivity either upon natural aggregation or upon inclusion body formation caused by
aggregation-inducing tags and can therefore be used directly as immobilized cata-
lysts [24, 25]. Furthermore, productions have high product yields and target proteins
are present with up to 95% purity in the inclusion bodies [26]. However, protein re-
covery from the inclusion body fraction is still done mainly by trial-and-error [27].

An alternative is the secretion of proteins into the periplasm or supernatant. In par-
ticular, the secretion of proteins directly into the supernatant additionally simplifies
downstream processing, as the cell disruption step is omitted [20, 28]. The Gram-
positive Bacillus subtilis that is capable of secreting proteins in the gram-per-liter
range is the dominating bacterial host for industrial protein secretion, e.g., detergent
enzymes [29, 30]. However, it has high extracellular protease activities that can lead
to degradation of target proteins [31]. Protease-reduced B. subtilis strains exist [31–
33], but switching to other bacterial hosts with generally low extracellular proteolytic
activity, such as C. glutamicum, might be a reasonable alternative [20].

1.2.1. Secretion pathways

Two protein secretion pathways across the cytoplasmic membrane are highly con-
served in bacteria, archaea and eukarya [34]. While the majority of proteins is se-
creted in an unfolded state by the general secretion (Sec) pathway, intracellularly
folded proteins are exported by twin-arginine translocation (Tat) [35].
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1.2. Protein secretion

Fig. 1.2. Major secretion pathways in C. glutamicum. Unfolded proteins are exported via the Sec
pathway (A) in the cotranslational (A1) or posttranslational mode (A2). Folded proteins are
secreted via the Tat pathway [20]. SP: signal peptide, SRP: signal recognition particle, SPase:
signal peptidase, YEG: SecYEG translocation pore, DF: SecDF, PIP: posttranslationally in-
teracting protein, ATP: adenosine triphosphate, ADP: adenosine diphosphate, Pi: inorganic
phosphate, A: SecA, RR: signal peptide with a twin-arginine motif, pmf: proton motive force,
CM: cytoplasmic membrane, MM: mycomembrane

Both pathways are summarized for C. glutamicum by Freudl [20] (see Fig. 1.2).
Briefly, unfolded proteins can be exported via the Sec pathway in two different modes
depending on the hydrophobicity of the amino-terminal (N-terminal) signal peptide.
In the cotranslational mode, a highly hydrophobic signal peptide is recognized by the
signal recognition particle consisting of a Ffh protein and 4.5S RNA during transla-
tion [36]. The complex of the ribosome-nascent chain and signal recognition particle
is targeted to the membrane. Mediated by 4.5S RNA and regulated by guanosine
triphosphate (GTP) hydrolysis, Ffh and the signal recognition particle-receptor FtsY
interact through their N-terminal and GTPase domains [37]. The ribosome-nascent
chain is subsequently transferred to the translocation pore SecYEG with a three
sub-unit core that spans the cytoplasmic membrane [38]. Further elongation at the
ribosome provides the energy for translocation [39].

In the posttranslational mode, posttranslationally interacting proteins such as the
general chaperones GroEL-GroES/DnaK-DnaJ-GrpE/trigger factor or the soluble
form of SecA prevent precursor proteins from folding after translation [40–43]. The
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1.2. Protein secretion

signal peptide is recognized by SecA, which progressively pushes the precursor pro-
tein through the SecYEG pore under adenosine triphosphate (ATP) consumption in
a power-stroke mechanism [44]. The membrane-bound SecDF is proposed to act
as a proton-driven protein-translocation motor utilizing the proton gradient to pull
precursor proteins from the SecYEG channel to the trans side of the membrane [45,
46]. The signal peptide is removed by a signal peptidase during or directly after
export through the cytoplasmic membrane and the protein is released [47].

After intracellular folding, proteins with a signal peptide containing a twin-arginine
motif are secreted via the Tat pathway. If necessary, cofactors are inserted prior to
the export [48]. The twin-arginine motif is recognized by a Tat-substrate receptor
complex consisting of TatC and TatB [49]. Multimers of TatA(E) are subsequently
recruited proton motive force-dependently to the substrate-bound Tat-substrate re-
ceptor complex [48, 50]. As in E. coli , TatE is a cryptic gene duplication of TatA in
C. glutamicum, but it cannot complement TatA deletion [51]. After protein transloca-
tion, the signal peptide is removed by a signal peptidase and the protein is released
[47].

The transport across the mycomembrane after Sec- or Tat-dependent translocation
across the cytoplasmic membrane still remains unclear. It is unknown whether a
protein translocation system exists or not as no potential components of such a
system have been yet identified [20].

1.2.2. Signal peptides

Proteins for Sec- and Tat-dependent secretion are recognized by their N-terminal
signal peptide that is usually 20–40 amino acids long. As depicted in Fig. 1.3, these
signal peptides share a characteristic tripartite structure consisting of a positively
charged n-region, a hydrophobic h-region in the core and the c-region with the signal
peptidase type I recognition site [52]. This recognition site adjacent to the protein
targeted for secretion is characterized by the presence of amino acids with small
neutral side chains such as alanine at positions –3 and –1 with respect to the signal
peptidase cleavage site, and the preferred consensus motif is A–X–A [53].

In contrast to Sec signal peptides, Tat signal peptides have a longer n-region with
the highly conserved Tat consensus motif S/T-RR-X-F-L-K including the eponymous
two arginine residues [54]. This motif is adjacent to a comparably less hydrophobic
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1.2. Protein secretion

Fig. 1.3. Signal peptides for Sec- or Tat-dependent secretion. Both share a tripartite structure, but
Tat signal peptides can be distinguished by a Tat consensus motif, length of the n-region,
reduced hydrophobicity and Sec avoidance motif only [52]

h-region [55]. Some Tat signal peptides have an additional Sec avoidance motif with
positively charged amino acids in the c-region that, together with the less hydropho-
bic h-region, prevent targeting to the Sec pathway [55, 56].

In addition, there are N-terminal lipoprotein signal peptides that are recognized and
cleaved by type II signal peptidases after export via Sec or Tat immediately be-
fore the conserved +1 cysteine residue of the four-amino-acid lipobox motif [57].
Besides, type IV pilin-like signal peptides share a signal sequence motif that is rec-
ognized and cleaved by type III signal peptidase after export by the Sec translocon
[58].

Signal peptide sequences, their cleavage sites and the positions of their n-, h- and
c-region can be predicted by the bioinformatics tool SignalP 6.0. This tool assigns
a score indicating the likelihood of a sequence being a signal peptide, but it cannot
predict secretion efficiencies. SignalP 6.0 can be used for proteins from archaea,
Gram-positive and -negative bacteria as well as eukarya. Except for the latter, the
newest version does not exclusively discriminate between the pathways, but also
the signal peptidases I–III used for cleavage and thus can discriminate between five
types of signal peptides: Sec pathway with cleavage by signal peptidases I–III and
Tat pathway with cleavage by signal peptidases I or II [59]. SignalP is based on
pretrained language models for proteins provided by ProtTrans [60].

Data on the secretion efficiency of signal peptides for specific target proteins can be
obtained from the recently published Signal Peptide Secretion Efficiency Database
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(SPSED). This tool also allows to find homologous secreted proteins or signal pep-
tides by using the Basic Local Alignment Search Tool (BLAST). However, about 80%
of the data are based on Bacillus strains and so far only data for 18 target proteins
have been deposited as of August 2022 [61].

1.2.3. Heterologous protein secretion

To secrete a heterologous protein, a suitable pathway must first be identified. Al-
though the majority of homologous proteins are secreted Sec-dependently, it is not
necessarily possible to secrete a heterologous protein via this pathway or useful,
e.g., when enzymes require the incorporation of cofactors [20, 62]. One example is
the green fluorescence protein (GFP), which can only be secreted by C. glutamicum
in an active conformation via the Tat pathway [51, 63].

Improvements in heterologous secretion can be achieved by host selection or by
using optimized hosts, such as protease-reduced strains [31–33]. Proteins involved
in the respective secretion process may be over-expressed. Examples include ge-
nomic integration of an additional copy of the groESL operon for improved post-
translational Sec secretion [64] or plasmid-based additional expression of TatABC
for improved Tat-dependent secretion [65].

Since all homologous proteins have a unique signal peptide, finding a suitable signal
peptide for heterologous secretion via the chosen pathway with a specific host is
another challenging task. So far, it is not possible to predict a suitable combination
of signal peptide, target protein and host, and this choice is additionally influenced
by cultivation conditions [66]. One untargeted approach would be to systematically
screen libraries of homologous [67–69] or heterologous signal peptides of closely
related strains [70]. For C. glutamicum, it was shown that even signal peptides
from B. subtilis are suitable for sufficient secretion of heterologous proteins [71,
72]. In another approach, a selected signal peptide sequence could be optimized
for the secretion of a target protein through semi-targeted modifications, such as
site saturation mutagenesis of the positively charged N-domain [73]. However, prior
knowledge is limited and so far the data could not be transferred to other secretion
processes [74]. A third approach could be the untargeted random mutagenesis of a
selected signal peptide by error-prone polymerase chain reaction (PCR), which can
produce many different variants in a short time [75]. To screen in high-throughput
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for improved secretion, Bakkes et al. [75] used fluorescence-activated cell sorting of
a C. glutamicum secretion stress biosensor strain K9. In this strain, the htrA gene
coding for an extracytosolic protease was replaced by an eyfp gene leading to a
dose-dependent fluorescence response on target protein secretion [76].

In addition to the signal peptide sequence itself, the promoter and the 5’ untrans-
lated region have an impact on secretion performance. There, e.g., the spacer be-
tween Shine-Dalgarno sequence and start codon can influence translation initiation
presumably by secondary mRNA structures [77, 78]. The first amino acids of the
heterologous protein itself can affect cleavage by signal peptidases and thus also
secretion [69, 79]. Watanabe et al. [69] observed that +1 glutamine residues adja-
cent to the signal peptidase cleavage site have an influence on amylase secretion
with C. glutamicum R.

All of these optimization approaches, alone or in combination, result in a large num-
ber of variants for each heterologous target protein. Since predictions are currently
not possible, these variants should ideally be tested under process conditions [66].

1.3. Carboxylic ester hydrolases

Carboxylic ester hydrolases (EC 3.1.1) are ubiquitous and catalyze the hydrolysis
of esters to alcohols and carboxylic acids. They are further divided into more than
100 classes by substrate and product of catalysis and are of interest for various
biotechnological applications [80, 81]. Some carboxylic ester hydrolases such as
the Fusarium solani f. sp. pisi cutinase are secreted by their native host [82].

1.3.1. Cutinase

Cutinases (EC 3.1.1.74) were discovered in studies on plant pathogens as they cat-
alyze the hydrolization of cutin ester bonds of plant cuticles [83]. They belong to the
α/β-hydrolase fold superfamily [84]. One of the first characterized cutinases origi-
nates from the plant pathogen F. solani f. sp. pisi [82]. It consists of five β-sheets
and four α-helices with an active site triad with serine, histidine and aspartate acid
on positions 120, 188 and 175, respectively [85]. Particularly the F. solani f. sp. pisi
cutinase was used as a model enzyme for several studies on cutinase structure,
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function and reactivity [82, 86, 87], as well as for studies on heterologous protein
secretion with bacteria [67, 72, 75, 88, 89]. The latter is not only due to the eukary-
otic origin of the enzyme, but also to the possibility to determine cutinase activity
spectrophotometrically by degradation of 4-nitrophenyl palmitate (4NPP) as a sub-
strate analogue and detection of 4-nitrophenol (4NP) by absorption measurement at
410 nm [90] (see Fig. 1.4).

Fig. 1.4. Cutinase activity assay with 4NPP as substrate analogue. Formation of 4NP can be detected
by absorption measurement at 410 nm

The ability of cutinases to catalyze the hydrolization of cutin, as well as polyesters
and triglycerides leads to potential applications in laundry detergent and textile in-
dustries, among others [91–93].

1.3.2. Polyethylene terephthalate hydrolases

Plastics including polyethylene terephthalates (PETs) are widely used in everyday
life and the enormous amounts of plastic waste are a growing environmental prob-
lem. In 2020, 511.8 tons of PET were produced in Germany [94]. In the same year,
the European Union, Norway, Switzerland and the United Kingdom had a combined
demand of 49.1 million tons of plastic, of which PET accounted for 8.4%. 29 million
tons of post-consumer plastic waste was collected in these countries, of which only
34.6% were recycled, 42% were used for energy recovery, and still 23.4% were sent
to landfill [95].

The discovery of the bacterium Ideonella sakaiensis that can degrade and assim-
ilate amorphous PET in 2016 revealed a new potential of biotechnological plastic
degradation. I. sakaiensis produces a PET hydrolase (PETase) that converts PET
mainly to mono(2-hydroxyethyl) terephthalic acids (MHETs), that can be further en-
zymatically degraded by MHETases [96] (Fig. 1.5). Numerous reviews on PETases
and their application in plastic degradation [97, 98] as well as plastic upcycling [99–
101] have been recently published.
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Fig. 1.5. PETases degrade PET to MHETs and byproducts terephthalic acid (TPA) and bis(2-hydroxy-
ethyl)-TPA (BHET). MHET can be converted to TPA and ethylene glycol (EG) by MHET-
degrading enzymes (MHETase) [102]

Like cutinases, PETases (EC 3.1.1.101) have a highly conserved catalytic triad con-
sisting of serine, histidin and aspartate [103]. The F. solani f. sp. pisi cutinase can
also degrade PET [104], albeit with low activity compared to other PETases such
as the leaf-branch compost cutinase (LCC) [105]. The LCC was discovered in a
metagenomic approach and originates most likely from an unknown thermophilic
bacterium [106, 107]. At temperatures above 40 °C, the LCC outperforms the I. sa-
kaiensis PETase [96]. Like the F. solani f. sp. pisi cutinase, the LCC can also de-
grade 4-nitrophenyl ester, preferentially short-chain substrates such as 4-nitrophenyl
butyrate [106]. It was further engineered for improved activity and heat stability re-
sulting in the mutant ICCG. 90% depolymerization of pre-treated post-consumer
PET waste were shown with 3 mg LCCICCG per gram PET in 10 h at 72 °C with a
mean productivity of 16.7 gterephtalateL−1 h−1 [105]. Another PETase used in this study
is the PE-H that was discovered by Bollinger et al. [108] from the marine mesophilic
bacterium Pseudomonas aestusnigri. Whereas the LCC is a member of the Type I
family of PETases, the PE-H has another disulfide bond and an extended loop re-
gion and thus belongs to the Type IIa family. Only the rationally engineered mutant
PE-HY250S is able to hydrolyze a PET film substrate obtained from a commercial
PET bottle. Although hydrolysis of amorphous PET could also be increased by this
single amino acid exchange, MHET formation is still lower than with the I. sakaiensis
PETase [108]. LCC and PE-H both are presumably secreted by their native host, as
an N-terminal signal peptide sequence was predicted for both [106, 108].
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1.4. Split GFP assay

If no established activity assays exist, target proteins can be detected by covalent
linking to a fluorescence reporter. The most prominent one is the GFP that was
isolated from the jellyfish Aequorea victoria [109]. It is a widely used reporter for
gene expression and protein localization [110, 111] and a superfolder variant was
developed that allows robust folding even when fused with other proteins [112].

However, a full-size reporter protein could affect the solubility, folding and secretion
of a target protein. To minimize this effect, the split GFP assay was developed. Here,
only the 16 amino acids long 11th β-sheet of a superfolder GFP (GFP11) and a small
peptide linker are used as a protein tag [113]. Since residue E222 from the 11th β-
sheet is necessary for GFP chromophore formation [114], the remaining part of the
GFP (GFP1-10) is non-fluorescent. Only in presence of both parts, fluorescence of
superfolder GFP can be measured after self-assembly and chromophore maturation
[113]. A comprehensive review of recent developments, such as the extension to
other split fluorescence proteins [115, 116], and in vivo or in vitro applications of the
split GFP assay [117] can be found elsewhere.

For in vitro protein detection, a GFP1-10 detector solution must be added. GFP1-10
can be produced intracellulary with E. coli BL21(DE3), purified and refolded from the
inclusion body fraction after cell disruption [89, 118, 119]. For reduced incubation
times in split GFP assays, GFP1-10 can be prematurated in additional purification
steps [120, 121].

Fig. 1.6. Split GFP assay for detection of secreted proteins. The C-terminal GFP11-tag of the folded
target protein in the supernatant assembles with the non-fluorescent GFP1-10 detector to a
functional fluorescent GFP [88]

The split GFP assay was used by Knapp et al. [88] for screening of Sec-dependent
signal peptides for secretion of a heterologous cutinase and homologous lipase as
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well as the non-enzymatic swollenin EXLX1 in B. subtilis (see Fig. 1.6). For the
enzymes, the carboxyl-terminal (C-terminal) GFP11-tag did not negatively impact
protein secretion and split GFP assay results correlate to enzymatic activities [122].
The split GFP assay can also be used in a quantitative manner by combination
with activity measurements and is easily applicable in high-throughput screenings
[119].

1.5. Bioprocess development

Especially in semi-targeted or untargeted approaches of strain development, many
different genetic variants can be generated. In addition, the automation of molecular
biology workflows has also accelerated targeted strain construction, enabling the
generation of numerous variants on a short time scale as well [123, 124]. These
variants must be tested and compared with each other in order to develop a suitable
bioprocess with the best performing strains.

1.5.1. Miniaturization and automation

In standard process development as shown in Fig. 1.7, strain variants are tested in
primary screenings conducted in microtiter plate (MTP) format with high through-
put and low cultivation volume. MTP screenings are therefore cost-effective, and
these parallelized cultivations can often be integrated into automated workflows to
accelerate them, but standard MTPs provide few process insights and less process
control [125–127]. Interesting candidates are screened in further rounds in MTPs or
flasks and only a fraction is cultivated in laboratory-scale bioreactors for process de-
velopment and optimization. The best performing strains are then used for process
validation and production in pilot scale [127, 128]. With lower throughput, insights
into the process increase compared to MTPs or flasks. Bioreactors allow for feed-
ing, more targeted monitoring and regulation of the process by an active pH control
[129].

To overcome the limitations in small scale, flask-based cultivations have been im-
proved in terms of process insights and variability. Optical online measurements of
backscatter and, based on fluorophores, also of pH and dissolved oxygen (DO) are
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Fig. 1.7. Bioprocess development. In traditional bioprocess development, process information in-
crease with reduced throughput by bioreactor-based cultivation. Microbioreactor systems
integrated into robotic platforms can deliver both high throughput and information while being
scalable, accelerating bioprocess development [128]

possible [130, 131]. Additionally, devices for off-gas analytics are available [132–
134] and different strategies for feeding were tested [135, 136].

In addition, the development of microbioreactors is of particular interest. In contrast
to flask-based systems, these can often be automated by integration in liquid han-
dling robotic systems. Microbioreactor systems provide improved process insights
and are scalable [126, 128, 137]. Different stirred or shaken cultivation systems
in micro- or milliliter scale have been reviewed by Hemmerich et al. [128]. Stirred
microbioreactors are usually operated in milliliter scale and resemble typical biore-
actors. Examples are the automated Ambr® 15 system (Sartorius, Germany) for 24
or 48 parallel cell culture cultivations with 10–15 mL working volume or the bioREAC-
TOR 48 (2mag, Germany) with up to 48 parallelized cultivation vessels and 8–15 mL
working volume. In the Ambr® 15, feeding and sampling can be performed by auto-
mated liquid handling. This is only possible with the bioREACTOR 48 if the device
is integrated into a robotic platform from other manufacturers. Although the above
mentioned systems provide only bolus feeding in contrast to continuous feeding
strategies used in other stirred tank reactors (STRs), they show high reproducibility
and comparability with laboratory-scale STR cultivation [138, 139]. Microfluidic de-
vices for milliliter scale cultivation were investigated to allow for continuous feeding
in 48 parallel milliliter scale bioreactors [140].
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Shaken microbioreactors can also be fed with substrate via automated liquid han-
dling if they are integrated into an automation platform [137, 141]. One example
is the BioLector® (Beckman Coulter, USA) that allows for online measurement of
biomass by backscatter as well as pH, DO and fluorescence in up to 48 wells of
a MTP with up to 800–2 400 µL working volume depending on well geometry and
shaking frequencies. In addition to round well plates, FlowerPlates® are available,
where the flower-shape of the well mimics baffled flasks and allows higher oxygen
transfer rates compared to round wells according to the manufacturer. The measure-
ment principle is depicted in Fig. 1.8a and is comparable to optical measurements
in flasks. While the plate is shaken during incubation, an optic fiber moves along
underneath the plate measuring scattered light, fluorescence, pH and DO signal in
defined measurement intervals using corresponding LED modules. For DO and pH
measurement, plates with optodes are required [142].

Fig. 1.8. BioLector® measurement principle. (a) Scheme of BioLector®, adapted from [142]. While
the cultivation plate is shaken, an optic fiber can move along the wells underneath and take
measurements at intervals. (b) Top view on a microfluidic FlowerPlate® column, adapted
from [143]. The flower-shaped wells may contain optodes for pH and DO measurement.
Backscatter as an equivalent to biomass can be measured through the bottom of the well.
Reservoir wells in the upper two rows are connected to the cultivation wells underneath by
membrane valves and microfluidic channels

A BioLector® integrated into a robotic platform was successfully used for screening
of protein variants in different studies [71, 72]. It has been shown for various mi-
crobial cell factories including C. glutamicum that the processes are scalable from
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microbioreactor to laboratory bioreactor [71, 144, 145]. The BioLector® Pro (Beck-
man Coulter, USA) additionally enables feeding via microfluidic channels with vari-
ous feeding modes and rates [146]. The wells in the upper two rows of a microfluidic
plate are used as reservoirs connected to the cultivation wells underneath, e.g., for
substrate feeding and one-sided pH adjustment (see Fig. 1.8b) [143].

The advantage of shaken microbioreactors is the easy set-up compared to stirred
solutions. In return, some parameters such as cultivation temperature or headspace
oxygen can only be controlled globally in one experiment. In addition, frequent
liquid handling in the cultivation plate by the robotic system will affect the cultivation
by opening the lid and the resulting change in temperature and gas mixture in the
headspace [128, 137]. This effect is particularly noticeable when the shaking is
stopped [147].

In summary, bioprocess development can be accelerated using microbioreactors
integrated into laboratory automation systems enabling automated, miniaturized and
parallelized experiments. This setup can combine high throughput with high process
information and insights [128].

1.5.2. Strategic experimental design

Even though screening throughput can be increased by miniaturization, paralleliza-
tion and automation, there is a limit, i.e., the 48 wells in a BioLector® cultivation.
The goal is therefore to gain the best possible and statistically sound insights in a
cultivation and screening process with the least possible expenditure of time and
material. This can be achieved by combination with algorithms for evaluation and
planning of cultivation and screening experiments.

The method of classical design of experiments (DoE) has been first described in
1936 [148], but it was not applied for bioprocess development until much later. Now,
DoE is widely used to optimize cultivation media, among other applications in bio-
process development, as summarized by Mandenius and Brundin [149]. Here, more
than one variable is varied simultaneously, since they can also have combinatorial
effects on the desired output. This makes it less likely to get stuck in a local optimum
than compared to optimizing one variable after the other (see Fig. 1.9).
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Fig. 1.9. Design of experiments with two factors X1 and X2 (modified from [149]). By varying one vari-
able at a time (a), only a local optimum can be reached, since both variables are dependent
on each other. Using factorial design (b), X1 and X2 are simultaneously varied. With the
evaluation by an experimental design software the direction of the global optimum can be
predicted

With a full factorial design, the upper and lower limits of a factor are usually set
and all factors are examined in combination with each other, resulting in a large
amount of data that needs to be collected. Alternatively, fractional factorial design
can be used, in which only a subset of the factors is examined [150]. Results from
fractional or full factorial design are evaluated mostly by a response surface model to
identify the optimum to be achieved, e.g., the product yield or enzymatic activity [149,
151]. These response surface methods attempt to describe the relationship between
independent variables and a response variable to identify the optimum conditions
within the tested space and visualize the direction to the optimum [149].

An alternative to response surface methodology is Kriging that is known to model
complex nonlinear behavior more accurately [152]. Freier et al. [153] combined clas-
sical DoE with the Kriging algorithm to successfully accelerate media optimization
for GFP secretion with C. glutamicum.

Process models can be used to improve experimental design in an alternative ap-
proach. For example, a key performance indicator (KPI) such as the maximum prod-
uct formation rate is used for a strain library ranking. For this purpose, parameters
such as the growth rate have to be estimated, e.g., by ordinary differential equations
or other reaction kinetics models. Likelihood functions can be used to take measure-
ment noise or bias into account [154]. The measurement noise is often assumed
to be normally distributed for all time points and thus can be described by the prob-
ability density function of the normal distribution [155]. Additionally, a measure of
the quality of an estimate is also important in this context so that the experimenter
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knows whether further data need to be collected in screening rounds. This requires
probability distributions instead of point estimates of the model parameters, and this
can be obtained by using Bayesian inference (see Eq 1.1).

p(θ|D) =
p(D|θ) · p(θ)

p(D)
(1.1)

In this equation, θ are all model parameters including the KPI, e.g., the product for-
mation rate, D is the experimental data, p(θ|D) is the posterior distribution, p(D|θ)
is the likelihood, p(θ) is the prior distribution before collecting another round of ex-
perimental data and p(D) is the evidence of the data. The prior distribution p(θ)

is therefore needed to calculate the posterior distribution p(θ|D) that describes the
KPI by taking into account the collected data. In the following experiments, the pos-
terior of the previous experiment is used as prior and thus the prior knowledge is
extended in each round. Posterior distributions can be calculated, for example, by
Markov chain Monte Carlo algorithms [154, 155].

Bioprocess development often involves a trade-off between exploitation and explo-
ration, i.e., making the best decision based on the current information or gathering
more information. Using the example of signal peptide screening for heterologous
protein secretion, this would be the decision to continue testing the most suitable
signal peptide to date to collect even more statistically valid data (exploitation), or to
test additional signal peptides, one of which may be even more suitable, but without
wasting resources unnecessarily (exploration). So in addition to calculating posterior
distributions, a decision policy is needed to choose which strains to test in the next
screening round and for this Thompson sampling can be implemented. Thompson
sampling was described in 1933 [156] and is nowadays widely used, e.g., in online
advertisement [157] or online network revenue management [158].

L. M. Helleckes (Forschungszentrum Jülich GmbH) combined a decision algorithm
with a process model for PETase secretion screening, and it works as shown in
Fig. 1.10a. The Thompson sampling decides which action to play, i.e., which PETase
secretion strains to be tested in the next screening round by drawing random sam-
ples from a posterior distribution provided by a model based on Bayesian inference.
Observations from screening, i.e., absorption from activity measurements with culti-
vation supernatant samples, are used by the model to calculate the probability distri-
bution of a performance indicator, i.e., the reaction rate coefficient k of the enzymatic
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Fig. 1.10. Bayesian inference and Thompson sampling. (a) Overview of the decision algorithm com-
bining a Bayesian inference based model for posterior distribution calculation and Thompson
sampling for playing the action with the highest posterior out of random samples from pos-
terior distribution. (b) Probability densities over rewards of three exemplary candidates. The
real mean rewards in the legend indicate that the orange candidate has the highest reward,
but a great uncertainty. Based solely on the highest mean probability density, the violet can-
didate would be chosen despite having a lower real mean reward than the orange candidate
(both adapted from [154] which in turn were modified from [159])

conversion. The Thompson sampling algorithm then draws random samples from
this posterior distribution and chooses the strains with the highest posterior for the
next round with the aim of achieving the highest reward, i.e., the highest reaction rate
coefficient k. As described, the Thompson sampling does not select the action with
the highest mean, i.e., the secretion strain with the highest mean probability density
of the reaction rate coefficient k for the next screening round. Instead, it draws a
random sample from the posterior distributions of each candidate and chooses the
action with the highest sample next. This can maximize the reward in long term as
visualized in Fig. 1.10b. By choosing actions based on the highest mean probability
density, only the violet candidate would be chosen. With Thompson sampling, also
the orange candidate would be taken into account, because despite the great un-
certainty it could still yield a higher reward than the violet candidate with the narrow
probability density. In this example, the orange candidate has indeed the highest
real mean reward with r = 0.8. The green candidate would not be tested further, as
it is clearly worse than the purple one based on the the posterior distributions [154,
159].
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1.6. Aim of this thesis

In this work, the split GFP assay will be evaluated as an activity-independent de-
tection method for GFP11-tagged target proteins secreted by C. glutamicum. The
split GFP assay will be standardized and implemented on a Tecan Freedom EVO®

robotic platform with an integrated BioLector® for microscale cultivation with online
measurement of the dissolved oxygen, pH and backscatter signal that correlates
with cell densities. With the additionally integrated centrifuge, a cooled sample stor-
age and microplate reader, this screening platform is equipped for the entire work-
flow from the cultivation to the detection of proteins in the supernatant. The impact
of environmental conditions on the split GFP assay, such as pH and temperature,
will be investigated. To validate the split GFP assay as a suitable detection method,
a heterologous cutinase secreted by C. glutamicum will be detected by the split
GFP assay, and holo-GFP fluorescence will be correlated with enzymatic activities.
To provide high quantities of GFP1-10 for automated high-throughput screenings,
the GFP1-10 detector protein production in E. coli will be scaled from flasks to a
fed-batch process in defined medium in laboratory-scale bioreactors.

A new pPBEx2-based plasmid will be constructed that allows for easy exchange of
the ribosome binding site spacer and signal peptide sequence by cassette mutagen-
esis. Integration of the target gene into this plasmid will be enabled via Golden Gate
assembly. The generation of C. glutamicum expression vectors will be accelerated
using the low-cost Opentrons OT-2 liquid handling robot. Unit operations such as
plasmid purification, E. coli heat-shock transformation and restriction digestion will
be automated.

A fully automated screening workflow will be established with integrated pre-culture
handling and backscatter-triggered decision making for main culture inoculation and
the induction of target gene expression, as well as cell harvesting triggered by a
predefined time period since induction. The split GFP and the cutinase activity assay
will be tested for detection of secreted target proteins. Target protein secretion in the
microbioreactor operated in batch mode will be compared with fed-batch mode and
with a laboratory-scale batch experiment in a stirred-tank reactor.

The automated secretion screening workflow will be used to investigate the impact
of the ribosome binding site spacer on cutinase secretion mediated with four signal
peptides. Secretion performance with C. glutamicum will be compared to those
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with B. subtilis as a secretion host. Using the automated plasmid generation and
secretion screening workflow, a library of different B. subtilis signal peptides will be
tested for secretion of a heterologous cutinase and two PETase mutants, LCCICCG

and PE-HY250S, by C. glutamicum. In collaboration with a colleague, a process
model will be developed that, in combination with a decision algorithm, will allow a
statistically sound analysis of C. glutamicum PETase secretion performance.

In addition, the C. glutamicum pCGPhoDCg-GFP will be optimized. This strain can
secrete GFPuv mediated by the Tat-dependent signal peptide sequence of PhoD and
enables online product monitoring by fluorescence measurement in BioLector® culti-
vations. The phoD-GFPuv will be amplified from the original pEKEx2-based plasmid
and ligated with the pPBEx2. In this plasmid, a repressor gene was restored and in-
traplasmid duplicate sequences were removed. Thus, pPBEx2-PhoDCg-GFP should
allow for low basal and tightly controlled gene expression using the tac promoter and
a higher plasmid stability.
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2.1. Materials

2.1.1. Devices, consumables and software

The devices used in this study for which the model may be relevant are listed in
Tab. 2.1. Software used for experiments and data analysis is shown in Tab. 2.2 and
consumables and kits in Tab. 2.3.

Tab. 2.1. Devices used in this work

Device Model Manufacturer

Bioreactor 1.5 L DASGIP® reactor Eppendorf, Germany
Capillary electrophoresis MCE-202 MultiNA Shimadzu, Japan
Centrifuges Allegra X-30R Beckman Coulter, USA

Biofuge pico Heraeus, Germany
GS-15R Beckman Coulter, USA
Himac CT15RE Hitachi, Japan
Rotanta 460 Robotic Hettich, Germany

DO optodes VisiFerm DO 225 Hamilton, Switzerland
Electroporator Gene Pulser Xcell Bio-Rad Laboratories, USA

ECM™ 630 BTX, USA
French press HTU Digi-F-Press G. Heinemann Ultraschall-

und Labortechnik, Germany
HPLC system HP/Agilent 110 Agilent Technologies, USA
HPLC column Metab ACC, Organic Acid resin,

300 x 8 mm
ISERA, Germany

Laboratory automation Freedom EVO® 200 Tecan, Switzerland
OT-2 Opentrons, USA

Microbioreactor Biolector® Pro Beckman Coulter, USA
Microplate reader Infinite® M Nano Tecan, Switzerland
Microscope Nikon Eclipse Ti2 Nikon, Japan
Online biomass monitor SFR vario PreSense Precision Sensing,

Germany
pH electrode 405-DPAS-SC-K8S Mettler Toledo, USA
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Device Model Manufacturer

Metrohm 6.0234.110 Metrohm, Switzerland
Pipettes Research® Plus Eppendorf, Germany

VOYAGER (electronic,
multichannel with adjustable tip
space)

Integra Biosciences,
Switzerland

Plate pourer Universal Plate Pourer KREO Technologies, Canada
Thermal cycler Termocycler Module Opentrons, USA
Temperature control systems Heratherm incubator Thermo Fisher Scientific,

USA
Microcool MC 600 LAUDA DR. R. WOBSER,

Germany
Temperature Module Opentrons, USA

Tempered shakers ISF-4-W Adolf Kühner AG, Switzerland
Multitron Pro Infors HT, Switzerland
Multitron Standard Infors HT, Switzerland
ThermoMixer® comfort Eppendorf, Germany

Spectrophotometer NanoDrop™ 1000 Thermo Fisher Scientific,
USA

UV-1800 Shimadzu, Japan

Tab. 2.2. Software used in this work

Software Application Reference

ArviZ ≥0.11.4 Exploratory analysis of
Bayesian models

[160]

BioLection® 3.18 BioLector® control Beckman Coulter, USA
Bletl v1.0.4 Parsing of BioLector® data and

analysis
[161, 162]

Calibr8 ≥6.2.1 Calibration models [163, 164]
ChemDraw 20.0.0.38 Visualization of chemical

structures and reactions
PerkinElmer, USA

DASware® Bioreactor control Eppendorf, Germany
Detl 0.4.0 Parsing of bioreactor raw data [165]
EnvManager v1.5.0.5 Application for creating Python

environments
M. Osthege,
Forschungszentrum Jülich
GmbH, unpublished

Freedom EVOware® 2.7 Tecan robotic system Tecan, Switzerland
i-control™ 2.0 Reader Tecan, Switzerland
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Software Application Reference

Matplotlib ≥3.4.3 Data visualization [166, 167]
Microsoft Excel 2016 Data processing Microsoft, USA
MultiNA Control Software 1.13.0 Capillary electrophoresis Shimadzu, Japan
NumPy ≥1.20 Scientific computing [168]
Opentrons App 4.5.0 Opentrons robotic system Opentrons, USA
OT-2 Python Protocol API 2.8 Opentrons robotic system Opentrons, USA
Pandas ≥1.3 Data analysis and manipulation [169, 170]
PreSense Flask Studio 3.1.2.35 Online biomass measurement

in flasks
PreSense Precision
Sensing, Germany

PyMC ≥4.0.0b2 Bayesian statistical modeling
and probabilistic machine
learning

[171]

Python 3.8.1 Experiment scripts and data
processing

Python Software
Foundation, USA

Retl 0.3.1 Parsing of microplate reader
data

M. Osthege and N. Tenhaef,
Forschungszentrum Jülich
GmbH, unpublished

Robotools v1.3.0 Writing of worklist files for Tecan
robotic systems

[172]

SciPy ≥1.6.3 Data manipulation and analysis [173]
SnapGene® software 5.3.2 DNA cloning (planning,

visualization, documentation)
Insightful Science, USA

ThorCam™ Microscopic image acquisition Thorlabs, USA

Tab. 2.3. Consumables and kits used in this work. PP: polypropylene, PS: polystyrene

Consumable Model Manufacturer

12-column plate Reservoir, 12 column, PP Agilent Technologies, USA
24-well deepwell plate (DWP) Square well, riplate® SW Ritter, Germany
48-well FlowerPlate MTP-48-BOH 1 Beckman Coulter, USA

MTP-MF32C-BOH 1
(microfluidic)

Beckman Coulter, USA

96-well DWP Riplate® RW, PP (1 mL) Ritter, Germany
Riplate® RW, PP (2 mL) Ritter, Germany
Square well collection plate,
2.2 mL, u-buttom, PP

Brand, Germany

96-well MTP µCLEAR®, f-bottom, PS Greiner Bio-One, Austria
µCLEAR®, f-bottom, black, PS Greiner Bio-One, Austria
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Consumable Model Manufacturer

Clear, v-bottom, PS Greiner Bio-One, Austria
Clear, u-bottom, PS, 320 µL Greiner Bio-One, Austria

96-well PCR plate 0.2 mL skirted, robotic Thermo Fisher Scientific, USA
0.2 mL low profile, non-skirted Thermo Fisher Scientific, USA
0.2 mL non-skirted Thermo Fisher Scientific, USA

Cuvettes Q-VETTES semi-micro, PS Ratiolab, Germany
DNA purification kit NucleoSpin Gel and PCR

Clean-up
Macherey Nagel, Germany

NucleoSpin Plasmid (No Lid) Macherey Nagel, Germany
Wizard® MagneSil® Plasmid
DNA Purification System

Promega, USA

Electroporation accessories 96-Well Plate, 2 mm Gap, 150 µL
well capacity

BTX, USA

Cuvettes with 2 mm gap size VWR, USA
MultiNA kit DNA-12000 Reagent Kit Shimadzu, Japan
SDS-PAGE Gel 4–12% Criterion™ XT Bis-Tris

Precast Gel
Bio-Rad Laboratories, USA

Sealing foil Gas permeable (silicone foil +
non-woven foil) for automation

Beckman Coulter, USA

Gas permeable (silicone foil +
non-woven foil) for microfluidic
MTP

Beckman Coulter, USA

Gas-permeable Beckman Coulter, USA
SILVERseal™ adhesive
aluminium foil

Greiner Bio-One, Austria

Single-well plate Nunc™ OmniTray™, PS Thermo Fisher Scientific, USA

2.1.2. Laboratory-scale bioreactors

Cultivation in laboratory-scale STRs was done in four parallel 1.5 L DASGIP® biore-
actors equipped with two Rushton-type impellers (6 blades, 1 cm height, 3 cm dis-
tance). Included DASGIP® modules were TC4SC4 for temperature and agitation
control, PH4PO4 for control of DO and pH, MF4 for mass flow controlled gassing,
MP8 for control of feed flow rates and GA4 exhaust analyzer. DO was measured
with VisiFerm DO 225 optodes and pH with 405-DPAS-SC-K8S electrodes. The
plan view of the setup is shown in Fig. 2.1.
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Fig. 2.1. Plan view on DASGIP® bioreactor setup. (a) pH electrode, (b) septum, (c) sampling and
inoculation port, feed inlet, (d) acid inlet, (e) base inlet, (f) sampling and inoculation port, feed
inlet, (g) sparger, (h) thermometer, (i) exhaust gas cooler, (j) DO electrode and (k) stirring
unit. Adapted from [174]

2.1.3. Robotic system for molecular biology applications

Workflows for automating plasmid construction were implemented on the low-cost
liquid handling system Opentrons OT-2 with open source based software. It includes
two different pipettes for liquid handling with disposable tips that can be exchanged.
The multichannel pipettes P20 GEN2, P300 and P300 GEN2 were used in different
applications of this work, as well as the Thermocycler and the Magnetic Module.

2.1.4. Robotic system for cultivation and screening

For secretion screenings and other applications involving cultivation, the Tecan Free-
dom EVO® 200 with integrated BioLector® Pro for cultivation was used as shown
in Fig. 2.2. This liquid handling system uses fixed stainless steel tips coated with
polytetrafluoroethylene (PTFE) and is capable of moving plates with the robotic ma-
nipulator along the axis. In addition to the Biolector® Pro, this system also includes
the Rotanta 460 Robotic centrifuge for cell harvest, a cooling carrier connected to
the Microcool MC 600 for cooled sample storage, deck space for preparing cultiva-
tion and assays and an Infinite® M Nano microplate reader. A sterile environment is
ensured by a laminar flow hood with high-efficiency particulate air filtration.
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Fig. 2.2. Schematic of the robotic screening platform used in this work. The Tecan Freedom EVO®

with a 200 base unit is equipped with (a) a sterile hood, (b) a liquid handler and (c) robotic
manipulator that can move along the (d) axis in X–Y–Z-directions, (e) a washing station, (f)
trough carriers, (g) plate carriers, (h) a BioLector® Pro with (i) control unit, (j) a cooling system
and cooling carrier for plates, (k) a plate centrifuge and (l) microplate reader [175]

Microbioreactor

The BioLector® Pro for cultivation in microliter-scale enables online measurement of
biomass by backscatter, pH, DO and fluorescence. Depending on the application,
LED modules in Tab. 2.4 were used. Bacteria were cultivated in MTP-48-BOH 1
plates with optodes HP8/Pst3 for DO and pH measurement unless otherwise indi-
cated.

Tab. 2.4. BioLector® LED modules used for online measurement during cultivation

LED module Details

Biomass Excitation at 620 nm (bandpass: 10 nm), scattered light measurement
DO (Pst3) Excitation 520 nm (bandpass: 10 nm) / Emission 600 nm (longpass), BOH 1

plates
eYFP and Citrine Excitation 508 nm (bandpass: 10 nm) / Emission 532 nm (bandpass: 10 nm)
GFP / Gemini Excitation 480 nm (bandpass: 10 nm) / Emission 520 nm (bandpass: 25 nm)
pH (HP8) Excitation 470 nm (bandpass: 10 nm) / Emission 525 nm (longpass), BOH 1

plates, pH 5.0–7.0

System control

For autonomous experiments on the screening platform, a process control sys-
tem designed by M. Osthege and J. Hemmerich (Forschungszentrum Jülich GmbH,
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[176]) in the context of the BMBF-funded DigInBio project was used, where access
to the Freedom EVO® and BioLector® is enabled by gateways.

In an experiment script programmed in Python, protocols of the Freedom EVOware®

and the BioLector® can be started and BioLector® data can be parsed during the ex-
periment using the BLETL package [161, 162]. During the experiment, worklists are
written with robotools [172] based on backscatter measurements that can be loaded
and executed in EVOware® scripts. Cultivation wells are divided into the categories
listed in Tab. 2.5. At the beginning of a new cultivation, only preculture_wells (ex-
periment with automated pre-culture) or active_wells (experiment without automated
pre-culture) are defined. After all active wells are harvested and no pre-culture wells
remain, the cultivation is finished.

Tab. 2.5. Categories of cultivation wells in the cultivation plate during automated screenings
*Only for cultivations with automated pre-culture

Name Type Details

preculture_wells* List Wells of the pre-culture, inoculated from cryo-conserved cultures by
the robotic system

wells_for_main* List Pre-culture wells that have reached the trigger for inoculation of
main cultures in the current cycle. After inoculation of main cultures,
respective pre-culture wells are removed from preculture_wells

main_wells* List Wells of the main culture that are inoculated from the respective
pre-culture. These wells are added to the active_wells

active_wells List All main culture wells that are not yet harvested
wells_to_induce List Active wells that are selected for induction in the current cycle
induced_wells Dictionary Active wells that are already induced but not harvested. The dic-

tionary includes the name of the well and the time of cultivation at
which this well is harvested (induction time + 4 h)

sampled_wells List Wells that were harvested. After harvest, these wells are removed
from active_wells

As an example, the method for making induction decisions is shown in Fig. 2.3.
When this method is executed, it will be checked if the backscatter signal of the
active wells has exceeded the threshold of 5.82. If this is the case and the well is not
in the list induced_wells already, the well name is added to the list wells_to_induce.
This also applies if the cultivation time exceeds 24 h. The execution of induction is
defined in another method.

27



2.1. Materials

Fig. 2.3. Method for making induction decisions in the experiment script. Based on the backscatter
data, wells will be selected for induction. For this, the well must not already be included in the
induced_wells list and the backscatter or cultivation time threshold must have been reached

2.1.5. Bacterial strains and plasmids

Bacterial strains are listed in Tab. 2.6 and plasmids used in this study in Tab. 2.7.

Tab. 2.6. Bacterial strains used in this work. B. subtilis was exclusively used by a cooperation partner
in the Knapp lab (Heinrich Heine University Düsseldorf/Forschungszentrum Jülich GmbH)

Strain Genotype Reference

B. subtilis TEB1030 his nprE aprE bpf ispI lipA lipB [177]
C. glutamicum ATCC 13032 WT [1]
C. glutamicum K9 htrA replaced by htrA’ (first 51 bp of htrA),

TAG stop codon, 16 bp spacer containing a
ribosome binding site (RBS) and eyfp gene

[76]

E. coli BL21(DE3) F– ompT gal dcm lon hsdSB(rB
– mB

–) λ(DE3
[lacI lacUV5-T7p07 ind1 sam7 nin5])
[malB+]K-12(λS)

[178]

E. coli DH5α F– endA1 glnV44 thi-1 recA1 relA1 gyrA96
deoR nupG purB20 φ80dlacZ∆M15
∆(lacZYA-argF )U169, hsdR17(rK

–mK
+), λ-

[179]
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Strain Genotype Reference

E. coli TOP10 F– mcrA ∆(mrr-hsdRMS-mcrBC)
φ80lacZ∆M15 ∆lacX74 nupG recA1
araD139 ∆(ara-leu)7697 galE15 galK16
rpsL(StrR) endA1 λ-

Thermo Fisher
Scientific, USA

Tab. 2.7. Plasmids used in this work. All plasmids contain resistance genes for ampicillin (Ampr) or
kanamycin (Kmr)

Plasmid Description Reference

pET22b-sfGFP1-10 pET22b(+) with sfgfp1-10 gene under control
of PT7, Ampr

[88]

pBS-4nt-SPPel-Cut11

pBSMul1[180]-based E. coli /B. subtilis shuttle
vector with 4 nt spacer length and NdeI/XbaI
inserted fragment containing Pel signal
peptide sequence, F. solani f. sp. pisi cut1
gene and C-terminal GFP11-tag sequence,
Kmr

[78]

pBS-Xnt-SPNprE-Cut11 pBSMul1[180]-based E. coli /B. subtilis shuttle
vector with X nt spacer length (X = 4–12) and
NdeI/XbaI inserted fragment containing NprE
signal peptide sequence, F. solani f. sp. pisi
cut1 gene and C-terminal GFP11-tag
sequence, Kmr

P. Lenz, published in
[175]

pBSMul-SPMix-SPNprE-
YoaJ-GFP11

pBSMul3[67]-based E. coli /B. subtilis shuttle
vector with 5 nt spacer length, HindIII/EcoRI
inserted fragment containing NprE signal
peptide sequence and EcoRI/XbaI inserted
fragment containing B. subtilis yoaJ gene and
GFP11-tag sequence, Kmr

K. Volkenborn,
unpublished

pUC57-Insert-Amp pUC57 with insert consisting of Ptac, 12 nt
spacer with sequence [a]9cat, B. subtilis signal
peptide sequence from yncM, Actinia equina
blue chromoprotein aeCP597 under the
control of the constitutive Pem7 and GFP11-tag
sequence, Ampr

Synthesized (Synbio
Technologies, USA),

published in [175]

pUC57-Cutinase-Amp pUC57 with F. solani f. sp. pisi cut1 gene,
Ampr

Synthesized (Synbio
Technologies, USA),

published in [175]
pUC57-LCC-Amp pUC57 with lccICCG gene, Ampr Synthesized (Synbio

Technologies, USA),
published in [181]
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Plasmid Description Reference

pUC57-PE-H-Amp pUC57 with P. aestusnigri PE-HY250S gene,
Ampr

Synthesized (Synbio
Technologies, USA),

published in [181]
pPBEx2 Cured pEKEx2[182]-derivative,

E. coli /C. glutamicum shuttle vector, pUC18
oriV Cg, pBL1 oriV Ec, Ptac , corrected lacIq

allele, lacking destabilizing replicate
sequences (∆930-1140 nucleotides), ∆EcoRI
site in the mcs, Kmr

[8]

pPBEx2-NprE-cutinase-
GFP11

Insert from pEKEx2-NprE-cutinase-GFP11[8,
66] excised with PstI/SacI and ligated into
pPBEx2, Kmr

[75, 89]

pPBEx2-Pel-cutinase-
GFP11

Insert from pEKEx2-Pel-cutinase[75] excised
with PstI/SacI and ligated into pPBEx2, Kmr

[75, 89]

pPBEx2-Pel(F11I)-cuti11 PelSP mutant F11I fused to cutinase-GFP11,
Kmr

[75]

pPBEx2-Pel(P16S)-
cuti11

PelSP mutant P16S fused to cutinase-GFP11
(V7 from PelL1), Kmr

[75]

pPBEx2-Pel(F11I/P16S)-
cuti11

PelSP mutant F11I/P16S fused to
cutinase-GFP11, Kmr

[75]

pPBEx2-
Pel(F11I/G13A/P16S)-
cuti11

PelSP mutant F11I/G13A/P16S fused to
cutinase-GFP11, Kmr

[75]

pCMEx12 pPBEx2[8]-based E. coli /C. glutamicum
shuttle vector with NdeI restriction site
removed by blunting, new insert consisting of
Ptac, 12 nt spacer with sequence [a]9cat,
B. subtilis signal peptide sequence from yncM,
A. equina blue chromoprotein aeCP597 under
the control of the constitutive Pem7 and
GFP11-tag sequence via circlar polymerase
extension cloning (CPEC), Kmr

This work, published
in [175]

pCMEx[4-11] pCMEx12-based E. coli /C. glutamicum shuttle
vector with [4-11] nt spacer length with
sequence [a]1-9cat cloned into pCMEx12 via
PstI/NdeI, Kmr

This work, published
in [175]

pCMEx[4-12]-[SP] pCMEx[4-12] with B. subtilis signal peptide
sequence from yncM exchanged with other
B. subtilis signal peptide sequences via
NdeI/EcoRI, Kmr

This work, published
in [175]
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Plasmid Description Reference

pCMEx[4-12]-[SP]-
Cutinase

pCMEx[4-12]-[SP] with Pem7-aeCP597
exchanged with F. solani f. sp. pisi cut1 by
Golden Gate assembly using BsaI, cut1 gene
in frame with N-terminal B. subtilis signal
peptide and C-terminal GFP11-tag sequence,
Ptac, [4-12] nt spacer length, Kmr

This work, published
in [175]

pCMEx8-[SP]-LCC pCMEx[4-12]-[SP] with Pem7-aeCP597
exchanged with lccICCG by Golden Gate
assembly using BsaI, cut1 gene in frame with
N-terminal B. subtilis signal peptide and
C-terminal GFP11-tag sequence, Ptac,
[4-12] nt spacer length, Kmr

This work, published
in [181]

pCMEx-[SP]-PE-H pCMEx[4-12]-[SP] with Pem7-aeCP597
exchanged with P. aestusnigri PE-HY250S by
Golden Gate assembly using BsaI, cut1 gene
in frame with N-terminal B. subtilis signal
peptide and C-terminal GFP11-tag sequence,
Ptac, [4-12] nt spacer length, Kmr

This work, published
in [181]

pEKEx2-PhoDCg-GFP (=pCGPhoDCg-GFP), E. coli /C. glutamicum
shuttle vector pEKEx2 [182] (pUC18 oriV Cg,
pBL1 oriV Ec, Ptac , lacIq with modified
C-terminus with phoDCg-gfpuv, Kmr

[63]

pPBEx2-PhoDCg-GFP pPBEx2-based E. coli /C. glutamicum shuttle
vector with phoDCg-gfpuv from
pEKEx2-PhoDCg-GFP inserted via SbfI/KpnI,
Kmr

This work

2.1.6. Oligonucleotides

All oligonucleotides that were used are grouped by application and listed in Tab. 2.8.
Oligonucleotides were synthesized by Eurofins Genomics (Germany).

Tab. 2.8. Oligonucleotides used in this work

Oligonucleotide 5’→ 3’ sequence

Primers for sequencing:
sCM-Insert_for gtggtatggctgtgcag
sCM-Insert_rev gttttatcagaccgcttctg
sCM-lacI_for cggtatcgtcgtatcccac
sCM_1f ctcaatacactggccgtcttc
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Oligonucleotide 5’→3’ sequence

sCM_2f gtattatcccgtgttgacg
sCM_3f ccggtaactatcgtcttgag
sCM_4f gcatggttactcaccactgc
sCM_5f ggtccacctacaacaaagctc
sCM_6f agtgcttcgatggtggcttg
sCM_7f tcaatgagggttctaaggtcac
sCM_8f cgtgagtatgaggttggttc
sCM_9f gtagtgggcagtgtgcaca
sCM_10f gttgggaatgtaattcagctcc

CPEC for construction of pCMEx12:
CPEC-Backbone_for acgaaaggctcagtcgaaagactgg
CPEC-Backbone_rev ctcatgttatatcccgccgttaacc
CPEC-Insert_for ggttaacggcgggatataacatgag
CPEC-Insert_rev ccagtctttcgactgagcctttcgt

Oligonucleotide hybridization, exchange of spacer sequence for pCMEx[4-11]:
4nt_Spacer_for gagaagacaggagaca
4nt_Spacer_rev tatgtctcctgtcttctctgca
5nt_Spacer_for gagaagacaggagaaca
5nt_Spacer_rev tatgttctcctgtcttctctgca
6nt_Spacer_for gagaagacaggagaaaca
6nt_Spacer_rev tatgtttctcctgtcttctctgca
7nt_Spacer_for gagaagacaggagaaaaca
7nt_Spacer_rev tatgttttctcctgtcttctctgca
8nt_Spacer_for gagaagacaggagaaaaaca
8nt_Spacer_rev tatgtttttctcctgtcttctctgca
9nt_Spacer_for gagaagacaggagaaaaaaca
9nt_Spacer_rev tatgttttttctcctgtcttctctgca
10nt_Spacer_for gagaagacaggagaaaaaaaca
10nt_Spacer_rev tatgtttttttctcctgtcttctctgca
11nt_Spacer_for gagaagacaggagaaaaaaaaca
11nt_Spacer_rev tatgttttttttctcctgtcttctctgca

Oligonucleotide hybridization, exchange of signal peptide sequence for pCMEx[4-12]-[SP]:
AbnA_for tatgaagaagaagaagacctggaagcgcttcctgcacttctcctccgcagcactggcagca

ggcctgatcttcacctccgcagcaccagcagaagcag
AbnA_rev aattctgcttctgctggtgctgcggaggtgaagatcaggcctgctgccagtgctgcggagg

agaagtgcaggaagcgcttccaggtcttcttcttcttca
AmyE_for tatgttcgcaaagcgcttcaagacctccctgctgccactgttcgcaggcttcctgctgctg

ttccacctggtgctggcaggcccagcagcagcatccgcag
AmyE_rev aattctgcggatgctgctgctgggcctgccagcaccaggtggaacagcagcaggaagcctg

cgaacagtggcagcagggaggtcttgaagcgctttgcgaaca
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Oligonucleotide 5’→3’ sequence

AprE_for tatgcgctccaagaagctgtggatctccctgctgttcgcactgaccctgatcttcaccatg
gcattctccaacatgtccgtgcaggcag

AprE_rev aattctgcctgcacggacatgttggagaatgccatggtgaagatcagggtcagtgcgaaca
gcagggagatccacagcttcttggagcgca

Bpr_for tatgcgcaagaagaccaagaaccgcctgatctcctccgtgctgtccaccgtggtgatctcc
tccctgctgttcccaggcgcagcaggcgcag

Bpr_rev aattctgcgcctgctgcgcctgggaacagcagggaggagatcaccacggtggacagcacgg
aggagatcaggcggttcttggtcttcttgcgca

Bsn_for tatgaccaagaaggcatggttcctgccactggtgtgcgtgctgctgatctccggctggctg
gcaccagcagcatccgcatccgcag

Bsn_rev aattctgcggatgcggatgctgctggtgccagccagccggagatcagcagcacgcacacca
gtggcaggaaccatgccttcttggtca

CwlS_for tatgaagaagaagatcgtggcaggcctggcagtgtccgcagtggtgggctcctccatggca
gcagcaccagcagaagcag

CwlS_rev aattctgcttctgctggtgctgctgccatggaggagcccaccactgcggacactgccaggc
ctgccacgatcttcttcttca

Epr_for tatgaagaacatgtcctgcaagctggtggtgtccgtgaccctgttcttctccttcctgacc
atcggcccactggcacacgcag

Epr_rev aattctgcgtgtgccagtgggccgatggtcaggaaggagaagaacagggtcacggacacca
ccagcttgcaggacatgttcttca

LipA_for tatgaagttcgtgaagcgccgcatcatcgcactggtgaccatcctgatgctgtccgtgacc
tccctgttcgcactgcagccatccgcaaaggcag

LipA_rev aattctgcctttgcggatggctgcagtgcgaacagggaggtcacggacagcatcaggatgg
tcaccagtgcgatgatgcggcgcttcacgaacttca

LipB_for tatgaagaaggtgctgatggcattcatcatctgcctgtccctgatcctgtccgtgctggca
gcaccaccatccggcgcaaaggcag

LipB_rev aattctgcctttgcgccggatggtggtgctgccagcacggacaggatcagggacaggcaga
tgatgaatgccatcagcaccttcttca

Mpr_for tatgaagctggtgccacgcttccgcaagcagtggttcgcatacctgaccgtgctgtgcctg
gcactggcagcagcagtgtccttcggcgtgccagcaaaggcag

Mpr_rev aattctgcctttgctggcacgccgaaggacactgctgctgccagtgccaggcacagcacgg
tcaggtatgcgaaccactgcttgcggaagcgtggcaccagcttca

NprB_for tatgcgcaacctgaccaagacctccctgctgctggcaggcctgtgcaccgcagcacagatg
gtgttcgtgacccacgcatccgcag

NprB_rev aattctgcggatgcgtgggtcacgaacaccatctgtgctgcggtgcacaggcctgccagca
gcagggaggtcttggtcaggttgcgca

NprE_for tatgggtttaggtaagaaattgtctgttgctgtcgctgcttcgtttatgagtttatcaatc
agcctgccaggtgttcaggctg

NprE_rev aattcagcctgaacacctggcaggctgattgataaactcataaacgaagcagcgacagcaa
cagacaatttcttacctaaaccca

Pel_for tatgaaaaaagtgatgttagctacggctttgtttttaggattgactccagctggcgcgaac
gcag
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Oligonucleotide 5’→3’ sequence

Pel_rev aattctgcgttcgcgccagctggagtcaatcctaaaaacaaagccgtagctaacatcactt
ttttca

PelB_for tatgaagcgcctgtgcctgtggttcaccgtgttctccctgttcctggtgctgctgccaggc
aaggcactgggcg

PelB_rev aattcgcccagtgccttgcctggcagcagcaccaggaacagggagaacacggtgaaccaca
ggcacaggcgcttca

PhoB_for tatgaagaagttcccaaagaagctgctgccaatcgcagtgctgtcctccatcgcattctcc
tccctggcatccggctccgtgccagaagcatccgcag

PhoB_rev aattctgcggatgcttctggcacggagccggatgccagggaggagaatgcgatggaggaca
gcactgcgattggcagcagcttctttgggaacttcttca

SacB_for tatgaacatcaagaagttcgcaaagcaggcaaccgtgctgaccttcaccaccgcactgctg
gcaggcggcgcaacccaggcattcgcag

SacB_rev aattctgcgaatgcctgggttgcgccgcctgccagcagtgcggtggtgaaggtcagcacgg
ttgcctgctttgcgaacttcttgatgttca

SacC_for tatgaagaagcgcctgatccaggtgatgatcatgttcaccctgctgctgaccatggcattc
tccgcagatgcag

SacC_rev aattctgcatctgcggagaatgccatggtcagcagcagggtgaacatgatcatcacctgga
tcaggcgcttcttca

Vpr_for tatgaagaagggcatcatccgcttcctgctggtgtccttcgtgctgttcttcgcactgtcc
accggcatcaccggcgtgcaggcagcaccagcag

Vpr_rev aattctgctggtgctgcctgcacgccggtgatgccggtggacagtgcgaagaacagcacga
aggacaccagcaggaagcggatgatgcccttcttca

YoaW_for tatgaagaagatgctgatgctggcattcaccttcctgctggcactgaccatccacgtgggc
gaagcatccgcag

YoaW_rev aattctgcggatgcttcgcccacgtggatggtcagtgccagcaggaaggtgaatgccagca
tcagcatcttcttca

YolA_for tatgaagaagcgcatcacctactccctgctggcactgctggcagtggtggcattcgcattc
accgattcctccaaggcaaaggcag

YolA_rev aattctgcctttgccttggaggaatcggtgaatgcgaatgccaccactgccagcagtgcca
gcagggagtaggtgatgcgcttcttca

YpjP_for tatgaagctgtggatgcgcaagaccctggtggtgctgttcaccatcgtgaccttcggcctg
gtgtccccaccagcagcactgatggcag

YpjP_rev aattctgccatcagtgctgctggtggggacaccaggccgaaggtcacgatggtgaacagca
ccaccagggtcttgcgcatccacagcttca

YwaD_for tatgaagaagctgctgaccgtgatgaccatggcagtgctgaccgcaggcaccctgctgctg
ccagcacagtccgtgaccccagcagcacacgcag

YwaD_rev aattctgcgtgtgctgctggggtcacggactgtgctggcagcagcagggtgcctgcggtca
gcactgccatggtcatcacggtcagcagcttcttca

YwmC_for tatgaagaagcgcttctccctgatcatgatgaccggcctgctgttcggcctgacctcccca
gcattcgcag

YwmC_rev aattctgcgaatgctggggaggtcaggccgaacagcaggccggtcatcatgatcagggaga
agcgcttcttca
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Oligonucleotide 5’→3’ sequence

Oligonucleotide hybridization, exchange of RBS in pCMEx8-NprE-Cutinase:
RBS-PB_for gaaggagatataca
RBS-PB_rev tatgtatatctccttctgca
RBS-PB-BbsI_for gaagacgaaggagatataca
RBS-PB-BbsI_rev tatgtatatctccttcgtcttctgca
RBS-CM_for gaaggagaaaaaca
RBS-CM_rev tatgtttttctccttctgca
RBS-CM-BbsI-GA_for gagaagacgaaggagaaaaaca
RBS-CM-BbsI-GA_rev tatgtttttctccttcgtcttctctgca

PCR amplification of phoDCg-gfpUV:
PhoD_for atcacctgcaggaaggagatatagatatgccacagttaagcagacg
GFPuv_rev atcaggtaccttatttgtagagctcatccatgccatgtg

2.1.7. Chemicals and enzymes

Chemicals were obtained from Carl Roth (Germany), Sigma-Aldrich (USA) or Merck
(Germany) and restriction enzymes from New England Biolabs (USA). Chemicals
from other manufacturers, other enzymes and size standards are listed in Tab. 2.9.

Tab. 2.9. Chemicals from other manufacturers, other enzymes and size standards used in this work

Product Manufacturer

1 kb Plus DNA Ladder New England Biolabs, USA
CutSmart® Buffer(10x) New England Biolabs, USA
DNA Polymerase I, Large (Klenow) Fragment New England Biolabs, USA
Deoxyribonucleoside triphosphate (dNTP) Mix Conc. 40 mM

(10 mM each)
VWR, USA

Gel Loading Dye, Purple (6x) New England Biolabs, USA
GelStar™ Nucleic Acid Gel Stain (10 000x) Lonza, Switzerland
NEBuffer (10x) New England Biolabs, USA
NuPAGE™ MES SDS Running Buffer (20x) Thermo Fisher Scientific, USA
PageRuler™ Prestained Protein Ladder, 10 to 180 kDa Thermo Fisher Scientific, USA
Q5® High-Fidelity DNA Polymerase New England Biolabs, USA
Q5® Reaction Buffer (5x) New England Biolabs, USA
Sample Buffer, Laemmli (2x) Sigma-Aldrich, USA
SimplyBlue™ SafeStain Thermo Fischer Scientific, USA
T4 DNA Ligase New England Biolabs, USA
T4 DNA Ligase Buffer (10x) New England Biolabs, USA
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2.2. Microbiological methods

2.2.1. Sterilization

Materials and solutions were sterilized by autoclaving at 121 °C and 2 bar for 20 min,
if necessary. Heat-sensitive solutions were sterile filtered with 0.22 µm pore size.

2.2.2. Cultivation media and supplements

Unless stated otherwise, media components were dissolved in deionized water, ster-
ilized by autoclaving and stored at room temperature.

For cultivation of E. coli in complex medium, SOC medium was prepared with the
final concentrations listed in Tab. 2.10 and lysogeny broth (LB) with Miller’s modifi-
cations [183] with final concentrations listed in Tab. 2.11. For cultivation on plates,
15 g L−1 agar were added to LB medium before autoclaving.

Tab. 2.10. SOC medium; sterilized by filtration

Concentration Component

20 g L−1 Peptone ex soya, papainic digested
5 g L−1 Yeast extract

0.6 g L−1 NaCl
0.2 g L−1 KCl

0.95 g L−1 MgCl2, anhydrous
1.2 g L−1 MgSO4, anhydrous

3.95 g L−1 Glucose · 1H2O

Tab. 2.11. LB medium with Miller’s modifications [183]; pH = 7.0±0.2; sterilized by autoclaving

Concentration Component

10 g L−1 Trypton
5 g L−1 Yeast extract

10 g L−1 NaCl

Defined medium for cultivation of E. coli was prepared according to [184] with final
concentrations listed in Tab. 2.12. 10x stocks of ethylenediaminetetraacetic acid
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(EDTA), KH2PO4, (NH4)2HPO4, citric acid, Fe(III) citrate and Thiamine · HCl as well
as a 50x stock of MgSO4 · 7H2O were prepared separately. Stock solutions of
Fe(III) citrate and Thiamine · HCl were sterile filtered and stored at 4 °C and −20 °C,
respectively. A 100x concentrated salt solution with CoCl2 · 6H2O, MnCl2 · 4H2O,
CuCl2 · 4H2O, boric acid, Na2MoO4 · 2H2O and zinc acetate · 2H2O was adjusted
with 10 M NaOH to a pH value of 1 for autosterility. 500 g L−1 glucose were prepared
as a stock solution.

Tab. 2.12. DeLisa defined medium according to [184] with 20 g L−1 glucose

Concentration Component

20 g L−1 Glucose
13.3 g L−1 KH2PO4

4 g L−1 (NH4)2HPO4

1.2 g L−1 MgSO4 · 7H2O
1.7 g L−1 Citric acid

8.4 mg L−1 EDTA
2.5 mg L−1 CoCl2 · 6H2O
15 mg L−1 MnCl2 · 4H2O
1.5 mg L−1 CuCl2 · 4H2O

3 mg L−1 Boric acid
2.5 mg L−1 Na2MoO4 · 2H2O
13 mg L−1 Zinc acetate · 2H2O
0.1 g L−1 Fe(III) citrate

4.5 mg L−1 Thiamine · HCl

Cultivation of C. glutamicum was done in brain heart infusion (BHI), BHI with 45.5 g L−1

D-sorbitol (BHIS) or in CGXII medium. Final concentrations are given in Tab. 2.13
and Tab. 2.14. For cultivation on plates, 10 g L−1 agar were added to BHIS medium
before autoclaving.

Tab. 2.13. BHI and BHIS medium; D-sorbitol was autoclaved separately to prevent a Maillard reaction
and added only for BHIS medium

Concentration Component

37 g L−1 BHI
91 g L−1 D-sorbitol
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Tab. 2.14. CGXII medium according to [185]

Concentration Component

20 g L−1 D-glucose
42 g L−1 3-(N-morpholino)propanesulfonic acid (MOPS)
20 g L−1 (NH4)2SO4

1 g L−1 K2HPO4

1 g L−1 KH2PO4

5 g L−1 Urea
13.25 mg L−1 CaCl2 · 2H2O

0.25 g L−1 MgSO4 · 7H2O
10 mg L−1 FeSO4 · 7H2O
10 mg L−1 MnSO4 · H2O

0.02 mg L−1 NiCl2 · 6H2O
0.313 mg L−1 CuSO4 · 5H2O

1 mg L−1 ZnSO4 · 7H2O
0.2 mg L−1 Biotin
30 mg L−1 Protocatechuic acid (PCA)

For CGXII medium, stock solutions were prepared in two ways. For the first, 1.25x
shake flask salts consisting of (NH4)2SO4, urea, K2HPO4, KH2PO4, MOPS were
mixed and the pH was adjusted to 7 with 4 M NaOH. A 500 g L−1 glucose stock
solution and 1 000x stock solutions of CaCl2 · 2H2O, MgSO4 · 7H2O were separately
prepared. 1 000x concentrated PCA and biotin were dissolved in 1 M NaOH for
autosterility and stored at −20 °C. For a 1 000x stock of trace element solution,
FeSO4 · 7H2O, MnSO4 · H2O, ZnSO4 · 7H2O, CuSO4 · 5H2O and NiCl2 · 6H2O were
mixed and HCl was added for complete dissolution before sterile filtration.

To adjust the concentration of the media components, separate stock solutions of
440 g L−1 glucose, 500 g L−1 urea and 209.26 g L−1 MOPS with the pH adjusted to
7 with NaOH were filter sterilized. The trace element solution was prepared as de-
scribed above, but the pH was adjusted to 1 with sulfuric acid. 500 g L−1 (NH4)2SO4

stock solution, a phosphate stock solution with 100 g L−1 K2HPO4 and KH2PO4 and
stock solutions with 3.312 5 g L−1 CaCl2 · 2H2O and 62.5 g L−1 MgSO4 · 7H2O were
separately prepared.

Antibiotics were added to cultivation media as required for plasmid stabilization (see
Tab. 2.7) and isopropyl β-D-1-thiogalactopyranoside (IPTG) for induction of target
gene expression (Tab. 2.15).
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Tab. 2.15. Media supplements. All stock solutions were prepared with deionized water, sterile filtered
and stored at −20 °C

Supplement Bacteria Stock concentration Final concentration

Ampicillin E. coli 100 g L−1 100 µg mL−1

IPTG E. coli , C. glutamicum 100 mM 100–1 000 µM

Kanamycin E. coli 50 g L−1 50 µg mL−1

C. glutamicum 30 g L−1 30 µg mL−1

2.2.3. Bacterial cultivation

C. glutamicum was cultivated at 30 °C and E. coli at 37 °C unless otherwise indi-
cated. Cultivation in flasks was done in baffled flasks with a filling volume of 0.1x
flask volume and a shaking diameter of 25 mm.

24- and 96-well DWPs for cultivation were sealed with gas-permeable sealing foils
and incubated in tempered shakers at 900 rpm with a shaking diameter of 3 mm and
humidity control or at 250 rpm with a shaking diameter of 25 mm without humidity
control. Test tubes were incubated at 170 rpm with 50 mm shaking diameter.

2.2.4. Determination of cell density

The cell density was either determined by measurement of optical density (OD) or by
cell dry weight (CDW). The OD580 nm or OD578 nm was measured for E. coli samples
and the OD600 nm for C. glutamicum samples. 0.9% (w/v) NaCl were used as a blank
and for sample dilution to fit 0.1–0.3 in the linear range.

For CDW determination, weighed 2 mL reaction tubes were dried at 90 °C for 24 h
and put into a desiccator. 2 mL cultivation samples were transferred into these re-
action tubes and centrifuged at 21 500 xg and 4 °C for 10 min. The supernatant was
discarded, and the remaining cells were dried at 90 °C for 24 h before weight de-
termination. For samples from LCC secretion in STRs, 1.5 mL reaction tubes were
used and the sample volume was reduced tot 1.5 mL. Before drying, cells were
washed with 0.9% (w/v) NaCl.
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2.2.5. Strain maintenance

Bacterial cultures streaked on agar plates were stored at 4 °C for up to 2 weeks. For
long time storage, cryo-conserved cultures were prepared with final concentrations
of 25–50% (w/v) glycerol as described below and stored at −80 °C in cryogenic vials,
unless otherwise specified.

For E. coli , 6 mL LB in test tubes were inoculated from a single colony from agar
plates. After overnight incubation at 37 °C and 170 rpm, 750 µL culture were mixed
with 750 µL 50% (w/v) glycerol.

For master cell banks (MCBs) of C. glutamicum, 10 mL BHI in a flask or 3.5 mL
in a 24-well DWP were inoculated from single colonies and incubated overnight at
30 °C and 250 rpm. 750 µL culture were mixed with 750 µL 100% (w/v) glycerol to
a final glycerol concentration of 50% (w/v). For the preparation of C. glutamicum
working cell banks (WCBs) in flasks, 50 mL CGXII were inoculated with 250 µL of
a MCB. C. glutamicum was incubated for around 15 h at 250–300 rpm and 30 °C
with online biomass monitoring (SFR vario, PreSense Precision Sensing). The cells
were harvested by centrifuging with 9 283 xg for 5 min before reaching the stationary
phase and resuspended to an OD600 nm of 60 with 0.9% (w/v) NaCl. After diluting
the samples 2x with 50% (w/v) glycerol, 1 mL aliquots were stored at −80 °C.

Additionally, cryo-conserved cultures of PETase-secreting C. glutamicum strains
were prepared in 96-well MTPs. For this, 3.5 mL CGXII per well of a 24-well plate
were inoculated with 100 µL MCB and incubated overnight at 30 °C and 900 rpm.
Cultures were centrifuged for 5 min at 2 000 xg and the supernatant was discarded.
Cells were washed with 1.5 mL CGXII, resuspended in 3.5 mL fresh medium and
incubated for 5 h at 30 °C and 900 rpm. Each 100 µL culture was mixed with 100 µL
50% (w/v) glycerol in a 96-well MTP, the MTP was sealed with aluminium foil and
stored at −80 °C.
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2.3. Molecular biological methods

2.3.1. Preparation and transformation of competent E. coli

5 mL LB in a test tube or 10 mL in a baffled flask were inoculated from a single
colony of E. coli DH5α or TOP10 streaked on LB agar. After cultivation overnight at
37 °C and 170–180 rpm, 1–2 mL were used to inoculate 100–200 mL LB in a baffled
flask with 5x volume compared to filling volume, respectively. Cells were incubated
at 37 °C and 250 rpm until an OD578 nm of 0.6–0.8 was reached. The culture was
transferred to 50 mL centrifugation tubes and incubated on ice for 10 min. After
centrifugation for 10 min at 3 300 xg and 4 °C, the supernatant was discarded and
cells were resuspended in 10 mL sterile and ice-cold 0.1 M CaCl2 with 10% (w/v)
glycerol per centrifugation tube. After incubation on ice for 15 min with subsequent
centrifugation (10 min, 3 300 xg, 4 °C), the supernatant was discarded and cells were
resuspended in 1 mL sterile and ice-cold 0.1 M CaCl2 with 10% (w/v) glycerol per
centrifugation tube. 104 µL competent cells in 1.5 mL centrifugation tubes or 20 µL
per well of a low-profile and non-skirted PCR plate sealed with aluminium foil were
stored at −80 °C until transformation.

For manual heat-shock transformation of CaCl2-competent E. coli , 1 µL (plasmid pu-
rified from E. coli) or 5 µL (ligated plasmid) were carefully mixed with 20 µL or 50 µL
competent cells, respectively. After incubation on ice for 20 min, heat-shock was per-
formed for 30 s at 42 °C with subsequent incubation on ice for 2 min. 250 µL LB were
added and cells were regenerated for 1 h at 37 °C and 300 rpm in a ThermoMixer®.
Cells were streaked on LB agar with appropriate antibiotic and incubated overnight
at 37 °C or for 72 h at room temperature in the dark. For improved transformation
efficiencies, the first incubation on ice was elongated to 30 min and SOC medium
was used for regeneration of cells. For transformation of plasmids already purified
from E. coli , regeneration in LB was shortened to 30 min.

Automated heat-shock transformation was done with the Opentrons OT-2 with Ther-
mocycler Module. The protocol for improved transformation efficiency was modified
to mixing 2 µL plasmid DNA with 20 µL competent cells. Only 178 µL SOC medium
were added for regeneration and minimum 4x 8 µL cell suspension were pipetted
onto single-well plates with LB agar filled by a plate pourer to ensure uniform filling
levels. The OT-2 script was deposited in a repository [186].
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2.3.2. Preparation and transformation of competent C. glutamicum

C. glutamicum was streaked on BHIS agar and incubated for 48 h at 30 °C. 50 mL
BHIS were inoculated from a single colony and incubated overnight at 30 °C and
250 rpm. 1.5 mL of this culture were used to inoculate 100 mL fresh BHIS and cells
were incubated at 30 °C and 250 rpm until the OD600 nm exceeded 1.5. Cells were
harvested for 20 min at 4 500 xg and 4 °C and resuspended in 2 mL ice-cold TG
buffer (Tab. 2.16). Further 4 mL TG buffer were added followed by centrifugation
(10 min, 4 500 xg, 4 °C). Cells were washed with TG buffer again and 2x with 6 mL
ice-cold 10% (w/v) glycerol. Afterwards, cell pellets were resuspended in 1 mL ice-
cold 10% (w/v) glycerol and 100 µL aliquots were stored at −80 °C until transforma-
tion.

Tab. 2.16. TG buffer for preparation of competent C. glutamicum. A 1 000x stock solution of sterile
Tris(2-hydroxyethyl)amine hydrochloride was prepared. The pH of TG buffer was adjusted
to 7.5 with NaOH before autoclaving

Concentration Component

185.5 mg L−1 Tris(2-hydroxyethyl)amine hydrochloride (C6H15NO3 · HCl)
101.26 g L−1 Glycerol

Transformation by electroporation was done as described elsewhere [187]. Briefly,
4 mL BHIS were pre-warmed to 46 °C in sterile 15 mL centrifugation tubes. Com-
petent cells were thawed on ice and 50 µL were mixed with 1–2 µL plasmid DNA in
an electroporation cuvette. The cell solution was overlaid with 800 µL sterile 10%
(w/v) glycerol and electroporated (25 µF, 2 500 V, 12.5 kV cm−1, 200Ω). Cells were
transferred to the pre-warmed BHIS, incubated at 46 °C for 6 min and cooled to
30 °C on ice. After incubation at 30 °C and 170 rpm with 50 mm shaking diameter
for 90 min, cells were centrifuged (10 min, 2 800 xg) and resuspended in a greatly
reduced amount of supernatant. Cells were streaked on BHIS agar and incubated
at 30 °C for 48 h.

For high-throughput electroporation in an electroporation plate, cells and DNA were
overlaid with only 50 µL sterile 10% (w/v) glycerol. Cell regeneration was done in
1 mL BHIS in a 96-well DWP with 2 mL filling volume and cells were incubated at
30 °C and 900 rpm. Instead of streaking, 8 µL cell suspension were pipetted on
BHIS agar. After centrifugation for 10 min at 2 800 xg, cells were resuspended in
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a reduced amount of supernatant and again pipetted on BHIS agar to ensure that
individual colonies grow for each strain.

2.3.3. Plasmid purification

For plasmid purification of up to 24 samples, 6 mL LB in a test tube were inoculated
from a single colony of E. coli DH5α or TOP10 on LB agar. After overnight cultivation
at 37 °C and 170 rpm, the culture was transferred to a 5 mL centrifugation tube.
Cells were harvested by centrifugation (9 283 xg, 4 °C, 5 min) and stored at −20 °C, if
purification was not immediately carried out. DNA was purified with the NucleoSpin
Plasmid (NoLid) kit and a vacuum manifold. Deviating, the silica membrane was
dried in an additional centrifugation step with subsequent incubation at 70 °C for
5 min. Elution buffer or ultrapure water was heated to 70 °C and incubated for 5 min
on the membrane prior to elution.

With up to 96 samples, 1.5 mL LB in a 96-well DWP with square wells were inoc-
ulated from a single E. coli colony. Cells were cultivated overnight at 37 °C and
250 rpm and harvested by centrifuging for 15 min at 2 500 xg. Plasmids were au-
tomatically purified using the Wizard® MagneSil® Plasmid on the Opentrons OT-2
with the Magnetic Module according to manufacturer’s instructions. Since shaken
incubation was not possible, the mixing was done by pipetting up and down. The
complete script can be found in the aforementioned repository [186]. Manual work
was only involved to prepare the robot and fill reagents into a 12-column plate as
indicated in Tab. 2.17. While running the experiment, only the trash can had to be
emptied in between and used pipette tips had to be exchanged with new ones.

Tab. 2.17. Reagents in a 12-column plate for automated plasmid purification using the Wizard®

MagneSil® Plasmid on the Opentrons OT-2 with the Magnetic Module

Column Minimum (recommended) volume for: Reagent
One column One plate

1 0.72 mL (2 mL) 8.64 mL (12 mL) Cell resuspension solution
2 0.96 mL (2 mL) 11.52 mL (14 mL) Cell lysis solution
3 0.96 mL (2 mL) 11.52 mL (14 mL) Neutralisation solution
4 0.2 mL (2 mL) 2.4 mL (5 mL) Magnesil Blue
5 0.4 mL (2 mL) 4.8 mL (7 mL) Magnesil Red
6 0.8 mL (2 mL) 9.6 mL (13 mL) 80% (v/v) Ethanol
7 0.8 mL (2 mL) 9.6 mL (13 mL) 80% (v/v) Ethanol
8 0.8 mL (2 mL) 9.6 mL (13 mL) 80% (v/v) Ethanol
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Column Minimum (recommended) volume for: Reagent
One column One plate

9 0.8 mL (2 mL) 9.6 mL (13 mL) Elution Buffer
10 – – –
11 – – –
12 – – –

2.3.4. Determination of DNA concentration

The concentration of double-stranded DNA was determined by absorbance mea-
surement at 260 nm with a NanoDrop™ 1000 spectrophotometer according to the
manufacturer’s instructions. Protein impurities were identified by absorbance mea-
surement at 280 nm. The quotient of absorbance at 260 nm and 280 nm indicates
the purity of the DNA and should ideally be around 1.8 according to the manufac-
turer.

2.3.5. Restriction digestion

DNA was digested with restriction enzymes at 37 °C for 2 h. Heat inactivation after
digestion was omitted as DNA was subsequently purified by gel extraction (subsec-
tion 2.3.6) unless otherwise stated.

For generation of the pPBEx2-based pCMEx12, the NdeI restriction site in the back-
bone of pPBEx2 had to be removed by blunting (see subsection 2.3.7). For this,
pPBEx2 was digested with NdeI with the reaction mix in Tab. 2.18 before subse-
quent gel extraction and blunting.

Tab. 2.18. Reaction mix for restriction digestion of pPBEx2 for NdeI blunting

Volume Component

2.63 µL Plasmid DNA (pPBEx2, 1 µg final)
5 µL 10x CutSmart®

1 µL NdeI
Filled to 50 µL Ultrapure water

The composition of the reaction mix for digestion of pCMEx[4-12] to exchange the
spacer or signal peptide sequences is listed in Tab. 2.19. In Tab. 2.20, the reaction
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mix for digestion of pCMEx8-NprE-Cutinase for exchange of the RBS sequence or
for digestion of pPBEx2 and PCR-amplified phoDCg-gfp (see subsection 2.3.8) prior
to ligation is shown.

Tab. 2.19. Reaction mix for restriction digestion of pCMEx12 before exchange of spacer sequence or
of pCMEx[4-12] for exchange of signal peptide sequence

Volume Component for sequence exchange of:
spacer signal peptide

20 µL Plasmid DNA
4 µL 10x CutSmart˚

1–2 µL PstI-HF EcoRI-HF
1–2 µL NdeI

Filled to 40 µL Ultrapure water

Tab. 2.20. Reaction mix for restriction digestion of pCMEx8-NprE-Cutinase for exchange of RBS or of
pPBEx2 and PCR-amplified phoDCg-gfp prior to ligation

Volume Component for restriction digestion of:
pCMEx8-NprE-Cutinase pPBEx2 and phoDCg-gfp

30 µL Plasmid DNA or PCR product
5 µL 10x CutSmart˚
2 µL PstI-HF SbfI-HF
2 µL NdeI KpnI-HF

Filled to 50 µL Ultrapure water

As a control after Golden Gate assembly (subsection 2.3.11) or DNA blunting (sub-
section 2.3.7), DNA samples were digested at 37 °C for 1 h (Tab. 2.21). Enzymes
were heat-inactivated for 20 min at 65 °C or at 80 °C, if NcoI-HF was used.

Tab. 2.21. Reaction mix for restriction digestion as a control of successful DNA blunting of pPBEx2 or
target gene insertion by Golden Gate assembly. For the latter, different restriction enzymes
were used depending on the inserted target gene

Volume Component for inserted gene: Component for
cutinase pe-h lcc NdeI blunting

3 µL Plasmid DNA
1 µL 10x CutSmart®

0.2 µL NotI-HF NcoI-HF EagI-HF NdeI
0.2 µL EcoRI-HF EcoRI-HF EagI-HF PstI-HF

Filled to 10 µL Ultrapure water
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This restriction digestion was automated with the Opentrons OT-2 with Thermocycler
Module and the script was deposited elsewhere [186]. Plasmid DNA was placed on
the robotic deck directly in the elution plate after plasmid purification. The remaining
reaction mix was provided in another plate and both were automatically mixed in a
fresh PCR plate in the Thermocycler Module. After incubation and heat-inactivation
of the enzymes, plasmids were directly diluted in deionized water for analysis of
DNA fragment number and size by capillary electrophoresis (subsection 2.3.12).
With successful NdeI removal by DNA blunting, only EcoRI-HF would digest pP-
BEx2 resulting in only one DNA fragment. For Golden Gate assembly samples,
restriction enzymes would cut twice in total with inserted gene of interest and only
once without.

2.3.6. Gel electrophoresis and DNA extraction

A 1% (w/v) agarose gel (agarose in 1x tris-acetate-EDTA buffer (TAE) buffer, see
Tab. 2.22) was prepared and covered with 1x TAE buffer. DNA was mixed with
6x Purple Loading Dye and applied to the agarose gel with 7 µL 1 kb Plus DNA
Ladder for size comparison. Depending on the size of the gel, DNA fragments were
separated for 70 min at 90–110 V and stained with ethidium bromide. Respective
DNA fragments were excised under UV light and purified using the Nucleospin Gel
& PCR Cleanup kit according to manufacturer’s instructions. Deviating from this, the
DNA was eluted with 30 µL ultrapure water.

Tab. 2.22. 10x TAE buffer. The pH was adjusted to 8 with acetic acid

Concentration Component

48.40 g L−1 Tris(hydroxymethyl)aminomethane (Tris)
2.94 g L−1 EDTA

2.3.7. DNA blunting

The NdeI restriction site in the backbone of pPBEx2 had to be removed before circlar
polymerase extension cloning (CPEC) of pCMEx12 (subsection 2.3.8). 3’ over-
hangs of NdeI-digested pPBEx2 were removed and 5’ overhangs were filled by the
DNA Polymerase I, Large (Klenow) Fragment. Samples were prepared according
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to Tab. 2.23 and incubated for 15 min at 25 °C. Reaction was stopped by addition
of EDTA with 10 mM final concentration and heating to 75 °C for 20 min before DNA
purification by gel extraction.

Tab. 2.23. Reaction mix for DNA blunting of NdeI-digested pPBEx2

Volume Component

29 µL NdeI-digested pPBEx2 (571 ng final)
4 µL 10x NEBuffer

1.32 µL 10x diluted dNTP Mix (33 µM final concentration each)
0.5 µL DNA Polymerase I, Large (Klenow) Fragment

Filled to 40 µL Ultrapure water

2.3.8. PCR and circular polymerase extension cloning

Polymerase chain reaction (PCR) is used for in vitro amplification of DNA and is the
basis of CPEC. For CPEC-based generation of pCMEx12, the backbone of pPBEx2
without NdeI restriction site and the insert from pUC57-Insert-Amp were separately
amplified by PCR (reaction mix in Tab. 2.24) with the respective CPEC primers listed
in Tab. 2.8. Amplified DNA fragments were purified by gel electrophoresis and used
for CPEC (reaction mix in Tab. 2.25).

For preparation of pPBEx2-phoDCg-GFP for Tat-dependent GFP-secretion, phoDCg-
gfp was amplified from pEKEx2-phoDCg-GFP with respective primers (Tab. 2.8)
and the reaction mix listed in Tab. 2.26. All thermocycler protocols are listed in
Tab. 2.27.

Tab. 2.24. Reaction mix for PCR amplification of insert and backbone for CPEC

Volume Component for amplification of:
Backbone Insert

10 µL 5x Q5 Reaction Buffer
1 µL 10 mM dNTPs (200 µM final)

2.5 µL 10 µM forward primer (0.5 µM final)
2.5 µL 10 µM reverse primer (0.5 µM final)

2 µL 1, 4 or 10 ng µL−1 pUC57-Insert-Amp 1, 5 or 10 ng µL−1 pPBEx2 without
NdeI restriction site

0.5 µL Q5® High-Fidelity DNA Polymerase
Filled to 50 µL Ultrapure water
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Tab. 2.25. Reaction mix for CPEC of pCMEx12 with insert-to-vector molar ratio of 2:1 and 500 ng
backbone

Volume Component

10 µL 5x Q5 Reaction Buffer
1 µL 10 mM dNTPs (200 µM final)

20 µL DNA backbone (approx. 500 ng final)
10 µL DNA insert (approx. 404 ng final)
0.5 µL Q5® High-Fidelity DNA Polymerase

Filled to 50 µL Ultrapure water

Tab. 2.26. Reaction mix for amplification of phoDCg-gfp from pEKEx2-phoDCg-GFP

Volume Component

5 µL 5x Q5 Reaction Buffer
0.5 µL 10 mM dNTPs

1.25 µL 10 pmol µL−1 forward primer
1.25 µL 10 pmol µL−1 reverse primer

1 µL DNA diluted to 5 ng µL−1 (5 ng final)
0.25 µL Q5® High-Fidelity DNA Polymerase

Filled to 25 µL Ultrapure water

Tab. 2.27. Thermocycler protocols for in vitro DNA amplification

Cycles Step Temperature Time

Amplification of the pUC57-Insert-Amp insert for CPEC:
1 Initial denaturation 98 °C 30 s

Denaturation 98 °C 10 s
30 Primer annealing 68 °C 30 s

Elongation 72 °C 77 s
1 Final elongation 72 °C 120 s

Amplification of the pPBEx2 backbone without NdeI restriction site for CPEC:
1 Initial denaturation 98 °C 30 s

Denaturation 98 °C 10 s
30 Primer annealing 68 °C 30 s

Elongation 72 °C 256 s
1 Final elongation 72 °C 120 s
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Cycles Step Temperature Time

CPEC of pCMEx12 with separately amplified insert and backbone:
1 Initial denaturation 98 °C 30 s

Denaturation 98 °C 10 s
5 Primer annealing 68 °C 30 s

Elongation 72 °C 128 s
1 Final elongation 72 °C 120 s

Amplification of phoDCg-gfp:
1 Initial denaturation 98 °C 30 s

Denaturation 98 °C 10 s
30 Primer annealing 68 °C 30 s

Elongation 72 °C 25 s
1 Final elongation 72 °C 120 s

2.3.9. Oligonucleotide hybridization

Partly complementary oligonucleotides (see Tab. 2.8) were hybridized to obtain dou-
ble-stranded DNA with overhangs that can be ligated with digested plasmids. Com-
ponents listed in Tab. 2.29 were mixed in a robotic PCR plate and incubated in
the Opentrons OT-2 Thermocycler Module as described in Tab. 2.29. Temperature
profiles are based on the melting temperature (TM) of the oligonucleotides, which
correlates with the length. Therefore, temperature profile for hybridization of the
shorter spacer oligonucleotides was adjusted.

Tab. 2.28. Reaction mix for annealing of complementary oligonucleotides

Volume Component Stock concentration Final concentration

3.5 µL Oligonucleotide 1 (for) 100 pmol µL−1 5 µM

3.5 µL Oligonucleotide 2 (rev) 100 pmol µL−1 5 µM

7 µL T4 DNA Ligase Buffer 10x 1x
Filled to 70 µL (56 µL) Ultrapure water – –

Tab. 2.29. Thermocycler protocol for annealing of complementary oligonucleotides

Step Time Temperature
Spacer Signal peptides, RBS

Denaturation 5 min 90 °C
Annealing 1 (TM) 20 min 56.2 °C 85 °C
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Step Time Temperature
Spacer Signal peptides, RBS

Annealing 2 (TM–5) 120 min 51.2 °C 80 °C
Cooling −0.2 °C min−1 to 24 °C

2.3.10. Ligation

DNA fragments with blunt ends or compatible cohesive ends were ligated with the
T4 DNA Ligase by incubating at room temperature for 15–65 min or overnight at
16 °C for improved ligation efficiencies (reaction mix in Tab. 2.30). Prior to E. coli
transformation, the ligase was heat-inactivated at 65 °C for 10 min.

Tab. 2.30. Reaction mix for ligation

Volume for ligation of: Component
pPBEx2 after
DNA blunting

pCMEx[4-11] and
pCMEx[4-11]-[SP]

pPBEx2-
phoDCg-gfp

15 µL (= 84 ng) 1.5 µL 18 µL Backbone DNA
– 7 µL 0.5 µL Insert DNA

2 µL 1 µL 2.5 µL 10x T4 DNA Ligase Buffer
1 µL 0.5 µL 1.25 µL T4 DNA Ligase

Filled to 20 µL Filled to 10 µL Filled to 25 µL Ultrapure water

2.3.11. Golden Gate assembly

The gene of interest was cloned into pCMEx[4-12]-[SP] by Golden Gate assembly.
This technique uses type IIS restriction enzymes such as BsaI that cut outside their
recognition site. The plasmids containing the genes of interest and the backbone
were designed to have compatible cohesive ends. After ligation, no recognition site
is present in the final plasmid, thus digestion and ligation can be performed in a
one-pot setup. The reaction mix is listed in Tab. 2.31 and the thermocycler protocol
in Tab. 2.32. For automated Golden Gate assembly on the Opentrons OT-2 with the
Thermocycler Module, the backbone plasmids were provided in a PCR plate and
the remaining reaction mix provided in a 12-column plate was automatically added
[186].
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Tab. 2.31. Reaction mix for Golden Gate assembly

Volume Component

3 µL 200 ng µL−1 backbone plasmid (pCMEx[4-12]-[SP])
1 µL 200 ng µL−1 plasmid with gene of interest (pUC57-[Cutinase/LCC/PE-H]-Amp)
2 µL 10x T4 DNA Ligase Buffer

0.5 µL T4 DNA Ligase
0.5 µL BsaI-HF® v2

Filled to 20 µL Ultrapure water

Tab. 2.32. Thermocycler protocol for Golden Gate assembly

Cycles Step Temperature Time

30

{
Enzymes active 37 °C 1 min
Only ligase active 16 °C 5 min

1 Enzymes active 37 °C 10 min
1 Heat-inactivation 80 °C 20 min

2.3.12. Capillary electrophoresis

DNA samples with heat-inactivated enzymes were appropriately diluted with ultra-
pure water before analysis with the MCE-202 MultiNA and the DNA-12000 Reagent
Kit. Capillary electrophoresis was done according to manufacturer’s instructions
with the 1 kb Plus DNA Ladder for size comparison. Results were analyzed using
the MultiNA control software.

2.3.13. DNA sequencing

Purified DNA plasmids were sequenced by Eurofins Genomics (Germany) with the
respective sequencing oligonucleotides (Tab. 2.8). The obtained DNA sequences
were analyzed with the SnapGene® software.
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2.4. Heterologous protein production and purification

2.4.1. Low-throughput heterologous protein secretion

C. glutamicum pre-cultivation in shake flasks

10 mL BHI were inoculated with 1 mL cryo-conserved C. glutamicum pPBEx2-NprE-
Cutinase-GFP11 or pPBEx2-Pel-Cutinase-GFP11. After incubation for 6 h at 30 °C
and 250 rpm, 100 µL were used to inoculate a second pre-culture with fresh 10 mL
CGXII with 10% (v/v) BHI and incubated for further 16 h.

C. glutamicum BioLector® cultivation

For main cultures in a BioLector® Pro integrated into a Tecan Freedom EVO® robotic
platform (subsection 2.1.4), 800 µL CGXII were inoculated from the second pre-
culture to an OD600 nm of 0.2 in a FlowerPlate® with optodes. Standard cultivation
conditions were 30 °C, 1 400 rpm and ≥85% relative humidity with measurement of
backscatter, pH and DO every 13 min. Cutinase-GFP11 expression was induced
individually in each well by addition of IPTG to a final concentration of 100 µM at a
backscatter value corresponding to 4 g L−1 CDW. Cells were harvested after 4 h for
6 min at 3 756 xg and 4 °C and supernatant was stored in a 1 mL DWP on a cooling
carrier. After all cultivations were finished, an automated cutinase activity and split
GFP assay was conducted.

The pCMEx-based cutinase-GFP11 secretion with C. glutamicum ATCC 13032 K9
biosensor cells was done in the Freudl lab (Forschungszentrum Jülich GmbH) es-
sentially as described elsewhere [75] with media supplemented with 25 µg mL−1

kanamycin. Briefly, biosensor cells were grown in BHIS and 50 µL were transferred
to a FlowerPlate® with wells containing 800 µL CGXII with 10 g L−1 glucose. The
plate was covered with gas-permeable sealing foil and incubated in a BioLector® I at
30 °C, 1 200 rpm and ≥85% relative humidity with online measurement of backscat-
ter and eYFP fluorescence. After overnight cultivation, the OD600 nm was measured
and fresh medium in a new FlowerPlate® was inoculated to an OD600 nm of 1. After
4 h cultivation in the BioLector®, gene expression was induced by addition of IPTG
to a final concentration of 250 µM and cultivation was sustained for another 20 h.
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Specific fluorescence of the biosensor cells was calculated by dividing the eYFP
fluorescence by the corresponding backscatter.

C. glutamicum cultivation in shake flasks

50 mL CGXII in baffled flasks were inoculated with 300 µL of the second pre-culture.
IPTG was added at an OD600 nm of 0.3–0.4 to a final concentration of 100 µM. Cells
were harvested in 50 mL centrifugation tubes after 6 h of cutinase-GFP11 expres-
sion for 10 min at 4 000 xg and 4 °C. Supernatant was stored at −20 °C until use.
If cutinase-GFP11 expression lasted for 16 h, the first pre-culture was inoculated
with 50 µL cryo-conserved C. glutamicum, incubated for 16 h. The second pre-
culture was cultivated for 6 h and 500 µL were used for inoculation of main cultures.
Cutinase-GFP11 expression in shake flasks was done for 16 h unless stated other-
wise.

2.4.2. B. subtilis cultivation

In the Knapp lab (Heinrich Heine University Düsseldorf/Forschungszentrum Jülich
GmbH), secretion studies with B. subtilis were carried out. A 10 mL overnight cul-
ture was inoculated with a single colony from transformation and incubated at 37 °C.
10 mL LB were inoculated from the previous culture to an OD580 nm of 0.05 and cul-
tivated at 37 °C and 130 rpm for 6 h. Cutinase-GFP11 was expressed under control
of the strong constitutive PHpaII promoter [188].

2.4.3. High-throughput protein secretion screening

For automated secretion screening, the robotic workflow in subsection 2.4.1 was ex-
tended to automated pre-culture handling. 12 cryo-conserved cultures in cryogenic
vials as well as CGXII medium in a trough were placed on deck of the robotic plat-
form. For pre-cultures, 780 µL CGXII were transferred to 12 wells of a FlowerPlate®

with optodes covered with a sealing foil for automation. 20 µL of each cryo-conserved
culture were used to inoculate one of the pre-culture wells in the outer columns of
the plate. As soon as a pre-culture exceeded a certain device-dependent backscat-
ter threshold in the exponential phase, the three adjacent wells in the same row
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were filled with 780 µL CGXII for main cultures and each inoculated with 20 µL of the
respective pre-culture. Target gene expression was induced in the early exponential
phase triggered by a device-dependant backscatter signal by addition of IPTG to a fi-
nal concentration of 200 µM unless otherwise indicated. Cell harvest was conducted
as in subsection 2.4.1.

As cryo-conserved PETase secretion strains in MTPs had a lower OD600 nm than
those in cryogenic vials, 40 µL were used to inoculate 760 µL CGXII for pre-cultures.
Remaining cryo-conserved cultures in the MTP were discarded. Deviating from
above, target gene expression in main cultures was induced with IPTG added to
a final concentration of 500 µM. In addition to the cultivation and screening work-
flow with up to 12 different strains, a similar workflow with one main culture per
pre-culture was established to compare up to 24 different strains. A scheme of all
different workflows including positions of supernatants on assay MTPs is depicted
in Fig. 2.4.

2.4.4. Protein secretion in laboratory-scale bioreactors

Protein secretion in a laboratory-scale batch bioreactor setup as described in sub-
section 2.1.2 and subsequent cutinase activity assays with supernatant samples
was done by Matthias Moch with the support of Petra Geilenkirchen (Oldiges lab,
Forschungszentrum Jülich GmbH).

50 mL CGXII medium in a baffled flask was inoculated from a cryo-conserved C. glu-
tamicum PETase secretion strain and incubated for 16 h at 30 °C and 300 rpm with
online biomass monitoring (SFR vario, PreSense Precision Sensing). Cells were
harvested in the late exponential growth phase by centrifugation with 9 283 xg for
5 min at 4 °C. Cells were resuspended in 0.9% (w/v) NaCl and used for inoculation
of 1 L CGXII in a bioreactor to an OD600 nm of 0.3. The CGXII medium for biore-
actor cultivations with 20 g L−1 glucose does not contain MOPS and urea, and the
kanamycin content was changed to 50 µg mL−1. An appropriate amount of Antifoam
204 (Sigma-Aldrich, USA) was added to prevent foaming. Cells were incubated in
batch mode at 30 °C, and the DO was kept ≥ 40% with a constant air flow rate qin =
1 vvm by adjusting the agitation speed n = 400–1 500 rpm. The pH was set to 7
by addition of 18% (w/w) NH4OH and 30% (w/w) H3PO4. PETase gene expression
was induced around OD600 nm = 1 by adding IPTG to a final concentration of 200 µM.
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Fig. 2.4. Schematic workflows for cultivation and screening. For comparison of up to 12 different
strains, the pre-culture wells in the outer columns of a FlowerPlate® are automatically filled
with medium and inoculated from thawed cryo-conserved cultures in vials or in a MTP. Trig-
gered by the individual backscatter signal of a pre-culture in the exponential phase, three
main culture wells are filled with medium and inoculated by the respective pre-culture. If a
main culture exceeds a specific backscatter threshold indicating the early exponential phase,
cells are induced with IPTG and harvested in a DWP after 4 h of target protein production.
The supernatant is stored in a DWP on the cooled position until all cultivations are finished.
Target proteins in the supernatant samples are detected by the activity (and split GFP) assay
in technical duplicates in a MTPs (a, adapted from [175]). For comparison of up to 24 differ-
ent strains that are stored as cryo-conserved cultures in a MTP, the workflow was changed
to inoculation of one main culture per pre-culture (b, adapted from [181])
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Further sterile Antifoam 204 (Sigma-Aldrich, USA) was added if needed. Samples
for measuring the OD600 nm, CDW and activity were taken.

2.4.5. Fed-batch cultivation of C. glutamicum K9 biosensor strains

C. glutamicum K9 biosensor cells were grown in 50 mL CGXII medium at 30 °C and
300 rpm. Cells were harvested in the late exponential phase by centrifugation in
50 mL tubes (5 min, 9 283 xg, 4 °C) and resuspended in 0.9% (w/v) NaCl. The fed-
batch cultivation was conducted in a MTP-MF32-BOH 1 FlowerPlate® covered with
sealing foil for microfluidic MTP in a BioLector® Pro. Cultivation conditions were
30 °C, 1 400 rpm, ≥30% headspace oxygen and ≥85% relative humidity. Biomass
and pH were measured every 13 min. 800 µL CGXII medium containing 22 mg L−1

PCA, 30 µg mL−1 kanamycin, 5 g L−1 glucose and no urea were inoculated with the
corresponding pre-cultures to an OD600 nm of 0.5. Starting after 10 h, 400 g L−1 glu-
cose were fed with 0.16 µL pump volume and a constant feed rate of 5.22 µL h−1

into fed-batch cultivation wells. After one hour cultivation time, the pH in all wells
was one-sided adjusted to 6.8 with 3 M KOH with medium PI setting and 0.3 µL
pump volume. Cutinase gene expression was induced by adding IPTG to a final
concentration of 250 µM after 8 h. Cells were harvested after around 25 h and the
supernatants were stored at 4 °C until the end of the cultivation before analysis of
cutinase content and activity by the Freudl lab (Forschungszentrum Jülich GmbH).

2.4.6. GFP1-10 production in flasks

GFP1-10 was produced intracellulary in E. coli BL21(DE3) and purified from the in-
clusion body fraction. 10 mL LB in baffled flasks were inoculated with a single colony
from agar plate and cultivated at 37 °C and 250 rpm. 50 mL or 100 mL LB in baffled
flasks were inoculated to an OD580 nm of 0.05 and cultivated at 37 °C and 250 rpm.
GFP1-10 gene expression was induced by adding IPTG to a final concentration of
200 µM. Cells were harvested after another 5 h by centrifugation in 50 mL tubes
(5 min, 9 283 xg, 4 °C). The supernatant was discarded and the pellets were stored
at −20 °C before cell disruption and GFP1-10 purification (subsection 2.4.8).
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2.4.7. GFP1-10 production to laboratory-scale bioreactors

GFP1-10 production in a laboratory-scale bioreactor setup as described in subsec-
tion 2.1.2 was done with LB or DeLisa medium and compared to production in 50 mL
of the same medium in baffled flasks.

A first pre-culture was done as described in subsection 2.4.6. Depending on the
main culture medium, a second pre-culture in 100 mL LB or DeLisa medium was
incubated under the same conditions as before. In batch experiments, the first pre-
culture was incubated for 4 h and 1 mL was used to inoculate a second pre-culture
that was incubated for another 16 h. For fed-batch experiments, the first pre-culture
was incubated for about 10 h and a second pre-culture inoculated with 300 µL of the
first pre-culture was then incubated for another 6 h. Main cultures were inoculated
to an OD580 nm of 0.05 and laboratory-scale bioreactors were operated in batch or
fed-batch mode.

In batch-mode, 1 L LB or DeLisa medium was incubated at 37 °C with an initial
agitation speed of n0 = 400 rpm and air flow rate of qin, 0 = 0.1 vvm. The pH was
adjusted to 6.7 with 1 M sodium hydroxide and 1 M hydrochloric acid. The DO was
kept ≥ 30% by adjusting the agitation speed n = 400–1 200 rpm and air flow rate
qin = 0.10–2 vvm. For comparison to bioreactor production in batch-mode, 50 mL
main cultures in baffled flasks were incubated with the same settings of the pre-
cultures and GFP1-10 gene expression was induced as in the bioreactor by adding
IPTG to a final concentration of 200 µM.

Fed-batch experiments with an initial volume of 800 mL DeLisa medium with 20 g L−1

glucose comprised a batch phase conducted the same way as batch fermentations.
Deviating from batch fermentations, 30% (v/v) phosphoric acid and ammonium hy-
droxide were used for pH control. At the end of the batch phase with DO ≥ 60%,
500 g L−1 glucose and inducer solution (10 mM IPTG or 100 g L−1 lactose) were con-
stantly fed with 30 mL h−1 pump rate. Feeding of inducer solution was stopped once
a final concentration of 1 mM IPTG or 10 g L−1 lactose were reached. The glucose
pump was operated under on-off control with limits set to 10–35% DO and sterile
Antifoam 204 (Sigma-Aldrich, USA) was added if necessary. Cells were harvested
for GFP1-10 purification by centrifugation in 50 mL tubes (5 min, 9 283 xg, 4 °C), the
supernatant was discarded and the pellets were stored at −20 °C until use.
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2.4.8. GFP1-10 purification from inclusion bodies

Cells after GFP1-10 production in inclusion bodies were resuspended in TNG buffer
(Tab. 2.33) to an OD580 nm of 20 before cell disruption with a French press (15 000 psi,
4x). After centrifugation for 10 min at 4 °C and 4 000 xg, pellets containing GFP1-
10 inclusion bodies were washed three times by resuspension in TNG buffer and
subsequent centrifugation. As described by Santos-Aberturas et al. [119], inclusion
bodies were completely unfolded by resuspending them in 1 mL urea each 75 mg
pellet. After centrifugation for 20 min at 4 000 xg and 4 °C, 400 µL supernatant each
were mixed with 10 mL TNG buffer for GFP1-10 refolding. The solutions were stored
at −20 °C until use in split GFP assay.

Tab. 2.33. TNG buffer for cell disruption and GFP1-10 purification

Concentration Component

100 mM Tris-HCl pH 7.4
100 mM NaCl

10% (v/v) Glycerol

2.5. Analytical methods

2.5.1. Microscopy

Samples from GFP1-10 production were analyzed by microscopy with 100x oil im-
mersion objective to detect inclusion body formation.

2.5.2. pH

The offline pH was measured with an electrode calibrated by two points (pH 4 and
pH 7).
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2.5.3. Split GFP assay

For the final GFP1-10 detector solution, additional 10 mL TNG buffer (Tab. 2.33)
were added and 180 µL detector solution were mixed with 20 µL supernatant con-
taining GFP11-tagged target proteins in a black MTP with clear bottom. Self-assem-
bly of holo-GFP was measured in a microplate reader at an excitation wavelength of
485 nm and an emission wavelength of 535 nm over a time period of at least 13 h.
Between measurements, the MTP was shaken inside the microplate reader (linear
mode, 887 rpm) at 20 °C unless stated otherwise.

The split GFP assay was additionally conducted by cooperation partners with the fol-
lowing modifications. Both added 10 mM EDTA (pH 8) the final GFP1-10 detector so-
lution. In the Knapp lab (Heinrich Heine University Düsseldorf/Forschungszentrum
Jülich GmbH), the MTP was covered with the respective lid and incubated for 16 h
before fluorescence measurement with a SpectraMax 250 (Molecular devices, Ger-
many). Fluorescence emission was measured from 505–550 nm in 5 nm steps using
an appropriate gain factor with biological and technical triplicates. The GFP-specific
emission maximum at 510 nm was used for subsequent calculations. In the Freudl
lab (Forschungszentrum Jülich GmbH), the MTP was covered with a gas-permeable
membrane and incubated for 24 h at 20 °C under gentle agitation. Holo-GFP emis-
sion was measured at 510 nm using an Infinite M1000 Pro (Tecan, Switzerland). For
each cultivated recombinant strain, at least two independent clones were tested and
assay measurements were performed in duplicates.

2.5.4. Cutinase activity assay

Activity of GFP11-tagged cutinase and PETases in supernatant samples was deter-
mined spectrophotometrically by degradation of 4NPP as substrate analogue [90] as
described by Hemmerich et al. [147]. Briefly, 9 parts reaction buffer (Tab. 2.34) were
mixed with 1 part 3 g L−1 4NPP in 2-propanol. 200 µL were filled into MTP wells
and pre-warmed to 37 °C. Supernatant samples were appropriately diluted with
50 mM potassium phosphate buffer pH 8 (pPBEx-based cutinase secretion: 500x,
pCMEx-based cutinase secretion: 160x, pCMEx-based PETase secretion: 72x for
BioLector® samples and 12x for bioreactor samples). 40 µL diluted supernatant
were pipetted into two wells filled with the reaction mix for technical duplicates. 4NP
formation was measured at 410 nm and 37 °C for 40 min in a microplate reader.
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40 µL 0–2.3 mM 4NP were mixed with 200 µL reaction mix in triplicates and absorp-
tion was measured to convert absorption into product concentration. Enzymatic ac-
tivities were calculated using Eq 2.1 with enzymatic activity EA in U = µmol min−1 or
in relation to the assay volume in U mL−1, absorption A410 in a.u., slope of the 4NP
standard mstandard in a.u. mM−1 and the unitless supernatant dilution factor DF. By
default, standard deviations were calculated from replicates. If the 95% confidence
interval calculated with t-values was displayed instead, this is marked accordingly.

EA = ∆A410 ·
1

mstandard
· DF (2.1)

The cutinase activity assay was additionally conducted by cooperation partners
with the following modifications. Supernatant samples were appropriately diluted
in 66.5 mM Sørensen buffer pH 8 and this buffer was also used instead of potas-
sium phosphate buffer pH 8 in the reaction buffer. In the Knapp lab (Heinrich Heine
University Düsseldorf/Forschungszentrum Jülich GmbH), 10 µL diluted B. subtilis su-
pernatant were filled into wells of a MTP and 20 µL C. glutamicum supernatant in the
Freudl lab (Forschungszentrum Jülich GmbH). Reaction buffer and substrate were
mixed and added to a final well volume of 200 µL. The absorption of replicates as
described for split GFP assay was measured for 15 min with 1 min or 30 s intervals
with supernatant samples from C. glutamicum or B. subtilis, respectively. The cuti-
nase activity was calculated from the linear slope using a molar extinction coefficient
of 15 000 M−1 cm−1.

Tab. 2.34. Reaction buffer for cutinase activity assay

Concentration Component

2.3 g L−1 Na-desoxycholate
1.1 g L−1 Gum arabic

50 mM Potassium phosphate buffer pH 8

2.5.5. Process model and Thompson sampling

The process model development, implementation of Thompson sampling as a de-
cision policy and the application in evaluating the PETase secretion performance
originate from a cooperation and are solely the work of L. M. Helleckes (Forschungs-
zentrum Jülich GmbH) published in Helleckes et al. [181].
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A Bayesian hierarchical process model was developed with the PyMC Python pack-
age [171], and prior distributions were chosen for each parameter. To convert 4NP
product absorbance into concentration, a calibration model assuming a linear rela-
tionship between absorbance and concentration and a measurement noise following
a Student’s t-distribution was fitted using the calibr8 Python package [164] (refer to
Fig. A.11 for a visualization). The measured 4NP product absorbance was then
evaluated against the modeled concentration using a customized likelihood. It was
assumed that the product concentration follows a first order mass action law during
the activity assay as shown in Eq 2.2 with the product concentration Pt at time t, S0

as the initial substrate concentration and kassay as the rate constant.

Pt = S0 ·
(
1− e(−kassay·t)

)
, (2.2)

An initial absorbance offset was observed in the activity assay, that was modeled by
absorbance_intercept. From each activity assay sample, the parameter kassay was
observed. However, the KPI used for the secretion performance ranking is the actual
rate kstrain of each PETase-secreting strain. The kstrain is impacted by several biolog-
ical and technical effects such as the position in the assay MTP (column_effect)
or batch effects between runs. These batch effects can be caused at different
stages of the screening, during the cultivation, e.g., by quality differences of the
cryo-conserved cultures or during the assay preparation, e.g., due to pipetting er-
rors. A visualization of the process model is depicted in Fig. 2.5, a mathematical
notation of the model is shown in the appendix (see Eq A.1) and the code for the
process model can be found on the accompanying GitHub repository [189].

Markov chain Monte Carlo sampling was applied to obtain posterior probability dis-
tributions by using the No-U-Turn sampler [190] in PyMC. ArviZ was used for conver-
gence checks and inspection of the traces. The posterior probabilities after each cul-
tivation and screening round were used for Thompson sampling. By parallel Thomp-
son sampling [191] using the sample_batch function from the pyrff package [192], a
batch of strain replicates for the following round was drawn and randomly assigned
to positions in the FlowerPlate® pre-culture wells. The process model was re-run
after each round with the obtained process data to obtain posterior probabilities of
the KPIs for the next cultivation and screening round.
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Fig. 2.5. Graphical representation of the process model developed by L. M. Helleckes. The rate con-
stant kstrain (upper right) is used as a KPI for PETase secretion performance ranking of C. glu-
tamicum strains [181]

2.5.6. Protein precipitation with TCA

Proteins in BioLector® cultivation supernatants of C. glutamicum were precipitated
with trichloroacetic acid (TCA) as described by Bakkes et al. [8]. Briefly, 500 µL
supernatant were mixed with 60 µL 100% (w/v) TCA. After incubation in a Thermo-
Mixer® at 4 °C and 600 rpm for at least 1 h, samples were centrifuged for 30 min at
20 000 xg and 4 °C. Precipitated proteins were resuspended in 100 µL 1x Laemmli
sample buffer and the pH was adjusted by adding 12 µL 1 M Tris solution for analysis
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

2.5.7. SDS-PAGE

Samples for SDS-PAGE in 1x Laemmli sample buffer were boiled at 99 °C for 5 min
and stored at −20 °C until use. 10 µL samples from TCA precipitation or from final
detector solution were analyzed on a 4–12% Criterion™ XT Bis-Tris Protein Gel with
7 µL PageRuler™ Prestained Protein Ladder (10 to 180 kDa) for size comparison.
Proteins were separated at 200 V with NuPAGE™ MES SDS Running Buffer and
stained with SimplyBlue™ SafeStain according to manufacturer’s instructions.
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2.5.8. Sugar quantification by HPLC

Glucose and lactose concentration in fermentation samples were measured by high-
performance liquid chromatography (HPLC) with an organic acid resin at 25 °C. Cul-
tivation supernatant that was stored at −20 °C until use was 10x diluted and sterile fil-
tered. Standard solutions of 0.1–20 g L−1 glucose and lactose were freshly prepared.
20 µL sample or standard were injected and sugars were detected with a refractome-
ter. Elution was done with 0.1 M sulfuric acid and a flow rate of 0.6 mL min−1.
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3. Results and discussion

3.1. Split GFP assay and scaling production of GFP1-10

In this chapter, the intracellular production of β-sheets 1-10 of the GFP in inclusion
bodies in E. coli and the application of GFP1-10 in split GFP assay for detection of
secreted proteins was comprehensively studied. GFP1-10 production in flasks in com-
plex and defined medium was compared to production in laboratory-scale bioreactors
resulting in a standardized fed-batch process providing high quantities of GFP1-10.
After cell disruption and purification, GFP1-10 was applied in automated split GFP
assays to detect cutinase-GFP11 secreted by C. glutamicum with the two B. subtilis
signal peptides NprE and Pel. The impact of environmental conditions, such as pH
and temperature on the split GFP assay was investigated. This chapter is based on
data collected during student projects III–V and parts were published in conference
posters I & II, conference talks I & III and publication I.

Author’s contributions:
C. Müller established the automated cutinase activity assay on the screening platform,
did the supervision of the student projects and wrote the publication. She contributed
to the experimental data and analysis for long-term storage of GFP1-10 detector so-
lution and the comparison of split GFP and activity assay results with supernatant
containing cutinase-GFP11 diluted to different degrees. V. Waffenschmidt established
the split GFP assay on the screening platform and contributed to the cultivation work-
flow. P. Lenz provided plasmids and protocols for split GFP assay and P. J. Bakkes
provided C. glutamicum strains for pPBEx-based cutinase-GFP11 secretion. C. L.
Igwe did all bioreactor fermentations as well as the comparison to flask-based pro-
duction. She established the purification based on cell disruption by French press and
investigated the environmental impact on the split GFP assay. M. Oldiges contributed
to the study design and the writing of the manuscript of publication I. W. Wiechert
helped to finalize the publication.

The split GFP assay is based on the self-assembly of GFP1-10 and GFP11. For
in vitro assays, a protein is tagged with the short amino acid sequence of GFP11
(GFP11-tag) and GFP1-10 is usually produced intracellularly in E. coli in inclusion
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bodies. After cell disruption, the GFP1-10 detector protein can be purified and re-
folded from the inclusion body fraction with high purity [113, 118] (see Fig. A.1).

3.1.1. Scaling from flask to laboratory-scale bioreactor

Production of GFP1-10 with E. coli BL21(DE3) pET22b-sfGFP1-10 in inclusion bod-
ies was done in 50 mL LB in baffled flasks and in 1 L LB in STRs as batch processes.
Besides LB, DeLisa defined medium [184] was tested, since it provides improved
process control in the bioreactor at lower cost and was successfully used for GFP
production in inclusion bodies with E. coli as host [193].

Fig. 3.1. Batch-production of GFP1-10 in shake flasks and laboratory-scale bioreactors. Dotted lines
indicate induction with IPTG to a final concentration of 200 µM. (a) OD580 nm during cultivation
of E. coli BL21(DE3) pET22b-sfGFP1-10 in shake flask or STR with LB or DeLisa medium.
(b) Oxygen transfer rate in STRs during batch fermentation from two biological replicates in
LB and DeLisa medium. (c) Microscopic images taken during cultivation at different time
points from shake flask with LB (1–3) and STRs with LB (4–6) or with DeLisa medium (7–
9). Inclusion bodies are the bright spots mainly located at the cell poles. Only OD580 nm

and microscope images of STR 1 are shown due to the good comparability of the biological
replicates from STRs. Modified from [89]

In LB shake flask culture low ODs of about 6 were reached, while OD in batch biore-
actor cultures with LB and DeLisa medium was more than twice as high with approx-
imately 17 (Fig. 3.1a). In LB medium growth started immediately, while there is a
lag-phase of about 8 h for the DeLisa defined medium which is followed by exponen-
tial growth until OD 17. Although both media exhibit different growth rates, final OD
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for both media is reached after process time of 18 h. The oxygen transfer rate was
calculated from off-gas analytics for the two biological replicates in LB and DeLisa
medium (Fig. 3.1b) showing good reproducibility between biological replicates with
only a slight time offset visible in the oxygen uptake rate. Maximum oxygen transfer
rates with DeLisa medium were above 100 mmol L−1 h−1 and thus significantly higher
than with LB medium which is a consequence of faster growth in this phase. Inclu-
sion body formation was monitored by microscopy (Fig. 3.1c). In samples before
induction, no inclusion bodies were visible under the microscope. For cultivations
with LB medium more than 50% of the cells seem to contain one or more inclusion
bodies 6 h after induction with IPTG. With DeLisa medium, slightly less cells con-
taining inclusion bodies are visible. After 11 h, the number of cells with inclusion
bodies dropped, indicating that the harvest time might be a relevant factor.

In terms of batch process time and final biomass concentration, there was no dif-
ference between LB and DeLisa medium. Thus, it was decided to select DeLisa
medium for the fed-batch process development although slightly reduced inclusion
body formation, since it showed higher growth rate with better process control in the
bioreactor and reduced media cost.

3.1.2. GFP1-10 production in bioreactors in fed-batch mode

After the batch process was successfully transferred from shake flasks to STRs,
glucose feeding was tested to further increase cell densities with DeLisa defined
medium. Fed-batch strategy was based on a triggered glucose feed control using
the online signal of DO with on-off setting for the glucose feed pump. Hence, glu-
cose feed pump was activated with a constant feed rate if increased DO indicates
substrate depletion and stops if the DO is below a threshold level. With the first
start of the glucose feed, the inducer was also constantly fed into the reactor until
final inducer concentrations of 1 mM IPTG or 10 g L−1 lactose were reached. Both
inducers were compared for induction of GFP1-10 expression (Fig. 3.2).

After an initial batch phase the raise of DO above 60% indicated total consumption
of batch glucose after 13.5 h and the fed-batch phase was initiated by starting glu-
cose feed control. The added glucose is consumed by the bacteria which increases
the oxygen consumption and decreases the DO content, until the glucose feeding
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Fig. 3.2. Fed-batch fermentation for production of GFP1-10. GFP1-10 expression in E. coli BL21(DE3)
pET22b-sfGFP1-10 was induced by constant feeding of IPTG (a–c) or lactose (d–f) until cal-
culated inducer concentrations of 1 mM IPTG or 10 g/L lactose were reached in the bioreactor.
Feeding of inducer solutions was started at the end of the batch phase triggered by the DO
signal. Constant glucose feeding was started in parallel but with on-off settings triggered by
DO signal. DO and glucose feed were each measured for two biological replicates during
fed-batch fermentation and samples were taken for CDW measurement in technical tripli-
cates and HPLC analysis of sugars. Cell samples were harvested after 23 h for purification
of GFP1-10 detector protein. Modified from [89]
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is stopped below 10% and started again above 35% DO. This leads to a charac-
teristic fluctuation pattern of DO (Fig. 3.2a, d). Analysis of supernatant samples
showed glucose concentrations close to or at limiting conditions throughout the fed-
batch phase (Fig. 3.2c, f), leading to a final CDW around 25 g L−1 independent of
the induction with IPTG or lactose for each of the two biological replicate cultiva-
tions (Fig. 3.2b, e). In case of lactose as an inducer, the analysis of supernatant
samples shows a lactose increase during the first 3.5 h after start of induction in the
fed-batch phase followed by rapid decrease until depletion after approximately 4 h
for both biological replicates (Fig. 3.2f). Although the CDW growth profile of both
replicates with lactose induction are almost identical, the DO shows a difference.
For STR 2 a slight overfeeding in the first 2.5 h of the fed-batch is observed resulting
in an intermediary glucose accumulation of approximately 7 g L−1. After 13.5 h of
cultivation the DO-triggered feed was initiated. However, the DO concentration de-
creased to 14–16% only, so that the glucose feed remained active, which resulted to
non-limiting glucose levels during the first 2.5 h. This effect was not present for the
STR 1 cultivation and could have resulted from a deviation of the DO sensor signal.
Consequently, characteristic oscillating DO profile due to intermittent glucose dos-
ing was observed after glucose and lactose depletion approximately 4 h after feed
start.

Cells from all cultivations were disrupted by French press and GFP1-10 was purified
from the inclusion body fractions following the preparation protocol. Refolded GFP1-
10 was applied for split GFP assay with a reference supernatant containing cutinase-
GFP11 from C. glutamicum pPBEx2-NprE-Cutinase-GFP11 (Fig. 3.3). Saturation in
fluorescence intensity of approximately 650 a.u. was reached after 6.5 h for detec-
tor protein solutions from both STRs induced with lactose as well as from STR 2
induced with IPTG. Strikingly, the GFP1-10 detector protein response from STR 1
induced with IPTG showed slower fluorescence increase and lower maximum fluo-
rescence intensity of about 500 a.u. after 13.5 h. Since cultivation data of the bio-
logical duplicates induced with IPTG are very similar, the difference in quality of the
detector protein solution could have also originated from the multi-step purification
protocol.

To conclude, the developed fed-batch process with DO-triggered glucose feeding
strategy is a suitable way to increase biomass concentration in order to increase
total detector protein formation. Moreover, both induction variants, either by IPTG or
lactose, led to satisfactory results in terms of detector protein response in the split
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Fig. 3.3. Split GFP assay with GFP1-10 from fed-batch fermentation. Samples of cells containing
intracellular GFP1-10 were taken after 23 h of fed-batch fermentation with IPTG or lactose for
induction. OD580 nm were adjusted to 20 and cells were disrupted with a French press. GFP1-
10 was purified from the inclusion body fraction and used for detection of cutinase-GFP11 in
C. glutamicum pPBEx2-NprE-Cutinase-GFP11 supernatant by split GFP assay [89]

GFP assay and could be used for fed-batch production processes. From one fed-
batch bioreactor cultivation a total amount of final GFP1-10 detector solution can be
obtained sufficient to handle up to 385 screenings in 96-well MTPs.

Since the total amount of inclusion body formation and detector protein quality could
be dependent on the harvest time point of the cultivation, this was investigated in a
fed-batch bioreactor cultivation with IPTG induction (Fig. 3.4). Samples for GFP1-10
purification were taken 8, 9, 10 and 11 h after the feed start of IPTG. The process
and CDW data were very comparable to the previous experiment (Fig. 3.2b), indicat-
ing good reproducibility of the fed-batch process (Fig. 3.4a). At all sampling times
for GFP1-10 purification, microscopic images show inclusion body formation in the
cells (data not shown). GFP1-10 was purified from the inclusion body fraction and
used for split GFP assay with supernatant containing cutinase-GFP11 which was
obtained from secretory production using C. glutamicum pPBEx2-NprE-Cutinase-
GFP11 (Fig. 3.4b).

Fluorescence signal profiles were very similar for all harvest time points, except for
the detector solution derived 8 h after induction. Here, the maximum fluorescence
intensity was about 10% higher. Generally, the harvest time seems to show no
critical influence in the overall process and all harvesting times tested are suitable
for purification of the GFP1-10 from the inclusion body fraction. Since total biomass
concentration is the highest after 10 h, this latest harvesting time point is preferred.
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Fig. 3.4. Impact of harvest time in fed-batch GFP1-10 production in DeLisa defined medium on quality
of GFP1-10 detector solution. GFP1-10 expression in E. coli BL21(DE3) pET22b-sfGFP1-
10 was induced with IPTG and samples for preparation of GFP1-10 detector solution were
taken 8, 9, 10 and 11 h after induction. (a) CDW during fermentation with dashed black lines
indicating start and end of feed-phase and dotted lines indicating sampling times. (b) Split
GFP assay with detector solutions derived from fermentation samples 8, 9, 10 and 11 h after
induction. Supernatant containing cutinase-GFP11 was mixed with the respective detector
solutions and holo-GFP formation was measured at 25 °C. Data is shown as mean of eight
technical replicates with standard deviation. Modified from [89]

It is very likely, that fed-batch phase could be prolonged in order to achieve even
higher detector protein yield, but this is not covered by experimental data so far.

3.1.3. Storage stability of GFP1-10

By scaling production of GFP1-10 from a shake flask batch to laboratory-scale STR
fed-batch process, substantial amounts of detector solution could be obtained from
a single bioreactor run sufficient for split assays in approximately 385 96-well MTPs
for high-throughput screenings. To test the shelf-life of purified GFP1-10 detector
solution, refolded GFP1-10 was stored at −20 °C for 7 months before application
in the split GFP assay. This is compared to freshly produced and purified detector
solution for detection of cutinase-GFP11 in supernatant of C. glutamicum pPBEx2-
NprE-Cutinase-GFP11 (Fig. 3.5).

Strikingly, even after 7 months of storage at −20 °C, the GFP1-10 detector solu-
tion resulted in fluorescence signals only slightly lower (approximately 10%) than
with freshly prepared detector solution. This enables production of a larger stock of
GFP1-10 solution with subsequent storage at −20 °C until use for at least 7 months.
It is likely, that this period could be extended, but this is not covered by the results
obtained so far. In a typical screening application, a set of samples from the same
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Fig. 3.5. Split GFP assay with stored compared to freshly prepared detector solution. GFP1-10 detec-
tor solution was stored for 7 months at −20 °C and used for detection of cutinase-GFP11 in
C. glutamicum pPBEx2-NprE-Cutinase-GFP11 supernatant. Another detector solution was
freshly produced in shake flasks, purified and used as comparison. The split GFP assay was
conducted at 25 °C incubation temperature. Modified from [89]

screening run are directly compared, making variances in the detector quality over
time negligible. Nevertheless, potential differences in the performance of the detec-
tor protein solution in terms of the absolute maximum fluorescence signal of the split
GFP assay can be compensated. This could be done by correlation of GFP signal
with data from activity assay in form of a calibration function to deduce absolute
quantitative information.

3.1.4. Characterization of split GFP assay

The split GFP assay can be used for screening of GFP11-tagged target proteins
secreted by C. glutamicum. For this, effects of incubation conditions as well as
potential influences of supernatant composition must be characterized.

The split GFP assay was performed with culture supernatant of the cutinase-GFP11
secretion strain C. glutamicum pPBEx2-NprE-Cutinase-GFP11 and GFP1-10 de-
tector solution in MTPs without shaking for 16 h at different temperatures with eight
replicates each (Fig. 3.6). The highest fluorescence signals were measured at 20 °C
while incubation at 4 °C resulted in almost half of the fluorescence. It can be specu-
lated that the lower temperature hampered proper assembly of the 11th β-sheet to
form the GFP chromophore and that maximum fluorescence seems not be reached
after 16 h. Besides, folding and stability of the target protein could also have an
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Fig. 3.6. Impact of incubation temperature on holo-GFP formation in split GFP assay. Identical detec-
tor solution was mixed with supernatant from C. glutamicum pPBEx2-NprE-Cutinase-GFP11
cultivation in shake flask with 6 h of cutinase-GFP11 expression. Fluorescence of eight repli-
cates each were measured after 16 h of incubation at different temperatures without shaking
and standard deviations were calculated [89]

impact on the maturation of the chromophore. Temperatures higher than 20 °C also
show signal decrease. Nevertheless, for further experiments an assay temperature
of 25 °C was chosen, which is slightly above typical laboratory temperature. This
shall avoid conflicts with incubation devices that do not have cooling options.

Assay robustness against variations in the composition of C. glutamicum super-
natant was tested. The pH of C. glutamicum pPBEx2-NprE-Cutinase-GFP11 super-
natant after cutinase-GFP11 secretion was changed from 7.5 to 7.1–7.8 by adding
10 M HCl or 8 M NaOH before split GFP assay. Moreover, the impact of additional
0–250 mM succinate, lactate, glutamate, ketoglutarate and acetate was investigated.
Such compounds comprise typical by-product metabolites in microbial cultivations.
Neither for the change of pH value, nor the addition of the metabolites a negative
impact on the development of GFP split assay fluorescence signal was observed
(Fig. A.2 and Fig. A.3).

To ensure that the split GFP assay is a reliable alternative to enzymatic activity mea-
surements, C. glutamicum pPBEx2-NprE-Cutinase-GFP11 supernatant containing
cutinase-GFP11 was used to generate a dilution series which was measured by
both, split GFP and cutinase activity assay (Fig. 3.7).

Data show very good comparability between the two assays. This supports the find-
ings with B. subtilis as host for secretion, where the split GFP assay was also proven
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Fig. 3.7. Correlation of split GFP assay and cutinase-GFP11 activity. C. glutamicum pPBEx2-NprE-
Cutinase-GFP11 supernatant was diluted with different factors and cutinase-GFP11 was de-
tected by split GFP and cutinase activity assay with eight replicates. The fluorescence signal
of the split GFP assay was measured when saturation was reached after 10.5 h of incubation
at 25 °C [89]

to be a good alternative to activity measurements for the detection of homologous
and heterologous target proteins [88].

3.1.5. Application in screening

To demonstrate the applicability of the improved fed-batch production process for
generation and application of detector protein, two C. glutamicum strains secreting
cutinase-GFP11 with B. subtilis signal peptides NprE or Pel were used. C. glutami-
cum pPBEx2-NprE-Cutinase-GFP11 and pPBEx2-Pel-Cutinase-GFP11 were culti-
vated with 24 biological replicates in a BioLector® Pro microscale cultivation device
with backscatter-triggered induction of cutinase-GFP11 expression. The amount of
secreted cutinase-GFP11 in supernatant samples was determined by split GFP and
cutinase activity assay (Fig. 3.8).

All replicate cultivations of both strains showed very similar growth profiles and
cutinase-GFP11 expression was induced by IPTG at the same time in the mid ex-
ponential phase. However, with respect to the achieved cutinase activity in the su-
pernatant both strains showed very different cutinase-GFP11 formation. While the
strain with NprE signal peptide showed much higher split GFP assay response and
measured cutinase activity in the range of 300 a.u. and 2.1 U, the strain harboring
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Fig. 3.8. Application of split GFP assay in screening of cutinase-GFP11 secretion. Growth of C. glu-
tamicum pPBEx2-NprE-Cutinase-GFP11 and pPBEx2-Pel-Cutinase-GFP11 was monitored
from 24 biological replicates by backscattered light (a) and DO (b). Each replicate was in-
dividually induced with IPTG as soon as a certain backscatter threshold was reached. The
cultivation period in which all samples were induced is highlighted in gray. Cells were har-
vested after 4 h of target gene expression and cutinase-GFP11 in supernatant was detected
by split GFP and cutinase activity assay (c). Error bars deviated from technical duplicates
per 24 biological replicates. Fluorescence signal of split GFP assay was measured after 16 h
incubation [89]

Pel signal peptide showed around 6x lower values in the range of 50 a.u. and 0.4 U,
respectively. The large performance difference was expected and has been con-
firmed for similar C. glutamicum strains for secretory cutinase formation with NprE
and Pel signal peptides [72]. With respect to the comparison between activity mea-
surement and split GFP assay, the values were highly comparable in terms of the
absolute values as well as the standard error. This gives rise to the conclusion that
the developed fed-batch process for GFP1-10 detector protein production is well
suited to produce a larger stock of detector protein solution, which can be stored
up to seven months with minor loss of fluorescence response in the range of 10%
only.

3.1.6. Conclusion of 3.1.

The production of detector protein GFP1-10 could be successfully scaled from a
shake flask batch to a laboratory-scale STR fed-batch process. By fed-batch fer-
mentation with intermittent glucose feed triggered by DO, detector solution for up to
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385 screenings in 96-well MTPs could be obtained. GFP1-10 detector solution could
be stored at −20 °C for at least seven months with very little performance loss.

Applicability of split GFP assay in high-throughput secretion screening of cutinase-
GFP11 with C. glutamicum as host was verified. The split GFP assay can be easily
automated as no appropriate sample dilution is needed and only the detector solu-
tion needs to be provided. In addition, the split GFP assay offers excellent oppor-
tunities for data normalization to reliably compare secretion performance within a
screening round or after correlation with enzyme activity data measured for abso-
lute calibration as this is demonstrated in the correlation of split GFP fluorescence
versus cutinase in the application study.

The biggest advantage of the split GFP assay is that it can be easily adapted to
other target proteins. As long as the GFP11-tag is accessible, nothing needs to
be changed in the screening workflow. Even proteins without enzymatic activity or
without an established activity assay can be detected without elaborate alternatives
like enzyme-linked immunosorbent assay (ELISA).

Since sufficient GFP1-10 detector solution for high-throughput screening can now be
produced in one production run and a correlation of the split GFP to the activity assay
has been shown for heterologous cutinase-GFP11 secretion, the next step would be
an automated signal peptide screening. For this, C. glutamicum strains need to be
prepared that differ in the B. subtilis signal peptide. The robotic screening workflow
needs to be further optimized to avoid manual handling of pre-cultures, which is
particularly laborious when comparing many different strains.
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3.2. Screening of cutinase secretion by C. glutamicum

This chapter focuses on automated workflows for targeted construction of C. glutami-
cum strains for cutinase-GFP11 secretion based on the newly created pCMEx-based
plasmids. A C. glutamicum strain with inducible and tightly controlled GFP secretion
was prepared for testing automated cultivation workflows with online product monitor-
ing. An automated screening workflow starting from cryo-conserved cultures to detec-
tion of cutinase-GFP11 via activity and split GFP assay was developed and secretion
performance was investigated. Varying RBS spacer lengths between Shine-Dalgarno
sequence and start codon of the B. subtilis signal peptides were tested and results
were compared to those with B. subtilis as host. Secretion stress was assessed using
the C. glutamicum K9 biosensor strain. Secretion performance of microscale batch
and fed-batch cultivation was compared for cutinase-GFP11 secretion with C. gluta-
micum K9 in an alternative semi-rational approach of signal peptide sequence opti-
mization. Cutinase secretion mediated by the NprE signal peptide was compared for
pPBEx2- and pCMEx8-based expression, and the effect of different RBS sequences
in pCMEx8 on secretion was tested. Parts of this chapter were based on data from
student projects I, V & VI and work was presented at conferences with poster III & IV
and talks I–III and partly published in publications II & IV.

Author’s contributions:
C. Müller supervised the student projects and did the molecular cloning and testing of
GFP-secreting C. glutamicum strains. C. Müller, V. Waffenschmidt and L. Pohlen con-
structed pCMEx-based plasmids and C. glutamicum ATCC 13032 secretion strains
and V. Waffenschmidt automated molecular biological workflows. C. Müller, V. Waf-
fenschmidt and L. M. Helleckes contributed to the automation of the screening work-
flow. V. Waffenschmidt and C. Müller screened for cutinase-GFP11 secretion with
C. glutamicum ATCC 13032 and C. Müller compared pCMEx-based to pPBEx2-based
secretion. P. J. Bakkes prepared C. glutamicum K9 strains for pCMEx-based cutinase-
GFP11 secretion, analyzed their biosensor response and secretion performance, and
contributed to the writing of the results and the discussion about the biosensor. P. Lenz
provided plasmids and protocols for the split GFP assay and investigated the impact of
the RBS spacer on cutinase secretion in B. subtilis. M. Oldiges, A. Knapp, R. Freudl,
K.-E. Jaeger and W. Wiechert contributed to the study design, review and editing of
publication II. C. Müller wrote the publication II with parts of the methods provided by
P. J. Bakkes and P. Lenz. For publication IV, P. Bakkes did the conceptualization, im-
plemented the split GFP assay, did the library construction and screening, as well as
data analysis and visualization and wrote the manuscript. P. Lenz and A. Knapp con-
tributed to the initial study design, provided plasmids and protocols for establishing the
split GFP assay and contributed to the writing of the manuscript. C. Müller performed
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fed-batch cultivations and contributed to the writing of the manuscript. A. Bida con-
structed site-directed mutants and performed cutinase activity assays. D. Dohmen-
Olma did bacterial transformations and SDS-PAGE. M. Oldiges, K.-E. Jaeger and
R. Freudl contributed to the study design and the writing of the manuscript of publica-
tion IV.

Secretion of bacterial proteins into the culture medium simplifies downstream pro-
cessing by avoiding cell disruption for target protein purification. However, a suitable
signal peptide for efficient secretion needs to be identified and currently, there are
no tools available to predict optimal combinations of signal peptides and target pro-
teins. The selection of such a combination is influenced by several factors, including
protein biosynthesis efficiency and cultivation conditions, which both can have a
significant impact on secretion performance. As a result, a large number of combi-
nations must be tested. Here, the detection of secreted proteins can be done not
only by activity, but also with the split GFP assay if the target protein is covalently
linked to a GFP11-tag.

3.2.1. Strain construction and automation

In this study, various combinations of B. subtilis signal peptides and RBS spacer se-
quences ranging from 4–12 nt between the Shine-Dalgarno sequence and the start
codon were tested for secretion of F. solani f. sp. pisi cutinase in C. glutamicum.
For accelerated plasmid construction by automation, traditional cloning cannot be
used. Here, the DNA fragments are usually purified by gel extraction between re-
striction digestion and ligation, which is difficult to automate. Golden Gate assembly
as an alternative uses type IIS restriction enzymes such as BsaI that cut outside
their recognition site. Since the target plasmid no longer contains the recognition
sequence, it is not further digested, unlike other plasmids in the reaction mix. Thus,
restriction and ligation can be performed in one-pot setup without gel extraction in
between [194].

To create a suitable plasmid backbone for Golden Gate assembly, the NdeI restric-
tion site in plasmid pPBEx2 [8] was removed and the insert of the synthetic pUC57-
Insert-Amp was integrated via CPEC. This insert has an altered sequence between
the tac promoter and the terminator that consists of a 12 nt RBS spacer, B. subtilis
yncM signal peptide sequence, A. equina blue chromoprotein aeCP597 under the
control of the constitutive EM7 promoter and a GFP11-tag sequence that is not in
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frame with aeCP597. The resulting plasmid pCMEx12 (GenBank accession num-
ber OM801558, plasmid map in Fig. A.4a) allows for exchange of spacer and signal
peptide sequence by cassette mutagenesis with restriction enzymes PstI/NdeI and
NdeI/EcoRI, respectively. The constitutively expressed reporter gene aeCP597 can
be exchanged with the gene of interest by Golden Gate assembly. After a successful
exchange, E. coli colonies have lost their blue color and the cutinase gene is cloned
in frame with the signal peptide and GFP11-tag sequence under the control of the
tac promoter (Fig. A.4b). The workflow of the sequence exchanges from the starting
plasmid pCMEx12 to the secretion screening is shown in Fig. A.5.

The exchange of the gene of interest was automated using the Opentrons OT-2
robot with a Thermocycler and Magnetic Module. Unit operations were the Golden
Gate assembly, heat-shock transformation of E. coli , magnetic beads based plas-
mid purification and restriction digestion as a control for successful Golden Gate
assembly in addition to the colony color. Restriction enzymes would cut once before
and twice after the successful integration of the target gene by Golden Gate assem-
bly and DNA fragments were subsequently analyzed by capillary electrophoresis. If
only one DNA fragment was visible, either new transformants were picked for plas-
mid purification or the Golden Gate assembly was repeated. Python scripts can be
found online in the JuBiotech Git repository [186].

Comparison of the time required for manual or automated treatment of 96 samples
showed an overall reduction of process time to about 58% of the time needed for the
manual process (Fig. 3.9). However, the time savings varied among unit operations.
For Golden Gate assembly, both options took about the same time since they do not
differ in the automatically running thermocycler protocol. Automated test digestion
even took slightly longer, albeit the manual work was reduced compared to man-
ual test digestion. In contrast, automation of heat-shock transformation reduced the
overall time to about 75% with only 25 min of manual work left to prepare the robot.
The manually laborious plasmid purification by hand took about 6 h, assuming that
only 24 samples can be handled in parallel using the NucleoVac 24 Vacuum Mani-
fold. Thus, automation slightly reduced the total time to 4.25 h, but importantly the
majority of this process is fully automated and does not require operator supervi-
sion.

As proposed by Tenhaef et al. [123], the Opentrons OT-2 system with additional
Thermocycler and Magnetic Module is suitable for plasmid construction, which can
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Fig. 3.9. Comparison of automated and manual construction of 96 plasmids. The plasmid construction
can be separated into four unit operations: (1) Golden Gate assembly of plasmid carrying the
gene of interest and a backbone with the desired spacer and signal peptide combination, (2)
heat-shock transformation of E. coli with Golden Gate assembly samples, (3) magnetic beads
based plasmid purification from E. coli and (4) restriction digestion of the purified plasmids
for additional control. For Golden Gate assembly, either the plasmids with 96 different inserts
or backbones were already appropriately diluted in a 96-well plate. 96 samples were handled
in parallel in automated plasmid construction workflows. For manual transformation, usually
up to 12 samples can be handled in parallel and a second batch can start when the first
batch is in the regeneration phase. For plasmid purification, only the steps from cell harvest
to plasmid elution were considered and 24 samples at a time were handled manually using
the NucleoVac 24 Vacuum Manifold. Analysis of test digestion samples via capillary elec-
trophoresis is not included. More detailed time tables of the unit operations can be found in
Tabs. A.1 to A.3 [175]

be modularized and consecutively processed. The user can profit from the simple
operation and customizable open source software for tailor-made plasmid assembly
and strain construction workflows. However, this robotic system would not be suffi-
cient to handle more complex microbial cultivation and screening processes which
require more robotic functionality and precisely timed liquid handling manipulations.
In such a case, more advanced liquid handling laboratory robotics is required, such
as the Tecan Freedom EVO® 200 with integrated BioLector® Pro, centrifuge and mi-
croplate reader (see subsection 2.1.4). This system allows to execute more complex
protocols and workflows with autonomous decision making during the process [141,
162], adding a further level of complexity.

Additionally, such script programming and workflow optimization for automated plas-
mid construction needs to be justified by a correspondingly large number of samples
and iterations. Justification is given by the screening for cutinase secretion appli-
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cation example presented here, and by the possibility to assemble combinations
of spacer and signal peptide sequences for any given protein, thereby providing a
rapid strain library prototyping for alternative target proteins besides the cutinase. In
addition, the individual unit operations can also be used separately for completely
different molecular biological objectives, since E. coli shuttle vectors and methods
such as heat-shock transformation, plasmid purification and restriction digestions
are widely used and small script adaptations can be easily made.

3.2.2. Testing automated cultivation workflows

For testing and optimization of cultivation workflows, the C. glutamicum with the
pPBEx2-based plasmid pCGPhoDCg-GFP (later referred to as pEKEx2-PhoDCg-
GFP) is often used [141, 146]. The capability of Tat-dependent secretion of GFPuv

with the homologous signal peptide PhoD allows for online product monitoring via
fluorescence measurement in BioLector® cultivations. Target protein secretion is
controlled by the tacI promoter and the lac repressor allele lacIq and thus it is IPTG-
inducible. Bakkes et al. [8] discovered that pEKEx2-based plasmids lack stability due
to intraplasmid duplicate sequences. Furthermore, a modified carboxyl-terminus of
the lac repressor leads to gene expression even in the absence of inducer. These
findings resulted in the construction of the improved pPBEx2-based expression vec-
tor pPBEx2 with tight gene expression and improved plasmid stability [8].

To also enable tight control of GFP secretion, phoDCg-gfpuv was amplified from
pEKEx2-PhoDCg-GFP, digested with KpnI and SbfI and ligated into likewise di-
gested pPBEx2. After the sequence of pPBEx-PhoDCg-GFP was verified, C. gluta-
micum was transformed by electroporation. Pre-cultures of C. glutamicum pEKEx2-
PhoDCg-GFP and pPBEx2-PhoDCg-GFP in flasks were harvested in the late ex-
ponential phase and used to inoculate 24 wells of a FlowerPlate®, respectively.
Tightly controlled expression was verified by backscatter-triggered induction with
0–1 000 µM IPTG and results were compared to those with C. glutamicum pEKEx2-
PhoDCg-GFP (Fig. 3.10).

Growth phenotypes were overall comparable for the respective replicates of the
strains, but the stationary phase was reached 0.6 h earlier with the pEKEx2-based
strain and final backscatter values were on average around 6.4% lower. With the
C. glutamicum pEKEx2-PhoDCg-GFP, almost no GFP secretion performance was
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Fig. 3.10. Tat-dependent GFP secretion with C. glutamicum. (a) Backscatter. (b) GFP fluorescence
(c) Fluorescence average and standard deviation of cycles 71–75 (14.06–14.86 h).Three
replicates per strain and IPTG concentration were measured

detected (Fig. 3.10b and c). This indicates that no GFP gene is present due to
intraplasmid recombination, explaining the different growth phenotype and high-
lighting the need for an optimized strain. In contrast, different fluorescence levels
were measured depending on the amount of IPTG added to the cultivation media
of the pPBEx2-based strain. Without inducer, average fluorescence levels between
14.06–14.86 h were below 0.45 a.u. and thus comparable to those of C. glutamicum
pEKEx2-PhoDCg-GFP. By adding 100 µM IPTG, a steep increase to 1.11 a.u. av-
erage fluorescence was measured. Further increase in IPTG concentration above
350 µM did not lead to higher fluorescence levels than 1.25 a.u. but most likely to
higher stress as the final backscatter signal was higher without any IPTG. This is
also supported by literature, as reduced growth has already been shown for IPTG
concentrations above 50 µM for over-expression of sigma factor genes in C. glutami-
cum [195].

3.2.3. Automated screening workflow for cutinase-GFP11 secretion

Screening of heterologous cutinase secretion was automated using a microculti-
vation robotic platform with Tecan Freedom EVO® 200, BioLector® Pro, centrifuge
and microplate reader (schematic in Fig. 2.2 in subsection 2.1.4). The workflow
described in subsection 3.1.5 and published in [89] was extended to automated pre-
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cultures in the BioLector® to avoid laborious pre-cultures in flasks and to enable
more standardized autonomous handling of pre- and main cultures (Fig. 2.4a).

In this workflow, main cultures are performed in triplicates, showing low deviation
and a high degree of growth comparability (see Fig. 3.11a and b). The 12 pre-
cultures are inoculated from cryo cultures placed on deck of the robotic system into
the wells in the outer columns. Inoculation of three main cultures per pre-culture
as well as induction of main cultures with IPTG are triggered individually by the
backscatter signal of the cultivation that correlates with the cell density. The three
wells next to the pre-culture wells are used for main cultures, i.e., 20 µL of the pre-
cultures were transferred from column 1 and 8 to main cultures in column 2–4 and
5–7, respectively. Harvesting is triggered 4 h after induction and cutinase-GFP11 is
detected in supernatants after all cultivations are finished by split GFP and cutinase
activity assay. Using this workflow, the manual work is minimized and no operator
supervision is required after providing cryo cultures and media on the robotic deck.
One disadvantage, however, is the reduced throughput as only 48 cultivation wells
are available. Here, with integrated pre-culture and main cultivation performed in
triplicates the throughput is reduced to 12 strains per cultivation run.

3.2.4. Impact of the RBS spacer on the secretion performance

The accelerated plasmid construction workflow followed by the automated robotic
cultivation and screening workflow was employed for investigating the impact of the
RBS spacer sequences between the Shine-Dalgarno sequence and the start codon.
The pPBEx2 plasmid which is the scaffold for pCMEx-based plasmids contains an
8 nt spacer. In total, 9 spacer sequences ranging from 4–12 nt were compared using
the B. subtilis signal peptide of the protease NprE for cutinase-GFP11 secretion in
C. glutamicum (Fig. 3.11). Although the lag-phases and resulting growth phenotypes
of nine different strains varied in the pre-cultures, all main cultures grew comparably
with a net cultivation time between 11.6–12.3 h from inoculation to harvest in the
stationary phase. Such differences in the pre-culture growth were likely to be ex-
pected, due to potential deviations in the individual cell viability in the cryo cultures
and inoculation density. Such deviation was effectively corrected by the individual
inoculation strategy of the main cultures using a backscatter trigger enabling an au-
tonomous inoculation of the main cultures. This led to growth phenotypes with high
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similarity between the replicates of the 9 individual strains in terms of backscatter
biomass signal (Fig. 3.11a) as well as DO profile (Fig. 3.11b).

The same applied for the secretion performance data, showing good comparabil-
ity for the replicate data, but with considerably different secretion performance for
the different spacer lengths (Fig. 3.11c). The secretion performance was evaluated
based on direct measurement of cutinase activity and fluorescence data from split
GFP assay. The assembly of holo-GFP and the formation of chromophores was
similar to previous experiments (Section 3.1 and [89]). Results from the split GFP
and cutinase activity assays showed standard deviations in the range of 10% and
below, and the corresponding data are in good agreement, ranging from around
1 074–7 124 a.u. and 0.7–2.8 U mL−1, respectively. The spacer length of 8 nt was al-
ready among the top performance values with the highest values for the 11 nt spacer.
Strikingly, for 7–12 nt a considerable plateau region of high secretion performance
was observed and no decrease at a spacer length beyond the 8 nt was found. The
opposite was observed for smaller spacer lengths, with a clear negative effect of
approx. 75% decrease in cutinase activity for a 4 nt RBS spacer. It seems that the
reduction of the spacer length has a more severe effect on secretory production than
its extension, which had a minor effect only.

Fig. 3.11. Cutinase-GFP11 secretion with RBS spacer lengths from 4–12 nt. Backscatter (a) and DO
(b) were measured during cultivation of C. glutamicum pCMEx[4-12]-NprE-Cutinase. Pre-
cultures inoculated from cryo cultures were used to inoculate three main cultures, which are
shown as mean with standard deviation in confidence tubes. Inoculation and induction of
main cultures with IPTG to a final concentration of 200 µM were triggered by backscatter
signals. Cells were harvested 4 h after induction, and cutinase-GFP11 in the supernatant
was detected via the split GFP and cutinase activity assays (c) in analytical duplicates of
the respective three main cultures. For comparison with the cutinase activity, the maximum
holo-GFP fluorescence after saturation was used [175]
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Next, the automated screening of clones harboring plasmids with 4–12 nt spacer
lengths was repeated with B. subtilis signal peptides Pel, Epr and Bsn for cutinase-
GFP11 secretion in C. glutamicum. The growth phenotypes of the respective vari-
ants were similar to those of NprE (Figs. A.7 to A.9). To facilitate comparison,
the cutinase activity and split GFP fluorescence data for all signal peptides in-
cluding NprE were each normalized to x-fold change relative to the strain with the
4 nt spacer, as this strain was expected to show the lowest secretion performance
(Fig. 3.12). Results were compared to those with B. subtilis as host (Fig. 3.12e–h),
where data marked with an asterisk are from Volkenborn et al. [78] (Creative Com-
mons CC BY license). In general, the data for cutinase activity and split GFP assay
were comparable for the two strains and the 4–12 nt spacers used provided a clear
picture of the effects with slightly higher x-fold changes for the split GFP data. For
the four signal peptides in C. glutamicum a very similar response to changes of the
spacer length was observed, showing the lowest values for the 4 nt RBS spacer
and highest for 8–10 nt spacers with a gradual increase in between. This seems to
confirm the initial results for the NprE signal peptide and may indicate a universal
response to spacer length variation.

For B. subtilis the picture seems to be more heterogeneous. Again, a small 4 nt
spacer length showed lowest performance and spacer lengths of 7 nt and longer
were superior. The overall highest x-fold changes were measured for the signal
peptide NprE with an 8 nt RBS spacer with an increase of about 20-fold in activ-
ity and 26-fold in split GFP fluorescence compared with the shortest spacer length
(Fig. 3.12e). However, the individual response to nucleotide elongation was differ-
ent for the four signal peptides. For the signal peptide NprE, a stepwise increase
to high activity was observed going from 5 to 6 nt (Fig. 3.12e). For signal peptides
Pel and Bsn, a gradual increase similar as in C. glutamicum was found (Fig. 3.12f*
and h*). Although a gradual increase was also observed for the Epr signal peptide,
this positive effect of spacer elongation required at least 8 nt to show increased for-
mation of cutinase activity (Fig. 3.12g*). For this signal peptide, a significantly longer
spacer led to optimized secretion performance. Overall, the secretion performance
was lowest with the 4 nt spacer and was gradually increased by elongation with one
or more nucleotides with 8–10 nt being necessary to obtain close to optimal cuti-
nase activity. This is similar to the poor cutinase secretion with short spacer lengths
of 4–5 nt that was observed in B. subtilis secretion studies in which identical com-
binations of RBS spacer, signal peptide and target protein were used [78]. These
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Fig. 3.12. Impact of spacer length on cutinase-GFP11 secretion with B. subtilis signal peptides NprE,
Pel, Epr and Bsn. C. glutamicum (a—d) or B. subtilis (e—h) were used as secretion hosts.
Cutinase-GFP11 was detected in supernatant samples of C. glutamicum by cutinase activity
and split GFP assay in analytical duplicates of three cultivation supernatants, respectively.
Cutinase-GFP11 in B. subtilis cultivation supernatants was detected in triplicates. Enzymatic
activity and holo-GFP fluorescence after saturation were normalized to x-fold changes rel-
ative to the respective strain with a 4 nt RBS spacer (dashed line). The Y-axis scaling for
subfigure 4e differs from the others and is highlighted in green. *data from [78], Creative
Commons CC BY license [175]
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results are also consistent with reports on intracellular ornithine transcarbamoylase
production in C. glutamicum. Herein, enzyme activities were decreased by reducing
the RBS spacer from 8 nt to 5 nt [196].

Interestingly, secretion performance was much less sensitive to longer RBS spac-
ers than for those being shorter than 8 nt. Longer spacer sequences could lead to
suboptimal translation initiation, but at the same time perhaps relieve bottlenecks
in other steps of the secretion process. This may result in more secreted proteins
being correctly folded, which could explain the secretion performance plateau for
spacers of 8–12 nt [78].

3.2.5. Signal peptide screening

A B. subtilis signal peptide screening for cutinase-GFP11 secretion by C. glutami-
cum was performed based on plasmid pCMEx8 which harbors an 8 nt spacer se-
quence (Fig. 3.13). An extended set of signal peptide sequences that were all
previously tested for cutinase secretion with B. subtilis [67] with high (YncM, Epr)
medium (PhoB, LipA, YoaW) or low (Mpr, NprE, YpjP) secretion performance was
used. Other signal peptide sequences were already used for cutinase secretion by
C. glutamicum (NprE, Pel, YwmC, YpjP) as described elsewhere [72, 76, 89, 147].
Two additional signal peptides have been applied for high secretion of other target
proteins, i.e., the signal peptide sequences of PhoB [197] and NprB [198]. Growth
phenotypes of these C. glutamicum strain variants were very similar to those ob-
served in Fig. 3.11 and Figs. A.7 to A.9, exhibiting a duration of the main cultures of
12–12.8 h (Fig. 3.13a and b).

For the signal peptides YncM and YpjP, a more linear than exponential growth was
observed with lower final backscatter values. These results may indicate a potential
metabolic burden or cellular stress due to cutinase-GFP11 secretion. This becomes
particularly clear when IPTG is already added to the main culture of C. glutamicum
secreting cutinase-GFP11 mediated by the YncM signal peptide sequence at the
beginning of the cultivation as shown in Fig. A.6.

Cutinase-GFP11 activity in the supernatant showed substantial differences for the
extended set of signal peptides used. The highest activities were measured for
signal peptides NprE and YncM with approximately 3 U mL−1, while only very low
activities were detected with signal peptides YwmC, Epr and PelB.
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Strikingly, based on the split GFP assay, the highest amount of cutinase-GFP11
was detected with signal peptide LipA. Higher fluorescence than expected based
on the activity results was also measured for the signal peptide LipB. It should be
noted that the split GFP assay basically determines the amount of cutinase-GFP11
protein and does not directly report on the cutinase activity. This indicates that a
lot of inactive protein is secreted with the signal peptide LipA. It could be that some
of the secreted cutinase molecules were incompletely folded, misfolded or partially
degraded and thus enzymatically inactive, whereas the GFP11-tag is still accessible
and allows for holo-GFP assembly. This does not seem to be the case with the
signal peptide NprE, for example. However, the five signal peptides facilitating the
highest extracellular cutinase activities, i.e., NprE, YncM, NprB, PhoB and LipA,
were identified as top performers in both assays. In all supernatants, at least small
amounts of cutinase-GFP11 could be identified with TCA precipitation followed by
SDS-PAGE at the expected molecular weight of 25.1 kDa.

3.2.6. Secretion stress measured by C. glutamicum K9

Previous studies on C. glutamicum have indicated that high-level production of se-
cretory proteins is typically accompanied by secretion stress at the cellular envelope
[75, 76, 199]. To assess the impact of the spacer length and signal peptide on
cutinase secretion and the accompanying secretion stress, plasmids were trans-
ferred to the C. glutamicum K9 secretion stress biosensor strain. In this strain the
secretion-stress responsive gene htrA, which codes for the periplasmic housekeep-
ing protease HtrA is replaced by an eyfp gene that is under control of the htrA pro-
moter. The resulting biosensor strain enables the monitoring of the Sec-dependent
protein secretion stress by means of intracellular eYFP fluorescence [76]. In a proof
of concept, C. glutamicum K9 pCMEx[4–12]-NprE-Cutinase were cultivated with on-
line eYFP measurement, while cutinase-GFP11 in the supernatant at the end of the
cultivation was detected manually with the split GFP and cutinase activity assays
(Fig. 3.14).

The secretion performance of cutinase-GFP11 mediated by NprE in dependence of
the spacer length in the biosensor strain showed trends similar to those observed in
the wild type strain (compare Fig. 3.14 to Fig. 3.11c). However, absolute values with
the C. glutamicum K9 biosensor strain were different due to differences in cultivation
conditions, such as less glucose and 20 h of target gene expression as well as in
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Fig. 3.14. Secretion performance and secretion stress associated with cutinase-GFP11 secretion us-
ing the signal peptide NprE in combination with RBS spacers of different lengths (4–12 nt).
Two independent clones of C. glutamicum K9 pCMEx[4–12]-NprE-Cutinase were cultivated
and secreted cutinase-GFP11 was detected via split GFP and cutinase activity measure-
ments in analytical duplicates (a). At the end of the cultivation, the cell-specific eYFP fluores-
cence was determined of two independent clones and the average is shown with standard
deviation (b). The dashed line indicates the normal background fluorescence associated
with secretion stress in the absence of cutinase expression [175]

assay conduction, such as a reduced cutinase assay volume and microplate reader
settings. Importantly, the biosensor fluorescence output at the end of the cultivation
correlated with the secretion performance. High absolute cutinase-GFP11 secretion
was accompanied by high biosensor fluorescence, indicating increased secretion
stress. Herein, the secretion stress reached a plateau for RBS spacers with 6–12 nt
length (Fig. 3.14b), which largely coincided with the secretion performance plateau
(Fig. 3.14a). In earlier work it was demonstrated that biosensor cells which carry
the empty vector typically exhibit a biosensor fluorescence of around 0.27 a.u. at the
end of the cultivation, which represents the normal background secretion stress in
the absence of cutinase expression [75]. Therefore, this value was set as a thresh-
old for the biosensor output (Fig. 3.15b, dashed line). With pCMEx4-NprE-Cutinase
(Fig. 3.14b) and for instance pCMEx8-Pel-Cutinase (Fig. 3.15b), the biosensor fluo-
rescence did not exceed 0.27 a.u., which indicates that the corresponding low-level
cutinase secretion with typically less than 0.4 U mL−1 does not impose significant
secretion stress to the cells.
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Fig. 3.15. Secretion performance and secretion stress associated with cutinase-GFP11 secretion us-
ing different signal peptides in combination with an 8 nt RBS spacer. Secreted cutinase-
GFP11 from C. glutamicum K9 pCMEx8-[SP]-Cutinase was detected via split GFP and cuti-
nase activity measurements that were performed manually (a). At the end of the cultivation,
the cell-specific eYFP fluorescence was determined of two independent clones and the aver-
age is shown with standard deviation (b). The dashed line indicates the normal background
fluorescence associated with secretion stress in the absence of cutinase expression [175]

In addition, the impact of different signal peptides on the cutinase secretion and the
accompanying secretion stress was assessed. For this purpose, the indicated con-
structs all carrying an 8 nt RBS spacer were transferred to the C. glutamicum K9
biosensor strain (Fig. 3.15a). Importantly, the secretion performance of the differ-
ent signal peptides in the biosensor strain showed trends similar to those observed
in the wild type strain (compare Fig. 3.15a and Fig. 3.13c). Interestingly, also in the
biosensor strain a disproportionally high split GFP fluorescence in comparison to the
cutinase activity is noted in case of the LipA and LipB signal peptides (Fig. 3.15a).
Strikingly, cutinase export via either of these signal peptides did not lead to a sub-
stantial increase in secretion-associated stress, as evidenced by the low biosensor
fluorescence output. On the other hand, the highest biosensor response was ob-
served for cutinase-GFP11 secretion mediated by the signal peptides YncM and
YpjP.

It is important to note that the secretion biosensor responds to the extent of stress
caused by the accumulation of incorrectly folded target protein at the trans-side of
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the cytoplasmic membrane upon Sec-dependent protein translocation, but not to the
biologically active secreted target protein. Nevertheless, a general dose-dependent
effect was observed between the secretion performance of an individual signal pep-
tide and the secretion stress in dependence of the spacer length, similar to the
dependence on IPTG concentrations [76]. However, when comparing a large set of
different signal peptides, it must be considered, that the signal peptides may have
distinct influences on the number and quality of exported cutinase molecules, e.g.
by altering the synthesis, export efficiency, processing or folding of the target pro-
tein [52]. Because the biosensor responses for YncM- and YpjP-mediated cutinase
secretion were similarly high, whereas the secretion performance with YpjP was
threefold lower, the signal peptide YpjP seems to have a stronger negative effect
on the cutinase quality. For both signal peptides, there appears to be a correla-
tion to impaired growth, as expression of the respective constructs in the wild-type
strain already resulted in a slightly impaired growth phenotype. This gives rise to the
conclusion that the cutinase export mediated by signal peptides YncM and YpjP is
accompanied by considerable secretion stress, showing also an impact on growth
(Figs. 3.13, 3.15 and A.6). Taken together, the data suggest that signal peptide
specific effects may occur at later stages of Sec-dependent secretion, upon signal
peptide removal or possibly even upon protein folding. The results indicate that the
biosensor strain has its limitations in applications where the screening of a large
number of signal peptides that are structurally very distinct is desired.

3.2.7. Cutinase-GFP11 secretion in fed-batch

While batch cultivations are mainly used for screenings, fed-batch processes are
dominant in production. This is particularly challenging because it has been shown
that batch conditions for screening are not fully transferable to fed-batch processes,
and variants that show better secretion performance under batch cultivation condi-
tions may underperform in fed-batch experiments [66].

To investigate this in relation to cutinase-GFP11 secretion, C. glutamicum K9 strains
were cultivated in microliter-scale under batch and fed-batch conditions and secre-
tion performance was compared. In contrast to the previous sections, these secre-
tion strains do not differ in signal peptides themselves, but variants of the B. subtilis
signal peptide Pel were prepared in an untargeted approach using error-prone PCR

92



3.2. Screening of cutinase secretion by C. glutamicum

by P. J. Bakkes. Fluorescence-activated cell sorting was used to isolate cells with in-
creased eYFP fluorescence in response to increased secretion stress. Five isolated
Pel variants (mutants F11I and P16S, double mutant F11I/P16S and triple mutant
F11I/G13A/P16S) as well as C. glutamicum K9 pPBEx2-NprE-cutinase-GFP11 and
pPBEx2-Pel-cutinase-GFP11 were cultivated in fed-batch (Fig. 3.16). Only slow and
almost linear growth was recorded in the fed-batch cultivation. This could be due to
omitted urea in the medium and perhaps too high pH during the cultivation. After a
drop in the pH value at the beginning of the experiment due to the interference of
the optical measurement by PCA in the medium [146], the online pH was measured
around the target value of 6.8. However, the PCA content in the media may still
have shifted the online pH to lower values than would have actually been measured
offline, resulting in deteriorated growth.

Secretion performance of the five Pel variants was compared to the cutinase-GFP11
secretion with signal peptides NprE and Pel by P. J. Bakkes with data normalized to
those with signal peptide Pel (Fig. 3.17). As in batch experiments (see Fig. 3.8),
a significantly higher cutinase-GFP11 secretion was measured with the B. subti-
lis signal peptide NprE, here about 450% of the secretion performance with the
Pel signal peptide. The standard error for the fed-batch data showed good repro-
ducibility for all variants. Regarding activities, the secretion ranking of the different
signal peptide variants followed the order Pel < F11I < P16S < F11I/P16S < NprE
< F11I/G13A/P16S. This confirms the results from the batch experiments [75], al-
though there the secretion with the Pel variant F11I/P16S was even closer to that
with signal peptide NprE than 0.9x in the fed-batch cultivation. It seems as if with
the triple mutant, the secretion performance with signal peptide NprE could even
be exceeded by around 1.1x regarding activity. Interestingly, the corresponding flu-
orescence from split GFP assay was substantially lower with around 250% of the
secretion performance with the Pel signal peptide. A similar effect has already been
observed in batch cultivations [75] as well as in the pCMEx8-based signal peptide
screening for some strains (Fig. 3.13). These results indicate that the signal peptide
sequence itself as well as only mutations in three amino acid positions of a signal
peptide might affect the holo-GFP assembly in split GFP assay. Possible expla-
nations are changes in the signal peptide processing by signal peptidases and/or
protein folding after secretion.

The successful transfer of the optimized signal peptide variants from batch to fed-
batch cultivation demonstrates that the signal peptide screening approach can de-
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Fig. 3.16. Fed-batch of C. glutamicum K9 for secretory production of cutinase-GFP11. Biosen-
sor cells carrying plasmids pPBEx2-NprE-cutinase-GFP11 (NprE), pPBEx2-Pel-cutinase-
GFP11 (Pel) or the Pel variants F11I, P16S, F11I/P16S or F11I/G13A/P16S were culti-
vated in CGXII medium with an initial glucose concentration of 5 g L−1 inoculated to an
OD600 nm of 0.5 from the respective pre-cultures. The fed-batch cultivation was conducted
in a BioLector® Pro under standard conditions but with ≥30% headspace oxygen. Biomass
(a) and pH (b) were measured with error tubes in biomass measurement originating from
at least three replicates. After 10 h, glucose was fed with a constant rate of 5.22 µL h−1

(equals 2.09 mg h−1 glucose). The pH was adjusted to 6.8 with 3 M KOH beginning after 1 h.
Cutinase-GFP11 expression was induced with 250 µm IPTG (final concentration at the time
of induction) after 8 h. The supernatants were taken after about 25 h and used for split GFP
and cutinase activity assay. Modified from [75]
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Fig. 3.17. Secretion performance of C. glutamicum K9 cultivated in fed-batch. Cutinase-GFP11 in
supernatant samples were detected via cutinase activity and split GFP assay. Modified from
[75]

liver high performing strains not only under batch screening, but also under fed-batch
conditions relevant for further development stages.

3.2.8. Differences in pCMEx8- and pPBEx2-based expression

With pCMEx8-based expression of cutinase-GFP11 with the NprE signal peptide,
activities in the C. glutamicum supernatant were substantially lower compared to
pPBEx2-based expression. This could be attributed to differences in plasmid se-
quence, such as in the 5’-untranslated region or the linker between signal peptide
and gene of interest. Some of these sequence changes were necessary to en-
able automated cloning and to investigate the influence of spacer length between
the Shine-Dalgarno sequence and the start codon of the signal peptide on secre-
tion performance. Between the promoter and the gene of interest, an additional
incomplete Shine-Dalgarno sequence is present in the pPBEx2 plasmid, as well as
additional start codons, some of which are in frame with the target gene. Since
C. glutamicum has around 33% leaderless transcripts [200], these had to be re-
moved by single point mutations in pCMEx8 to thoroughly investigate the impact of
spacer lengths without a possible effect of leaderless transcription. To compare re-
sults to those from B. subtilis, the 8 nt spacer sequence itself was slightly changed
from 5’-atatagat-3’ in pPBEx2 to 5’-aaaaacat-3’ in pCMEx8. A BbsI recognition site
was inserted upstream of the Shine-Dalgarno sequence defined by Pfeifer-Sancar
et al. [200] with the core sequence 5’-aggag-3’ to allow a backbone exchange via
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Golden Gate assembly. Additionally to the 5’-untranslated region, changes in the
linker sequence between the signal peptide and the protein of interest were made.
By Golden Gate assembly of the gene of interest with BsaI, the linker was shortened
from four amino acids (Ala-Glu-Phe-Ala) in pPBEx2-based plasmids to two amino
acids (Glu-Phe) in pCMEx8-based plasmids.

These differences in secretion performance with the pPBEx2 and pCMEx8 back-
bones were examined with a focus on the effect of RBS. Sequence replacements
in the RBS of pCMEx8-NprE-Cutinase can easily be made by cassette mutagene-
sis likewise to the exchange of the spacer sequence. The plasmid pCMEx8-NprE-
Cutinase was digested with restriction enzymes PstI/NdeI, purified by gel extraction
and ligated with respectively hybridized RBS oligonucleotides, which have corre-
spondingly suitable overhangs for directional cloning. The plasmids pCMEx8a–d
were prepared using this approach to represent four intermediates of the RBS of
pPBEx2 and pCMEx8 as shown in Tab. 3.1. After plasmid sequence verification and
preparation of C. glutamicum strains, cutinase-GFP11 secretion of these variants
was compared to pCMEx8-NprE-Cutinase and pPBEx2-NprE-Cutinase-GFP11. The
growth phenotypes in BioLector® cultivation with automated pre-culture were highly
similar (see Fig. A.10).

Tab. 3.1. RBS variants and their 5’→ 3’ DNA sequence from the PstI restriction site (5’-ctgcag-3’)
to the spacer. SD: Shine-Dalgarno sequence (bold sequence), BbsI: BbsI recognition site
(underlined sequence)

Plasmid Description 5’→ 3’ DNA sequence

pCMEx8a-NprE-Cutinase SDpPBEx2, spacerpPBEx2 ctgcagaaggagatatagat
pCMEx8b-NprE-Cutinase SDpPBEx2, spacerpCMEx8 ctgcagaaggagaaaaacat
pCMEx8c-NprE-Cutinase BbsI, SDpPBEx2,

spacerpCMEx8

ctgcagagaagacgaaggagaaaaacat

pCMEx8d-NprE-Cutinase BbsI, SDpPBEx2,
spacerpPBEx2

ctgcagaagacgaaggagatatacat

Comparison to:
pCMEx8-NprE-Cutinase ctgcagagaagacaggagaaaaacat
pPBEx2-NprE-Cutinase-GFP11 ctgcaggaaggagatatagat

As shown in Fig. 3.18, the activities differ with the highest activity measured in C. glu-
tamicum pPBEx2-NprE-Cutinase-GFP11 supernatant with 7.3 U mL−1. Cutinase-
GFP11 activities in the supernatant were increased with all new RBS variants com-
pared to the initial pCMEx8-NprE-Cutinase plasmid with around 3 U mL−1, although
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Fig. 3.18. Cutinase-GFP11 activities from NprE-mediated secretion with different RBS

only to a maximum of 4.7 U mL−1 with C. glutamicum pCMEx8b-NprE-Cutinase.
Strikingly, expression with the pCMEx8d-NprE-Cutinase plasmid that has the pP-
BEx2 RBS with an inserted BbsI recognition site resulted in the second lowest
cutinase-GFP11 activity. The best pCMEx8-based plasmid variants, b and a, have
both no BbsI recognition site. This indicates that the Shine-Dalgarno sequence is
not restricted to 5’-aggag-3’, but beyond in the 5’ direction. Recently, a consen-
sus sequence of 5’-gaaaggagg-3’ for C. glutamicum was proposed [201] , which
differs from that of pPBEx2 only by an additional adenine. For the pCMEx8 plas-
mid, it is most likely the insertion of a BbsI recognition site associated with the
pyrimidine cytosine that interferes with ribosome binding to the by default purine-
rich Shine-Dalgarno sequence [202]. Also the DNA sequence of the spacer has an
impact on overall cutinase-GFP11 secretion performance, as the best pCMEx8 vari-
ants pCMEx8a-NprE-Cutinase and pCMEx8b-NprE-Cutinase differ in this sequence
only. The spacer sequence 5’-aaaaacat-3’ of pCMEx8b-NprE-Cutinase led to signif-
icantly (p < 0.05) better cutinase-GFP11 secretion, although it might lead to mRNA
secondary structures that would decrease the translation initiation rate. It is possible
that this nevertheless has a positive effect on overall protein secretion performance
by slowing down translation to reduce bottlenecks in other secretion steps such as
translocation through the SecYEG pore.

Since no activities comparable to those with pPBEx2 as backbone were measured
by changing the RBS sequences, the RBS seems to be not the only factor for re-
duced cutinase-GFP11 secretion with pCMEx8-based plasmids. It has already been
shown in the literature that the +1 amino acid adjacent to the signal peptidase recog-
nition site impacts cleavage and thus also secretion [69, 79]. It could be that the
cleavage site is more accessible due to the adjacent small hydrophobic amino acid
alanine in pPBEx2-NprE-Cutinase-GFP11. However, it was observed for C. gluta-

97



3.2. Screening of cutinase secretion by C. glutamicum

micum R that +1 glutamine residues adjacent to the signal peptidase cleavage site
have a positive effect on amylase secretion and a change to the smaller residue
alanine reduced secretion performance [69]. Watanabe et al. [69] hypothesized that
the +1 amino acid affects the state of the pre-secretory proteins in the SecYEG pore.
This might not only be affected by the size of a residue, but also the properties. Glu-
tamine is significantly larger than the hydrophobic alanine, but polar and uncharged.
On the other hand, glutamic acid adjacent to the cleavage site in pCMEx8-based
plasmids is negatively charged, which may have a negative effect on the translo-
cation itself and signal peptidase cleavage. Of particular interest would be how an
additional +1 alanine next to the signal peptidase recognition site in pCMEx8-based
plasmids (peptide linker Ala-Glu-Phe) affects secretion and whether this can bring
secretion efficiency to the level of pPBEx2.

In addition to the linker sequence, although less likely, removal of the additional
incomplete Shine-Dalgarno sequence as well as additional start codons, some of
which are in frame with the target gene, may be a factor. This possibly decreases
the likelihood of ribosome binding that is known to increase mRNA stability [203]. To
study this effect on secretion, these sequence changes could be restored step by
step and activities could be compared to pPBEx2-based secretion.

The differences in secretion performance depending on the backbone used demon-
strate that there is great potential for optimization here as well. In the best case,
a backbone for secretion screening should combine strong secretion as in pPBEx2
plasmids with the possibility for automatable high-throughput cloning methods as in
pCMEx8.

3.2.9. Conclusion of 3.2.

This section highlights the benefits of laboratory automation for optimization of strain
construction, protein secretion and performance evaluation. Depending on the ap-
plication, low cost robotics can be used, e.g., for plasmid construction, and push the
throughput far beyond the level of manual procedures. For handling of more com-
plex workflows such as microbial cultivation and screening processes, multi-purpose
high performance laboratory automation is required that allows autonomous deci-
sion making during the process [141, 162]. Automated secretion screening includ-
ing pre-cultures enabled high comparability between strains due to autonomous in-
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oculation and induction events for individual cultures triggered by online biomass
monitoring. This is a great step towards standardization of experimental procedures
providing improved reliability and reproducibility of cultivation data while minimizing
the manual work and operator supervision. One disadvantage, however, is the re-
duced throughput as only 48 cultivation wells are available. Here, with integrated
pre-culture and main cultivation performed in triplicates the throughput is reduced
to 12 strains. Nevertheless, replicate data of the main cultures were very compara-
ble in terms of growth phenotype and activity of secreted cutinase, paving the way
to modify the workflow to run pre- and main cultures in unicates. Thus, up to 24
different strains could be tested in one run in future screenings.

To test automated cultivation workflows such as for secretion screenings, a C. gluta-
micum model strain with tightly controlled induction of Tat-dependent GFP secretion
was successfully prepared. The C. glutamicum pPBEx2-PhoDCg-GFP can be used
for all applications where tight control and online monitoring of product formation is
desired.

Results obtained from automated screening using different RBS spacer lengths for
cutinase-GFP11 secretion combined with the B. subtilis signal peptides NprE, Pel,
Bsn and Epr in C. glutamicum revealed that in the range of the 4–12 nt spacers,
the use of at least 8 nt is advised and only poor secretion was observed with the
shortest spacer lengths of 4–5 nt. While shorter than 8 nt RBS spacers led to sub-
stantial performance loss, the results with 8–12 nt spacers were comparable. These
results indicate that the transcriptional machinery is more sensitive to shorter than
to longer RBS spacers and that at least an 8 nt spacer should be used for secretion
screenings.

Since there was no generally more suitable spacer length for the signal peptides
tested for cutinase-GFP11 secretion, an automated signal peptide screening was
done with the 8 nt spacer. As expected from [72], secretion varies according to the
signal peptide used, with NprE being the best signal peptide for cutinase secretion
in C. glutamicum. In some cases, the signal peptide sequence itself as well as
mutations in as few as three amino acid positions of a signal peptide appear to affect
holo-GFP assembly in the split-GFP assay, resulting in divergent results from activity
and fluorescence. However, since the same best 5 signal peptides for cutinase-
GFP11 secretion were identified with both the split GFP and the cutinase activity
assay, the easily automatable split GFP assay proved to be a valuable tool for rapid
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strain pre-selection exhibiting high cutinase secretion. Moreover, the automated
split GFP assay would be particularly useful for the detection of target proteins for
which no suitable activity assay is available or in cases where the assay is strongly
error-prone. For this, it must first be generally verified by other methods such as
western blots that the GFP11-tag bound to the target protein is accessible. After
a pre-selection of strains, false positive hits could subsequently be discarded by
manual or more elaborate methods.

Taken together, the C. glutamicum K9 biosensor strain provides an overall dose-
dependent response for approaches with structurally similar signal peptides, as was
the case for testing of different spacer lengths for cutinase-GFP11 secretion medi-
ated by the NprE signal peptide or the approach with the error-prone PCR of the Pel
sequence. For the latter, screening results were successfully transferred from batch
to fed-batch cultivation. The results from the signal peptide screening for cutinase-
GFP11 secretion, however, indicate limitations when comparing structurally distinct
signal peptides for target protein secretion. Apart from this, the biosensor responses
suggest that the signal peptide affects secretion at the last steps of the Sec pathway,
after signal peptidase cleavage or possibly even during the protein folding step.

For optimized plasmid-based secretion, not only the signal peptide sequence is im-
portant, but also the 5’-untranslated region including the RBS spacer or (if present)
the amino acids between the signal peptide and the target protein. The aim is to
optimize the plasmid to enable advanced methods for automatable cloning in com-
bination with strong secretion.
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3.3. A model-based screening strategy for PETase
secretion by C. glutamicum

The focus of this chapter lies in the evaluation of PETase secretion by C. glutamicum
mediated by B. subtilis signal peptides. The screening workflow described in Sec-
tion 3.2 was further optimized. The cutinase activity assay was used for detection of
secreted target proteins. A Bayesian process model was developed and applied in
screenings to take batch effects and biological errors into account and to qualify the
uncertainty. As a decision policy, a Thompson sampling algorithm was implemented
to detect the combination of signal peptide and PETase with the highest secretion
performance with a high degree of statistical certainty and without wasting resources.
Results were compared to a standard evaluation approach. Furthermore, scalability
of PETase secretion from cultivation in a microbioreactor to a liter-scale stirred biore-
actor was shown. This chapter is based on data from student projects VI and VII,
conference talks I–III and publication III.

Author’s contributions:
C. Müller did the supervision of the student project VI and C. Müller and L. M. Hel-
leckes jointly supervised the student project VII. The publication was written and re-
vised by C. Müller and L. M. Helleckes. While the focus of C. Müller was on the
experimental side and interpretation from a biological point of view, the focus of L. M.
Helleckes was on the development and optimization of the process model and on
the interpretation of the model results. C. Müller, T. Griesbach and V. Waffenschmidt
prepared C. glutamicum PETase secretion strains. Screening workflows were auto-
mated by C. Müller, T. Griesbach, V. Waffenschmidt and L. M. Helleckes. T. Griesbach
did PETase secretion screenings in microliter-scale. Laboratory-scale bioreactor cul-
tivations and PETase activity measurements with the respective samples were con-
ducted by M. Moch. L. M. Helleckes build the process model, analyzed data and
implemented Thompson sampling. M. Osthege contributed to building the process
model and M. Oldiges and W. Wiechert to the study design, review and editing of
publication III.

Extracellular production of target proteins simplifies downstream processing due to
obsolete cell disruption. However, optimal combinations of a heterologous protein,
suitable signal peptide and secretion host can currently not be predicted, resulting
in large strain libraries that need to be tested (see Section 3.2). On the experimental
side, this challenge can be tackled by miniaturization, parallelization and automation,
which provide high-throughput screening data. These data need to be condensed
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into a candidate ranking for decision making to focus bioprocess development on
the most promising candidates.

The application example in this section is the Sec secretion of two PETases, LCC
and PE-H mutants, by C. glutamicum mediated by different B. subtilis signal pep-
tides. Besides the use of a fully automated screening process, an accompanying
modeling framework was developed and applied in screenings for highest enzyme
activity by L. M. Helleckes (Forschungszentrum Jülich GmbH). In contrast to clas-
sical evaluation methods, batch effects and biological errors are taken into account
and their uncertainty is quantified. Within only two rounds of screening, the most
suitable signal peptide was identified for each PETase. Results from LCC secretion
in microliter-scale cultivation were shown to be scalable to laboratory-scale bioreac-
tors.

3.3.1. Preliminary PETase screening

After the successful strain construction of the C. glutamicum variants secreting
the PETases PE-H mutant Y250S and LCC mutant ICCG mediated by 24 differ-
ent B. subtilis signal peptides, secretion performance was examined by the split
GFP assay and by enzyme activity once before building the process model (see
Fig. 3.19).

It has to be noted here that enzymatic activities are determined as 4NPP hydrolytic
activities rather than PET degradation. Nevertheless, the degradation of 4NPP is a
valid measure to compare the secretion performance between different signal pep-
tides for the secretion of the same enzyme. However, secretion performance can-
not be compared in absolute values regarding PET hydrolysis. This is due to the
structural differences of the LCC and the PE-H [107, 108], which is why they can
presumably convert the 4NPP substrate to different extents. Moreover, for method
development, which is the actual focus of this section, it is helpful to use an already
established and automated activity assay for the detection of secreted target pro-
teins.
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For all heterologous target proteins, the heterologous F. solani f. sp. pisi cuti-
nase (refer to Section 3.2 and [175]) or the PETases PE-H (Fig. 3.19a) and LCC
(Fig. 3.19b), different B. subtilis signal peptide sequences resulted in the best se-
cretion performances. The signal peptide sequences of YpjP, Pel and YolA led to
highest extracellular PE-H activities around 0.34 U mL−1, while only low cutinase-
GFP11 secretion performance was measured with the Pel signal peptide. Highest
extracellular activities were measured for the LCC with the LipA and LipB signal pep-
tides around 0.6 U mL−1 and almost no target protein was detected with the signal
peptide NprE, which is known to lead to a high cutinase secretion by C. glutamicum
[66, 175].

The split GFP assay results indicated a generally higher secretion of the PE-H
than of the LCC, with maximum fluorescence values around 1 500 a.u. compared
to 650 a.u. However, the correlation of the split GFP assay and the enzyme activity
is not given for every PETase secretion strain. Out of the five strains with the high-
est secretion performance ranked by activity, only four LCC secreting strains were
also identified using the split GFP assay. For PE-H secretion, only three of the best
performing strains in the activity assay were under the five strains with the highest
split GFP assay response. Although ranked only 9th and 10th based on their activi-
ties, PE-H secretion with LipB and YwaD signal peptides yielded a higher holo-GFP
fluorescence than secretion with the signal peptide YpjP, the strain with the highest
extracellular activity. This indicates that the signal peptides LipB and YwaD result in
secretion of a lot of inactive PE-H. It could be that due to incomplete folding, mis-
folding, or partial protein degradation, the PETase is inactive, but the GFP11 tag is
still accessible and functional. For strains with high extracellular activity and only low
split GFP-assay fluorescence, such as the C. glutamicum pCMEx8-YpjP-PE-H, it is
possible that the GFP11-tag of the secreted PETase is only partially accessible or
susceptible to degradation.

Because the correlation between the split GFP assay and enzyme activities is not
given for each PETase secretion strain, the split GFP assay was not used in further
PETase secretion screenings and only the activity assay was included as a detection
method in the process model for PETase secretion. The process model should also
enable the identification of the most suitable strain, even if it cannot be distinguished
from other strains using classical evaluation methods, such as for LCC secretion
with signal peptides LipA and LipB.
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3.3.2. Model building and experimental learning

An essential part of the screening workflow is the Bayesian process model described
in Subsection 2.5.5. Before applying the process model to the LCC and PE-H secre-
tion strain libraries, the influence of different experimental effects was investigated
and an iterative cycle of model building and experimental improvements was per-
formed. In the following, two findings of this workflow improvement are highlighted:
first, the choice of the reaction kinetics is explained, second, a bias in the detected
activities caused by the position of samples in the assay MTP is detailed.

In previous studies [128, 175] and Sections 3.1 and 3.2, the slope of absorption in
the cutinase activity assay has been used to calculate enzymatic activities. There-
fore, a process model assuming linear reaction kinetics was constructed first (see
Fig. 3.20a and c).

Fig. 3.20. Comparison of linear (a, c) and exponential (b, d) model for reaction kinetics in wells E04
and E10 of PE-H screening in round 1. Plots c and d show the residuals between data and
model fit. The density bands visualize the distribution of predicted absorbance by the model
[181]

Fig. 3.20a shows the trajectory of absorbance value over the incubation time of
40 min for the LCC combined with LipB as a signal peptide, a variant with a com-
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parably high activity (see Fig. 3.25). After 35 min assay reaction time, the model
significantly deviates from the measurements, which is also evident from the lack-
of-fit indicated in the residual plot (Fig. 3.20a and c). The trajectory indicates that
the lower substrate concentration seems to limit the reaction rate towards the end of
measurement. Therefore, the kinetics was changed to a first order mass action law
(Fig. 3.20b and d). This exponential trajectory describes the kinetics with a lower
lack-of-fit (Fig. 3.20d). The first order kinetics were thus chosen in the final process
model.

As part of model building, the influence of pipetting errors, batch effects and posi-
tional effects was investigated within the different MTPs of the automated screening
workflow (Subsection 2.4.3). Fig. 3.21 shows one finding, namely a positional effect,
where all 8 wells in the first column of the 96-well MTP show a systematically lower
activity of the PETases (Subsection 2.5.5). The plot includes the median (white dot)

Fig. 3.21. Influence of position in assay MTP before (a) and after (b) experimental optimization of
the assay. The probability distributions of the assay effect for each column is shown. An
assay effect of 1 indicates that the position has no influence while smaller and higher values
indicate a negative and positive influence on the activity, respectively [181]

as well as intervals of 94% probability (whiskers) for the parameter assay effect

in all 12 columns of the assay MTP. A value of 1 indicates that the respective col-
umn has no influence on the activity, values smaller and greater than 1 correspond
to lower and higher activities caused by the position in the MTP. The probability
distributions are deduced from replicate data of the same signal peptide which lie in
different columns. Fig. 3.21a shows the assay effect before experimental optimiza-
tion. Here, it can be seen that wells in the first column show systematically lower
activities with a median of around 0.85. However, the probability distribution inter-
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val of the first column is similar to all other columns, indicating that all wells of this
column are affected in the same manner. With this feedback from the model, the
experimental workflow of the cutinase activity assay was re-examined.

The robotic liquid handler uses fixed tips, which distribute the substrate solution
column-wise. The substrate solution dispense step of the last column is followed
by a washing step with water to clean the needles and to prevent a carry-over of
the substrate. However, dispense of the substrate in the first column was done with
needles that were not conditioned with the organic substrate solution. Since the
pipettes were not wetted initially, the first column contained slightly less substrate.
Wetting of the PTFE-coated stainless steel tips with the organic substrate 4NPP
diminished the positional effect of the first column. The experimental procedure was
thus changed to include a step of tip wetting before the substrate is distributed into
the assay MTP. The improved result can be seen in Fig. 3.21b.

After optimization, the positional effect of the first column was resolved and the pos-
terior probabilities of the parameter assay effect are now similar for all columns.
The prior for the assay effect is fassay effect ∼ LogNormal(µ = 0, σ = 0.1), which
was chosen to allow for fluctuation of the activity around 20%. The highest density
interval containing 94% of the prior probability mass is approximately [0.83, 1.21].
Overall, the distributions for all columns fluctuate in a similar range, with the median
close to 1. This shows that the remaining certainty in the parameter assay effect

is now reflecting random noise, rather than the systematic bias that was previously
seen due to the positional effect. This shows that the assay effect was strongly re-
duced by the improvements of the pipetting operation and it can be neglected in the
process model for future experiments.

To conclude, the examples show that the Bayesian process parameters are easy
to interpret, since they mimic experimental errors. The width of their probability
distributions can give an insight on how well the respective effect is characterized
by the observed data. The analysis can also point out experimental sources of error
and targets for workflow improvements, as it was demonstrated for the parameter
assay effect. It was thus shown how the process model can guide experimental
developments in an iterative cycle, where experimental improvements can simplify
the required process model. An additional influential factor, namely a batch effect
between different cultivation rounds, is discussed in section Subsection 3.3.4.
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3.3.3. Signal peptide screening for PE-H secretion

Firstly, the process model was applied to the strain library of 24 signal peptides
combined with the PE-H mutant Y250S. In order to facilitate the process of model
building and assess model parameters such as the batch effect, the first round of
screening consisted of two batch cultivations as described in Subsection 2.4.3. In
each batch cultivation, all 24 variants were cultivated, resulting in 24 main cultures
which were automatically inoculated from the respective 24 pre-cultures, induced
with IPTG and harvested. The supernatant of each culture was subjected to the
cutinase activity assay in duplicates (Subsection 2.5.4). Accordingly, the two batch
cultivations led to four replicates for activity measurements per variant, which were
simultaneously analyzed with the process model (Subsection 2.5.5). In the follow-
ing, the combined analysis of these two batch cultivations is always referred to as
round 1.

As a KPI for finding the most suitable signal peptide for PE-H secretion, the rate con-
stant k of the first order reaction kinetics (Subsection 2.5.5) was chosen. The more
active enzyme is present in the supernatant, the higher the rate constant k of the
variant. The resulting probability of the KPI for round 1 is depicted in Fig. 3.22a. The

Fig. 3.22. Posterior probability distributions of rate constant k for each signal peptide variant of PE-H
after round 1 (a) and round 2 (b). Modified from [181]

plot reveals that more than half of the signal peptides lead to a low rate constant,
indicating that little active enzyme was present in the supernatant. This can be the
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consequence of either low overall secretion or misfolding and thus inactive enzyme.
Strikingly, four technical replicates are enough to distinguish these unpromising can-
didates from the remaining top 6 B. subtilis signal peptides, namely YpjP, YolA, Pel,
LipA, YoaW and Mpr. Biological as well as technical errors such as the pipetting,
which are taken into account by the model, cause uncertainty in the estimation,
which is reflected by the broad distributions for k for the best signal peptides. For
example, the 94% probability range (highest density interval) of the rate constant k
for variant YpjP lies between [0.53, 1.09] min−1. The distributions shown here are the
basis for the Thompson sampling algorithm to draw variants for the next cultivation
round. To understand this process, the probability for each variant to be the best
signal peptide so far was calculated as described in Subsection 2.5.5. The results
are shown in Fig. 3.23a. After the first round of two biological replicates per variant

Fig. 3.23. Probability for each signal peptide to be the best variant for PE-H secretion after first and
second round of screening [181]

with four technical replicates of the assay, only four signal peptides have a probabil-
ity significantly greater than zero to be the best performing one. This demonstrates
the exploitation part of Thompson sampling. Since the process model can clearly
distinguish low performing variants from the top ones, they have no chance to be
chosen for the next rounds. However, exploration is still necessary to distinguish
the top four variants. Within these, YpjP has the highest probability of being the
best signal peptide at around 46%. It is followed by YolA with around 30%, Pel with
around 22% and LipA with less than 2%. For comparison, using C. glutamicum and
the same plasmid expression system for secretion of a heterologous cutinase re-
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sulted in very poor secretion performance for the B. subtilis signal peptides from Pel
and YpjP (see Section 3.2 and [175]). These results confirm that the selection of an
appropriate signal peptide is heavily dependent on the target protein.

As indicated by the text in subplot a, the choice for the next round reflects the prob-
abilities of a signal peptide being the best, while small deviations in the ratio are
caused by the small batch size of only 24 main culture wells. The whole screening
workflow was conducted a second time with the respective replicates. Fig. 3.23b
shows the results after the second screening round. With overall 28 replicates from
three batch cultivations, YpjP shows the highest probability of around 80% to be the
best signal peptide, while YolA, Pel, LipA and Mpr show significantly lower proba-
bilities smaller than 10%. The resulting probability distributions for the KPIs can be
seen in Figure Fig. 3.23b. For comparison, in a strategy with equal numbers of repli-
cates per signal peptide, it would have taken 14 rounds of cultivation and thus more
than four times longer to obtain the same certainty about the KPI for the most suit-
able signal peptide YpjP for PE-H secretion. This shows the efficiency of combined
process model and Thompson sampling algorithm.

3.3.4. Signal peptide screening for LCC secretion

For signal peptide screening for secretion of the LCC mutant ICCG, the same strat-
egy was used as for the successful screening with the secretory PE-H target protein.
The first round comprised four technical replicates per variant accordingly, while
the second was composed of suggestions from Thompson sampling. The resulting
rankings after each round concerning the rate constant k are shown in Fig. 3.24.

Again, compared to the heterologous secretion of the F. solani f. sp. pisi cutinase
(refer to Section 3.2 and [175]) or to the PE-H, two other signal peptide sequences,
namely those of LipA and LipB, led to the highest extracellular LCC activities. All
other signal peptides showed significantly less activity in the enzyme assay, more
precisely less than half the rate constant. These results highlight the need to deter-
mine an appropriate signal peptide sequence for each target protein and thus the
potential for combining automation and process models with Thompson sampling
for accelerated screening. Moreover, it can be seen for round 1 (Fig. 3.24a) that the
activities after secretion mediated with signal peptides LipA and LipB were very sim-
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Fig. 3.24. Probability distributions of rate constant k for each signal peptide variant of LCC after
round 1 (a) and round 2 (b). Modified from [181]

ilar when taking measurement uncertainties into account, where the median (white
dot) of LipB is slightly higher.

For round 2 (Fig. 3.24b), Thompson sampling selected to an equal amount of repli-
cates accordingly. With these data, the variants can be separated to a higher extend,
where LipA shows a higher median in the probability distribution for k. Moreover, the
higher number of replicates lead to narrower intervals of 95% probability (whiskers)
compared to round 1. Although the variants other than LipA and LipB were not mea-
sured in round 2, their distributions are wider than before. This is caused by the the
parameter batch effect of the process model (Subsection 2.5.5), which assumes
an experimental error between different biological replicates in different rounds. Be-
tween round 1 and round 2, it could be observed that the activities increased for both
LipA and LipB (compare Fig. 3.27 in section Subsection 3.3.6) due to an apparent
batch effect. After only one round, no such effect could be assumed and the width
of distributions is thus mainly influenced by deviation between technical replicates in
the assay. However, with the information gained from LipA and LipB in both rounds,
the process model can now account for the batch effect. Since the other variants
were only measured in round 1, but uncertainty is added by the batch effect, the pos-
terior distributions in Fig. 3.24b are wider. The batch effect will be further discussed
in section Subsection 3.3.6.
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Taking the probability distributions for k from Fig. 3.24, the question which sig-
nal peptide has the highest probability to be the best variant can be answered
(Fig. 3.25). As for the ranking, Fig. 3.25a illustrates that LipA and LipB were very

Fig. 3.25. Probability for each signal peptide to be the best variant for LCC secretion after first (a) and
second (b) round of screening [181]

close after round 1, with LipB having a slightly higher probability to be advantageous
concerning secretion. In Thompson sampling, the candidates for the next round are
drawn randomly according to their probability of being optimal based on the avail-
able data. Here, probabilities of LipA and LipB are close to 50%, which results in 18
main cultures of each variant being suggested for round 2.

Fig. 3.25b shows the results after analysis of all 22 technical replicates of LipA and
LipB after two rounds. Although the measurements were very similar for both vari-
ants (see classical statistical analysis in Subsection 3.3.6), the pairwise comparison
of posterior samples results in a probability of around 75% that LipA is the best sig-
nal peptide. This shows the advantages of the process model, as no distinction be-
tween LipA and LipB could be seen in the classical statistical analysis. Importantly,
the previously discussed positional effects and the batch effect between round 1 and
2 are taken into account, assuring that the rate constant k of the secreted enzyme
is the dominant factor in the ranking. To investigate whether the screening is repre-
sentative for pre-selection of variants, both LipA and LipB, as well as the third-best
variant YoaW, were chosen for a scale-up application.
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3.3.5. Comparison to batch fermentation in liter-scale bioreactors

In order to examine the scalability of the microcultivation process and to validate the
results, C. glutamicum was cultivated in laboratory-scale STRs with 1 L working vol-
ume. LCC secretion mediated by the best B. subtilis signal peptides from microculti-
vation in the BioLector®, i.e., LipA, LipB and YoaW, were compared with laboratory-
scale cultivation data depicted in the supplementary information (see Figs. A.12
and A.13). Maximum oxygen transfer rates of almost 100 mmol L−1 h−1 were reached
after approximately 12 h and the final cell dry weights were around 9.1–9.6 g L−1.
The probability distributions of the rate constant k between the microliter- and liter-
scale are compared in Fig. 3.26.

Fig. 3.26. Comparison of LCC rankings after microliter-scale BioLector® cultivation round 1, fermenta-
tion in liter-scale bioreactors and the combined analysis of all BioLector® and 1 L STR runs.
Modified from [181]

The laboratory bioreactor data (red) show a similar ranking for the LipA and LipB
signal peptides with YoaW approximately 40% behind. In comparison to the first
BioLector® run (blue), the laboratory-scale bioreactor data shows a very similar per-
formance ranking. Thus, protein production with C. glutamicum could be transferred
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from the shaken cultivation in the BioLector® in microliter-scale to the 1 L STR in
the liter-scale, as demonstrated elsewhere for cutinase secretion by C. glutamicum
[71]. However, uncertainties are higher for LipA and LipB in the liter-scale bioreactor
despite the equal number of biological replicates (n = 2). The higher uncertainty is
likely to be caused by the different scheme of sampling. While all BioLector® exper-
iments were sampled 4 h after induction, which corresponds to the early stationary
phase, the fermentation was sampled at six different time points before and after
induction. Due to different growth behaviors at the two scales, samples cannot be
compared at the exact same process time. However, it is possible to take samples in
identical growth phases. Accordingly, all available time points in the stationary phase
were used for analysis of liter-scale bioreactor data. In case of LipA and LipB, these
correspond to 22, 25 and 26 h process time (Figs. A.12 and A.13). The combination
of three different sampling points with slightly different activities is likely to account
for the higher uncertainty in the estimated rate constant k of LipA and LipB.

For the YoaW signal peptide, which was measured with four biological replicates in
the bioreactor, the uncertainties are more similar to those of BioLector® replicates.
Moreover, only one time point lied within the stationary phase, which was after 23.5 h
process time. This also suggests that the different time points have an influence on
the uncertainty. In the future, a time-dependent analysis for the activity could be
conducted for both scales. However, the obtained results for the rate constant k
are in good accordance for different scales. This demonstrate the advantage of the
high-throughput approach, which is representing the larger scale well.

The probabilities in Fig. 3.26 shown in green are the results of combining round 1 of
microliter-scale cultivation and the liter-scale bioreactor data with BioLector® round 2,
where additional 18 biological replicates of LipA and LipB were measured. In con-
trast to the other probabilities, rate constants k for LipA and LipB can be better distin-
guished in the combined case. Moreover, a batch effect becomes evident, which can
be detected from the higher overall median in the combined case. This is caused by
overall higher activities in BioLector® round 2, which are further discussed later.

Overall, the scale-up shows that a large number of replicates is necessary to see
differences of strain variants with a very similar secretion performance. This is often
not feasible in laboratory-scale cultivations due to the higher costs and efforts. For
this purpose, microliter-scale cultivations are beneficial as they allow for a large
number of replicates and thus a better resolution of very similar variants.
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3.3.6. Comparison to linear regression analysis

As a final validation of the method, a classical statistical analysis by linear regression
of the absorbance measurements was conducted as described in Subsection 2.5.4
(Fig. 3.27). After the first round, LipA (dark blue) and LipB (light blue) cannot be dis-

Fig. 3.27. Results for LipA (dark blue) and LipB (light blue) for two rounds of screening with classical
data analysis by linear regression. Error bars represent the 95% confidence intervals. The
number of replicates refers to the technical replicates [181]

tinguished, which can be seen by the overlapping 95% confidence intervals between
the variants. While the activities are still similar between the variants in the second
round, the higher number of replicates leads to smaller confidence intervals and indi-
cates that LipA is the better signal peptide. However, the large batch effect between
round 1 and round 2 for both variants makes it difficult to combine the results of both
rounds in a purely statistical analysis. A main challenge is that technical and bio-
logical error could not be separated if all data are pooled for the linear regression,
leading to large confidence intervals that do not allow to distinguish the variants.
This is important though to exclude that LipA is favored by positional or batch effect
in the second round. Batch effects most likely result from the activity assay and
not from the cultivation, since differences in cryo culture viability are compensated
by backscatter-triggered individual inoculation of the main cultures and induction of
target protein expression and secretion (Section 3.2 and [175]). In the activity as-
say, the reaction mix has a limited stability only [128]. Although directly prepared
before each assay, the reaction mix could impact enzymatic 4NPP degradation due
to minor deviations in the composition and the poor solubility of the organic sub-
strate. Here, the process model proves advantageous, since the uncertainty can be
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assigned to several experimental and biological effects and the data from different
rounds can inform the probability of both, batch effects and pipetting errors. Using
the process model we determined a probability of around 75% for LipA being the
best signal peptide (see Fig. 3.25). Overall, this demonstrates how the approach
sampling can lead to more insight and faster screening and is thus promising for
large libraries.

3.3.7. Conclusion of 3.3.

Heterologous Sec-dependent secretion of the PETases mutants LCC ICCG and
PE-H Y250S could be shown for the first time with C. glutamicum as a secretion
host. The best suited out of 24 B. subtilis Sec-type signal peptides was found using
the automated procedures for high-throughput screening using the cutinase activity
assay and the accompanying modeling in just two rounds of screening. As expected
from previous studies on the secretion of heterologous proteins, the best signal pep-
tide was different for the cutinase, LCC, and PE-H, implying that a suitable signal
peptide must be found for each heterologous target protein. Even strain variants
that were indistinguishable with classical methods due to batch effects could be re-
solved by the process model. The successful transfer from shaken cultivation in
the BioLector® to 1 L STRs demonstrates the scalability of the secretion screening
results.

Combined with the automated workflows for high-throughput cloning, this paves
the way for screening of hundreds of strains or different process conditions in the
Design-Build-Test-Learn cycle. Especially for application examples with much in-
creased design space, where screening of all variants in multiple replicates be-
comes infeasible due to restrictions of resources in terms of both time and cost,
model-based decision making as presented in this study is a valuable addition to
the experimental high-throughput platforms. In the future, the process model could
be further extended by process conditions such as the temperature or media compo-
sition. By solving these complex optimization problems such as strain and process
conditions simultaneously, our modeling approach can become an even more pow-
erful tool to tackle the exploration–exploitation dilemma even in expanded design
spaces in the future.
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4. Conclusion and outlook

To date, it is not possible to predict which combination of signal peptide and het-
erologous target protein is suitable for strong secretion with a particular host. In
addition, other factors such as the 5’-untranslated region affect the secretion perfor-
mance. In this work, different aspects of bacterial protein secretion were thoroughly
investigated. Methods and automated workflows were established to test different
combinations for heterologous protein secretion in a targeted approach in microliter-
scale.

4.1. Automated plasmid construction

To enable automated workflows for plasmid construction and thus accelerated strain
generation, a new pPBEx2-based E. coli /C. glutamicum shuttle vector was devel-
oped. The pCMEx-based plasmids enable the exchange of the RBS spacer and
signal peptide sequence via cassette mutagenesis and the exchange of a consti-
tutively expressed blue chromoprotein with the gene of interest via Golden Gate
assembly. The insertion of the gene of interest and the corresponding unit opera-
tions Golden Gate assembly, E. coli heat-shock transformation, plasmid preparation
based on magnetic beads and a restriction digestion as a control step for successful
Golden Gate assembly were successfully automated. For this purpose, the Open-
trons OT-2 liquid handling robot with integrated Thermocycler and Magnetic Module
was used, which is characterized by relatively low costs, a simple operation and
open source software. The overall and hands-on time for processing of 96 samples
was greatly reduced to about 58% of that for the manual handling.

With automated workflows, targeted strain generation is likely no longer a limiting
factor when generating and comparing different variants, such as combinations
of signal peptide and target protein. Protocols for other cloning methods, such
as Gibson assembly or phosphorothioate-based ligase-independent gene cloning
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(PLICing), can also be established on the liquid handling robot in the future. Using
more complex robotic platforms for molecular cloning steps, it would also be possible
to integrate colony pickers to further reduce hands-on time. Integration of a suitable
image recognition software could allow the colony picker to distinguish between blue
and white colonies indicating unsuccessful and successful Golden Gate assembly,
respectively, based on the blue chromoprotein expression. The scope of this work
was the automated and accelerated plasmid generation only, not the overall strain
generation. The host transformation method used here, electroporation, cannot re-
ally be automated with the equipment currently on the market. Automated workflows
for conjugation as an alternative transformation method for C. glutamicum in contrast
were developed by Tenhaef et al. [123]. With appropriate adjustments in the plas-
mid backbone, this approach would also be possible using pCMEx-based plasmids.
In addition, the generation of cryo-conserved cultures could be automated using a
robotic platform equipped for cultivation.

4.2. Automated cultivation and screening workflow

Automated workflows for cultivation and screening were established on a Tecan
Freedom EVO® 200 with integrated BioLector® Pro for cultivation in microliter-scale,
centrifuge, cooled sample storage and MTP reader. By integrating the pre-culture
handling into the robotic workflow, the hands-on time was reduced significantly. Au-
tonomous decision making based on the individual backscatter-signals or triggered
by defined time periods resulted in a high degree of standardization and comparabil-
ity of growth phenotypes. By using the workflow for one main culture per pre-culture,
up to 24 C. glutamicum secretion strains can be compared in one experiment within
approximately 1.5 days from cultivation to detection of the target protein in the super-
natant by cutinase activity and split GFP assay, and even less than 24 h without the
split GFP assay. Human interaction is only needed before starting the cultivation and
to provide assay reagents with a limited stability, such as the reaction mix of the cuti-
nase activity assay. The 48 wells of a FlowerPlate® for cultivation in the BioLector®,
that cannot be exchanged by the robotic platform, are still a limiting factor. By inte-
grating a freezer for storage of cryo-conserved cultures and a recycling strategy for
the FlowerPlate®, more cultivation rounds would be possible in one experiment. De-
pending on the target proteins for future investigations, further assays for detection

118



4.3. GFP1-10 production and split GFP assay

of secreted target proteins could be automated using the robotic platform, e.g, for ac-
tivity measurements or ELISA. This is necessary in cases were the split GFP assay
is not suitable for screening approaches, e.g., if the GFP11-tag is not accessible.
For testing of new cultivation workflows, the C. glutamicum pPBEx2-PhoDCg-GFP
can be used as a model strain, enabling the online monitoring of product formation
with tightly controlled induction of Tat-dependent GFP secretion.

4.3. GFP1-10 production and split GFP assay

It was shown that the split GFP assay can be applied for screening of cutinase-
GFP11 secreted by C. glutamicum, and that the fluorescence of self-assembled
GFP correlates with cutinase activity. The split GFP assay can easily be automated
and adapted to other target proteins, making it suitable for use in high-throughput
protein secretion screenings. This first requires verification by other methods such
as Western blots that the GFP11-tag of the target protein is accessible. For high-
throughput screenings using the split GFP assay, high amounts of detector protein
GFP1-10 are needed. In this work, the intracellular GFP1-10 production by E. coli
in inclusion bodies was scaled from shake flasks to laboratory-scale bioreactors. An
intermittent glucose feed triggered by the DO signal was used to produce detector
solution for up to 385 screenings in 96-well MTPs in one fed-batch fermentation.
Storage of this detector solution was possible for at least seven months at −20 °C
with only little performance loss. However, holo-GFP assembly seems to be affected
by the signal peptide sequence and even mutations in only three amino acid posi-
tions of a signal peptide. This leads to divergent results for activity and fluorescence,
with the number of outliers appearing to depend on the target protein. For cutinase-
GFP11 secretion, the five best performing signal peptides were identified with both
the split GFP and the cutinase activity assay, making the split GFP assay a valuable
tool for rapid strain pre-selection. Still, the results must be verified by other methods,
such as the activity or ELISA. For some of the PETase secretion strains, no correla-
tion between the split GFP and cutinase activity assay was found and therefore, the
split GFP assay was not used for signal peptide screening and not included in the
accompanying process model.

It remains unknown why the correlation of activity and split GFP assay is not given
for every combination of signal peptide and target protein. It could be investigated,
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how the signal peptide sequence affects folding of the secreted protein and thus the
accessibility of the GFP11-tag and enzymatic activity. Furthermore, pre-maturation
of GFP1-10 could accelerate the holo-GFP formation and thus fluorescence mea-
surement. However, this would slow down the preparation of the detector solution
[120, 121].

4.4. Cutinase secretion by C. glutamicum

Besides the signal peptide sequence, the 5’-untranslated region affects protein se-
cretion including the RBS. This also seems to be partly responsible for the ap-
proximately 2.5x poorer NprE-cutinase-GFP11 secretion with the pCMEx8 plasmid
compared to pPBEx2. RBS spacer lengths from 4–12 nt were tested for cutinase-
GFP11 secretion combined with the B. subtilis signal peptides NprE, Pel, Bsn and
Epr in C. glutamicum. It was shown that the shortest spacers resulted in poor se-
cretion only and a RBS spacer length of at least 8 nt should be used. An 8 nt spacer
was used for an automated signal peptide screening and consistent with previous
studies such as by Hemmerich et al. [72], with NprE being the most suitable signal
peptide for cutinase-GFP11 secretion in C. glutamicum. In addition to the C. glu-
tamicum ATCC 13032, the biosensor strain K9 was also used for screening. The
C. glutamicum K9 has its limitations in screening structurally distinct signal peptides
by the biosensor output as indicated by the cutinase-GFP11 screening. Neverthe-
less, it can be utilized for comparing structurally similar signal peptides. An overall
dose-dependent response was measured when comparing different spacer lengths
for NprE-cutinase-GFP11 secretion mediated by the NprE signal peptide or the ap-
proach with the error-prone PCR of the Pel sequence. For the latter screening ap-
proach, results were successfully transferred from batch to fed-batch cultivation in
microliter-scale.

If amino acids are present between the signal peptide and the target protein, they
may influence secretion. This could also be partly responsible for the poorer se-
cretion with pCMEx8-based compared to pPBEx2-based plasmids, since the linker
sequence between signal peptide and cutinase gene is different in the two plasmids.
How this manifests itself and whether there is an optimal amino acid sequence for
the linker between the signal peptide sequence and the target gene in pCMEx8
could be investigated in further studies.
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4.5. Model-based PETase secretion screening

In addition to the cutinase, Sec-dependent secretion of the heterologous PETases
LCC mutant ICCG and PE-H mutant Y250S was investigated and could be shown
for the first time using C. glutamicum as a secretion host. To identify the best out of
24 B. subtilis signal peptides, automated workflows were used for high-throughput
screening, and in a collaborative project, an accompanying modeling approach was
used for evaluation of secretion performance. As a result, the most suitable Sec-
dependent signal peptide was identified with a probability of 80% for the PE-H and
75% for the LCC after only three batch cultivations. Due to the modeling approach,
batch effects could be taken into account and the differentiation of the two strains
C. glutamicum pCMEx8-LipA-LCC and pCMEx8-LipB-LCC with very comparable se-
cretion was possible, which was not accomplished with classical evaluation. A suc-
cessful scale-up from shaken microliter-scale cultivation in the BioLector® to stirred
tank reactors with 1 L working volume was demonstrated.

The process model could be adapted to other target proteins and thus detection
methods in the future. A continued model development could lead to further process
conditions such as the temperature being taken into account.

In this work, the focus was on the investigation of Sec-dependent secretion with
C. glutamicum by combining 9 different RBS spacers with 24 B. subtilis signal pep-
tides and 3 target proteins under comparable cultivation conditions. However, many
other effects could additionally play a role, such as the substrate uptake, transcrip-
tion rate, extracellular protein folding, and the expression system itself. Thus, the
design space can and needs to be further expanded to eventually fully understand
protein secretion and the structure-function relationship of signal peptides and target
proteins. In the best case, it will eventually be possible to predict which combina-
tions are suitable for the successful secretion of a particular target protein. Here,
laboratory automation and versatile detection methods besides the split GFP assay,
e.g., the NanoLuc luciferase-based assay [204], combined with the process mod-
eling approach can be a valuable tool to find possible patterns. This also shows
that interdisciplinary collaborations offer enormous potential for solving complex bi-
ological problems in the future and certainly not only with regard to this example of
heterologous protein secretion.
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A. Appendices

A.1. Supporting material for chapter 3.1

Fig. A.1. Purified GFP1-10 detector solution analyzed by SDS-PAGE. GFP1-10 was produced intracel-
lularly by E. coli pET22b-sfGFP in a flask and the detector protein was purified from the inclu-
sion body fraction. Ready-to-use detector solution with 1x Laemmli sample buffer, boiled and
10 µL were analyzed on a 4–12% Criterion™ XT Bis-Tris Protein Gel (1). 7 µL PageRuler™
Prestained Protein Ladder (10 to 180 kDa) were added to the SDS gel for size compari-
son (M)

Fig. A.2. Impact of supernatant pH on split GFP assay. Original pH of C. glutamicum pPBEx2-NprE-
Cutinase-GFP11 supernatant containing cutinase-GFP11 was 7.5. Acid (10 M HCl) or base
(8 M NaOH) was added to change pH of supernatant to 7.1–7.8 before split GFP assay. Data
is shown as mean of three technical replicates with standard deviation. Modified from [89]
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A.1. Supporting material for chapter 3.1

Fig. A.3. Impact of different metabolites in C. glutamicum supernatant on split GFP assay. (a) suc-
cinate, (b) lactate, (c) glutamate, (d) ketoglutarate and (e) acetate were added with final
concentrations of 250–0.1 mM to C. glutamicum pPBEx2-NprE-Cutinase-GFP11 supernatant
containing cutinase-GFP11. Data is shown as mean of three technical replicates with stan-
dard deviation. Modified from [89]
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A.2. Supporting material for chapter 3.2

A.2. Supporting material for chapter 3.2

Fig. A.4. Sequence features of pCMEx-based plasmids. Plasmid map of pCMEx12 (a). The expres-
sion cassette contains a tac promoter, a 12 nt RBS spacer between the Shine-Dalgarno se-
quence (SD) and the B. subtilis signal peptide sequence from YncM, the GFP11-tag se-
quence and a rrnB terminator. The Actinia equina blue chromoprotein aeCP597 under the
control of the em7 promoter between the signal peptide sequence and the GFP11-tag se-
quence is constitutively expressed. After Golden Gate assembly, the cutinase gene cut1 is
in frame with the signal peptide and GFP11-tag sequence under the control of the IPTG-
inducible tac promoter (b). Two amino acids (Glu, Phe) connect the signal peptide with the
target protein after translation. The GFP11-tag is attached to the target protein via a polypep-
tide linker consisting of 14 amino acids. Partially created with SnapGene® software (from
Insightful Science; available at snapgene.com) [175]
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A.2. Supporting material for chapter 3.2

Fig. A.5. Workflow from exchanging plasmid sequences to automated secretion screening. Automated
steps are highlighted in dark blue and manual steps in light blue. Molecular cloning is done
using E. coli and steps can be divided into the exchange of RBS spacer or signal peptide
sequences by cassette mutagenesis and introduction of the target gene by Golden Gate
assembly. Only sequence verified expression plasmids are introduced in C. glutamicum by
electroporation, which cannot be automated but parallelized by using a 96-well electropo-
ration device. Only the screening is automated using a Tecan Freedom EVO® 200 with
integrated BioLector® Pro, centrifuge and microplate reader. All other steps were automated
using the Opentrons OT-2 system with additional Thermocycler and Magnetic Module [175]

Tab. A.1. Golden Gate assembly. Categories are M: manual step, I: manually timed incubation and A:
automated step [175]

Step Automated [min] Manual [min]
M I A M I A

Prepare robotic 10 - - - - -
Prepare reaction mix 5 - - 5 - -
Add pre-diluted DNA to plate - - 5 5 - -
Mix reaction mix with DNA - - 10 10 - -
Thermocycler protocol - - 210 - - 210
Finish and take plate 5 - - 5 - -
Sum [min] 20 0 225 25 0 210
Total time [min] 245 235
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Tab. A.2. Heat-shock transformation. Categories are M: manual step, I: manually timed incubation and
A: automated step [175]

Step Automated [min] Manual [min] Manual [min] (2x 12
(12 samples) samples, nested)

M I A M I A M I A

Prepare robotic 20 - - - - - - - -
Mixing cells and DNA - - 10 10 - - 20 - -
Incubation on ice - - 30 - 20 - - 40 -
Heat-shock and cooling - - 3 5 - - 10 - -
Regeneration - - 70 5 60 - 10 401 -
Streaking or plating out 5 10 7 20 - - 40 - -
Sum [min] 25 10 120 40 80 0 80 80 0
Total time [min] 155 120 160

Tab. A.3. Plasmid preparation. Categories are M: manual step, I: manually timed incubation and A: au-
tomated step [175]

Step automated Automated [min] Manual [min] Step manual
(12 samples)

M I A M I A

Prepare robotic, cell harvest 20 - - 25 - - Cell harvest
Automated protocol part I - - 70 15 - - Resuspend cells
Tip refill exchange of plates 5 - - 10 - - Precipitation
Automated protocol part II - - 90 10 - - Pellet cell debris
Drying samples - 35 - 25 - - Washing and elution
Automated protocol part III - - 30 5 - - Label and store tubes
Seal and store plate 5 - - - - - -
Sum [min] 30 35 190 90 0 0 Sum [min]
Total time [min] 255 90
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Tab. A.4. Test digestion. Categories are M: manual step, I: manually timed incubation and A: auto-
mated step [175]

Step Automated [min] Manual [min]
M I A M I A

Prepare robotic 10 - - - - -
Prepare reaction mix 10 - - 10 - -
Mix DNA and reaction mix - - 8 25 - -
Digestion and heat inactivation - - 92 - 80 -
Dilution of samples 5 - 15 15 - -
Sum [min] 25 0 115 50 80 0
Total time [min] 140 130

Fig. A.6. Impact of IPTG on growth of C. glutamicum. CGXII with 20 g L−1 glucose and 100 µM IPTG
was inoculated to an OD600 nm of 0.2 from pre-cultures in flasks that were harvested before
reaching the stationary phase. Error tubes deviate from 12 replicates per C. glutamicum
pCMEx8-[SP]-cutinase with B. subtilis signal peptides NprE, Pel, YoaW and YncM
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Fig. A.7. Pel-Cutinase-GFP11 secretion with RBS spacer lengths from 4–12 nt. Backscatter (a) and
DO (b) were measured during cultivation of C. glutamicum pCMEx[4-12]-Pel-Cutinase. Pre-
cultures inoculated from cryo cultures were used to inoculate three main cultures that are
shown as mean with standard deviation in confidence tubes. Inoculation and induction of
main cultures with IPTG to a final concentration of 200 µM were each triggered by a device-
dependent backscatter signal in the exponential phase. Cells were harvested 4 h after induc-
tion with main culture durations of 12–12.2 h [175]

Fig. A.8. Epr-Cutinase-GFP11 secretion with RBS spacer lengths from 4–12 nt. Backscatter (a) and
DO (b) were measured during cultivation of C. glutamicum pCMEx[4-12]-Epr-Cutinase. Pre-
cultures inoculated from cryo cultures were used to inoculate three main cultures that are
shown as mean with standard deviation in confidence tubes. Inoculation and induction of
main cultures with IPTG to a final concentration of 200 µM were each triggered by a device-
dependent backscatter signal in the exponential phase. Cells were harvested 4 h after induc-
tion with main culture durations of 12–12.4 h [175]
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Fig. A.9. Bsn-Cutinase-GFP11 secretion with RBS spacer lengths from 4–12 nt. Backscatter (a) and
DO (b) were measured during cultivation of C. glutamicum pCMEx[4-12]-Bsn-Cutinase. Pre-
cultures inoculated from cryo cultures were used to inoculate three main cultures that are
shown as mean with standard deviation in confidence tubes. Inoculation and induction of
main cultures with IPTG to a final concentration of 200 µM were each triggered by a device-
dependent backscatter signal in the exponential phase. Cells were harvested 4 h after induc-
tion with main culture durations of 11.9–12.4 h [175]

Fig. A.10. Cultivation of C. glutamicum RBS variants for NprE-Cutinase-GFP11 secretion. Two pre-
cultures per strain were inoculated from cryo-conserved cultures. Triggered by backscatter
signals, three main cultures were inoculated per pre-culture. Cutinase-GFP11 secretion
with signal peptide NprE was induced with IPTG to a final concentration of 200 µM as soon
as the backscatter threshold was reached. Cells were harvested 4 h after induction and
supernatant was stored for detection of target proteins in the supernatant. Error tubes
deviate from 3 main culture replicates
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Fig. A.11. Calibration model for the cutinase assay. 4NP formation was measured at 410 nm and
37 °C for 40 min in a microplate reader. The model is describing the relationship between
absorbance at 410 nm and the 4NP concentration in mM (a). The same relationship can be
seen on a logarithmic scale (b). The residuals between model and data are shown for the
68%, 90% and 95% likelihood bands (c) [181]

kstrain ∼ HalfNormal(σ = 3)

batch_effectculture_well ∼ LogNormal(µ = 0, σ = 0.3)

assay_effectmtp_column ∼ LogNormal(µ = 0, σ = 0.1)

cf_cutinase_assaymtp_well ∼ LogNormal(µ = log(cf_inputmtp_well), σ = 0.3)

S0 ∼ Uniform(lower = 0.5, upper = 0.7))

absorbance_intercept ∼ Normal(µ = interceptcalibration model, σ = 0.1)

kbatch = kstrain · batch_effect

kassay = cf_cutinase_assay · kbatch · assay_effect/dilution_factor

Ypred = Pt,mtp_well = S0 ·
(
1− e(−kassay·t)

)
L(θpm | Yobs) = p

(
Yobs | ϕcalibration model(Ypred)

)
(A.1)
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Fig. A.12. C. glutamicum LCC secretion mediated with signal peptide LipA or LipB in duplicates (STR
1 and 2). Samples from all bioreactors were taken for determination of cell dry weight (a).
The oxygen transfer rate (b) and pH (c) signals were measured online during cultivation.
LCC secretion was induced by adding IPTG to a final concentration of 200 µM at the second
sampling point for CDW determination at an OD600 nm around 1 and from here on additional
samples were taken for activity measurements with the cultivation supernatants [181]
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Fig. A.13. C. glutamicum LCC secretion mediated with signal peptide YoaW in quadruplicates (STR
1–4). Samples from all bioreactors were taken for determination of cell dry weight (a). The
oxygen transfer rate (b) and pH (c) signals were measured online during cultivation. LCC
secretion was induced by adding IPTG to a final concentration of 200 µM at the second
sampling point for CDW determination at an OD600 nm around 1 and from here on additional
samples were taken for activity measurements with the cultivation supernatants [181]
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