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Summary

Antibodies and antibody fragments are most important tools for therapeutic and diagnostic
applications. An increasing demand of these high potential drugs makes less cost
intensive production systems most desirable. Compared to mammalian cell culture
microbial production platforms are beneficial with regards to reaching high production
titers, scale up approaches, regulatory aspects and reduced costs of goods. Amongst
these production systems those that are having the ability of an additional product
secretion are most advantageous as the downstream processing costs are decisively

reduced.

In this work Bacillus megaterium, as a Gram positive model organism, was used to
extensively study the production and secretion of the antibody fragment D.13 scFv. For
the bioprocess optimization a holistic approach was followed. First the aim was to
establish a high productive defined cultivation medium. Different media components like
carbon sources, metal ions and ammonium concentrations were screened throughout
various cultivation platforms ranging from micro titer plates to shaking flasks. Statistical
design of experiments and a genetic algorithm approach were used to establish an
appropriate defined high production medium. As a second step the process was trans-
ferred to the bioreactor scale of several liter cultivation volume. An optimal bioprocess
strategy based on alternating growth and starvation phases was established to gain high
product titers of antibody fragment D1.3 scFv. As a final step an up-scale to a 100 L
bioreactor was done accounting for an advanced process control and considering “good
manufacturing practice” guidelines. The advanced bioprocess monitoring tool of flow
cytometry was used to gain deeper insights on microbial physiology at single cell level
regarding cell viability, cell integrity and production intensity. This knowledge was used for
a sophisticated cell physiology based bioprocess development and optimization. Further-
more culture heterogeneities were measured and characterized for B. megaterium
producing antibody fragment D1.3 scFv under controlled bioreactor conditions. To obtain
additional information about the regulatory processes occurring inside the cell on gene
expression level a transcriptome analysis was performed comparing cells with an
increased production and secretion status to less producing and non-producing cells.
These cutting-edge technologies of flow cytometry and transcriptome analysis revealed
possible bottlenecks of the overall bioprocess’ performance and product secretion of
antibody fragments with B. megaterium as production platform and form a robust basis for

rational strain optimization and advanced process designs.

Keywords: Antibody fragment, secretion, Bacillus megaterium, medium optimization,
bioprocess engineering, up-scale approach, single cell analysis, transcriptome assay,

bottleneck of production
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Zusammenfassung

Antikdrper und Antikdrperfragmente sind wichtige Werkzeuge fir eine grol3e Anzahl von
diagnostischen und therapeutischen Anwendungen. Der stetig wachsende Bedarf dieser
hoch spezifischen Proteine macht kostenglinstige Produktionsprozesse erstrebenswert.
Mikrobielle Produktionssysteme sind aufgrund von hohen Produktivitaten, Zulassungsas-
pekten und geringeren Herstellungskosten vorteilhafter gegeniiber industriell etablierten
Saugetier-Zellkulturen. In dieser Arbeit wurde die Produktion und Sekretion des Antikor-
perfragments D1.3 scFv mit Hilfe des Gram positiven Modellorganismus Bacillus
megaterium intensiv untersucht. Bei der Bioprozessoptimierung wurde ein holistischer
systembiotechnologischer Ansatz verfolgt. Zunachst wurde ein definiertes Minimalmedium
mit erhéhten Produktionseigenschaften entwickelt. Verschiedene Mediumkomponenten,
wie die verwendete Kohlenstoffquelle, Metallionen- und Ammoniumkonzentration wurden
in unterschiedlichen Kultivierungsplattformen wie Mikrotiter-Platten und Schittelkolben
optimiert. Dabei kamen Methoden der statistischen Versuchsplanung und die Verwen-
dung eines genetischen Algorithmus zum Einsatz. In einem zweiten Schritt wurde eine
MaRstabsvergréRerung des Kultivierungsvolumens in den Litermalstab erfolgreich
vorgenommen. Dabei wurde eine flir die Antikérperfragment-Produktion optimierte
Kultivierungsstrategie mit automatisierten alternierenden Wachstums- und Hungerphasen
entwickelt. In einem finalen Schritt wurde die Prozessstrategie auf den 100 | Mal3stab
unter der Bericksichtigung von GMP-Richtlinien zur ,guten Herstellungspraxis“ erfolgreich
Ubertragen. Prozessbegleitend wurde die Methode der Durchflusszytometrie verwendet,
um auf Einzelzellebene die Zellen hinsichtlich ihrer Aktivitdt bzw. Vitalitdt und ihres
Produktionsstatus zu charakterisieren. Diese Informationen wurden fir eine auf der
mikrobiellen Physiologie basierenden ganzheitlichen Bioprozessentwicklung und
Optimierung erfolgreich angewendet. Darliber hinaus wurden Kulturheterogenitéaten unter
kontrollierten Bioreaktorbedingungen gemessen und mit einem angepassten Clusterver-
fahren ausfuhrlich analysiert. Zusatzlich wurde eine Transkriptom-Analyse zur
Charakterisierung der Genexpression des Produktionsorganismus unter Produktionsbe-
dingungen sowie unter verstarkten Sekretionsbedingungen vergleichend zu Nicht-
Produktionsbedingungen durchgefiihrt. Basierend auf diesen innovativen Technologien
wurden die potentiellen kritischen Produktionsengpésse in der Produktion und Sekretion
von Antikérperfragmenten mit B. megaterium aufgedeckt. Diese Ergebnisse bilden eine
robuste Grundlage fir eine weitere rationale Optimierung von Produktionsstdmmen und

den zugehdrigen Bioprozessen.

Suchbegriffe: Antikdrperfragment, Sekretion, Bacillus megaterium, Medienoptimierung,
Bioprozessoptimierung, Malstabsvergroferung, Einzelzellanalyse, Transkriptomassay,

Produktionsengpéasse
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Introduction

1 Introduction

Antibodies (AB) and antibody fragments (ABF) are some of the most promising therapeu-
tic and diagnostic tools of the 21st century. Less side effects and high specificities make
them to ideal drugs for treating cancer, autoimmune, cardiovascular and infectious
diseases. Their mechanism of action goes back to natural principles of the human
immune system and uses its autologous defense devices to cope with health threatening
diseases. The production of these multifunctional drugs is done by the key technology of
biotechnology. Microbial and mammalian cells undergo genetic modifications to specifical-
ly produce the desired AB formats. The current challenges are to reduce the high
production costs and to meet the increasing demands of these potent therapeutic tools.
Therefore creating new production systems with lesser costs and higher productivity are
most desirable.

As an alternative to expensive mammalian production platforms beneficial microbial
systems can be used to efficiently produce and secrete ABFs. In this work the Gram
positive bacterium Bacillus megaterium was used to thoroughly characterize production
and secretion of a model ABF regarding process characterization and transfer to industrial
scale. A contemporary holistic approach of bioprocess control, monitoring and optimiza-
tion was followed. Traditional methods improving the process performance like
optimization of culture medium and bioprocess development towards high cell densities
were combined with cutting-edge technologies of flow cytometry (FCM) and transcriptome
analysis. With these two new technologies at hand new insights on the ongoing processes
in the model organism could be found on single cell level (by FCM) and on the overall
gene expression profile (transcriptome analysis). These will help to identify possible
bottlenecks of the overall bioprocess’ performance and product secretion of ABFs with B.
megaterium as production platform.

1
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Antibodies

1.1 Antibodies

1.1.1 Benchmark analysis

More than 100 years ago Nobel Prize winner Paul Ehrlich proposed in 1908 the creation
of “magic bullets” (Fig. 1) used to fight against human diseases which nowadays have
become highly specific cancer therapeutics in form of monoclonal AB (mAB) constructs.
The first Food and Drug Administration (FDA)-approved mAB appeared 25 years ago and
today 28 mAB-based drugs are safe and effective therapeutic agents in the treatment of
cancer, inflammation, cardiovascular and infectious diseases [1].

Figure 1: Nobel prize winner Paul Ehrlich (© The Nobel Foundation); magic bullets, side
chain theory (1890) [2].

It has been projected, that in the next 10 years 135 mABs will be approved by the US FDA
[3]. Being the major proportion of almost 50% of the therapeutic protein market they
present the fastest growing sector in pharmaceutical industry. Predicted sales of mABs
will reach $56 billion dollars by 2012 with a compound annual growth rate (CAGR) of 13%
[4]. Figure 2 gives an overview about approved mAB products in Germany and their
overall sales in the last years [5]. The increasing economic impact in Germany of mAB
based products is highlighted at the corresponding growing fraction of overall biopharma-
ceutical products sales from 2004 to 2008.
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Antibodies
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Figure 2: Sales volume and number of mABs based products in Germany from
2004 to 2008 [5].

Besides the therapeutic usage, mABs are intensively used for diagnostic purposes and
revealing total new insights in the field of cell biology and single cell analysis. Analytical in
vitro methods such as Enzyme-Linked-Immunosorbent-Assay (ELISA), Radio-Immuno-
Assay (RIA), blotting techniques, FCM, confocal imaging, immunochemistry, diagnostic
biochip sensors, bio-imaging and protein purification are highly dependent upon the use of
polyclonal or monoclonal ABs [6]. As a future perspective, recombinant mABs may even
be used in consumer products e. g. for toothpaste to protect against tooth decay related to
caries [7-9].

To meet the need of the high demand of mMAB based therapeutics and diagnostics of more
than 1000 kg/year [10] host cell engineering, optimization of cultivation and purification
processes are of great importance.

1.1.2 Antibody formats

ABs are a class of flexible molecular adaptors playing a crucial role in the adaptive
immune systems of vertebrates [11]. Using them for therapeutic purposes is a nearby
approach as they naturally function in vertebrates to protect the organism against
infections, malignant cells and toxic molecules. They were originally discovered by
Behring and Kitasato in 1890 [12] but it took another 70 years until the basic structure was
determined [13]. Due to their diverse and heterogeneous structures, ABs mediate diverse
humoral and cellular immune responses. Thereby they execute various biochemical
mechanisms such as antigen recognition, AB-dependent cellular cytotoxicity (ADCC) and
complement-dependent cellular cytotoxicity (CDC). Five distinct classes of ABs exist in
most higher mammals (IgG, IgA, IgM, IgD and IgE) differing in form and function based on
variances in amino acid composition, charge distribution and carbohydrate content [14].
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Antibodies

Immunoglobulins exhibit a symmetrical Y-structure and consist of pairs of identical heavy
and light chains linked together through disulfide bridges (Fig. 3) [15]. The heavy chain
type determines the subclass of AB linked to different physiological functions. The
particular chains form globular domains that are either related to the specific antigen
binding (variable region) or show Fc-related properties like complement activation and
lymphocyte binding being essential for the cellular immune response [16]. Figure 3 gives
an overview on such a typical whole size AB IgG structure.
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Figure 3: Functional parts of a whole size IgG mAB with specific effector binding and
antigen binding functions, CDR'= complementarity determining region ([17] modified).

In general one has to distinguish between monoclonal and polyclonal ABs. The latter are
used for detection reagents in research and are created from animal immunization
activating an unspecific in vivo AB response. These ABs display unknown specificities and
are very immunogenic, restricting their therapeutic application [6]. Monoclonal ABs instead
are created by the so-called “hybridoma technology” which is based on the fusion of AB
producing spleen cells from immunized mice or rats with immortal myeloma cell lines [18].
To generate fully human ABs, transgenic mice are used in which the mouse AB genes
were replaced with the human equivalents [19]. In contrast to these in vivo techniques
there are also in vitro AB selection methods available. Methods like phage display, yeast
surface display or ribosome display are used to directly link the phenotype to the genotype
and screen for higher affinity, stability and solubility of ABs derived from recombinant
libraries of human VH and VL genes [6, 20, 21]. The phage display technology for
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instance has been used for generating 30% of all human ABs currently in clinical
development [22].

Besides natural whole size IgGs (~150 kDa) other AB formats are also developed for
various applications including Fab fragments, single chain ABs (scFv) and single domain
ABs (sdAB) (Fig. 4). AB molecules were developed exhibiting a certain biological activity
e. g. at particular therapeutic and diagnostic applications [23]. The structures can be
divided into two groups those being subject of major protein engineering modifications and
those consisting of native components of the original IgG. The Fv fragment can be
stabilized by linker polypeptide creating a single chain Fv (scFv) ABF, allowing an
expression from a single gene thereby producing a single chain polypeptide [24, 25].
Additionally multimeric variants of the scFv such as dia-bodies and tri-bodies were
created. An alternative approach describes the fusion of Fv fragments with leucin zipper
forming amphipatic helices with leucin residues lining up on the hydrophobic face of a
helix [26]. A so-called “Fab fragment” consists of the variable domain of the heavy and the
light chain linked by a disulfide bond (Fig. 4). Different linker constructs at the hinge
region facilitate various formats like single chain Fabs (scFab) [27], dimeric or even
trimeric Fab constructs. Also bispecific ABs were generated at which one domain binds
e. g. to a cancer specific surface and recruiting with the other domain cytotoxic T-cells
inducing T-cell-dependent cytotoxicity [28]. Other AB formats like VHH/VH naturally
existing in llamas and camels are lacking the light chain of ABs but still exhibiting high
stabilities and affinities [29]. They display the smallest format of ABFs with a molecular
weight of 15 kDa.
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scFv-Fc diabody scFv-CH3 ,minibody* scFab scFv-zipper

Figure 4: Different designs of ABFs consisting either of antigen specific (red), effector
recruiting parts (blue) or both, stabilized by linker peptides (green), (Figure adapted from

[6]).
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1.1.3 ABF - key benefits

Currently most therapeutic ABs on the market are whole size IgG mABs produced in
mammalian systems. They have the advantage to be fully human origin, to exhibit
glycosylation patterns which are important for effector function and to have no immuno-
genic effects. However the production process in mammalian cell lines is rather time
consuming, expensive and complex with high Cost of Goods (COG), so that new
expression platforms producing highly specific, adjustable AB formats are most desirable.
ABFs like Fab and scFv have multiple benefits compared to full-length IgG Abs, as the
complete AB glycoprotein is not always necessary for its therapeutic function. The optimal
composition might not be the whole AB structure but a distinctive fragment containing the
specific antigen-binding domain. ABFs not possessing any Fc part can be advantageous
for therapeutic application as they do not lead to the recruitment of effector cells or the
activation of the complement system. In particular during inflammation processes only the
neutralizing antigen-binding activity is desired. Due to their smaller size they show certain
pharmacokinetic advances like the increased penetration into solid tumors, the possibility
of local applications [30] or rapid clearance from circulating blood serum. Clearance from
the blood stream is mediated by the renal pathway thus reducing the AB-half-live to hours
rather than weeks [3, 31]. This may be on the one hand advantageous to avoid unspecific
binding and on the other hand is beneficial for acute indications such as myocardial
infarction, acute infections or intoxications. Modifications of half-life can be specifically
adjusted by PEGylation (conjugation with polyethylene glycol) determining circulation
time, biodistribution, immunogenicity, solubility, proteolytic degradation and storage
stability [31].

A drawback of ABFs is that in some cases they consist of major protein engineering parts
like peptide linker or purification tags. These may be associated with potential immuno-
genicity making these fragments unlikely to be used for repeated dosing therapies.
However humanized ABFs and post-translational modifications (PTM) facilitate the
optimal design of AB-based drugs with advanced pharmacokinetic and therapeutic
function so that in contrast to standard IgG formats a greater flexibility can be achieved
[32].

1.1.4 Specific examples

Therapeutic ABs have two modes of action. They can either work as antagonists by
blocking interactions of receptor molecules or they can function as agonists by e. g.
binding to cell surface receptors leading to the activation of downstream signaling
cascades [31]. When recruitment of effector cells by the Fc part is not requested then AB
domains containing antigen-binding properties (sdAB, scFv, Fv, Fab) are sufficient.

Possible applications of specific mABs and ABFs are being presented in the next
paragraph.
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1) Herceptin (Trastuzumab, Genentech (US), Roche (EU)) is one of the most prominent
therapeutic mAB therapeutically used for destroying specific breast cancer tumor cells.
Its development marks the beginning of a new era of designed target drugs and diag-
nostic tests [33]. It is a humanized monoclonal IgG AB targeting to the human
epidermal growth factor receptor 2 (HER2). This receptor is overexpressed in in 20-
30% of human breast cancers [34, 35]. Herceptin is produced in mammalian chinese
hamster ovary (CHO) cells with a Fc part and distinctive glycosylation pattern. The
potential mechanisms of how Herceptin avoids further tumor growth are versatile and
comprise the following facts: degradation of HER2 receptors from the cell membrane
[36], recruitment of immune cells by effector function [37], antagonizing uncontrolled
growth signaling [38] and interaction with other signaling pathways [39].

2) The Fab fragment Cimzia (Certolizumab Pegol, Nektar Therapeutics, UCB Pharma-
ceuticals) is a humanized and PEGylated ABF recently approved by the FDA for
therapeutic usage against TNF-a -related diseases. It is an anti TNF-a Fab fragment
which was initially approved in 2008 for treatment of Crohn’s disease but since May
2009 it is also indicated for the treatment of rheumatoid arthritis [31, 40]. It is com-
posed of a light chain with 214 amino acids and a heavy chain with 229 amino acids
and is produced in a microbial system of Escherichia coli cells [3]. By binding to TNF-a
as a key proinflammatory cytokine it selectively neutralizes it and thereby inhibits
further stimulation of TNF-a induced inflammatory reactions. The PEGylation extends
the plasma half-life of the product, enabling its once-monthly subcutaneous admin-
istration [41]. As a benefit Fab units do not exhibit immunogenic parts as they consist
of natural AB domains when being produced by humanized AB generation methods.

3) So-called “single domain ABs” (sdAB) were also shown to exhibit certain therapeutic
usage possibilities. It was reported that daily oral administration of an untagged sdAB
with specificity for Staphylococcus mutans reduced dental caries development of rats
[7, 8]. Another interesting application in the field of “functional food” is an genetically
engineered Lactobacillus paracasei strain expressing a sdAB on the surface which
was shown to bind rotavirus’ and thereby shortens virus-induced diarrhea in a mouse
model [42, 43].

In this study, the focus of investigation is on a scFv fragment. Amongst others these
formats already were shown to be effective for the antidote treatment of intoxications by
ricin [44] and for neutralizing the lethal factor of Bacillus anthracis by inhibiting protective
antigen-LF complex formation [45]. B. megaterium was used in the current work as the
expression system for the ABF D1.3 scFv and to study the production and secretion by
the bacterium itself. The ABF is directed against hen egg lysozyme which was chosen as
an inexpensive antigen-model. Other fragments like anti-CRP-scFv and anti-lysozyme-
Fab fragments [46-48] were also reported to be successfully produced by B. megaterium.
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1.1.5 Antibody production systems

The expression of ABs and ABFs can be realized in several prokaryotic and eukaryotic
production systems. All production platforms have certain advantages and disadvantages
which are summarized in Tables 1 to 3. It has to be taken into account that optimal
production hosts and parameters may vary for each generated particular AB format due to
different requirements related to protein folding and posttranslational modifications, COG
and regulatory acceptance [49]. The presented particular yield data is AB format and host
specific and should give an idea about the efficiencies of the particular production
platforms.

Table 1: Prokaryotic cells as productions hosts for mAB.

Organisms Prokaryotic Cells
Gram Negative

Gram Positive

Bacillus subtilis, B. brevis, B.

Example Escherichia coli megaterium, Lactob acillus
Antibody Formats scFy, Fab, IgG scFv, Fab
Yield 0.8 mg/L - 10 g/L (cytoplasmatic) 15 mg/L
* high cell density bioprocess with « direct functional secretion
high yields
« established host * GRAS status
Advantages o ) )
*minimal media * no endotoxins
« disulfid bond formation in * reduced downstream processing
periplasmatic space
*inclusion body formation * low product titers
*less secretion *less optimized host

Disadvantages L . . .
* no glycolisation * no high production strains

* endotoxin contamination

» coexpression: GroEL/ES , trigger * gene knock out htrA , wprA
factor, DanK/J, FkPa (proteases)

Improvements . . .
" coexpression: periplasmatic * process and media optimization
chaperones DsbC, Skp P P
Literature [60-56] [47,48,57-61]

Prokaryotic systems like the well-established Gram negative production host E. coli
display high production yields of up to 10 g/L heterologous produced proteins as cyto-
plasmatic inclusion bodies (Tab. 1). In the last 60 years the system was optimized to
produce heterologous proteins up to 50% of the total cell protein [6]. Moreover microbial
cells are inexpensive, easily grown and quickly produce small amounts of target proteins
for evaluation [62]. Also systems of periplasmatic secretion and thereby functional
generation of disulfide bonds and modified “leaky” E. coli cells were developed [63].
However those leaky strains do not provide so far enough robustness for high cell density
cultivations [64].

8
Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Antibodies

In contrast to E. coli, Gram positive cells like Bacillus subtilis and B. megaterium have the
big advantage of being naturally high secretors. As they lack a second outer membrane,
the AB is directly secreted and functionally folded through the membrane related SecA
pathway [65] and finally released by diffusion through the cell wall. Although Gram
positive expression systems exhibit relatively low production titers they still display a good
secretion alternative to E. coli. Their potential for optimizing secretion is far from being
exploited yet and even may lead to concentrations in g/L range as shown for other
intracellular [66] and extracellular proteins [67]. However prokaryotic systems do not
display any functional glycosylation patterns which are indispensable for therapeutic
effector function of ABs. Therefore other production systems like eukaryotic cells play a
predominant role.

Table 2: Eukaryotic microbial cells as production hosts for mAB.

Organisms Eukaryotic Cells (microorganism)

Yeast Ii: " Fungi

Saccharomyces cerevisiae,
Pichia pastoris

Example Aspergillus, Trichoderma

Antibody Formats scFy, llama Vyy, Fab, scFv-Fc fusions IgG, Fab, scFvs, llama Vyy

Yield 70mg/L-1.2g/L 1mg/L-12g/L

* short generation time * high secretion capacities

* secretion, no endotoxin or virus * GRAS status
Advantages «robustness, simple medium

* postranslational modifications,

effector functions

* incomplete proteolytic processing * proteolytic active

Disadvantages * low transformation efficiency

« insufficient and hyper-glycolysation

» chaperone overexpression
Improvements « coexpression: BiP, PDI
* bioprocess optimization
Literature [68-76] [72,77,78]

Microorganisms like yeast cells and fungi were found to efficiently secrete and at the
same time glycosylate ABs and ABFs (Tab. 2). As a main drawback these systems
sometimes show insufficient glycosylation or even hyper-glycosylation patterns. They also
display increased proteolytic activity thus making production processes less reproducible
and more difficult to handle. The same is true for insect cells which are based on the
baculo-virus-infection system. In some cases they display a high diversity of post-
translational modified products and a strong intracellular protein aggregation [31].

The current systems of choice especially for therapeutic AB production are mammalian
cells like chinese hamster ovary (CHO), baby hamster kidney (BHK) or human embryonic
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kidney (HEK) cell lines (Tab. 3). The predominant use of mammalian cell cultures has
been driven by the need to obtain proteins with complex biochemical structures and
resulting superior activity with native structures and function, e.g. proper folding,
formation of disulfide bridges, oligomerization, proteolytic processing, phosphorylation and
the addition of specific and complex carbohydrate groups [31, 79]. High extracellular
product titers and an advanced secretion and folding apparatus for human glycosylation
pattern make them an ideal production platform for mAB. However the overall costs for
development and production are quite high compared to the other systems. As an
example suspension cultures grown for 10-15 days can be used to inoculate a 10.000 L
reactor followed by a subsequent cultivation of 6-14 days [3]. Here a typical cultivation
process lasts at least around 25 days requiring large amounts of energy and resource
consuming costs. A further challenge is the development of stable high producing cell
lines and serum free media to reduce the risk of contamination. Additionally the production
costs are not simply reduced by up-scaling the process. As an example for a whole cell
system transgenic plants are mentioned as a most scalable production system with
reduced production costs (Tab. 3).
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Table 3: Eukaryotic cells and cell systems as productions hosts for mAB.

Organisms Eukaryotic Cells
Insect Cells § Mammalian .ﬁ - - Transgenic “
Cells ’E.j,, Plants -
Example ?rosophilg mf/anogaster CHO, BHK, HEK Nicc?tiana tabacum, Arabidopsis
‘Baculo Virus" System thaliana
Antibody Formats IgG, scFv IgG, scFv-Fc IgG, scFy, Fab, Vyy
Yield 04 -25mg/L 14-18glL 28 - 136 mg/kg
» mediate effector function » advanced folding, secretion, * 1-10% of hybridoma
posttranslational apparatus production costs
* human tolerance to baculo * highly productive *simple scale-up
Advantages * secretion, correct folding * suitable for large and

complicated proteins
« established system (60-70%
of all antibodies)

« protease inhibitors
recommended
* expensive media

Disadvantages «virus contamination risk
« strong intracellular protein
aggregation
« high diversity of post
translational modified products

* high production costs

* mayrequire animal derived
media components

» extensive characterization
(mycoplasma, virus testing)

*long term screening for high
producers

* long process times

« limits at glycosylation
» containmentissues

*long developmenttimes for
transgenic plants

» overexpression of BiP, PDI

* hsp70 coexpression

» serum free media (avoiding
e. g.viral contamination)
« efficient chromosome

Improvements . )
integration
« opitimized handling and
bioprocesses
Literature [80-83] [84-88] (89-91]

Alternative expression platforms in contrast to the cost- and time-intensive production in
mammalian cells are microbial systems which are already used for production of all kinds
of recombinant proteins. However, in most of the microbial systems the production itself is
very efficient, though being also associated with high downstream processing costs [6,
31]. The steps for getting access to the intracellularly stored products, e. g. expressed in
E. coli, usually comprise cellular disruption, product separation and purification. Therefore
B. megaterium is a promising alternative with it being an efficient and less cost intensive
expression host with high secretion capacities. Due to its lack of the outer membrane
which is well known for Gram negative bacteria like E. coli, produced ABFs can directly be
harvested from the culture supernatant.
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1.2 Bacillus megaterium as production host

The Gram positive soil bacterium B. megaterium, which was discovered in 1884 from
Anton de Bary, got its name from “big beast* greek ,megatherium” related to its big size of
up to 4 x 1.5 ym (Fig. 5) [92]. The pronounced magnitude of the bacterium classifies it as
an ideal model organism to study cell structures and protein localization. In the past B.
megaterium has been intensively used to analyze sporulation, bacteriophages and
biochemistry of Gram positive bacteria [93-96]. Also more than sixty years ago, Maurice
Lemoigne discovered the polyester polyhydroxybutyrate in B. megaterium as an important
storage compound in bacteria, today being a potential resource for generating bio-plastic
[97].

Figure 5: Scanning electronic microscope (SEM) pictures of B. megaterium (4x1.5 ym) and
E. coli (2 x 0.5 ym) (left); Ultra-thin section of a dividing B. megaterium cell (right) [98].

B. megaterium can be isolated from a various habitats like soil, water, sediments and also
from honey or dry food products [99], due to its high osmotic tolerance and its ability to
metabolize a vast spectrum of carbon sources.

As part of the Collaborative Research Center SFB 578 the genome of B. megaterium
strain DSM319 was sequenced and annotated [100, 101]. Thereby a phylogentic
classification was done showing, according to the NCBI taxonomy database, a close
relation to the B. cereus/B. anthracis group of the genus Bacilli.

A big advantage of B. megaterium compared to Gram negative organisms like E. coli is
that it is an expression host with high secretion capacities [99]. The lack of an outer
membrane allows secreted products to be directly harvested from the culture supernatant.
It does not produce alkaline proteases and also has higher plasmid stability during growth
[102]. To ensure the secretion of recombinant proteins signal peptides have to be added
to the N-terminal end. These peptide chains are recognized by the type Il secretion
apparatus [65] of the SecA pathway and the protein is functionally folded upon release
through the cell membrane [103, 104]. In the last years it has been shown that B.
megaterium is able to intracellularly produce and secrete high amounts of functional
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proteins [105, 106] including industrially important products like penicillin-G-acylase [107],
different amylases [108], glycosyltransferases [109], dextransucrase [110], vitamin B,
[111, 112], cytochrom monooxygenases [113], B-galactosidase, glucose dehydrogenase,
formate dehydrogenase, toxin A [114, 115] and hydrolases [116, 117]. Its non-pathogen
status qualifies it as an ideal industrial production strain. Besides the mentioned recombi-
nant proteins, B. megaterium was shown to efficiently secrete ABFs in the surrounding
medium [47, 48, 59].

The heterologous plasmid-based protein production is under the control of a xylose

inducible promoter system [118] (Fig. 6) characterized and developed by Rygus and
Hillen in 1991 [119] and is depicted in the following scheme.

XylR XylR®

Glucose-6-P +—— Glucose

Figure 6: Regulation of the xylose-operon from B. megaterium; CcpA: Catabolite control
protein A, (transcription factor), cre: DNA-sequence (“catabolite response element”), O,/Ok:
operator region of the xy/ promotor, xylA: xylose isomerase gene, xyIB: xylulokinase gene,
xyIR: xylose repressor gene, XylR: active xylose repressor, XyIR*: inactive xylose re-
pressor.

In the absence of xylose the xylose repressor protein XyIR is binding to the operator
region O, and Og of the xylose promotor thereby inhibiting the initiation of transcription. In
presence of xylose the repressor protein conformation is changed, enabling the operator
region and facilitating the RNA-polymerase mediated transcription of the controlled gene.
Xylose addition increases transcription efficiency up to 150 times [120]. Furthermore
transcription of the xylose operon is also controlled by other mechanisms. When glucose
is present the binding affinity of CcpA (Catabolite control protein A) to an inside the xylA
gene located cre-sequence (catabolite responsive element) is increased, thereby
inhibiting an effective transcription. The other controlling mechanisms comprises the
competition of glucose-6-monophosphat, usually generated upon glucose uptake, with
xylose for binding to the active site of xylose repressor. At the presence of glucose-6-
monophosphat the activation of the promotor by Xylose is being blocked and transcription
cannot occur. Thereby the xylose related activation of the promotor is hindered and the
actual transcription is repressed [119].

13
Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fur den persénlichen Gebrauch.



Objectives

1.3 Objectives

In this work B. megaterium was used as a Gram positive model organism to extensively
study the production and secretion of the ABF D.13 scFv. For the bioprocess optimization
a holistic approach was followed. First the aim was to establish a defined production
medium. Different media components like carbon sources, metal ions and ammonium
concentrations were screened on a platform of 96 well plates of 1 ml scale and shaking
flasks with a maximal cultivation volume of 100 ml. As a second step the process was
transferred to the bioreactor scale of up to 4 L. Throughout this up-scaling procedure both,
the production of ABF D1.3 scFv and biomass formation with B. megaterium as produc-
tion host were optimized in a bidirectional approach. An optimal bioprocess strategy
based on alternating growth and starvation phases was established to gain high product
titers of ABF D1.3 scFv. As a final step a scale-up to a 100 L bioreactor was done
accounting for an advanced process control and considering “Good Manufacturing
Practice” (GMP) guidelines (Fig. 7). As an advanced bioprocess monitoring tool means of
flow cytometry were used to gain deeper insights on single cell level regarding cell
viability, cell integrity and production intensity. Furthermore culture heterogeneities were
measured and characterized for B. megaterium producing ABF D1.3 scFv under con-
trolled bioreactor conditions. These methods were used for detailed microbial physiology
studies and implemented for bioprocess development and optimization. To gain further
information about what was happening inside the cell on gene expression level a
transcriptome analysis was performed comparing cells with an increased production and
secretion status to less producing and non-producing cells.

microtiter plates

microtiter
deep well plates

Figure 7: Process development of ABF producing platform with B. megaterium as produc-
tion host.
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2 Theory

21 “Omics” approach

The fundamental biochemical principle states that genetic information coded in DNA is
first transcribed to mMRNA and further translated to proteins with particular functions at
least defining the phenotype of an organism. This transition of information does not
function unidirectionally but shows distinctive feedback control und regulation mecha-
nisms creating a fine tuned adapted network (Fig. 8). Metabolites e. g. have a primary
effect on enzyme functions and regulatory proteins are directly involved in controlling
transcription and translation. Particular gene expression and regulation is determined by
environome conditions like physical parameters (e.g. temperature and pH), nutrient
availability, toxic compounds or environmental stress conditions in general. These
parameters can specifically be controlled in bioreactor cultivations with the aim to
maximize the specific productivity of a bioprocess. To gain deeper insights into the system
and to actually understand the parameter dependencies different high-resolution tech-
niques are available. On the level of gene expression transcriptome analysis, based on
DNA microarray technology, is used to semi-quantify mRNA expression levels under
certain conditions. This is done by comparing the expression pattern of two distinctive
conditions or bacterial strains. Proteome analysis reveals details about the proteins
present under certain circumstances. Quantitative data can for instance be determined by
labelled peptide mass fingerprinting measured with LC-MS analysis techniques. Metabo-
lite concentrations (Metabolome) and metabolic fluxes (Fluxome) based on "°C labelling
experiments with resulting label pattern of particular amino acids are measured by GC-
MS/LC-MS technologies and reveal deeper insights on metabolic level. This “omics”
approach gives a detailed fingerprint about processes inside the cell under certain
environmental conditions assuming that the sample taken is homogenous in its cell
population. Here the “cytomics” technique comes into play revealing possible culture
heterogeneities. This technique is based on a single cell characterization finger print of a
whole cell culture by means of FCM. The method also opens up the chance to sort these
populations and subsequently follow the “omics” approach on the level of different
populations.
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Figure 8: Systems Biotechnology approach; “From Environome to Phenotype” with the aim
of modeling and control.

Transcriptomics, Proteomics, Metabolomics, Fluxomics and Cytomics provide a huge
amount of data. The challenge for the future is to interpret all these data sets in a common
holistic way. Thereby bioprocesses can be predicted and optimized combined in the
discipline of systems biotechnology (Fig. 8). As described for a whole cell model, none of
these data sets should be considered separately as distinctive interactions and regulation
mechanisms exist. Still single “omics” techniques are sufficient in providing information
about specific effects, reveal bottlenecks in gene expression and metabolic fluxes and are
appropriate to use for rational bioprocess control and considered strain design by means
of genetic engineering.
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2.2 Flow cytometry and cell heterogeneity

Considering production processes in the biotechnological industry Process Analytical
Technologies (PAT) for monitoring and evaluation of these processes are gaining more
and more importance [121]. A major point is to easily decide whether a process is stable
and reliable in production according FDA standards. Its central idea is to move away from
quasi-final off-line product quality assessment to “real time” strategies accompanied by
online measurements of critical variables. To gain a better understanding and deeper
insights into the particular bioprocess, studies at single cell level are required. By this
means the evaluation of single cell performances would lead with the use of appropriate
methods to the characterization of the physiology of a particular bacterial population.

2.2.1 Flow cytometry - history and function

Originally FCM was developed as a particle analysis technique for detection of aerosolic
biological weapons in 1949 [122]. First commercial instruments were released by
Kamentsky and Goéhde in 1965 and 1969 [123]. Early microbiological publications using
the FCM technique were related to plasmid content, growth rate, viability estimation and
bioprocess optimization [124-127]. FCM was further established for characterizing and
sorting mammalian cells (e. g. haemogram analysis) but gained recently more and more
importance for the application in microbial processes [128, 129], in medicine [130-132],
the dairy industry [133, 134], for alcoholic beverage production [135] and in environmental
and water systems [136]. In industrial production processes, single cell analysis may give
high resolution insights into whole cell cultures concerning the cell status of viability,
metabolic activity or even the current state of single cell production intensities [128, 137].

For measuring single cells with FCS, at first the cells are being arranged like a string of
pearls by hydrodynamic focusing, which is generated by a laminar flow. Single cells are
then moving with a high velocity through a flow chamber and pass an excitation source of
a laser beam (Fig. 9). Characteristic light scattering and refraction properties of microbial
cells are used to distinguish microorganisms from non-cell particles and electronic noise
signals. This approach is a so-called “trigger setting”, measuring particles only with a
minimal distinctive granularity. Assessment of further parameters like cell integrity, viability
and production intensities can be realized by usage of specific fluorescent dyes. After
excitation by the laser beam the emission spectra are processed by dichroic mirrors and
long pass (LP) and band pass (BP) filters absorbing certain wavelengths and transmitting
others to particular photomultiplier tubes converting optical into electronic signals. The
instrument used in this work (Quanta MPL, Beckmann Coulter, Germany) also measures
the electronic volume based on the Coulter-counter principle [138]. Here the change in
electrical conductance by a particle or microorganism respectively, going through a small
aperture in a fluid containing cell is used to determine its electronic volume (EV). After
rapid screening of up to 10.000 cells in less than one minute recorded single cell proper-
ties are analyzed through classifying histograms. Diverse parameters can be combined

17
Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fur den persénlichen Gebrauch.



Flow cytometry and cell heterogeneity

such as different fluorescence values and information on cells like scatter and size
properties.
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Figure 9: Work principle of a flow cytometer (Quanta FC Beckmann coulter), hydrodynamic
focusing and subsequent fluorescence and electronic volume analysis with particular filter
settings (modified according to [139]).

2.2.2 Assessing cell states

Different cellular states, like viable or dead cells, can be assessed by various parameters
like cell growth, metabolic activity, membrane potential (MP) and membrane integrity (Fig.
10). The MP reflects the energetic membrane status which is an indication for the
metabolic activity of every cell. Thus measuring the MP makes it possible to distinguish
very precisely between active and inactive (dormant) cells. An optimal cell culture status is
achieved when the majority of the cells is metabolically active thus having a high MP
respectively.

In addition to that the membrane integrity is an indicator for cell death, as cells with
damaged membranes cannot maintain stability of their molecular structures and eventual-
ly decompose and die. Therefore most fluorescence dyes used for cell viability
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measurements are based on dye exclusion methods. Typical dyes like propidium iodide
(PI) can only penetrate cells with damaged cell membranes and then emit an increased
fluorescence signal after having intercalated into nucleic acid structures inside the cell.

Single cell analysis of cell viability and cell integrity mostly relies on staining procedures
with fluorescence dyes. The protocols for staining and measuring therefore need to be
adapted for the specific application regarding suitability of dyes, concentration and
incubation times which are necessary. It is important to verify that the used method is
specific and sensitive enough for measuring slight changes in the investigated physiologi-
cal parameters leading to quantitative and not only to qualitative measurements.
Especially for bioreactor cultivation where cell properties change over time [140-142], the
robustness and applicability of a method should be assured in order to consider it suitable
as appropriate at-line technique for process monitoring.

The MP and membrane integrity are suitable parameters to distinguish between living-
active, living-inactive (dormant) and dead cells and have a great potential to estimate the
culture status throughout a bioprocess on a single cell level as an advanced process
monitoring tool.

Another process relevant parameter is the current production status of cells. By using
appropriate assays based on fluorescent detection ABs it is then possible to distinguish
between highly productive and less productive cells consequently revealing production
and secretion heterogeneities and probable dependencies on certain cell viability states.
For instance not all viable cells must exhibit the same pattern of productivity and a higher
secretion efficiency may be coupled to certain transition states.

Cell Metabolic Membrane Membrane
growth activity potential integrity
Lls
Cell viability transition states Non-culturable states
] AR
\ /;.r r‘/ /"’ 4 \'\ /
gy 4 g @
— _‘/.f;" e = —— = ‘\'\1?_\.,, -
Re-growt Resuscitation Cell death

Figure 10: Functional criteria determining different levels of cell viability and production
intensity (modified according to [139]).
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2.2.3 Cell heterogeneities

At biotechnology process optimization and basic research-related “omics” approaches a
bacterial culture is normally assumed to be in a homogenous state. In different works
using FCM to monitor cells on a single level it was discovered that this homogeneity of a
whole cell culture is not always present. In the following different mechanisms and
principles for evolving culture heterogeneity are discussed focusing on why these culture
heterogeneities evolve (2.2.3.1, 2.2.3.2) and where they may be originated from in
particular (2.2.3.3, 2.2.3.4).

2.2.3.1 Deterministic and stochastic processes

The evolution towards genetic networks favoring multi-stability of populations is based on
the fact that phenotypic variability can be regarded as a key element to cope with
changing or severe conditions [143]. A potential pre-condition for this phenotypic variabil-
ity are random fluctuations in the biochemical reactions of the cell [144, 145]. Here the
“noise” is most distinctive when the number of molecules is small (so-called “finite number
effect”). It is speculated that stochastic processes play an important role in determining
which individual cell will switch its phenotype and when [146].

2.2.3.2 Heterogeneity trigger

Factors triggering the formation of heterogeneities are related to changes in environmen-
tal conditions like e. g. nutrient limitation, concentration gradients [147], toxic compounds
or the induction of heterologous protein production [148]. These conditions impose
selective pressure upon cells leading to a distinctive formation of different cell populations.
In this sense heterogeneous populations have an increased fitness compared to homoge-
nous populations. The basic principles and characteristics of heterogeneities in
populations of microorganisms are further being discussed in the follwoing and some
examples are given.

2.2.3.3 Mechanisms

Heterogeneities in bacterial cultivations are based on a variety of mechanisms ranging
from cell cycle variations, changes in the micro-environment to the appearance of
distinctive mutations [149].

The microbial cell division process itself may cause differentiation of cells related to so-
called “replicated aging” [150], “non-symmetric cell division” [151] and the development of
aged cell poles [152]. It was shown that particular cells differ in their magnitudes and DNA
content. Regarding bacterial cell growth and proliferation Smith and Martin [128] postulat-
ed that the cell cycle consists of two main parts: 1) a stochastic nutrient availability
dependent phase and 2) a deterministic replication and cell division related phase. At a
key experiment of a phased cultivation it was shown that the duration of stochastic versus
deterministic phases distinctively influenced the heterogeneity of a population [153].
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Another theory for further segregation of populations is based on the assumption of a
bistability state of bacterial cells [149]. It is a switch-like behavior of certain gene expres-
sion pattern as an either-or response to environmental stress conditions. An early
example for bistability is the utilization of lactose of E. coli cells forming two distinct
subpopulations related to different metabolic states [154]. Other examples for bistability
based heterogeneities in bacterial populations are the competence development and
sporulation behavior of B. subtilis cells [155]. Here two distinct populations can be
distinguished within an isogenic population of stationary-phase cells into sporulating and
nonsporulating cells. It was found that the signal to sporulate already occurs during the
exponential growth phase and is epigenetically passed on (section 2.2.3.4). Thereby cells
can rapidly react on starvation conditions and start spore formation if neccesary [155]. A
further example for heterogeneity in terms of extracellular enzymes is the production and
secretion of exoprotease AprE (subtilisin) and Bpr (bacillopeptidase) of B. subtilis which
are known to degrade extracellular proteins as nutrient source under nutrient-limiting
conditions. The secretion of these enzymes was found to be limited only to a small part of
the population [156]. Here a simple form of altruism is developed as all cells somehow
benefit from the costly production of proteases of single cells.

Mutation-based subpopulations were found to be related to conditions of stress like
nutrient limitation during the stationary phase. In E. coli, hypermutable subpopulations
(HMS) are e.g. based on mechanisms of general stress response, SOS response,
double-strand break (DSB) and repair [157]. This phenotypic variability ensures that at
least one offspring will be adapted and fit under the given environmental conditions.
Another very interesting adaptive mutation related to a certain cell type are the so-called
“antibiotic resistance persister cells” [143] e. g. from biofilm formation. These persister
cells can be re-grown to a form of population that once again consists of antibiotic-
sensitive cells and a small subpopulation of persisters being related to its stochastic
switch behavior and epigenetic nature [158].

2.2.3.4 Inheritance

The information leading to the formation of distinctive subpopulations is passed on to
following generations and can be described as a type of epigenetic inheritance. Mecha-
nisms belonging to this kind of non-Mendelian inheritance are based on modifications to
DNA structures like methylation, genomic imprinting, histone modification, prions and
transfer of transcriptional regulators during cell division which are determining the later cell
phenotype [159].

Figure 11 summarizes different trigger factors, characteristics and epigenetic inheritance
mechanisms leading to a certain selection pressure to heterogeneity formation in
microbial cell populations. Measuring these heterogeneities with means of FCM and
subsequent cluster analysis will give totally new insights into population dynamics in both
industrial bioprocess development and optimization and basic research topics like biofilm
formation. Also the systematic screening for highly producing cells becomes possible and
can be combined with a sorting and “omics” approach thus revealing possible bottlenecks
and heterogeneity mechanisms.
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Figure 11: Microbial population heterogeneity; triggers, mechanisms and possible applica-
tions.

2.3 Process development

The production of ABs with their multimeric disulfide structure is quite complicated
although the main principle is really straight forward. Cells, being microbial or mammalian
systems, do what “nature” actually tells them: synthesize proteins. The biotechnologist
simply exploits these micro scale cell factories to gain the desired products.

For development and optimization of an integral bioprocess it is important to account for
both improving upstream and at the same time downstream processing. Upstream
processing is referred to as the generation of a product by an appropriate process design.
It involves suitable choices of the production strain, medium composition and process
strategies to gain high titers of functional product at short time periods with at the same
time low COGs. Downstream processing includes the purification and formulation of the
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final product and accounts for up to 80% of overall production costs [160]. Therefore a
whole process design with integration of upstream and downstream processing is most
desirable.

The cultivation medium is an important parameter of the upstream processing as it has a
direct influence on the process productivity as well as on the purification effort. In principle
there are two media types used for biotechnological processes. The so-called “complex
media” rely on undefined media components like yeast extract or peptone, consisting of
less reproducible mixtures of amino acids, peptides, vitamins and minerals. In contrast
minimal or defined media have a specific composition of a particular carbon- and nitrogen-
source, phosphate e. g. in form of a buffer system, minerals and trace elements. Micro-
elements like manganese, cobalt, copper, nickel, molybdenum, selenium, zinc and
vanadium are sufficient in small amounts but have an important role for distinct enzyme
functionalities. Media compositions depend on the used microorganism and can have
direct effects on cell growth and product formation. Complex media are easy to handle on
the one hand, but on the other hand, problems with downstream processing particularly
those correlated with the separation of contaminating agents from complex ingredients,
e. g. yeast extract proteins have to be taken into account. Particularly in industrial
processes where criteria like GMP [161] and PAT [162] must be taken into account,
complex protein rich ingredients should be avoided and are less beneficial. A minimal
medium therefore is one of the most important pre-requisites to realize effective process
control strategies in bioreactor cultivations and is fundamental for modeling intracellular
metabolic phenomena.

The underlying project of the ABF production by B. megaterium is incorporated into the
Collaborative Research Center (SFB 578) where exactly these considerations “From
Gene to Product” are in the main focus of rational process development. From the initial
strain and plasmid design to process engineering and final purification and applications of
the product, all areas of a biotechnological process are involved. As a typical example to
improve the overall purification process, different parameters such as the production
strain, plasmid constructions and the particular medium design have to be taken into
account and may influence the final product quality, production and purification costs.

Considering the process design one must not underestimate the problems occurring at
taking a process from the bench to production facilities of much greater scale. Process
properties being clearly different include the quantities required (scale), regulatory
aspects, raw materials, equipment, process costs (economics) and formulation and
stability of the final product. On the lab scale the process itself is designed to quickly
perform many varying experiments for optimizing different parameters whereas the main
focus of a large manufacturing process is the establishment of a robust and reproducible
process which can also handle large volumes and product titers [62]. According to the
FDA certain validation approaches and principles of current Good Manufacturing Practice
(cGMP) have to be followed for processes designed to manufacture human or animal
drugs. Especially quality, safety, efficacy and control are most important. The manufactur-
ing should be designed and controlled to assure that in-process materials as well as the
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finished product meet predetermined quality requirements and do so consistently and
reliable [163]. To meet these requirements sufficient process knowledge is indispensable.
Design of Experiment (DOE) studies are appropriate instruments to reveal relationships,
including multivariate interactions e. g. of media components and process parameters
[164]. By online measurement of process parameters e. g. biomass concentration can be
estimated and used for adapted process control. This general approach involving PAT is a
promising tool to further increase and control the reliability and quality of industrial
bioprocesses [165].
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3 Material and methods

3.1 Strain and plasmid

In all experiments the B. megaterium strain YYBm1 [166] carrying the plasmid
pEJBmMD1.3scFv was used [46]. The strain was provided by the group of Dieter Jahn at
the Technische Universitat Braunschweig and is a mutant derived from B. megaterium
MS941, which was also derived from the parental strain B. megaterium DSM319 [167]
(German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). The
ABF D1.3 scFv expression is under the control of xylose promotor system. Due to a xylA
mutation in the strain YYBm1 the inducer xylose is not metabolized. The secretion of the
ABF D1.3 scFv in the surrounding media is ensured by the signal peptide of Lipase A
using the Sec-pathway combining both the actual functional folding and the secretion
process through the cell membrane.

The plasmid design was done by the group of Stefan Dibel and includes several
important components as described in Figure 12 [46]. Among these are an antibiotic
resistance marker gene against tetracycline (tet), the gene for the ABF D1.3 scFv, both
chains connected by a linker region (VH-linker-VL), an origin of replication for Bacillus
species and some components being important for cloning approaches done in the E. coli
system.
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| DEJBMD1.3scFv .
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Figure 12: Expression plasmid pEJBmD1.3scFv [46]; Pyya: Xylose promotor; VH: coding
region for variable domain of heavy chain; VL: coding region for variable domain of light
chain; linker: coding region for peptide linker connecting heavy and light chain; His-tag:
affinity tag coding for 6 histidines; RBS: ribosome binding site; SPjpa: coding region for
signal peptide from extracellular lipase A gene; tet. tetracycline resistance gene; repU:
origin of replication for B. megaterium; ori: origin of replication for E. coli; xyIR: xylose
repressor gene [59].

For transcriptome investigations the B. megaterium strain YYBm1 carrying the plasmid
p3Stop1623 was used as a control. This plasmid is equal to the ABF expression plasmid
pEJBmMD1.3scFv without the actual gene coding for the ABF and a stop codon after the
promotor region to avoid any heterologous gene expression.

3.2 Sampling of cultivation supernatant

Samples were taken for biomass, xylose, fructose concentration measurements and
single cell analysis. The cell suspension (2 mL) was centrifuged at 15.7 g, 5 min, 4 °C
(5415 R Eppendorf, Hamburg, Germany). For MP measurements the centrifugation was
done at 3.3 g and cells were immediately stained and subsequently measured (3.14). The
supernatant was frozen at -20 °C and cell pellet was stored at 4 °C for production intensity
assay (3.18). The supernatant was used for determining sugar concentration by HPLC
analysis (3.3) and for quantitative ELISA test (3.5) as described below. Cell pellets were
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used for determining production intensities (3.18), cell dry weight concentration (CDW)
(3.4) and taking scanning electron microscope (SEM) pictures (3.19).

3.3 High-performance liquid chromatography analysis

Sugars (xylose, fructose) were quantified by high-performance liquid chromatography
(HPLC) (Hitachi Elite LaChrom, Krefeld, Germany) equipped with a Metacarb 87 C
column (Varian, Palo Alto, CA, USA) as stationary phase and Millipore H,O as mobile
phase at 0.6 mL/min and 85 °C. Detection was performed using an IR detector. Organic
acids were measured with means of HPLC (Hitachi Elite LaChrom, Krefeld, Germany)
equipped with an Aminex HPX 87 H column (Biorad, Hercules, CA, USA) as the stationary
phase and 12.5 mM H,SO, as the mobile phase at 0.5 mL/min and 45 °C. The detection
was performed using an UV detector (220 nm) or a refractive index detector (RI),
respectively.

Preparing the sample, 2 mL of the cultivation supernatant was sucked into a 2 mL plastic
syringe and directly squeezed through a sterile filter (polyvinylidene fluoride, 0.2 um pore
size, Roth, Karlsruhe, Germany). For protein precipitation 20 yL/mL 0.5 M H,SO, were
added and samples were frozen at -20 °C. After thawing and centrifuging at 15.7 g, 4 °C
for 5 min (5415 R Eppendorf, Hamburg, Germany) 500 pL of supernatant was filled in
HPLC vials and analyzed.

3.4 Biomass measurements

Cell concentration was determined as optical density at a wavelength of 578 nm using a
Novespec 3 Photometer (Amersham Bioscience). CDW was measured via gravimetric
analysis in triplicates. Here biomass pellets of 15 mL culture volume were washed twice
with distilled water to remove salts and afterwards dried at 80 °C for 48 h.

3.5 Quantification of the antibody fragment D1.3 scFv concentration via
ELISA

Antigen binding ELISA was done according previously established protocol [46]. Maxisorb
MTPs (Nunc, Wiesbaden, Germany) were coated with 1 pg hen egg white lysozyme in
100 yL PBS per well overnight at 4 °C. BSA of same amount was used as a control for
unspecific binding. Coated wells were washed three times with PBST (PBS + 0.1% (v/v)
Tween 20) and blocked with 2% (w/v) skim milk powder in PBST for 1.5 h at room
temperature, followed by three times washing with PBST. 50 uL ABF containing superna-
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tant and several 1:3 dilutions in PBS were diluted 1:2 with blocking solution and incubated
for 1.5 h, followed by three times washing with PBST. Functional ABFs were detected with
monoclonal mouse anti-penta His AB (1:10000) (Qiagen, Hilden, Germany) and polyclonal
goat anti-mouse IgGs conjugated with horse radish peroxidase (HRP) (Fab specific)
(1:10000) (Sigma, Taufkirchen, Germany) each at an incubation time of 1.5 h and a
subsequent three times washing step with PBST. The visualisation was done adding 100
uL TMB (3,3',5,5 -tetramethylbenzidine) substrate and the staining reaction was stopped
by addition of 100 uL 1 N sulphuric acid. The absorbance at 450 nm (reference at 620 nm)
was measured using a micro titer plate reader SUNRISE (Tecan, Crailsheim, Germany).

A quantitative determination of functional folded ABF D1.3 scFv was done by parallel
measuring a calibration standard of purified ABF D1.3 scFv on the 96 well plates. The
standard was purified from the supernatant with a protein-L column (©Pierce) and
quantified by densiotometric analysis of corresponding SDS gel bands related to a D1.3
scFv standard.

Figure 13 illustrates the main steps of a Protein-L purification, visualized on a SDS-gel
analysis (SDS-gel (12%), Precision Plus Protein Unstained Standard (BioRad), [168]).
After centrifugation at 4 g for 15 min and sterile filtration through a 0.5 pm sterile filter, the
supernatant is concentrated via Ultrafiltration (10 kDa cut-off, Amicon Ultra, Millipore) and
applied on a Protein-L column (©Pierce). Protein L is a protein derived from Peptostrepto-
coccus magnus binding specifically to light chain variable regions belonging to the human
gene families k1, A2 and A3 but not k4 or A1 [169]. This highly specific method selectively
purifying functional folded ABFs has the drawback of harsh elution conditions at a low pH.
This leads to degradation of the ABF indicated by two smaller bands corresponding to
fragments of ~13 kDa. Subsequently the amount of functional, not degraded ABF is
determined by densiotometric analysis at comparing band intensities to previously
quantified protein standard of same size range. Thereby it is possible to directly link the
functional amount of ABF to its activity in the ELISA assay as a calibration standard.
Particular samples were measured in three dilutions (1:3) and quantified according to the
standard samples via logit-log plot analysis [170] (Fig. 14).
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Figure 13: (A) Purification of ABF D1.3 scFv by Protein L (©Pierce) and (B) densio-
tometric quantification with an adequate protein standard.
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Figure 14: Specific binding activities of the D1.3 scFv produced in B. megaterium YYBm1
(EJBmD1.3scFv) determined by ELISA. Absorbance was measured at 450 nm and correct-
ed for absorbance at 620 nm. The D1.3 scFv concentration detection limits were ~0.01
mg/L.

3.6 Cell bank — Bacillus megaterium

B. megaterium was stored at -80 °C in a 50% glycerol solution in cryogenic vials. For
preparing cryogenic cultures B. megaterium was cultivated in 10 mL minimal medium at
37°C for 12 h. 100 mL minimal medium in a 1000 mL shaking flask without baffles were
inoculated with this cell suspension adjusting to an ODszg, Of 0.1. In the exponential
phase (ODs7gnm = 3) 10 mL of cell suspension were mixed with 10 mL glycerol (99%) and
immediately frozen in 0.5 ml aliquots in liquid nitrogen and stored at -80 °C.

3.7 Screening in deep well plates

Screening in micro titer plates should be done under non-oxygen limiting conditions.
Oxygen concentration is influenced by the cultivation volume and the amount of generated
biomass directly coupled to the amount carbon source used initially. For this reason
experiments were carried out to determine the optimal concentration of fructose and the
appropriate cultivation volume in micro titer deep well plates so as to prevent the limitation
of oxygen. Here a minimal medium was used which composition is further explained as
follows. In addition to the biomass concentration, two other parameters such as the
product concentration and remaining fructose as only carbon source were measured in
different cultivation volumes after 12 h of cultivation. Figure 15 gives a brief overview of
these process parameters at using a starting concentration of 5 g/L fructose. As can be
seen, 900 pL of cultivation volume is ideal for screening as it shows the highest production
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of ABFs accompanied by the complete consumption of fructose after 12 h, indicating that
no oxygen limitation occurred. To make sure measuring growth dependent production and
secretion the cultivation time was set to 11 h in subsequent experiments.
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Figure 15: Screening of different cultivation volumes in 96-deep-well plates showing the
produced ABF (=) and the remaining fructose (¢). Excess in fructose gives a hint on oxygen
limitation as the carbon source is not completely depleted.

3.8 Cultivation conditions — deep well plates

As a starter medium, modified A5 medium [166] with pH 7.2 was applied with 5 g/L
fructose, 5 g/L (NH4).SO,, 3.52 g/L (KH,PO,), 6.64 g/L Na,HPO,4 x 2H,O and 10 ug/mL
tetracycline. 2 mL/L of sterilized filtered trace element solution was added [166, 171]
consisting of 40 g/L MnCl, x 4H,0, 53 g/L CaCl, x 2H,0, 2.5 g/L FeSO,4 x 7H,0, 2 g/L
(NH4)sMo7024 x 4H,0, 1.091 g/L CoCl, and 150 g/L MgSO, x 7H,0. The pre-culture was
prepared in 10 mL overnight cultures in shake flasks at 37 °C and 130 rpm (CERTOMAT®
BS-1; B.Braun Biotech International). Different media compositions created by the genetic
algorithm were assembled by adding different volumes of stock solutions in distilled water
and tested in 96 deep-well plates in triplicates. These plates were sealed with Aeraseal
Sealing film (Sigma -Aldrich, A9224-50EA) and breathe easy film (Roth, T093.1) and were
shaken at 37 °C, 1000 (1/min) in an orbital shaker (Titramax 1000, Heidolph, Disseldorf).
By using both sealing films and a volume of 900 uL cultivation medium evaporation and
oxygen limitation were avoided and totally negligible at incubation times less than 12 h.

The samples were inoculated at an OD of 0.6 and induction was started by adding 0.5%
xylose. After 11 h the cultivation was stopped, OD was measured by 50 yL sample diluted
1:2 with Millipore H,O in a Tecan microplate reader at 620 nm. CDW was estimated by a
correlation with the OD at 620 nm.
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CDW = —0.084 + 2.13 X ODgz0nm — 1.30 X (0Dgzonm)? + 1.77 X (0Dgzonm)® (1)

After centrifuging the sample at 15.7 g the supernatant was directly used for antigen
binding ELISA.

3.9 Cultivation conditions — batch

For particular stages of medium optimization different media compositions were used.

The basic medium composition for carbon source screening was based on A5 medium
according to Yang et al. (2007) [166] consisting of: 0.3 g/L MgSO, x 7H,0O, 5 g/L
(NH4),S0q,, 3.52 g/L KH,PO,, 7.26 g/L Na,HPO,4 x 2H,0, 2 mL trace element solution, 10
mg/L tetracycline, 1 g/L yeast extract, 4 g/L of the particular carbon source. Trace element
composition was 40 g/L MnCl, x 4H,0, 53 g/L CaCl, x 2 H,0, 2.5 g/L FeSO,4 x 7H,0, 2 g/L
(NH4)sM07024 x H,0, 2 g/L CoCl, x 6H,0.

For inducer concentration screening, statistical experimental design of MgSO,4 x 7H.0 and
(NH4).SO, concentrations and bioreactor cultivations a minimal medium based on the
previous metal ion optimization approach was used according to David et al. (2010) [172].
It contains fructose at 5 g/L as a sole carbon source supplemented with 3.52 g/L KH,POy,,
5.3 g/L Na;HPO,, 3 g/L MgS0O,4 x 7 H,0, 25 g/L (NH;).S0O4, 0.312 g/L MnCl, x 4 H,0,
0.095 g/L CaCl; x 2 H,0, 5.5 mg/L FeSO,4 x 7 H,0O, 21.6 mg/L (NH4)sM07;024 x 4 H,0, 6.2
mg/L CoCl,, 16 pg/L CuSO,4 x 5H,0, 155 pg/L H3BO3, 15 ug/L ZnSO,4 x 7H,O and 10 mg/L
tetracycline. For the Central Composite Design (CCD), the particular (NH,;),SO, and
MgSO, x 7H,0 concentrations were adjusted as shown in Table 4.

For bioreactor batch cultivations the optimized minimal medium regarding metal ions [172]
MgSO, x 7H,O (3 g/L) and (NH,),SO, (25 g/L) concentration were used with 15 g/L
fructose as carbon source. 1 L of minimal medium was inoculated with the pre-culture to
reach an ODszgn Of 0.1 in @ 3.7 L bioreactor (Bioengineering, Wald, Switzerland). The
cultivation was carried out under constant temperature at 37 °C and controlled at pH 6.3.
The DO concentration was adjusted above a value of 20% saturation, using a stepwise
cascade control, increasing alternately agitation and aeration rate. Induction was done by
addition of an appropriate amount of a 100 g/L xylose solution 1.5 h after inoculation if not
mentioned differently to reach a final concentration of 5 g/L.

For pre-cultures, 100 yL of cryogenic culture was used as inoculum for 10 mL of the
particular minimal medium with 5 g/L fructose, cultivated for 12 h and subsequently used
as inoculum. As second pre-culture for bioreactor experiments, 100 mL medium was
inoculated from first pre-culture adjusting to an ODs7g,m Of 0.1 and cultivated for additional
12 h.
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Process development

3.10 Cultivation conditions — fed-batch

At fed-batch experiments the previously described minimal medium for batch cultivations
at bioreactor scale was used. Changes in concentration ranges are mentioned in detail.
The pre-cultures were prepared as described before. The main lab scale cultivation was
carried out in a 5 L bioreactor (Bioengineering, Wald, Switzerland). For the oscillating fed-
batch experiment 3 L minimal medium with an initial MgSO,4 x 7H,0 concentration of 0.3
g/L and a fructose concentration of 2.7 g/L was inoculated with a pre-culture volume to
adjust the main culture to an ODs7g,, Of 0.02. After a batch phase of approximately 12 h
the feed was started indicated by a sudden DO peak. The feed composition was as
follows: 225 g/L fructose, 75 g/L (NH,).SOy4, 22.5 g/L MgS0O,4 x 7H,0, 5 g/L xylose, trace
elements and tetracycline concentrations were as described for optimized minimal
medium before. The cultivation was carried out under constant temperature at 37 °C and
controlled pH at 6.3 with 5 M NaOH and 0.5 M H3;PO,. The DO concentration was
controlled at a value of 20% saturation, using a stepwise cascade control, increasing
alternately agitation and aeration rate. Induction was done by an appropriate amount of a
100 g/L xylose solution 2 h after inoculation to reach a final concentration of 5 g/L. The
cultivation for upscale to 55 L cultivation volume was carried out in a 100 L bioreactor (B.
Braun Biotech International, Melsungen, Germany) under same medium, process control
and inoculation conditions as just described for the small scale.

3.11 Gas analysis

Carbon dioxide and oxygen in the exhaust gas were measured with gas sensors (Blue
Sense, Herten, Germany) and the corresponding (specific) oxygen uptake rate (OUR
(90.)) and (specific) carbon dioxide evolution rate (CER, (qCO,)) were calculated for all
cultivations considering nitrogen as inert gas.

3.12 Oscillating fed-batch strategy

The oscillating fed-batch strategy is based on the formula for exponential feeding
strategies. The term e " *'is assumed to be equal to 1 as the feed is steadily adapted
making the time interval going to O.
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Oscillating fed-batch strategy

l_l_\
F= <<us—"’t) + mE> x KXV o puxt (2)
Yx/s So
X: biomass concentration estimated by CER and Yset0.25 (g/L)
m; maintenance coefficient; 0.0616 (g/g/h), calculated from chemostat cultivation

Yyxs: biomass yield coefficient; 0.633 (g/g)
So: substrate concentration in the feed; 225 (g/L)
V: cultivation volume (L)

Mset:  growth rate (time dependent) (1/h)

The specific growth rate used is time dependent based on two cosine functions leading to
oscillating changes in growth and starving phases.

Uset = Hmax X (0.78 X (cos (cos (0.5 X (%) X t) — 2.28) + 1) (3)

t: time (h)

Hmax: maximal in process growth rate; 0.3 (0.4) (1/h)

As the given specific growth rate continuously change, a consistent adaptation of the
current biomass concentration X and volume V is necessary. The biomass concentration
was estimated via a soft-sensor derived from the CO, evolution rate (CER) and the
particular growth rate, which is assumed to be 0.25 h time shifted before the growth rate
Mset taken for the feed calculation. This was done due to experiments showing a certain
delay in the growth rate which is set by the feed and the actual growth rate present. The
linear correlation between CER/X and the corresponding growth rate y was deduced from
batch data with a respiration quotient of 1.

Hset(t—025) = 04 x (0.78 x (cos (cos (0.5 x (229) x (¢ - 0.25)) ~228)+1)  (4)
_ CER
X= (0.013 X Pset(t—o.25) +0.0024) ()
X: biomass concentration (g/L)

CER: CO, evolution rate (mol/L/h)

The particular cultivation volume was determined by accounting for the fed volume and
the sample volume taken.
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feed n
V = (M) + Vstart - Z(Vsample) (6)

Pfeed

V: volume (L) V start: cultivation volume start (L)
feed (paiance):  Weight of fed volume (g) V sample: sample volume (L)
P feed: feed density (g/L)

3.13 Flow cytometry

FCM studies were performed using a Quanta MPL (Beckmann Coulter, Krefeld, Germany)
flow cytometer equipped with a 488 nm argon Laser. The SS signal was used as a trigger
signal, green fluorescence (FL1) was detected through a dual band pass filter (525 nm,
+21 nm bandwidth) and red fluorescence (FL3) was detected through a 670 nm long pass
filter. Both fluorescence values were detected in parallel using a dichroic long pass filter
for splitting. The sheath flow rate was 4.17 ul/min and the sample rate never exceeded
over 600 events 1/s at doing 10.000 counts per measurement. Signals were logarithmical-
ly amplified and photomultiplier (PMT) settings were adjusted to particular staining
methods. The EV (Coulter Counter Principle, Cell Lab QuantaTM SC MPL) was used to
determine cell fluorescence concentration (FL-FC: FL-Channel/ (Volume Channel)) and
cell fluorescence surface density (FL-FSD: FL-Channel/ ((Volume Channel) * (2/3)).

3.14 Dye screening for membrane potential estimation

Different dyes (DiOC,(3), DiOC¢(3) and DIBAC4(3)) were tested according their suitability
for MP estimation. Therefore 2 x 10° B. megaterium cells per mL were centrifuged (3.3 g,
room temperature) and resuspended in 1 mL staining puffer (0.06 M Na,HPO,, 0.06 M
NaH,PO4, 5 mM KCI, 130 mM NacCl, 1.3 mM CacCl,, 0.5 mM MgCl, adjusted to a pH 7 with
NaOH, steril filtered [173]). 10 ul of particular dye working solutions were added (Di-
0OC,(3), DIOCg(3) in 50%/50%-DMSO/H,0, DIBAC4(3) in 100% DMSO). As a negative
control 10 yl CCCP solution (1.5 mM in DMSQO) were added to depolarize cells. All dyes
and CCCP were purchased from Invitrogen (Molecular Probes, USA).
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3.15 DiOC;(3) ratio analysis

Ratio analysis of DiOC,(3) stain was done according Novo et al. 1999 and was used to
estimate MP [173].

FL1 (green fluorescence)

MP = 10g<10§ % ( FL3 (red fluorescence) )) (7)

Polarized cells show an increased staining property with the actually green fluorescent
dye leading to a dye accumulation with red fluorescent properties [174].

3.16 Membrane potential calibration

MPs were artificially simulated by the application of the potassium ionophore valinomycin
in the presence of different external potassium concentrations [173]. At particular
potassium concentrations, the resulting FL3/FL1 ratios of DIOC,(3) stained cells were
determined. Further MP were calculated based on the Nernst Equation (AE= - 61.54 mV
Ig (Cinside/Coutside)) Where the potassium concentration inside the cells was assumed to be
constant at 243.75 mM. Potassium concentrations outside the cells were changing
according to experimental setup from 300 mM to 0 mM where the overall molarity was
kept constant at 300 mM by adding an appropriate amount of sodium. Staining was done
in buffer of 0.06 M Na,HPO,, 0.06 M NaH,PO,4, 130 mM NaCl, 1.3 mM CacCl, and 0.5 mM
MgCl, adjusted to a pH 7 with NaOH, steril filtered and addition of the appropriate amount
of NaCl and KCI.
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3.17 Viability assay

For distinguishing between live and dead cells a fluorescence dye based viability assay
was evaluated. Here DIBAC,4(3) and propidium iodide (PIl) were used at different mixtures
of live (derived from exponential phase) and heat treated cells (80 °C, 10 min). As
described before, 10 uL of particular staining working solutions were added to 2 x 10°
cells in 1 mL staining puffer (Pl: 1.5 mM , DIBAC4(3): 0.21 mM; end-concentrations
DIBAC4(3): 2.1 uM, PI: 15 pyM). Staining patterns in green and red fluorescence were
subsequently analyzed by FCM.

3.18 Single cell production intensity assay

After sampling a cell pellet of about 10 cells, cells were re-suspended in 200 uyL PBS-T
(PBS (8.5 g/L NaCl, 1.34 g/L Na,HPO, x 2H,0, 0.345 g/L NaH,PO, x 2H,0), 0.05%
Tween 20) and 600 pL of 4% paraformaldehyde was added. Cells were fixed for 10 min at
room temperature. After centrifugation at 15.7 g for 5 min at 4 °C the cell pellet was
resuspended in 900 pL PBS-T and mixed with 100 pL of particular lysozyme stock
solutions (0.25 mg/mL to 5 mg/mL in PBS-T). After incubation for 10 min at room
temperature and centrifugation at 15.7 g, 5 min, 4 °C cells were washed once with 500 uL
PBS-T to reduce unspecific binding. Cells were first incubated with a mouse-anti-penta-
His detection AB (100 pL, 1:100 in PBS-T, Quiagen 34660) at room temperature for 1.5 h
and afterwards washed twice with 500 uL PBS-T. A second Alexa Fluor coupled AB (100
ML, 1:50, Alexa Fluor 488 ® goat anti-mouse IgG (H+L) highly cross-adsorbed 2 mg/mL
Cat.No. A-11029 Invitrogen, USA) was added and incubated for 1 h at 4 °C in the dark.
The used Alexa Dye 488 is a bright photostable conjugate being most applicable in
measuring reproducible and reliable results with a high resolution [175]. Subsequently
cells were washed once with 500 yL PBS-T and flow cytometric analysis was performed
using the green fluorescence channel. Negative controls were established for cells treated
with no lysozyme, not induced cells and leaving of first or second detection AB. As a
counter stain Pl was used to better visualize the data sets (end-concentrations PI: 15 uM).

3.19 Immuno field emission scanning electron microscopy

Preparing samples for electron microscopy cells were treated as described before (section
3.18) with the addition that as a second detection AB a 115 nm goat anti-mouse IgG
coupled to 15 nm gold nanoparticles was applied. After washing with PBS samples were
adsorbed onto butvar-coated 300 mesh copper grids, washed with TE buffer (20 mM
TRIS, 1 mM EDTA, pH 6.9), distilled water and air-dried. Samples were then mounted
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onto conductive carbon adhesive tabs on specimen mounts and were subsequently
examined in a Zeiss DSM982 Gemini field emission scanning electron microscope (Zeiss,
Oberkochen) at an acceleration voltage of 5 kV using the Everhart-Thornley secondary
electron detector (SE-detector) and the built-in inlense Se-detector in a 75:25 ratio.
Images were recorded onto MO-disk and contrast and brightness was adjusted with
Adobe Photoshop CS4.

3.20 Confocal laser scanning microscopy

The CLSM technique was applied to directly monitor bound Alexa Fluor detection ABs at
the cell surface. Here cells were resuspended in PBS and investigated with CLSM
technique. Fluorescence was analyzed with a confocal laser scanning microscope CLSM-
510META connected to an Axiovert 200M (Carl Zeiss, Germany) with laser excitation of
488 nm, HFT UV/488 and BP 505-530 for GFP fluorescence. All images were processed
with LSM Image Browser Release 4.2 (Carl Zeiss, Germany).

3.21 Population cluster analysis

The technology of flowcytometry creates multiparametric datasets of fluorescence (FL),
electronic volume (EV) and sidewards scatter (SS) cell properties. Data analysis and data
summarization have to be done in a condensed form that can explicitly be interpreted. In a
multidimensional data approach the clustering of population can only hardly be achieved
with simple gating tools. Gating is a process to identify homogenous cell groups which
display a similar function. This process is based predominantly on the investigator’s
intuition than standardized statistical approaches. Therefore a model based clustering
approach at the statistical platform R provided by bioconductor packages was used to
identify cell populations in FCM analysis [176-178]. At a typical data analysis the number
of populations is statistically ensured and the data multidimensionality is exploited
guaranteeing more accurate and reproducible identification of populations. For the
population analysis an appropriate model approach has to be followed. The assumption
that each data set follows a Gaussian distribution is often unrealistic. Therefore an
automated clustering approach based on t-mixture model with Box-Cox transformation
was used [179]. Outliers have to be excluded as they may have a significant effect on the
resulting clustering. The Box-Cox transformation done is defined by the Box-Cox
parameter A. The number of clusters is set by the Baysian Information Criterion (BIC)
number calculated for t-mixture models with Box-Cox transformation. Transformation
selection, outlier identification and clustering are done simultaneously. The model-based
clustering used provides both “hard” clustering (whole data separation) and soft clustering
where each event may belong to more than one cluster. Here certain overlapping of
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clusters become observable at the same time existing uncertainties about the event the
cluster belongs to.

Open source Bioconductor packages for analysis of FCM data [180] were used to analyze
and interpret particular data sets. FlowCore handles importing, storing, preprocessing and
assessment of data from FCM experiments. FlowViz provides graphical methods for
visualization and FlowClust implements mixtures to perform model based clustering
algorithms of FCM data [179]. The program code used is exemplified for analyzing MP
and for production intensity single cell assays of B. megaterium cells producing ABFs.
Data sets for MP estimation by DIOC, staining and production intensity fluorescence
assays were analyzed based of 4 measured parameters (SS, EV, FL1, FL3).

3.21.1 DiOC, membrane potential assay (SS, EV) (FL1, FL3)

# Load libraries with required methods;

> library (flowCore)
> library (flowViz)
> library (flowClust)

# Read in Imd-file into R environment;

> file.name <- system.file("extdata", "POPDIOC2.1lmd", package = "flow-
Core")

> Pl <- read.FCS(file.name, transformation = FALSE)

# Summary of raw data;

Raw data summary

flowFrame object 'POPDIOC2.1lmd'

with 10000 cells and 5 observables:

name Range min max
SP1 SIS Side Scatter 1024 1 1023
SP2 EV Electronic Volume 1024 0 1023
SP3 FL1 FL1 Fluorescence 1024 0 1023
SP4 FL2 FL2 Fluorescence 1024 0 1023
SP5 FL3 FL3 Fluorescence 1024 0 1023
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# Analysis with one cluster using SS and EV; “K” is the number of clusters; “B” is the
maximum number for EM iterations, “level” sets the rule for outliers here 85% quantile,
which means that a point outside the 85% quantile region of the cluster to which it is
assigned will be called an outlier. Main purpose here is to identify outliers, which will be
removed from the subsequent analysis.

> resP <- flowClust (Pl1, varNames = c("ss", "EV"), K= 1, B = 100,
level=0.85)

# Outliers and clustered data is plotted in a dot plot diagram with outliers presented as “+”
and axes scaled according to “xlim” and “ylim” to control clustering.

> plot(resP, data=Pl, pch.outliers="+", xlab="SS", ylab="EV", pch=20,
x1im=c(0,750), ylim=c(0,700))

Picture of plot
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# The data of first clustering is loaded into P12 and outliers are removed.

> P12 <- P1[Pl %in% resP, |

# Second clustering is done according to fluorochrome channels FL1 and FL3 on the cells
selected at the first stage. The number of clusters are set from one to six, “trans” is a
numeric indicating that the BOX-COX parameter A is estimated from the data. The outliers
are again identified by 0.85 quantile.
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> resP2 <- flowClust (P12, varNames = c("FL1", "FL3"), K= 1:6, B = 100,
trans=1, level=0.85)

# Output of “BIC” (Bayesian Information Criterion) value, cluster number with largest or at
least stable “BIC” humber is selected.

> criterion (resP2, "BIC")

Picture of BIC criterion
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Visualization

# Plot clustered data with outliers and legend is visualized.

> plot (resP2[[4]], data=Pl2, pch.outliers="+", xlab="FL1", ylab="FL3",
pch=20, xlim=c (250,750), ylim=c(300,720))

> legend ("bottomright", col=2:5, legend=1:4, title="Clusters", pch=20)

Picture of cluster analysis
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# The plot clustered data is visualized as a density plot where “npoints” is numeric vector
specifying the number of grid points in x (horizontal) and y (vertical) directions.

> resP2.den <- density(resP2[[4]], data = P12, npoints=c(1000,1000))

> plot (resP2.den, type = "image", nlevels=100, xlim=c (250, 750),
ylim=c (300,720))

Picture of density analysis
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# The command “summary” provides information about the experiment, clustering,
transformation, information criteria and data quality.

> summary (resP2[[4]])

# The “summary” output looks as follows.

** Experiment Information **

Experiment name: Flow Experiment

Variables used: FL1 FL3

** Clustering Summary **

Number of clusters: 4

Proportions: 0.1883078 0.2788811 0.2873053 0.2455058

** Transformation Parameter **
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# The parameter for box-cox transformation A.

lambda: 0.9899544

** Information Criteria **

BIC: -189824.7

** Data Quality **

Rule of identifying outliers: 85% quantile
Number of outliers: 607 (7%)

Uncertainty summary:

# The uncertainty is defined as 1 minus the posterior probability that a data point belongs
to the cluster to which it is assigned. All uncertainty values for each data point were
determined and based on this data minimum, 1 quantile, median, mean, 3™ quantile and
maximum values were calculated.

Min. I1st Qu. Median Mean 3rd Qu. Max.

4.671e-03 4.421e-02 1.104e-01 1.557e-01 2.358e-01 6.738e-01

# Retrieving data from particular cluster populations by first splitting data;

> sub4 <- split(P12,resP2[[4]], population=list (Al=c(l), A2=c(2),
A3=c(3), Ad=c(4)))

# The output of particular cluster data is provided by the command “summary”.

# summary cluster |

> summary (sub4$Al)

SIS EV FL1 FL2 FL3
Min. 373.0 7.00 470.0 561 347.0
1st Qu. 394.0 35.00 554.0 660 450.0
Median 414.0 54.00 582.0 688 492.0
Mean 417.3 67.93 582.3 688 488.5
3rd Qu. 436.0 85.00 613.0 717 529.0
Max. 523.0 284.00 682.0 794 621.0
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# summary cluster

> summary (sub4$A2)

SIS EV FL1 FL2 FL3
Min. 373.0 7.00 419.0 411.0 443
1st Qu. 399.0 34.00 502.0 656.0 514
Median 422.0 50.00 537.0 691.0 547
Mean 425.2 65.03 536.8 689.5 547
3rd Qu. 447.0 81.00 571.0 722.0 579
Max. 526.0 277.00 651.0 839.0 657

# summary cluster Il

> summary (sub4$A3)

# summary cluster IV

> summary (sub4S$SA4)

3.21.2 Production intensity assay (FL1, FL3) (FL1, FL3, SS, EV)

# The FlowClust analysis of production intensity data is done as previously described with
some exceptions. First clustering is done at FL1 and FL3 values to remove outliers.

> resBl<- flowClust (Bl1, varNames = c("FL1", "FL3"), K = 1, B = 100)

> Bl2 <- B1[Bl %in% resBl, ]

# The second clustering is done as an multidimensionality approach to better exploit data
sets at clustering according FL1, FL3, SS and EV.

> resBl12 <- flowClust (B12, varNames = c("FL1", "FL3","SS", "EV"), K= 1l:06,
B = 100, trans=1)
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3.22 Central composite design

A CCD was used to estimate the effect of MgSO,4 x 7H,0 and (NH,4),SO, on the functional
production and secretion respectively of ABF D1.3 scFv by B. megaterium [164, 181].
Therefore different concentrations of these two components were tested (Tab. 4) and
analysed by Stat-Ease Design Expert Software 7 to predict optimal parameters.

Table 4: (A) Combinations of MgSO, x 7H,O and (NH,),SO,4 concentrations according a
central composite design, (*) centre points experiments were done twice for statistical
reasons. (B) CCD principle with particular coding values.

(A) (B)

experiment MgSO,4x 7H,0 (NH4)>SO4

(g/L) (9/L)
1 2.99 25.08
2" 1.88 15.60
3 0.30 15.60 f
4 1.88 29.00 ~ab b+a
5 1.88 2.20 [ /
6 0.76 6.12 9
7* 1.88 15.60
8 3.45 15.60
9 2.99 6.12
10 0.76 25.08

3.23 Genetic algorithm

The principle of a genetic algorithm (GA) is first to set up randomly a number of experi-
ments with different media compositions then evaluate these experiments and create,
based on the previous results, a new population of media recipes. The best experiments
of a parent population are combined among each other accompanied with set mutation
and crossover rates, creating a new generation of experiments. This approach of creating
new media compositions is realized by coding the parameters to be optimized in bit
strings defining the number of concentrations levels in between parameters that can be
varied. Detailed methods of using genetic algorithms for media optimization are described
elsewhere [182, 183].

Media optimization using genetic algorithms has been proven to be effective in prokaryotic
and eukaryotic systems, e.g. for the production of L-lysin, L-isoleucin, ILE/L-valin
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Corynebacterium glutanicum [184, 185], esterase production in E. coli [186], A1-
dehydrogenase production by Arthrobacter simplex cells [183] and cyanobacteria growth
[187].

The software “Genetic Algorithms for Optimization of Processes” (GALOP Vers. 2.2, IBT
Research Center Jilich, 1998) was used to create new media compositions. To prevent a
unidirectional optimization towards production with a possible limitation of growth, a
simultaneous maximization of production and biomass formation was followed. This was
realized by selecting 15 media towards the aim of maximizing biomass formation and 15
towards optimizing the production of ABF production for each generation. Concretely the
multi-objective function was to maximize the amount of functional folded ABF D1.3 scFv in
the supernatant measured by ELISA and the biomass yield of B. megaterium in parallel
deep-well-plate cultivations.

The concentrations of metal ions were varied in ranges in between two decades of
selected concentrations adopted from elsewhere [166, 188] (e. g. : ¢, = 0.3 g/L MgSO, x
7H,0; Cmin= ¢, x 0.1 = 0.03 g/L; Cmax = ¢, x 10 = 3.0 g/L). With a population of 30 individuals
each measured in triplicates and a binary code length of 63 for the whole variable space
optimization was realized with a crossover using a probability of 99% [189]. By choosing a
scaling window of one, the previous and the generation before are accounted for creating
the following generation of experiments using the method of keep best, ball bearing [190].
According to Back et al. (1993) [191] the mutation rate was set to 0.016 and the crossover
rate chosen as 0.95 [192].

3.24 Prediction of metal-dependent enzymes of Bacillus megaterium

To deduce metal-dependent enzymes of B. megaterium the comprehensive enzyme
database BRENDA [193] [194] was used. EC numbers of metal-dependent enzymes were
queried following NCBI Taxonomy [195] for a) the genus Bacillus b) Firmicutes, and c) for
all bacteria from BRENDA. In this order the resulting EC numbers were compared against
the current annotation of B. megaterium DSM319 [101]. For matching EC numbers all
metal ions were summarized and sorted by their dependency (r — required, a — activation).
Predictions for the cellular localization of the enzymes were achieved using the PrediSi
program [196]. Nearly 400 enzymes with dependencies on metal ions could be predicted.
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3.25 DNA micro arrays

3.25.1 RNA-preparation

For transcriptome analysis 25 OD equivalents (2.5 x 10" bacterial cells) were harvested
and immediately stopped in sodium azide containing killing buffer (20mM). The RNA was
purified as described in [197]. Additionally a RNA Purification Kit (Jena Science, Germa-
ny) was used for final purification with an elution volume of 30 yL. The RNA concentration
and quality was measured using the Nanodrop (Nanodrop1000, Peqlab, software:
Nanodrop 1000 V 3.8.9, USA) and the Bioanalyzer technology (Agilent 2100 Bioanalyzer,
software: 2100 expert, USA). RNA quality was determined by calculating a RNA integrity
number (RIN). RIN numbers larger than 8.5 were decided to be applicable for RNA-
Microarrays [198].

3.25.2 One colour microarray

The labelling of RNA was done using “ULS Fluorescent Labelling Kit for Agilent arrays”
from KREATECH (EA-022//EA-023). The degree of labelling [8] was determined by
nanodrop measurements (array-program). Applicable values were defined between 1.0
and 3.6. The fragmentation, hybridization and final processing of 600 ng of labelled
sample RNA occurred after the manufacturers’ instruction including a gene expression
hybridization kit, an array washer and a hybridization oven (Agilent Technologies, USA).
Slides were scanned using the micro array scanner Agilent C Scanner (Agilent Technolo-
gies, USA) and the software Agilent Scan Control 8.4.1. Subsequently the results were
analysed with “Feature Extraction 10.7.3.1” software (Agilent Technologies USA).

The microarray platform used in this study was provided by Agilent (Agilent technologies,
USA). 8 x 15k microarray slides were custom-made using the software array (Agilent
technologies, USA) based on the published genome data of B. megaterium DSM319
[101]. For each gene three probes were used to ensure a proper binding of labelled
mRNA. The normalization and calculation of differential expressed genes differs from two-
color data analysis and was performed as described in Bunk 2010 [100]. The data it
based on three biological replicates with four sample time points each for the ABF
producing strain and the control strain. The heatmap analysis was performed with the
software MultiExperimentViewer (MeV).

3.26 Chemicals

All chemicals were purchased from Sigma (Steinheim, Germany), Merck (Darmstadt,
Germany) or Roth (Karlsruhe, Germany) and are of analytical grade.
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4 Results and discussion

4.1 Aims of the work

ABs and ABFs are most important tools in therapeutic and diagnostic applications. An
increasing demand of these high potential drugs makes less cost intensive production
systems most desirable. Microbial production platforms are beneficial compared to
mammalian cell cultures in reaching high production titers, scale up approaches, regulato-
ry aspects and reduced COG. Among these, production systems having the ability of an
additional product secretion are most advantageous as the downstream processing costs
are decisively reduced.

The aim of this work is to characterize and maximize the production and secretion of
recombinant anti-lysozyme ABF D1.3 scFv using B. megaterium as an alternative
production host with high secretion capacities. This is done following a holistic bioprocess
development approach ranging from micro titer to pilot bioreactor scale. As a first step a
defined medium for ABF D1.3 scFv production is developed by means of statistical design
of experiments and using a genetic algorithm for particular medium screening. Secondly,
an appropriate bioprocess is designed to reach both, high cell densities with at the same
time high productivities. The method of flow cytometry is used to gain deeper insights into
the microbial physiology of ABF producing B. megaterium cells. This knowledge is
implemented for further process development and optimization. A subsequent transcrip-
tome analysis is used to gain a deeper process understanding to uncover potential
bottlenecks of production and secretion of ABF D1.3 scFv.

The project was part of the Collaborative Research Center (SFB 578) “From Gene to
Product® holding a key position assigning ABF production from the lab-scale to industrial
bioprocesses with the focus on a holistic bioprocess development. Based on intensive
collaborations with particular project partners upstream processing approaches like
specific strain designs as well as strategies for efficient purification methods were
successfully realized.
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4.2 Medium design

4.2.1 Carbon source screening

The ABF D1.3 scFv was shown before to be successfully secreted by B. megaterium
using complex media compositions [46, 199]. Based on cultivation media suggested by
Yang et al. (2007) [166] for Hydrolase production with B. megaterium different carbon
sources were tested considering growth and ABF D1.3 scFv production properties each
with the same amount of molar carbon concentration supplemented with 1 g/L yeast
extract. Cultivations were carried out for 25 h and samples were taken every hour to gain
appropriate insights into growth and production processes. Maximal corresponding
specific growth rates, maximal product values measured by ELISA and achieved biomass
concentrations were determined (Fig. 16).
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Figure 16: Different carbon sources were screened for biomass formation (cell dry weight
(CDW (g/L)) and production of ABF D1.3 scFv secreted by B. megaterium YYBm1
(EJBmD1.3scFv) in minimal medium with 4 g/L of same amount of molar carbon concentra-
tion and supplemented with 1 g/L yeast extract. The spot diameter represents particular
maximal growth rates reached as indicated.

In this case fructose, glycerol, sucrose and glucose were the favored carbon sources.
Growth on maltose, arabinose and galactose is probably related to the supplemented
yeast extract. A closer look on the growth behavior and production trends when using
glucose and fructose revealed that the depletion of glucose is somehow a precondition for
the beginning of ABF production (data not shown) whereas utilization of fructose led to a
growth coupled production of ABFs. This seems to be surprising as the regulatory element
(catabolite responsive element, cre) in the xylA promotor region has previously been
removed by adapted expression plasmid design [119, 200]. Under these circumstances
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another mechanism most probably takes place, since glucose-6-phosphate, e.qg.
produced at glucose uptake, can function as an additional repressor of transcription by
competing with xylose for the binding site at the xylose repressor (XyIR) [201] (section
1.3). Glucose-6-phosphate has a higher binding affinity to the XyIR protein which still
remains at the xylA-promotor region and blocks transcription of the ABF D1.3 scFv gene
until glucose is depleted. Additionally when glycerol was used as carbon source it was
shown to be related to high production rates but to lower growth rates. Therefore, fructose
was chosen as favorable carbon source and applied for further medium optimization.

4.2.2 Inducer screening

Different concentrations of xylose for inducing ABF D1.3 scFv production ranging from
0.1% to 2% were tested in particular shaking flask experiments (section 3.9). The
experiments were carried out in minimal medium for 23 h and the induction was done 1 h
after inoculation with an OD of 0.1. An increase in the inducer concentration clearly shows
a negative effect on the maximal specific growth rate (Fig. 17 A) and on the overall ABF
D1.3 scFv concentrations reached in the underlying shaking flask cultivations (Fig. 17 B).
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Figure 17: Different inducer concentrations (0.1% to 2%) were tested and (A) the effect on
the specific growth rate and (B) ABF production was determined at different time points
after induction (p.i.) at B. megaterium YYBm1 (EJBmD1.3scFv) shaking flask cultivations.

This is most probable due to the over-expression of genes related to the xylose catabo-
lism. As only the xylA gene is not functional in the used strain YYBm1 [166] other genes
like xylose transporters and related genes on the operon e. g. xylIB are still expressed
without the actual degradation of xylose taking out internal resources for biomass
formation. It was found that when xylose concentrations were used lying above the actual
fructose concentration of 5 g/L the particular maximal growth rate is reduced. Here, the
organism is probably more adapted to degrade xylose than fructose and therefore is
inhibited in growth due to xylA deficiency. Finally this led to lesser biomass generation and
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lower overall product formation. Consequently 0.5% of xylose was chosen as an optimal
inducer concentration.

4.2.3 Genetic algorithm approach —
optimization of metal ion concentrations

The next aim was to totally replace the yeast extract used as supplement to create a
defined minimal medium. Here, different metal ion compositions were tested using micro
titer deep well plates as cultivation platform. A genetic algorithm was used to vary
concentrations of calcium (Ca), cobalt (Co), molybdenum (Mo), magnesium (Mg), copper
(Cu), zinc (Zn), boron (B) and manganese (Mn) for simultaneous maximization of biomass
and ABF D1.3 scFv formation using B. megaterium [172].

To give an overview of all performed generations of experiments the mean values of
concerning biomass formation and production of ABF D1.3 scFv were calculated. Figure
18 illustrates the best results of each generation of experiments and the mean value of all
individuals for biomass formation (Fig. 18 A) as well as for ABF production (Fig. 18 B).
The mean values of ABF titers increased until the fourth generation with the exception of
the third generation. Here the lower product formation is possibly related to the general
work mechanism of the genetic algorithm relying on a stochastic method for creating new
media compositions. This particular behaviour has been shown before using genetic
algorithms for media optimization [187]. Except for generations 3 and 7 the best medium
of each generation always reached higher values than the originally used medium. The
best medium tested showed a 2.2 times higher production of ABF D1.3 scFv compared to
the original medium used. In addition, generation 2 and generation 5 also featured 1.34
and 1.57 times higher product formation for best media compositions respectively. For the
biomass formation an increase up to a 1.6 times could be reached in comparison to the
control medium for all generations. It became obvious that almost no changes appeared in
the mean values of biomass formation which may be due to the fact that the originally
used metal ion compositions were already close to the optimal composition for biomass
generation. The fact that the composition of the particular metal ion concentration was
more essential for the production and secretion of ABF D1.3 scFv than for the biomass
formation itself may be related to the evolutionary adaptation and distinctive robustness of
B. megaterium being a soil bacterium adjusted to a variety of habitats [99].
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Figure 18: (A) Best results concerning biomass formation (CDW (g/L)) and (B) ABF pro-
duction (OD gysa 450 nm) Of B. megaterium YYBm1 (EJBmD1.3scFv) producing ABF D1.3
scFv of each generation and the mean value of the 30 media compositions tested in each
generation (==). Each medium composition was measured in triplicates as indicated by the
particular standard deviation. The control medium (C) [166] was also measured in each
generation and is shown as an average value of all generations (m). PC (m) stands for
positive control of the ELISA to normalize data sets.

Figure 19 illustrates the dependencies of the particular fraction of metal ions used related
to the production of ABF D1.3 scFv. Thereby the effects of particular metal ions towards
production and secretion are highlighted. All experiments were clustered in eight main
groups according to their particular amount of ABF or produced biomass. The grouped
ABF and biomass values were related to the mean values of the particular fraction of
metal ions corresponding to the total metal ion concentration of each particular medium.
This correlation gives, in contrast to the consideration of single generations, a more
general view on the results, allowing conclusions on certain effects of replacements as

fractions of metal ions are considered.

51
Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Medium design

(A)

S 10 0.012
SE S_
= o 081 - 0008 T 8
© E o £
3=l 0004 < &
B2 04 B E

T O
20 02 - 0.000 2 S
o o
== 00 —— =

0.0 0.1 02 03 04 05 06 07
ABF D1.3 scFv, grouped (ELISA oD 450nm)
s 2 80
2.£ 60
88 40
©
Eg 2
co 0
0.0 0.1 02 03 04 05 06 07
ABF D1.3 scFv, grouped (ELISA oD 450nm)
| _

o
sgoe 0.012 B_
T2 06 T 9
o E - 0.008 © E

oy o]

= Y—

55 ™ 0004 o =
c = r O. c ~

@© 1 o
g6 2 58

g0l — —— —— — + loow0 &

= 05 1.0 15 20 25 30 35

CDW, grouped (g/L)

uaﬂZOO

[

< = 150 -

écouoo- H

(]

8 50 -

28 7 %I—l 1

0.5 156 20 25 30 3 5
CDW, grouped (g/L)

Figure 19: Dependencies of the fraction of metal ions: (A) Grouped ABF D1.3 scFv values
and (B) grouped biomass values related to mean values of the particular fraction of metal
ion corresponding to total metal ion concentration with standard error of mean and number
of data points included in each mean value: MgSO, x 7H,0 (e), CaCl, x 2H,0 (o), MnCl, x
4H,0 ('V), CoCly(x).

It can be seen that high Mg-fractions and low Co-fractions respectively (Fig. 19) favour an
increased production of ABF D1.3 scFv. Fe, Cu, Zn, B and Mo are not taken into account
in this context as no clear correlation could be observed. A decrease of the Ca-fraction
accompanied by an increase of the Mg-fraction at higher ABF D1.3 scFv production may
be related to the natural antagonism of Mg and Ca ions [202]. This highlights the im-
portance of Mg for the production/secretion process and the possible unfavourable effect
or replacement of this ion by Ca ions. Interestingly, Fe and Ca could not be determined as
positive effectors of secretion which has been shown elsewhere for other proteins
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secreted by B. subtilis [203]. Low Co-fractions showed both higher biomass formations
accompanied with increased product formation (Fig. 19 A, B). This indirectly implies that
the effect of Co is more global since the gain in biomass is probably directly linked to an
increased product formation or secretion. In contrast to the global effect of Co ions, Ca
and Mg ions seem to have a more specific effect on production and/or secretion efficiency
as, quite interestingly, no clear dependencies of these metal ions can be found concerning
biomass formation (Fig. 19 B). The particular Mn-fractions show no dependencies to
either production intensity (Fig. 19 A) or biomass formation (Fig. 19 B) revealing that this
ion is not limiting or favouring the product or biomass formation for the tested concentra-
tion ranges. Most of the data points considered in this context are related to medium rated
values of ABF production and biomass formation as illustrated at the lower bar diagram
(Fig. 19 A, B). This may be due to the fact that both biomass and product formation were
optimized at once, leading to an optimization approach of one at the expense of the other.

The best medium for the highest production of ABF D1.3 scFv was not simultaneously the
best medium for biomass formation and vice versa. Figure 20 summarizes all 240 tested
media compositions and their related biomass and product formation in one Pareto plot.
The media tested can be grouped according to the control medium relating to higher and
lower product and biomass formation. It becomes obvious that most of the media
compositions tested exhibit a lower product formation and approximately the same
biomass concentration when compared to the control medium. In addition, media with
production and biomass formation higher than the control medium were successfully
achieved.
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Figure 20: Pareto plot for the multi-objective optimization of biomass formation and ABF
D1.3 scFv (240 tested media compositions): 0 gen. (A), 1 gen. (V), 2 gen. (m), 3 gen. (),
4 gen. (o), 5 gen. (x), 6 gen. (o), 7 gen. (o), previously used medium as control (=) (aver-
aged by values of all generations), ¢ BP = medium with best ABF D1.3 scFv production,
BB = medium with best biomass formation, shadowed area (Pareto-optimal solution space,
(PP)).
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Interestingly the optimal medium for biomass formation (BB) had decreasing effects on
the production and differed completely in its metal composition from the optimal produc-
tion medium (BP) or even the control medium (Tab. 5). In parallel, the medium with the
best production of ABF showed no increase in biomass formation compared to the control
medium. This coherency highlights the problem of optimizing two competing target
functions. In general, the aim of reaching high production titers is usually related to a
reduced biomass formation. The target function “production” can be optimized only at the
expense of biomass formation, which is not required for all cases. As can be seen in
Figure 20 at least two of the media compositions show a higher product formation as well
as an equal or higher biomass formation compared to the control medium. These media
are the best for relatively high production combined with high biomass formation and can
be described as Pareto optimal scores of the solution space being a compromise between
production and growth (shadowed area in Fig. 20). To avoid an optimization towards
higher production at the expense of biomass formation finally leading to lower production,
both strategies of increasing biomass and production of ABF should be considered. If
either a high product or a high biomass formation is desired, the compositions of BP
(+117% product) and BB (+84% biomass) are the favoured media. Table 5 summarizes
the compositions of best media for product (BP) and biomass formation (BB) separately
and in parallel (Pareto optimal scores (PP)).

Table 5: Best media compositions regarding production of ABF D1.3 scFv (BP), biomass
formation (BB) and both aims combined (PP) concerning metal ion concentration. Result B
(P) shows the gain respectively loss in biomass formation or production compared to the
control medium.

BB BP PP

Generation 0 1 5 2 4
Result B 84% -1% 28 % 31 % 53 %
Result P -13% 117 % 19 % 38 % 61 %
MnCL x 4H,0 (/L) 428.0 312.0 776.0 432.0 424.0
CaCl,x 2H,0 (rgiL) 684.0 95.4 206.7 227.9 678.4
FeSO, x 7TH,O (mglL) 295 55 393 13.3 16.8

CoCl, (mg/L) 14 6.2 4.7 1.2 14

Concentration CuSO,x 5H,0 (pa/L) 7.5 16.0 20.5 10.3 8.0
ofmetelions H,BO, (pa/L) 155.0 155.0 193.8 181.3 124.0
MgSQ, x 7TH,O (a/L) 1.1 26 22 21 3.0

ZnSO,x7H,0  (uglL) 15.0 15.0 1.1 13.8 25.0

)((I\LI:‘L)ENb?O% (mgiL) 26 2186 12.2 18.4 26

As seen from the results above, the metal ion concentrations have a great influence on
cell growth as well as on production, and respectively secretion. Metal ions play a critical
role in several catalytic enzymes. To therefore allow a deeper analysis of the impact of

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Medium design

metal ions, annotated genome data from B. megaterium parental strain DSM319 was

used to screen for metal-dependent enzymes and their particular function (section 3.24).

It was shown that approximately 400 enzymes being 40% of all annotated enzymes are

metal-ion related. First they were grouped according to their association with the corre-
sponding metal ions and again subdivided into the corresponding enzyme classes related

by EC-nomenclature (Fig. 21).
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Figure 21: Catalytic metal ions occurrence in B. megaterium according to predicted en-
zymes from annotated genome data, subdivision into enzyme classes according to EC
nomenclature and catalytic mode of action. Numbers directly refer to quantity of particular
enzymes. EC1: Oxidoreductases, EC2: Transferases, EC3: Hydrolases, EC4: Lyases, EC5:

Isomerases, EC6: Ligases.
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The different effector ions are on the one hand required for function and/or may also act
by activating and increasing certain enzyme functions, therefore each single enzyme may
be counted more than once. The metal ions themselves can again be divided in two main
subclasses: redox centre catalysis and non-redox centre catalysis. Being directly involved
in the catalytic reaction through performing electron transfer by changing their oxidation
state Fe, Cu and Mo are typical metal ions which are necessary for redox centre catalysis
[204]. In this study oxidoreductases (EC1) which catalyze redox reactions dominate the
pie charts (Fig. 21). Other ions such as Mn, Zn, Mg and Ca mainly act by stabilizing
negative charges and activate substrates by acting as a Lewis acid shown at the electro-
philic activation of P-O and C-P bonds [204]. At this non-redox centre catalysis
transferases (EC2) and hydrolases (EC3) dominate the particular pie charts having a
demand for electrostatic stabilizers and activators such as Mn, Zn, Ca and Mg. These are
directly involved in the function of kinases and phosphatases. Quite interestingly Co acts
in both: catalysis of redox reactions (e. g. at Vitamin B12-generating and -dependent
enzymes) and also functions as Lewis acid by binding and activating particular substrates.

By scanning for secretion signals and transmembrane domains in the protein sequence
data of metal-dependent enzymes, an additional subdivision into cytosol-associated
enzymes as well as membrane and extracellular enzymes becomes possible (Fig. 22).
Here Ca and Co seem to play an important role at the extracelluar level, illustrated by the
increased fraction in membrane associated/extracellular enzymes. Possible interactions
and functional sites of metal ions concluded from literature [205] in combination with these
results from genome annotated data are finally summarized (Fig. 22).

membrane associated,
................ - extracellular

......
! .

intracellular

Figure 22: Occurrence of catalytic metal ions according to the cellular localization of partic-
ular metal associated enzymes related to predictions from sequence data summarized in
an overview of interactions and present functional sites of metal ions (Redox (#) and non-
redox center dependent catalytic activity (o)).

From experimental and genome analysis derived data, Mg was shown to be the key
component of the metal ions tested for biomass generation and especially for production
and secretion of ABFs. Figure 21 demonstrates that one third of all metal-dependent
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enzymes require Mg for activity. The demand for Mg is clearly demonstrated by its
essential role in protein biosynthesis consuming approximately 90% of the energy of a
growing bacterial cell. As an example all known aminoacyl tRNA-synthetases (EC 6.1.1)
and also tRNA methyl- and formyltransferases (EC 2.1.1.31/33, EC 2.1.2.9) require Mg
ions. Furthermore the phosphate complexing activity of Mg ions is important for all
nucleotide- and ATP-dependent reactions of the central metabolism.

In addition to these metabolic functions and protein synthesis related effects of Mg, this
ion may also directly affect the production and secretion processes of ABFs. From B.
subtilis it is known that the cell wall takes up metal ions up to 8.226 pymol Mg/mg cell wall.
This is quite a lot compared to other metal ions with particular adsorption quantities (Na-
2.697, K: 1.944, Ca: 0.399, Mn: 0.801, Fe': 3.581, Ni: 0.107, Cu: 2.990 umol/mg cell wall
[206]). This binding occurs due to anionic polymers (teichonic and teichuronic acids)
which are covalently attached to peptidoglycan [207]. By undergoing this attachment, the
concentration of metal ions in the medium directly affects the net cell wall charge and
supports or hinders the release of secreted proteins through the cell wall, depending on
the individual charge distribution. Certain cations like Ca?*, Fe?* and Mg?* are known to be
required as folding factors for a variety of secreted proteins including alpha amylase and
levansucrase produced by B. subtilis [208]. Beyond that, Mg plays a critical role in the
secretion process itself. It binds directly to the SecA protein, a part of the secretion
machinery with ATPase activity that is also affected by interaction with other components
of the bacterial protein translocation system such as the protein channel SecYEG, lipids
and the secreted pre-protein itself [209]. Mg was found to have a powerful effect on the
binding affinity and turnover of ATP attached to SecA, making this metal ion an indispen-
sable component of the secretion apparatus [210].

For all these reasons Mg is not only a key component for the generation of biomass but is
also needed for the secretion process, functional folding and release through the cell wall
of secreted proteins. When optimizing metal ion concentrations in media compositions the
replacement of metal ions amongst each other also has to be considered. This replace-
ment may result in a decreased activity of the particular enzyme and or even change the
specificity of enzymatic system. Ca and Mg are for instance known as natural antagonists
[202]. The question of why such small amounts of ions may have such a big effect on the
production and generation of biomass may be due to their ability to concentrate ions in the
cell wall [205]. According to specific Mg transport systems which are also present in
B. megaterium (CorA and MgtE), no interactions or competitions related to different metal
ions were reported [211], so that inhibitory effects among the ions according to transport
can be neglected.
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4.2.4 Statistical DoE — optimization of MgSO, and (NH,).SO, concentrations

Beside different carbon sources, metal ion and inducer concentrations, (NH;),SO,4 as a
primary nitrogen source was also a major focus of media optimization. Therefore shaking
flask experiments were carried out according to a CCD varying MgSO, x 7H,O and
(NH,).SO4 concentrations with different combinations (Tab. 4). By direct comparison of
the maximal achieved product titers distinct effects of Mg and NH, concentrations on ABF
production became observable. Based on these data sets, a quadratic model was fitted
and an optimal media composition for ABF D1.3 scFv production was predicted by
applying 25 g/L (NH4).S0O,4 and 2.78 g/L MgSO, x 7H,0 (Fig. 23).

Related to ABF production both components seem to complement each other which is
illustrated by the fact that for higher Mg concentrations maximal product titers can easily
be achieved at lower NH, concentrations (Fig. 23). This may indicate that Mg and NH,4
ions have the same site of action. NH, is only less metabolized during growth and
production (data not shown), so that the nitrogen source cannot be considered as a
limiting component for production but rather for secretion of ABFs.
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Figure 23: Central Composite Design (CCD) of different concentrations of MgSO,4 x 7H,0
(g/L) and (NH,4).SO, (g/L) (Tab. 4). Different colors and numbers represent the amount of
ABF D1.3 scFv produced (ODgysa 450 nm) @nd fitted according to a full quadratic model. The
experimental setup in the center point was carried out twice for statistical considerations.

Studies regarding cell wall composition and properties of B. megaterium demonstrated
that the overall stability of the cell wall is affected by changes in environmental ionic
strength and pH [212]. Electrostatic attractions seem to play a major role in determining
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the compactness of highly contracted walls. It was shown that the walls responded to
increased environmental ionic strength by expansion [212]. Therefore the increased
concentration of NH, and also Mg ions in the cultivation medium may lead to a shift in the
ionic charge distribution resulting in the expansion of cell wall structures. These more
porous structures may at least favor a more efficient ABF secretion and release through
the cell wall. Beside these considerations of wall porosity, the charge and ion distribution
of the cell wall may also directly affect the secretion efficiency. Another reason might be
that an increased osmolarity in the culture medium triggers a certain stress response
leading to favorable folding conditions. This was e. g. shown for P. pastoris where the
unfolded protein response (UPR) was a result of higher present osmolarity [213].

4.3 Single cell analysis

4.3.1 Membrane potential

For microbial bioprocess development it is most important to monitor cellular stress
response related to cell viability as such information can directly correlate to the overall
process efficiency [214]. This can be realized by measuring MP and membrane integrity.
The MP is primary coupled to the [H'] gradient of a cell, which itself is a direct parameter
for the essential ATP generation capacity. The underlying [H'] gradient is generated by
the electron transport through the electron transport chain. This again is related to the
NADH, availability and is therefore directly associated with the metabolic activity of every
single cell. Changes in MP are consequently the most sensitive indicators for culture
status estimation whereas cell membrane integrity measurements relate to more distinc-
tive parameters like compromised cell membrane and cell wall structures.

To estimate particular MPs diverse approaches were followed by using different fluores-
cent probes such as 3,3-diethyloxacarbocyanine iodide (DiOCy(3), [173]), 3,30-
dihexyloxacarbocyanine iodide (DiOCg(3), [214]) and bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DIBAC4(3), [215]) . DiOCg(3) and DiOC,(3) are positively charged
lipophilic fluorescent probes which bind to the membrane of actively growing cells and
were already used to successfully estimate the MP of Gram positive bacteria [216].
DiBAC,(3) provides lipophilic properties as well as an anionic charge therefore not being
able to pass through polarized membranes of living bacteria. Instead the dye was shown
to only enter cells when the MP is depleted where it can bind either specifically to
positively charged proteins or less specifically to hydrophobic regions [216].

4.3.1.1 Validation of used fluorescence dyes

Different dyes used to estimate MP measurements like DiIOC,(3), DiOCqg(3), DIBAC,(3)
were tested considering their applicability for optimized concentration and incubation
times (Tab. 6). MPs were evaluated according to the maximal signal difference between
carbonyl cyanide m-chlorophenylhydrazone (CCCP) treated cells from exponential phase
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(control for depolarized cells) [173] and exponential growing cells (polarized) at particular
combinations of incubation time and applied dye concentration. The higher the difference
the more precise was the final resolution of MP estimations. Here the resulting mean
values of the specific fluorescence concentrations (FL-FC) of particular fluorescence
distributions or regions respectively were taken into account. When staining the cells with
DiOC, the ratio between red and green fluorescence was analyzed as described before
(section 3.15). In the underlying dye evaluation DiOC5(3) and DiOCg(3) where shown to
increasingly stain polarized cells whereas DIiBAC,(3) instead predominantly stained
depolarized cells.

Table 6: Dye screening for MP estimation; overview of different dyes used to estimate MP
of B. megaterium cells, optimized concentration ranges and incubation times with their
particular effect on sidewards scatter (SS) and electronic volume (EV); the mean values
and particular standard deviations are based on all samples throughout a bioreactor cultiva-

tion.
Dye DiOC,(3) DiOCs(3) DiBAC,(3)
ﬂlnc;reasun\g Red (675 nm) / Green Green
uo gsce ce green (525 nm) (525 nm), (675 nm),
according to cell
ratio, polarized polarized depolarized
status
Concentration 4-80 0.015-0.4 0.02-3
range (M) ' ' '
Incubation time
range (min) 0-43 0-36 0-43
Maximum Concen- 14 0.365 2.1
difference to tration (uM) ' '
depolarized cells | |ncubation
with CCCP time t (mm) 5<t <27 5<t<28 2<t<4
SS (%xSD) -18 (+8) -14 (16) -47 (18)
Influence on
EV(%+SD) -19 (5) -54 (15) -84 (18)

Interestingly the signal intensity over time was stable for DiOC,(3) and DiOCg(3) staining
(5 <t < 28 min) whereas is the case of DIBAC,(3) the staining of depolarized cells
decreased during the incubation time and remained stable only for a short time period (2 <
t <4 min). This may be due to the different chemical properties of DIBAC4(3) as an oxonol
stain (negatively charged) compared to DiOC,(3) and DiOCg(3), which are carbocyanides
(positively charged) [173]. Optimal dye concentrations and incubation times were tested in
bioreactor cultivations with multiple sample points throughout different growth phases. The
effects on SS, granularity respectively and EV, shown in Table 6, were estimated from a
bioreactor cultivation comparing the SS and EV values of all dyed samples to non-dyed
samples. The mean value of the particular difference and its standard deviation were
determined. This direct application revealed dye dependent effects on single cell proper-
ties like the EV and SS. Although DIiBAC4(3) and DiOCg(3) were most efficient in
distinguishing polarized from depolarized (CCCP treated) cells the dyes showed no
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explicit application on bioreactor cultivations samples. This may be due to the fact that
these dyes both change SS and EV signals up to 84% leading to non-significant
measurements. On the contrary, DiIOC4(3) could be easily applied to estimate MP and
was at the same time the dye with minimal influence on single cell properties like EV and
SS. It should be stressed that it is indispensable to individually develop protocols and
assays for the particular organism of interest. Although DIBAC,4(3) and DiOCg(3) were
capable of measuring MP in calibration experiments they were found not to be effective
for physiological cell characterization in bioreactor cultivations. This may be due to
changes in cell properties related to cell wall and membrane structures caused by an
increased shear stress in bioreactors compared to shaking flask experiments. Cell wall
and membrane structures may influence the characteristics of dye binding [216]. However
DiOC,(3) was found to be most applicable dye in describing the status of cell membrane
polarization under bioreactor culture conditions (Tab. 6). This better applicability may be
related to the applied higher concentrations of the DIOC,(3) dye. The main staining
principle which is based on the saturation and agglomeration at polarized membranes
probably results in a more robust assay [216]. DiOC,(3) was chosen for the following
experiments as the optimal dye to estimate MPs with indicated concentration and
incubation times guaranteeing sensitive and robust measurements.

4.3.1.2 MP estimation

For cell viability measurements it is most important to have appropriate and efficient
controls to ensure data reliability and consistency. Figure 24 illustrates the reproducible
measurements of DiOCy(3) stained cells which were evaluated according to the FL3/FL1
ratio method as described in section 3.15.

w
o
o

700
W‘ E
600 - ——exponential
——CCCP treated
500
——dead (heat killed)
[
o
c 400 ——stationary
e
=3
Q
o
(<]

N
o
o

100 -

05 0 05 1 15 2 25
ratio (FL3/FL1)

Figure 24: Membrane potential measurements of B. megaterium cells producing ABF D1.3
scFv. DIOC,(3) staining and subsequent FL3/FL1 ratio analysis regarding different growth
stages (exponential and stationary) and treatment with heat and CCCP as negative con-
trols.
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Cells from the exponential growth phase compared to dead cells (heat treated) and as
controls for the depolarized status stationary cells as well as CCCP treated exponential
phase cells were being used. The DIiOC,(3) dye is assumed to enter polarized cells in
such an amount, that the normally green fluorescence dye exhibit increased red fluores-
cence properties most likely due to agglomeration of dye molecules [173]. Therefore an
increased red fluorescence directly reflects the state of optimal membrane polarization
and the enhanced metabolic activity of the corresponding cell population. Intensity values
are normalized to the green fluorescence signal according to cellular size. Stationary cells
show the same fluorescence pattern as CCCP treated cells thus verifying the applicability
of the staining method for MP estimation. Moreover a distinct separation of polarized
versus depolarized cells is also illustrating the high sensitivity level of this detection
method. As no real MP has been estimated so far for B. megaterium, a calibration
between the measured fluorescence intensities and the existing MPs was performed.

The calibration with different potassium [K'] ion concentrations accompanied with
valinomycin treatment was carried out to artificially emulate certain MPs according to the
method of Novo et al. (1999) [173]. These calculated MPs were correlated to measured
DiCO,(3) fluorescence signal intensities of B. megaterium cells which were producing ABF
D1.3 scFv. From the applied [K'] concentrations, the particular MP was determined using
the Nernst Equation and related to the measured FL3/FL1 ratio values of particular
samples. A strong linear correlation could be observed for a wide range including
saturation values on both sides of polarized and depolarized cells showing a sigmoidal
curve trend (Fig. 25). At the maximum a membrane polarization of -50 mV could be
determined which may be due to the fact that ABF producing cells were measured (other
cell types showed MP of -120 mV [174]). Despite this the observed linear correlation
clearly shows that the staining intensity of DiOC,(3) can be directly correlated to the MP
created by the applied [K] concentrations thus again highlighting the sensitivity and
applicability of the method.
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Figure 25: MP calibration related to DiOC,(3) stain FL3/FL1 ratio analysis of B. megaterium
YYBm1 (EJBmD1.3scFv) producing ABF scFv D1.3. MP was simulated by valinomycin and
potassium [K'] addition and calculated by the Nernst equation. Error bars representing the
coefficient of variation values of particular FL3/FL1 distributions.

4.3.2 Cell integrity

Apart from MP estimation the cell integrity is also an important parameter for bioprocess
evaluation especially during long-term starvation periods. Here the differentiation between
dormant depolarized cells and dead cells indicated by a compromised cell membrane is
most desirable. Dye combinations of DIBAC,(3) and Pl were tested in B. megaterium cells
which were taken from exponential growth phase and either untreated or heat-inactivated
(Fig. 26). Different mixtures of these cells were investigated and could be directly
correlated to the resulting clusters representing the differentiated populations. Figure 26
clearly shows the applicability of the dye combination for the correlated data. Here the
fluorescence concentration (FL-Fc) was considered to ensure accurate measurements of
fluorescence intensities related to the particular cell volume.

In case of heat-inactivated cells Pl should be able to enter the cell and intercalate into
nucleic acid structures due to porous membrane and cell wall structures thereby increas-
ing its fluorescence intensity. Such treated cells are also expected to show a higher green
fluorescence due to DIBAC,(3) staining related to the depolarized MP. However only an
increased red fluorescence was measurable probably related to the Pl dye showing
certain quenching properties towards the green fluorescence of DIBAC,4(3).

When using PI as an indicator for cell membrane integrity it has to be taken into account,
that even highly reproductive cells show an increased PlI-staining besides dead cells
[217]. Furthermore significant variability in uptake patterns of nucleic acid binding dyes by
Gram positive bacteria were shown before [218].
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Figure 26: Live/dead test of B. megaterium YYBm1 (EJBmD1.3scFv) producing ABF D1.3
scFv with dye combination of DIBAC,4(3)/PI. (A) DIBAC,(3)/PI stain: 50% dead cell, 50% live
cell mixture, (B) calibration curve determined via different mixtures of dead (heat killed) and
live (exponential phase) cells after particular gate analysis.

4.3.3 Production intensity

Further process relevant methods focus on discriminating distinct information which are
related to single cell productivity e. g. to develop a reliable method for differentiation high
producing from low or non-producing cells. It has to be clarified whether a reduced
productivity is due to less effective production in every single cell or to differentiated cell
populations of producing and non-producing cells. Under normal circumstances only
average values are taken into account. Especially for high cell density cultivations,
population analysis may lead to totally new insights into reduced specific productivities
revealing the actual bottleneck of production and/or secretion.

To gain deeper insights in single cell production intensities of B. megaterium cells which
were secreting ABF D1.3 scFv, a specific detection assay was developed. As shown in
Figure 27 A the lysozyme treatment is indispensable to make the ABF accessible for
detection ABs. After fixing the cells with paraformaldehyde the secreted AB is stuck to the
cell surface making it accessible for immunohistochemical detection by specific ABs.
Detection of secreted ABF D1.3 scFv is done by using an anti-penta His AB followed by a
species-specific anti-mouse AB which is coupled to the fluorochrome Alexa Fluor 488.
With this detection protocol ABF-producing cells can be detected using different methods
such as FCM or CLSM.
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Figure 27: Production intensity assay-validation; lysozyme treatment of B. megaterium
YYBm1 (EJBmD1.3scFv) producing ABF D1.3 scFv for assay evaluation distinguishing
between producing and non-producing cells; (A), (B) different lysozyme concentrations and
their effect on staining intensities with second Alexa Fluor 488 coupled AB; (C) Immuno-
FESEM picture of ABF D1.3 scFv secreting, lysozyme treated B. megaterium cells incubat-
ed with a second gold coupled detection AB; (D) Confocal Laser Scanning Microscopy
(CLSM) picture of B. megaterium cells, lysozyme treatment combined with second Alexa
Fluor 488 coupled detection AB.

In the experimental screening with different lysozyme concentrations not all cells were
secreting ABFs, a phenomenon which is shown by the two overlapping distributions (Fig.
27 A). These distributions were even separated when applying higher lysozyme concen-
trations, where a saturation of the fraction of stained cells was reached (Fig. 27 B).
Control treatments were carried out to check for unspecific binding of first or second
detection ABs which were at least negligible and could further be reduced by additional
wash steps. The CLSM technique was used to illustrate the specific labeling of ABF D1.3
scFv producing cells by fluorochrome Alexa Fluor 488 coupled detection ABs (Fig. 27 D).
ABFs were detected in the space between cell membrane and cell wall indicated by green
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ring structures. In addition, immuno field emission scanning electron microscopy (Immu-
no-FESEM) was used to detect certain regions of secretion on the cell surface in detalil
(Fig. 27 C). Here a second AB coupled to gold particles was used to make these regions
visible. For B. subtilis similar investigations showed that the Sec apparatuses are located
at specific multiple sites by being organized in spiral like cluster structures along the cell
[104]. Both presented methods reveal cells with higher labeling or less labeling patterns
therefore giving hints on production and secretion heterogeneities within the bacterial
population.

When further examining the production intensities of ABF producing B. megaterium two
different lysozyme concentrations (0.5; 0.25 mg/L) were being applied to check for
accumulation of ABFs at the cytoplasmatic membrane and within the cell wall structures
as well. Based on the microscopy data, the used detection ABs can be considered as
surface markers and, as such, a quantitative fluorescence surface density (FSD) can be
estimated from the raw data of EV and FL1 values.

The interpretation of estimated FSD is done by differentiated region analysis. As shown in
Figure 28, two regions were clearly defined. The first region included all measured cells
whereas the second region comprised only cells which were labeled with detection ABs
and therefore had an ABF producing status. The ratio of the particular fractions of cells
was taken and weighted with the mean fluorescence value of the second region. Thereby
a quantitative parameter which stands for the production intensity (Prod_Inten) of the
whole cell population was defined and used as a parameter for bioprocess monitoring
(Equation 8).

(A) (B) (C)
100 50 — 100 ~ region 1
region 2
50 H 25 50 -
o - 0 g i
4 Su 6L 7w 8. 100 101 102 103 104 102 101 100 101 102 103 104
EV FL1 FL1-FSD

Figure 28: Production Intensity evaluation; FL1 Fluorescent Surface Density (FL1-FSD)
distributions combined from electronic volume (EV) (A) and FL1 (B) data sets. Direct com-
parison of ABF D1.3 scFv producing (blue) and non- producing cells (grey) (C). Different
region (1, 2) settings to calculate production/secretion intensities of B. megaterium cells as
shown in equation (8).

6
Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Process development

% cell reg2

Prod_Inten = X mean FL1 (reg2) (8)

% cellsreg1

To determine the secretion rates of yeast cells several other methods which relied mostly
on artificially created affinity matrices have been developed before [219, 220]. However
the developed method displays a simple and robust technique which is simply based on
fixation and lysozyme treatment of B. megaterium cells. Although cells have to be
considered as dead after paraformaldehyde treatment they could be sorted by a FACS
and subsequently be analyzed on transcriptome or proteome level [221, 222]. Even
plasmid banks of B. megaterium could be used for screening for high producers similar to
library screens of scFv libraries e. g. in yeast systems [223, 224].

4.4 Process development

4.4.1 Batch culture

Based on the optimized minimal medium, batch cultivations were carried out and single
cell analysis was performed under controlled bioprocess conditions to study the D1.3 scFv
ABF production and secretion with B. megaterium at different cultivation stages.

The established methods for MP measurements, viability considerations and specific
investigation regarding the production status of B. megaterium cells producing and
secreting ABF D1.3 scFv were applied on samples of a bioreactor cultivation showing the
potential of at-line flow cytometric data analysis on a single cell level for bioprocess state
estimation.

As depicted in Figures 29 A and B the estimated MP by staining with DiOC,(3) could be
clearly assigned to different growth phases of the particular B. megaterium cultivation.
Especially during the exponential growth phase the polarization status of the cells reached
a maximum indicated by the FL3/FL1 ratio analysis. As soon as the carbon source
fructose was depleted the DO concentration immediately started to increase (Fig. 29 B)
paralleled by a remarkable decrease in FL3/FL1 ratio which directly reflected the reduced
MP of the cells. During the next 10 hours of starvation phase the MP further decreased to
low constant values which correlated with cells in the stationary phase as shown before
(Fig. 24).

Interestingly the measured FL3/FL1 ratio values and corresponding MPs (Fig. 29 C, D)
showed a linear correlation between the specific CO, production (QqCO,) and O, consump-
tion rates (qO,). This illustrates a direct relationship between the cellular MP and the
microbial metabolic activity represented by CO, production and O, consumption. The
correlation holds for any growth phase as the proportionality constant is equal for both qO,
and qCO; variables.
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Figure 29: MP investigations of B. megaterium (YYBm1 (EJBmD1.3scFv)) cells produc-
ing/secreting ABF D1.3 scFv in a bioreactor cultivation (15 g/L fructose, DO>20%, 1L). (A)
DiOC,(3) stain of cells analyzed with ratio analysis of FL3/FL1 values, related to cell dry
weight biomass measurements, (B) dissolved oxygen (DO), fructose concentration and
resulting growth phases, (C), (D) correlation between specific CO, production (qCO,),
specific O, consumption rate (qO,) with MP measurement deduced from MP calibration and
FL3/FL1 ratio analysis.
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Another important factor which was also measured for the same bioprocess were changes
in cellular membrane integrity of B. megaterium. The applicability of the live/dead assay
as a sensitive method for detecting changes in membrane integrity has already been
verified in this study and was thus used to analyze differences in particular cell popula-
tions, especially in the late stationary phase (Fig. 30 A). It also had to be taken into
account that cell characteristics of unstained cells like SS and EV were remarkably
affected throughout the cultivation (Fig. 30 B). Especially the EV decreased to about 50%
when the culture developed from exponential to stationary phase. Keeping this in mind
distinctive effects regarding staining intensity and behavior might occur. Changes of the
physiological status of a cell can have an effect on cell size and granularity. For instance
protein or polyhydroxybutyrate (PHB) cell content has been shown to depend on particular
growth phases [140, 225-228]. In addition, a growth phase dependent behavior of B.
megaterium cell size arises from cell chain formation and disintegration. In case of chain
formation, it is not possible to know if these chains are further separated into single cells
through the hydrodynamical focusing of the flow cytometer. In the device used here, the
equivalent size and fluorescence are estimated for every “event”, i.e. for every counted
particle regardless of it being a single bacterium or a chain of bacteria. Therefore
normalization of fluorescence was performed for each "counted" event either belonging to
a single cell or cell-cell conglomerates. In this case EV values were used to normalize the
different data sets by calculating the fluorescence concentration (FL-FC). Region analysis
of dot plots (FL1-FC vs. FL3-FC) was done and percentages of cells in particular regions
were determined for all sample points (Fig. 30 A, C). For the exponential and stationary
phases an increase of cells with higher red fluorescence could be detected. The fraction
of Pl-positive cells of the exponential phase might be due to loosened cell wall structures
of fast dividing cells, which has been shown to be the case for other bacteria before [217].
During the stationary phase the higher amount of Pl-positive cells was possibly a result of
reduced and permeated cell wall/membrane structures caused by enhanced autolysin
activity [218, 229].
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Figure 30: Viability investigations of a bioreactor cultivation of B. megaterium cells (YYBm1
(EJBmD1.3scFv)) producing/secreting ABF scFv D1.3 (15 g/L fructose, DO>20%, 1L). (A)
DiBAC,(3)/PI stain of samples, percentages of Pl+ and PI- cells according gate analysis of
FL1-FC and FL3-FC dot plots. (B) Sidewards scatter (SS), electronic volume (EV) mean
values related cell dry weight characteristics at different growth phases of unstained cells.
(C) Population analysis of DIBAC,4(3)/PI stain related increased red fluorescence at late
cultivation time points.
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In the last two sample points a separation into different populations became observable
(Fig. 30 C; 2, 3). An original homogenous population transformed into two distinct
fractions which may be related to a population dynamic behavior of long term starvation
cultures. Therefore detected Pl-positive cells which reached the stationary phase should
rather be considered as dormant or partially damaged (Pl permeable) than as totally dead

cells.
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This bioprocess was also analyzed in terms of ABF D1.3 scFv production regarding the
efficiency of secretion of single cells and the overall product yield. Therefore the
previously defined production intensity was determined via fluorescence labeling. The
functionally secreted and folded ABF D1.3 scFv was measured in the supernatant by an
ELISA assay and normalized to the measured cellular dry weight (yield coefficient, Y px).
These two calculated parameters “production intensity” and “Y px” were directly compared
(Fig. 31). To get an idea of the secretion efficiency of ABFs through the cell wall, different
lysozyme concentrations were applied after cell fixation. By using a high concentration of
lysozyme it can be assumed that the measured values directly reflect the total amount of
ABFs accumulated behind the cell membrane. In contrast when applying low concentra-
tions of lysozyme only a part of generated ABFs within the cell wall structures might be
detected due to a only partially degradation of cell wall components.

In the investigated batch process, different phases of production could be clearly
distinguished. The first phase right after induction showed a remarkably increase in the
production intensity at both 0.025 g/L and 0.5 g/L lysozyme treatment (Fig. 31). The
product yield remained low and has to be carefully interpreted as the detected concentra-
tions of the secreted ABF were in the range of the lowest detection limit. During
exponential growth both the production intensity as well as the product yield remained
constant which was related to growth coupled production behavior. Here the increase in
biomass directly favored higher concentrations of functional folded ABFs in the superna-
tant in the same range (Fig. 31 B). A detailed view reveals higher production intensities
during the late phase of exponential growth. Of particular importance is the time shift
observed for this phenomenon in case of different concentrations of lysozyme treatment.
At lower lysozyme concentrations the shift to higher production intensities was delayed for
one hour compared to lysozyme treatment with higher concentration. A possible explana-
tion for this fact might be that the generated ABFs first accumulated behind the cell
membrane before they were secreted. This delay of the secretion process could also be
seen during the stationary phase. Here a sudden increase in production intensity of both
lysozyme treatment approaches was paralleled by a delayed increase in the production
yield. A definite decrease in production intensity related to single cell analysis was shown
for the late stationary phase, which was most possibly due to starvation and cell inactiva-
tion. However the ABF concentration as well as the biomass concentration were not
affected and remained at a constant level.
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Figure 31: Product yield (Ypx) and production intensity measurements of B. megaterium
cells producing/secreting ABF D1.3 scFv in a bioreactor cultivation (15 g/L fructose,
DO>20%, 1 L). (A) Growth phase dependent product yield (Yp;x) and production intensity of
ABF D1.3 scFv production and secretion. Production intensities were determined by apply-
ing different lysozyme concentrations; (B) relation to growth phase dependent dissolved
oxygen (DO), absolute ABF D1.3 scFv and cell dry weight (CDW) concentration.

As the time courses of the product yield Y px and the production intensity are both
coupled for most of the cultivation time, it can be concluded that the processes of
biosynthesis and membrane associated secretion of ABFs inside the cell are directly
related to the final secretion and functional appearance outside the cell in the supernatant.
Interestingly the measured production intensities of the particular lysozyme treatments
showed more distinctive differences at phases of higher production. This stresses that the
cell wall itself is a barrier which has to be overcome by secreted ABFs. Therefore,
especially for states with high production, the cell wall may be regarded as a bottleneck
concerning the observed overall process productivity, since it delays the product transport
thus increasing the secretion time at single cell level.

Through analysis of MP and production intensities no population heterogeneities within
the different growth and production phases became observable. This is most probably due
to the well-controlled bioprocess parameters guaranteeing ideal mixing conditions with
optimal temperature, pH-control and no oxygen limitation.
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Cell integrity, MP and production intensity measurements revealed clear changes in the
particular cell states at the transition from exponential to stationary phase. Here the
question arises if depolarization of cells during the stationary phase which was accompa-
nied by a decrease in membrane integrity may be directly related to the gain in production
and secretion of ABF D1.3 scFv. It was shown before that by decreasing the polarization
status of a cell a better secretion performance of proteins may occur. This was due to
changes in cell structure caused by a higher autolysin activity which resulted from
changes in the cell wall charge distribution [229]. Therefore the MP can be indirectly used
to estimate enhanced production and secretion of ABF D1.3 scFv by B. megaterium and
might therefore be a relevant parameter for further process control. By the analysis done it
was discarded that cells in the early stationary phase 2-3 h after fructose depletion should
be considered as dead and, therefore, lyse and release ABFs in a high amount. It was
shown that entirely depolarized cells in a dormant status are totally recovered by fructose
addition after starving periods of up to 4 h (results not shown).

This key experiment of a typically batch process with its increased stationary phase
coupled production and secretion of ABF D1.3 scFv was taken as a basis for an advanced
process control of an adapted fed-batch process which will be further explained in the
following section.

4.4.2 Fed-batch culture

The generation of an appropriate bioprocess control for reaching high cell densities with
guaranteed high productivities was the main focus of the subsequent investigations. For
improving the production of ABF D1.3 scFv by B. megaterium several common methods
of fed-batch control principles were tested (Tab. 7). Although high cell densities were
reached, the production rates decreased right after starting the feeding. The cells were
also less productive at the stationary phase which might have been expected differently
from former batch experiments. Therefore an adapted feeding strategy based on a time-
depending oscillating growth rate strategy was developed.
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4.4.2.1 Process strategies - overview

Multiple process strategies for ABF D1.3 scFv production were tested. The particular yield
coefficients and kinetic parameters were calculated and are summarized in Table 7.

Table 7: Overview of different scales and cultivation strategies applied for production of
ABF D1.3 scFv by B. megaterium YYBm1.

shaking e e
flask
DO Mset = Mset = -
feed strategy |- - constant ozt G 0.3 Mset = coOs(t)
Mmax= Mmax=
0.3 0.4
"°'“";E)S°a'e 0.1 1.0 1.0 7% 3.0 34 31 3.1 57.4
fructose conc.

bateh /L) | 5° 150  50.0 5.0 5.0 50 50 27 2.7

fructose conc.

foed (glL) ; - 80.0 10 (50) 20.0 30.0 2250 225.0
CDW (g/L) 2.2 80 200 254 17.4 55 100 4.4 4.5

ABF D1.3 080 300 1.00 3.0 0.75 110 065 11.90 5.14
scFv (mg/L)

ABF D1.3 008 300 100 990 2.25 3.74 202 36.89 295.04

scFv (mg)

Y ws (g/9) 045 053 040 055 0.61 041 061 045 034
Yex(mg/g) | 036 038 005  0.12 0.04 020 006 270 1.13
Yes(mglg) | 016 020 002 0.6 0.03 008 004 121 0.39
d”’?;"i”)‘ M) | 450 140 190 185 160 260 170 260  28.0
productivity | o0 021 005 054 014 014 012 142 1054

(mg/h)
specific
productivity | 0.024  0.027 0.003  0.006 0.003 0008 0.004 0.104 0.040
(mg/g/h)
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Batch cultivations in bioreactors were shown to be more effective in production of ABF
D1.3 scFv compared to shaking flask cultivations which was probably due to the optimized
process control of constant pH and DO regulation. The batch mode is yet limited in
reaching high cell densities as overflow metabolites like acetate were produced which
made the process less efficient and was leading to inhibition of growth and production
(Tab. 7, batch with 50 g/L initial fructose concentration). Therefore fed-batch techniques
based on exponential feeding profiles of constant growth rates of 0.3 (1/h) and 0.15 (1/h)
were tested. It could be shown that for lower specific growth rates an overall higher
specific productivity could be reached. This indicates a less growth associated production
and secretion behavior of ABF D1.3 scFv production. A DO adapted controlled feeding
strategy and constant feeding rates were also less successful in reaching higher produc-
tivities. In contrast the established p oscillating feeding profile, explained in detail in the
following, was found to be most effective in production and secretion of ABF D1.3 scFv
with a specific production rate of 0.104 mg/g/h.

4.4.2.2 Ratio screening: growth phase — production phase

Based on the coupled increased production and secretion properties during the stationary
phase a fed-batch process with different durations of growth phases and starving phases
was tested. This was realized by the addition of appropriate amounts of nutrients
guaranteeing a distinctive time spend of unlimited growth combined with different
durations of starvation phases. The particular specific productivity was related to the
actual ratio of growth and production times as shown in Figure 32. An optimal ratio of

growth (1.5 h) to starving phase (0.5 h) with a value of 3 was calculated and used for
subsequent bioprocess control.
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Figure 32: Screening of different time spends of growth phase and starving phase related
to specific production rate of ABF D1.3 scFv (qp) in B. megaterium YYBm1
(EJBmD1.3scFv). (A) q, related to absolute duration, (B) gp related to ratio of growth and
starvation time spends.
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4.4.2.3 Oscillating fed-batch

To ensure high productivity during the stationary phases together with suitable cell
proliferation and sufficient nutrient supply, a fed-batch strategy with time-dependent p-
oscillating feed control was established. A brief overview of the control strategy is given in
Figure 33. lts principle is based on an exponential feed control algorithm with a time
dependent specific growth rate control which is based upon two cosine functions (section
3.12, equation 3). This function was chosen to avoid abrupt feed changes causing over-
feeding or sudden increase in overflow metabolites like acetate.

COo, 0,
N ‘ rTTr
» CER
— Bluesens®
exhaust gas
h 4 analysis
S
t ul] X
M set—0.25 (1)
—
t | DO > 20% |
M set( ) Y
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potential
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ABF
; | o |
[ Talance ] Secretion
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Figure 33: Overview of the control mechanism to create a y-oscillating feeding (F) strategy
adapted to the particular biomass concentration (X) present. The biomass is estimated via
the exhaust gas analysis related to CER (CO, evolution rate) and to the current growth rate
Mset-0.25- Mset IS time dependent and based on two cosine functions with a defined maximal
growth rate pmax- The underlying cultivation volume (V) in the bioreactor is corrected by
sample and feed volume.

The current biomass was estimated by CER and the particular time dependent growth
rate (Fig. 34 A). This growth rate was back shifted due to the adaptation delay of the
active growth rate and was taken from former experiments. As shown in Figure 34 A, the
cosine function was modified to ensure a well-defined ratio of growth and produc-
tion/starving phases, respectively. A growth phase of 1.5 h with a maximal growth rate of
0.3 (1/h) was followed by a starving phase of 0.5 h.

This strategy could successfully be implemented into the process represented by
measured DO concentrations and exhaust gas analysis (O,, CO,) based CER and OUR
plots (Fig. 34 B). As shown in Figure 34 C measured CDW values were directly compa-
rable to the online CER-based estimated data. Based on this process information, a feed
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profile was successfully adapted (Fig. 34 D) ensuring an automated robust control of the
process guaranteeing comparable starving and growth phases. Measured fructose and
acetate concentrations were negligible as the applied carbon limiting feeding strategy
avoided over-feeding. As expected, xylose was not metabolized and its concentration was
kept around 5 g/L (data not shown).
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Figure 34: Process control of p oscillating fed-batch strategy of a B. megaterium YYBm1
(EJBmD1.3scFv) cultivation; Overview of process control variables during the oscillating
fed-batch. (A) Pset and Psetr0.05 Were given by a cosine function with a defined .y value of
0.3 (1/h). (B) Dissolved oxygen (DO) concentration and calculated oxygen uptake rate
(OUR) and carbon dioxide evolution rate values (CER) were measured online and show
clear trends in growth and starvation phases. (C) Biomass was calculated based on pget.0.25
and CER and was related to the biomass concentration measured. (D) The feeding rate
was successfully adapted and was the direct control parameter for particular phases of
growth and starvation.
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Having a closer look at the absolute biomass and ABF amounts during the oscillating fed-
batch, certain dependencies become observable as shown in Figure 35. While the
biomass increases steadily, the specific production rate is mostly boosted during the
controlled starving phases of the process (Fig. 35 A).
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Figure 35: Production and biomass formation at p oscillating fed-batch strategy of a B.
megaterium YYBm1 (EJBmD1.3scFv) cultivation; (A) Specific growth rate and production
rate of ABF D1.3 scFv in the y oscillating fed-batch at growth and starvation phases (grey
shaded). Numbers correspond to particular flow cytometric analysis of MP measurements
and production intensity measurements shown in Figure 36 and 37; (B) absolute concen-
tration of ABF D1.3 scFv (mg) and CDW (g) throughout the cultivation; (C) single cell
analysis of ABF production status of cells done by immune labeling (production intensity
assay), median analysis of particular fluorescence distributions of FL1-FSD at low (0.025
mg/mL) and high (0.5 mg/mL) applied lysozyme concentrations.

Another assessed parameter during the cultivation was the polarization status of the cells
using the established fluorescence labeling assay based on DiOC, staining (Fig. 36).
CCCP-treated cells which feature a total collapse of MP were used as a control. As shown
in Figure 36, cells originating from a polarized cell status from the exponential batch
phase were clearly depolarized at the transition from exponential to the stationary phase.
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The depolarization increased significantly during the starving phase and could be
timewise correlated to an increased secretion of ABFs.
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Figure 36: MP estimation at p oscillating fed-batch strategy. Single cell analysis of the MP
of B. megaterium cells (YYBm1 (EJBmD1.3scFv)) secreting ABF D.13 scFv at different
cultivation time points corresponding to particular sample numbers (Fig. 35). Cells were
stained with DiIOC, and analyzed by FCM in parallel to the cultivation. Data analysis was
done by FL3/FL1 ratio calculation. CCCP was used as negative control to depolarize cells.
The arrow indicates the shift from a polarized to a depolarized cell status.

Immune fluorescent labeling of producing cells shown in Figure 37 clearly illustrated a
fluorescent shift of the cell population towards decreased fluorescence intensities during
the time course of the stationary phase. It was shown that for increased secretion the cell
population developed a wider distribution characteristic. This illustrates that the behavior
of particular cells differs distinctively from each other and highlights the big advantage of
this single cell approach compared to average value measurements.

It can be assumed that ABFs produced during the growth phase are increasingly secreted
throughout the stationary starving phase. These findings could also be confirmed by
analyzing median-values of particular FL1-FSD distributions using different lysozyme
concentrations (Fig. 35 C). The decrease in fluorescence intensity was mostly paralleled
by an increased secretion of ABFs (specific productivity) during the late stationary phases.
By applying different lysozyme concentrations, a dynamic pattern of secretion became
observable (Fig. 35 C). The fluorescence intensities measured when applying low
lysozyme concentrations may correspond to the release efficiency through the cell wall as
mentioned before (section 4.4.1). On the contrary, investigations made at higher lysozyme
concentrations relate to the amount of ABFs between cell wall and cell membrane. These
measurements may give an idea about the secretion efficiency through the cell membrane
itself. Beside the increased secretion of ABFs in the stationary phase it could also be
shown that the overall secretion was intensified during late stages of the whole cultivation
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indicated by an overall higher fluorescent labeling when applying both lysozyme concen-
trations (Fig. 35 C).
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Figure 37: Single cell analysis of production intensity at p oscillating fed-batch strategy; B.
megaterium cells secreting ABFs at different cultivation time points applying a high lyso-
zyme concentration of 0.5 mg/mL. ABF D1.3 scFv producing cells were labeled with
detection ABs (AlexaFluor 488) and counter stained with PIl. Fluorescence surface density
of green fluorescence (FL1-FSD) and fluorescence concentration of red fluorescence (FL3-
FC) were determined and displayed in a dot plot.

In the following the possible reasons for an increased secretion of ABF D1.3 scFv coupled
to the stationary phase of starvation are summarized.

First it should be taken into account that natural secretion processes are coupled to
starvation conditions. Beside other phenomena like competence development and
sporulation, the boost in secretion can be regarded as an adaptive mechanism to
unfavorable growth conditions [230] making new sources of nutrients available by e. g.
secreting enzymes for decomposition. This effect is exploited by numerous bioprocesses
for industrial generation of proteases and lipases by Bacillus species like B. subtilis [231],
B. licheniformis [232] and B. clausii [233]. As shown for the ABF secretion the production
of these degradative enzymes also exhibits a specific growth rate and growth phase-
dependent behavior in fed-batch processes which cannot solely be explained by different
gene expression profiles of particular secreted enzymes. Further global regulating
mechanisms must be involved which might also be enhancing the analyzed production
and secretion of ABF D1.3 scFv. Probable mechanisms boosting protein secretion in
general are illustrated in the following.

During the starvation phases with increased secretion properties the MP is depolarized as
no proton motive force is built up due to the lack sufficient energy supply by NADH, as
electron donor. Increasing depolarization was directly measured during starvation phase
of the applied fed-batch profile by single cell analysis (Fig. 36). This depolarization was
shown to have a direct effect on the autolysin activity in B. subtilis [218, 229]. At exponen-
tial growth, secreted protons probably neutralize negative charges in the cell wall,
resulting in a relatively low pH value surrounding the protoplast [234]. This acidic pH can
inhibit autolysin activity which under normal conditions becomes more active at the outer
parts of the cell wall resulting in wall turnover promoting growth processes. In this phase a
kind of steady state must exist between energized membrane, wall thickness and wall
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turnover [235]. When cells depolarize the proton gradient collapses and the inhibitory
effect of the local low pH is abolished. Thereby autolysin activity is enhanced and the cell
wall can partially be degraded, thus being loosened and facilitating the release of ABFs as
well as other proteins more easily into the supernatant. Supporting these findings, the
autolytic enzyme N-acetylmuramoyl-L-alanine amidase CwiB (BMD_3062 autolysin) was
also found in proteomic analysis of secreted proteins of underlying cultivations of B.
megaterium in the stationary phase (data not shown).

Despite these considerations the Sec translocation pathway may also play a key role in
increased secretion during the stationary phase as was shown for B. subtilis [236]. Some
components of the secretion machinery were shown to be temporarily controlled which
resulted in a maximal level of expression in the onset of protein secretion in the early and
ongoing stationary growth phase. The increased demand for protein secretion is related to
higher secA [236], sipS and sipT transcription levels [103]. The SipS and SipT proteins
are responsible for the removal of the signal peptides from non-lipoprotein precursor
proteins and are potential rate limiting factors for the secretion process.

This cell behavior of boosting protein secretion throughout the stationary phase was
exploited in the newly developed cultivation strategy, where online controlled growth
phases of cell proliferation were followed by starving phases with increased secretion. The
underlying process control was successfully applied, based on a biomass estimation by
exhaust gas analysis [237]. Depolarization measurements by single cell analysis, and
especially negligible fructose and acetate concentrations showing an optimal carbon
substrate uptake and no by-product formation illustrating the general applicability of the
underlying method for a robust B. megaterium process control.

4.4.3 Up-scale approach

After establishing the oscillating fed-batch control at the lab scale, the strategy was
successfully transferred to a pilot plant. For scaling up the process to a 100 L bioreactor
several parameters had to be taken into account in advance and thus were adapted. The
MgSO,4 x 7H.0 concentration was reduced from an optimal concentration of about 2.7 g/L
to a concentration of 0.3 g/L. This was necessary due to precipitation of MgNH,PO,
throughout the process. Therefore MgSO, x 7H,0 concentration was increased in the
feed, where no phosphate was present, and no precipitation occurred. The reduction of
Mg ions was probably not that essential for ABF production under these circumstances as
it was compensated by the increased (NH4),SO,4 concentration as shown in the CCD
(section 4.2.4). Besides, the initial fructose concentration was adapted to 2.7 g/L maximiz-
ing the number of growth/starvation cycles while simultaneously guaranteeing a sufficient
change in CO, exhaust gas to ensure exact biomass estimation at the feed start. For
comparable cultivation conditions the lab scale approach previously described was carried
out with the same varied parameters as used for the large scale production (section 3.10).
The only difference was the maximum specific growth rate at oscillating p-control which
was set to 0.4 (1/h) to reach higher cell densities in shorter time periods. This probably led
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to lower overall productivities compared to the lab scale process with a maximum growth
rate of 0.3 (1/h) (Tab. 7). The decrease in production was based on the fact that when
applying higher maximal growth rates the starving phases are less pronounced due to
possible appearance of overfeeding in the growth phases. However the control strategy
itself was most successfully implemented on the large scale. The used control parameters
like CER for biomass estimation were not scale dependent and guaranteed a reliable
process control.

The applied adaptations clearly illustrated that optimizations being derived from small
scale cultivations such as micro titer plates or shaking flasks cannot be directly transferred
to a pilot scale using classic methods like keeping the volumetric power input throughout
the scaling procedure constant, stressing the fact that when improving a process up to the
pilot scale, GMP standards should be considered right from the start of optimization to
avoid later process design problems.
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4.5 Transcriptome analysis

In the previous section it was shown that an increased ABF D1.3 scFv production and
secretion was related to the stationary phase under starving conditions. This was
exploited by an appropriate process design based on an oscillating fed-batch profile. But
what actually happens inside the cells and why under these circumstances an increased
ABF production and secretion is favored is yet not fully understood.

Therefore the effect of heterologous production and secretion of ABF D1.3 scFv by
B. megaterium YYBm1 carrying pEJBmD1.3scFv was investigated on the transcriptome
level by using DNA microarray technology. The aim was to uncover potential bottlenecks
and limitations of ABF production and secretion providing the basis for a rational strain
and process design.

The main goal was to investigate the specific gene expression pattern related to the
general effects of ABF production and secretion in the particular growth phases of a batch
process. For this approach an appropriate control strain is most important to ensure
reliable and meaningful data sets. The B. megaterium strain YYBm1 carrying the plasmid
p3Stop1623 was used as a control. This plasmid is equal to the ABF expression plasmid
pEJBmMD1.3scFv but lacks the ABF coding gene.

Both strains were cultivated in biological triplicates and equally treated regarding pre-
culture, inoculation, induction with xylose, medium composition and process control.
During the cultivation, four time points were chosen for transcriptome sampling. This
should give representative insights into gene expression dependencies regarding different
growth phases and simultaneously investigating the effects of the heterologous gene
expression of ABFs. The first two samples from the exponential phase were set according
measured OD values, followed by a sample from the beginning of stationary phase
indicated by a sudden increase in DO and a final sample from stationary phase two hours
after the previous DO peak. Figure 38 gives a representative view on the investigated
batch cultivations.
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Figure 38: Batch experiments of B. megaterium YYBm1 (EJBmD1.3scFv) bioreactor culti-
vations producing and secreting ABF D1.3 scFv (minimal medium (15 g/L fructose), DO
control (> 20%)). The ABF concentration was determined by quantitative ELISA. Samples
for transcriptome analysis were taken as indicated; data sets are based on biological tripli-
cates.

Based on four sample points each taken from the ABF production strain and the control
strain an appropriate transcriptome assay had to be chosen to ensure both, investigations
of differentially expressed genes dependent on different growth phases and related to
ABF production. Therefore, a one color assay was used to potentially ensure the direct
comparison of all samples to determine differentially expressed gene patterns. Table 8
gives an overview on the matched samples with the particular aim of investigation. These
samples were analyzed in detail in the following approach with means of gene cluster
analysis according to TIGR role categories [100]. Specific fold changes based on triplicate
analysis were illustrated in a heat map analysis either of median values or particular probe
intensities. The data analysis was not solely focused on single high regulated genes but
furthermore a cluster analysis according to role categories also including less regulated
genes was performed. Thereby potential relationships between regulated genes, operon
structures and dominant overlapping responses are more likely to be revealed.
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Table 8: Overview on the matched samples with the particular aim of investigation.

Comparison

Question

Control_exp_| vs. ABF_exp_|
Control_exp_Il vs. ABF_exp_lI
Control_stat_| vs. ABF_stat_|
Control_stat_Il vs. ABF_stat_|I

Which genes are differentially expressed in ABF
producing cells compared to the control strain
independent from the current growth phase?
(4.5.1)

ABF_stat_| vs. ABF_stat_|I

Which genes are differentially expressed
comparing stationary phase | with stationary
phase Il for ABF producing cells? (4.5.2)

Control_stat_| vs. Control_stat_lI

Which genes are differentially expressed
comparing stationary phase | with stationary
phase Il for the control strain? (4.5.2)

Match (ABF_stat | vs. ABF_stat_Il) with
(Control_stat_I vs. Control_stat_II)

Which genes are specifically solely up- or down-
regulated in the ABF producing strain at transition
from stationary phase | to stationary phase 11?
(4.5.3)

4.5.1 Differential gene expression dependent on recombinant ABF D1.3 scFv
production/secretion in Bacillus megaterium

The heterologous expression of the ABF D1.3 scFv gene was expected to have an effect
on the differential gene expression compared to the control strain in B. megaterium. To
gain a first insight into differential gene expression patterns genes regulated in at least two
of the four growth phases investigated were clustered according TIGR role categories.
The fold changes cut-off was set at a minimum of 1.75 times for up and down-regulation,

respectively.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Transcriptome analysis

m Transport and binding proteins
m Cellular processes
m Regulatory functions
M Energy metabolism
m Protein fate
m Biosynthesis of cofactors, prosthetic groups, and carriers
M Protein synthesis
m Signal transduction
m Amino acid biosynthesis
m Cell envelope
m DNA metabolism
m Transcription
Fatty acid and phospholipid metabolism
Purines, pyrimidines, nucleosides, and nucleotides
Central intermediary metabolism
I Mobile and extrachromosomal element functions

Figure 39: Genes regulated in at least two of the four growth phases investigated with a
fold change cutoff of minimal 1.75 times up and down-regulation clustered according TIGR
role categories.

Figure 39 illustrates which gene categories are affected by recombinant ABF D1.3 scFv
production and secretion by B. megaterium throughout the four investigated growth
phases. Here, it has to be mentioned that only explicitly identified B. megaterium genes
were taken into account for the analysis. Regulated genes with just a hypothetical function
comprised about 140 possible candidates but were not considered for further investiga-
tions.

Most distinctive regulated gene groups were related to transport and binding proteins,
cellular processes, protein fate and synthesis, energy metabolism and amino acid
synthesis. Especially for the recombinant ABF production, genes related to protein fate
may play a predominant role. These are regulated in areas of protein and peptide
secretion and trafficking, folding, repair and degradation in particular.

In the following, the most prominent differences in gene expression pattern were taken
into account showing regulation throughout all 4 growth phases. Displayed fold changes
of at least three times up or down regulated genes were highlighted in particular by a heat
map analysis.

At first glance, it is clearly illustrated in Figure 40 that most differentially expressed genes
of the ABF producing strain were down-regulated compared to the control strain lacking
heterologous gene expression. Up-regulated genes did encode for at least three putative
proteins as well as the ABF D1.3 scFv which was expected to be highly expressed
compared to the control. The mRNA coding for the ABF D1.3 scFv was indeed highly up-
regulated during all observed growth phases, thus suggesting that biosynthesis of ABFs is
not restricted on transcriptional level. Via NCBI conserved domain analysis [238] of
underlying putative proteins was carried out [239]. Here the putative lipoprotein
BMD_3898 was found to have high similarities in domain function to the extracellular
chaperone prsA [240-242] exhibiting potential folding adding functions for ABF secretion.
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trpA tryptophan synthase, alpha subunit BMD_ 4303
trpE_ tryptophan synthase, beta subunit BMD 4306
trpF N- (5'-phosphoribosyl) anthranilate isomerase BMD 4307
trpC:inlee—B—glycerDl—phosphate synthase_BMD_4BU§ 2=
trpD_anthranilate phosphoribosyltransferase BMD 4309
trpE_anthranilate synthase component I_BMD_ 1310
panC_pantoate--heta-alanine ligase BMD C13TE
panD_aspartate l-decarboxylase_ EMD 1373
mend 1, 4-dihydroxy-Z-naphthoate octaprenyltransferase BMD 2219
cwlM_N—acetylmuramoyl—L—alanine amidase BMD 4084 - -
kbaA KinB sporulation signaling pathway activation protein BEMD 0173
_I-cys peroxiredexin EMD 0990
comGC_ComG operon protein BMD_ 4479
mat septum formation protein Maf BMD 4657
speH_S-adenosylmethionine decarbohylase BMD_4745
recAl RecAl protein BMD_ 1726
toph | DNA topolsomerase I BMD 4189
radC DNA repair protein RadC EMD 4656
dnaI_prlmDsomal protein DnaI_BMD_474l
dnaBE replication initiation and membrane attachment protein (DnaBE)_EMD_ 474C
hYlA wxylose iscomerase BMD 1858
_Lipase/Acylhydrolase (GDSL) BMD 3140
secE preprotein translocase, SecE subunit BMD 0119
putative serine proteinase BMD 3899 - -
Efh signal recognition particle protein BMD 4202
rpmG 508 ribosomal protein L33 _BMD_ 0118
ade_adenine deaminase BMD_ 0370
_pyrimidine-nucleoside phosphorylase BMD_ZB1S5
udk uridine kinase EMD 4589
Transcriptional regulator, PBSX family BMD D843
:transcriptional regqulator, MarR famlly EMD_0920
phal poly-beta-hydroxybutyrate-responsive repressor_BMD_l:lZ
_hut operon positive regulatory protein BMD 1769
_putative murein hydrolase export regulator BMD 2056
_metalloregulation DNA-binding stress protein | EMD 3016
_metalloregulation DNA-binding stress protein BMD 3017
transcriptional regulator, TetR family BMD 3676
:Transcriptional regqulatory protein, gntR famlly BMD_3590
fur_ferric uptake regulation protein BMD 4385
nrdP_transcriptional regulator NrdR_BMD 4743
chiCl cobalt import ABC transporter, ATP-binding protein ChiQ 1 EMD 01&2
chiCZ_cobalt import AEC transporter, ATP-binding protein ChioZ EMD 0163
chiQ putative cobalt AEC transporter, permease protein ChiQ BMD D1G4
Glucose uptake protein gleU BMD 1053 o foa
;atA_sodium efflux ABC transporter, ATP-binding protein Nati BMD_ 119g&
natB sodium efflux ABC transporter, permease protein NatB_ BMD 1157
_guanine-hypoxanthine permease BMD_ 1243
_amine acid permease BMD_ 2956
pro¥Y_proline-specific permease ProY BMD 3951
putative ABC transporter, ATP-hinding protein EMD 3989
araE arabinose-proton symporter BMD 5227 - -
_signal recognition particle associated protein EMD 4203
_antieoxidant, AhpC/TS8A family EMD_ 0991
_putative chromosome partitioning protein BMD 1325
_FAD hinding domain protein BMD 2157
yvaD_putative membrane protein YvaD_ BMD 3678
putative membrane protein BMD 2938
"HAD superfamily (subfamily IA) hydrolase, putative BMD 1533
“putative membrane protein BMD 3988 - -
_putative membrane protein BMD 3259
_putative lipoprotein BMD_ 3B98
D1.3 Unknown D1.3

Amino acid biosynthesis m; Biosynthesis of cofactors prosthetic groups and carriers m; Cell
envelope m; Cellular processes m; Central intermediary metabolism ; DNA metabolism u;
Energy metabolism m; Fatty acid and phospholipid metabolism - ; Protein fate m; Protein biosyn-
thesis m; Purines, pyrimidines, nucleosides and nucleotides m; Regulatory functions mu;
Transport and binding proteins m; Hypothetic/putative genes

Figure 40: Genes regulated in all four samples points at particular growth phases (Con-
trol_strain compared to ABF_ producing_strain) with a fold change cutoff of minimal 3 times
up and down-regulation clustered according TIGR role categories. Fold changes are pre-
sented as log, (FC) colored data sets of median values of particular samples based on
triplicates.
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The putative serine proteinase BMD_3899 was found to possess a PDZ domain [243] of
trypsin like serine proteases. This domain is known for the HtrA protein which is involved
in heat-shock response, chaperone function and apoptosis and was thereby related to the
"protein fate” sub cluster category [244, 245]. A closer look on the domain structure of the
putative membrane protein BMD_3259 revealed regions with a potential protease
inhibitory function generally found in the PepsSY superfamily as well as an iron regulation
side, respectively [246].

In the following, only the most down-regulated genes are further being discussed in detail.
In the amino acid synthesis cluster, the operon encoding for the tryptophan biosynthesis
was shown to be most decreased. From B. subtilis the translation of the tryptophan
operon is known to be regulated by its own mRNA [247]. Genes related to cofactor
synthesis of vitamin K, (menA, menaquinone) and coenzym A (panC, panD, pantothe-
nate) were also shown to have diminished mRNA expression levels. Furthermore, the
expression of the genes encoding for the enzyme CwIM N-acetylmuramoyl-L-alanine
amidase (BMD_4084, EC: 3.5.1.28) and a putative murein hydrolase export regulator
(BMD_2066) which is in charge of controlling the CwIM export itself were also reduced
throughout all growth phases. The main function of CwIM is to hydrolyse the link between
N-acetylmuramoyl residues and L-amino acid residues in certain cell-wall glycopeptides
[248]. Besides the gene expression related to cellular processes like competence
(comGC) and septum formation for cell division (maf) were also down-regulated under
heterologous ABF gene expression. The regulation of the competence-associated comK
gene was shown to also be related to the regulation of the radC gene. It probably encodes
for a DNA repair protein which was also down-regulated in this case [249]. In terms of
transport related proteins the guanine-hypoxanthine permease revealed distinct regulation
patterns. The enzymes' functions include transportation of various substrates such as
xanthine, uracil, and vitamin C.

Some of the regulated genes could be directly correlated to the secretion process itself.
Here, down-regulation of the secE gene coding for a preprotein translocase as a part of
the Sec-pathway, the signal recognition particle protein Ffh (BMD_4202) and its associat-
ed protein (BMD_4203) could be detected. This is quite interesting as they display very
important parts of the pre-secretory protein translocation and the secretion process as
possible bottlenecks for an efficient ABF secretion [250].

4.5.2 Growth phase dependent gene expression

From cultivation data it was previously observed that production and secretion of ABFs
were increased during the stationary phase (Fig. 38, section 4.4.1). Therefore changes in
gene expression patterns on the transition to the stationary phase may provide a deeper
understanding of ongoing processes inside the cell which may favor higher secretion
intensities in the end. Here differential gene expression was determined between the first
and the second stationary phase samples. These differential expression patterns from the
ABF producing strain were opposed to regulated genes from the control strain. Thereby
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two main clusters of differentially expressed genes at the transition from stationary phase |
to stationary phase Il became observable (Fig. 41). Some genes were regulated in both
the control and ABF producing strain, whilst others were only regulated in case of ABF
producing strain. Differential gene expression from the control strain was only mildly
observable and thus not further considered.

Figure 41: Number of genes with a differential gene expression profile from stat | to stat Il
for recombinant ABF producing strain and for the control strain with a fold change cutoff of
minimal 1.75 times up- and down-regulation.

At first genes that were regulated in both strains were analyzed as their expression
pattern was independent from heterologous ABF production. These data sets may give a
more general overview about which genes changed in their expression pattern during the
transition from stationary phase | to stationary phase Il. However the effects seen may
also favor the production and secretion of ABF in an unspecific way by activation of the
general stress response caused by starving conditions and redirected amino acid supply.

All genes with a fold change of minimal 1.75 times up- and down-regulation were further
used for cluster analysis according to TIGR role categories (Fig. 42). The main classes of
transport and binding proteins, energy metabolism and protein synthesis showed a
distinctive number of regulated genes involved in the adaptation to stationary growth
conditions. To drive more explicit conclusions, a closer look at differentially expressed
genes with minimal fold changes of 3 were taken into account and data was illustrated as
a heat map analysis (Fig. 43). Here, all three hybridized probes for each gene are
presented and give a more detailed view on experimental data sets. At first glance, it was
obvious that under ABF producing conditions the affected genes were rather down-
regulated in comparison to the control strain. This may be due to the additional stress
which occurs during recombinant ABF production and secretion leading to a more
pronounced response for particular gene expression patterns which are related to nutrient
depletion and amino acid availability. These possibly stress-activated genes as well as
some other differentially expressed genes are being explained in more detail in the next
paragraphs and being put in context with already published data sets from B. subtilis.
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m Transport and binding proteins

m Cellular processes

= Regulatory functions

= Energy metabolism

= Protein fate

® Biosynthesis of cofactors, prosthetic groups, and carriers

W Protein synthesis

m Signal transduction

= Amino acid biosynthesis

m Cell envelope

= DNA metabolism

w Transcription

w Fatty acid and phospholipid metabolism

w Purines, pyrimidines, nucleosides, and nucleotides
Central intermediary metabolism

m Mobile and extrachromosomal element functions

Figure 42: Genes regulated comparing first and secondary stationary phase in both ABF
producing and the control strain. All genes with a fold change of minimal 1.75 times up- and
down-regulation are considered and clustered according to TIGR role categories.

At a functional genomics approach of B. subtilis [251] it was shown on proteome and
transcriptome level that differentially expressed genes during the transition to the
stationary phase are related to the so-called “stringent response”. This is a stress
response which occurs due to different types of limitations related to amino-acid starva-
tion, fatty acid limitation [252], iron limitation [253], heat shock [254] and other stress
conditions. Here it was shown that genes related to growing cells were switched off and
adaptive responses to nutrient starvation like an increased protein turnover [255] were
induced. In this case of stationary B. megaterium cells some genes which were related to
protein modifications (map), nucleotide metabolism (adk), energy metabolism (pdhD) and
protein biosynthesis (infA, tuf, rpl (50S), rom (50S) and rps (30S)) were equally down-
regulated as shown before for the stringent response of B. subtilis [251].
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hit protein Hit | EMD__ 592

_nudix family protein, Demain protein_BMD_1014

_putat;ve membrane protedin BEMD_L170

_putative iron-sulfur heterodisulfide reductase BMD_ 1224
_nitroreductase family protein BMD 1291

prote;n of unknown functicon (DUFLZDE) _BMD_1478
tyrA_prephenate dehydrogenase BMD_ 3028

choTismate mutase/phospho-2-dehydro-3-deoxyheptonate aldolase_BMD_ 3030
_ox;do:eductase aldo/keto reductase family EMD_3288
sodA_superoxide dismutase [Mn]_ BMD_ 4502

4-oxalocrotonate tautomerase | BMD 5182

gltB _glutamate synthase, small subun;t EMD_Z05&

aroE 3-phosphoshikimate 1-ca:boxyv;nylt:ansferase_EMD_3027
arof_chorismate synthase BMD 3029

Leuc 3-isopropylmalate dehydratase, large subunit_BMD_4&81
leus 3- isopropylmalate dehydrogenase BMD_ 4E82

.'Leu.k C-isopropylmalate synthame BMD_ qe83”

ilvc_ketol-acid reductoisomerase BMD_4684

ilvH acetolactate synthase, small subunx:_EMD_QSRE

.'LysC aspartate kinase BMD 4713

hisI_histidine biosynthesis bifunctional protein HisI_| EMD_ 5052
hisF_imidazole glycerol phosphate synthase, cyclase subunat EMD 5053
hisA_phosphoribosylformimine-5-aminoimidazole carboxamide ribotide isomerase BMD 5054
hisH _imidazole glycerol phosphate synthase, glutamine amidotransferase subunit BH.'D_EIDSEI
hisB_. _imidazoleglycerol-phosphate dehydratase BMD_S05&
hisD_histidinol dehydrogenase BMD_S057

hisG_ _ATE phosphoribosyltransferase, catalytic subunit BEMD_ 5058
hisZ ATP phosphoribosyltransferase, regulatory subun;t EMD 5059
bioB_biotin synthase EMD_4€0

yocH_putative expul:ted cell wall-binding protein BMD 478
_LysM domain protein_BMD_Z29594

cspA_cold shock protein EMD_1403

nucE_sporulation-specific extracellular nuclease _BMD_38&7

£ thiol perox;dase BMD_ 4781

dps_DNA-protecting prote;n EMD_4857

hbs non-specific DMA-binding proteln HEsu BMD 4320
_iron-sulfur cluster binding protein_BMD_IZ25

pth pyruvate dehydrogenase complex E3 camponent, dihydrolipoamide dehydrogenase BMD_1329
hutI imidazolonepropionase EMD_1772

xylB_xylulokinase BMD 1859

_ferredoxin, CFe-Z8 (ZFecpFd)_BMD_2354

tht transketolase BMD 4073

gcv?ﬂ glycine cleavage system P protein BMD_4469

pekA_| phosphaenolpy:uvate carboxykinase TATE) _BMD_4B4B
gevH_glycine cleavage system H proteln_BMD_dsss

cls cardiolipin synthetase_ BMD_1477

acpP_acyl carrier protein EMD_4207

fadE_acyl-CoA dehydrogenase BMD_ 4950

map methionine aminopeptidase, type I BMD_15&

lytF_cell wall endopepticdass BMD_3039

M4Z glutamyl nm;nopept;da:a_BMD_iTE"

tuf tzanslatu.on elongat.:.on factor Tu {EF-Tu)__EN‘D_.LB:

:sz 308 ribosomal protein 510_BMD_133

eplc_S08 riboscomal protein L3_BMD_134

rplW_503 ribosomal protein L23 BMD 138

rplB_508 ribosomal protein LZ_BMD_137

:p=5_303 ribosomal protein 315 BMD 138

£plV_508 ribosomal protein L2Z BMD_139

rpsC_308 ribosomal protein 83 BHD 140

eplp_508 ribosomal protein L1E_BMD_141

rpmC_508 ribosomal protein L29 BMD_ 142

rplN_508 ribosomal protein L14 BMD 144

eplX_S508 ribosomal protein L24 BHD 145

eplE_S08 ribosomal protein LS EMD 146

rpsN_308 ribosomal protein Elil_B}[D_J.QT

rpsH_308 ribosomal protein 38_BMD_148

eplF_ 508 ribosomal protein LE_BEMD_149

rpsE_308 ribosomal protein 35 _BMD 151

rpmD_! 508 ribosomal p:otein 130 BND 152

:plo 509 ribosomal p:ote;n 115 BMD 153

infA translation initiation factor IF-1 _BMD_157

rpsF_308 ribosomal protein 511 _BMD_159

eplQ 508 ribosomal protein Ll? BHD lel

adk_adenylate kinase BMD_ 155

puM_| phosphor.l.houy].fom)rlglyc.\.nmd_tne cyclo-ligase BMD_ 279
purl_phesphoribosylglycinamide Eormyltranste:ase_BuD_.SU
purH_bifunctional purine biosynthesis protein PurH BMD 281
purD_phosphoribosylamine--glycine ligase BMD Z8Z

pYEE_crotate phosphoribosyltransferase_ BND 4736
purA_adenylosuccinate synthetase BMD_5I50

[ | transcrx_ptlanal activator, putatave BMD_1171

I two-component response :equlato:*BHD 2587

_two-component sensor histidine kinase EMD_Z588

[ rpoA DNA-directed RNA polymerase, alpha aubun.l.t BMD_1&0

I oppA_oligopeptide ABC transporter, oligopeptide~binding protein OppA_BMD_T706&

e

fruA_pheosphotransferase system (PT8) fructose-specific enzyme IIABC component EMD_Z08B
L-lactate permease BMD 2894
“neriplasmic solute bindinag protein EMD 4862
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Hypothetic putative genes ; Amino acid biosynthesis =; Biosynthesis of cofactors, prosthetic
groups and carriers m; Cell envelope m; Cellular processes m; DNA metabolism =; Energy
metabolism m; Fatty acid and phospholipid metabolism - ; Protein fate m; Protein biosynthesis m;
Purines, pyrimidines, nucleosides and nucleotides m; Regulatory functions m; Signaltransduc-
tion m; Transcription =; Transport and binding proteins =

Figure 43: Genes regulated during transition from stationary phase | to stationary phase Il
for both the ABF producing strain and the control strain with a fold change cut-off of minimal
3 times up- and down-regulation and clustered according to TIGR role categories. Fold
changes are presented as log, (FC) data of particular probes.

Another approach of B. subtilis transcriptome and proteome analysis from Mader et al.
(2002) [256] could demonstrate that the particular amino acid availability has a distinctive
effect on the actual gene expression patterns. The addition of amino acids was responsi-
ble for the downregulation of certain genes. In case of B. megaterium cells switching to
the stationary phase the same regulatory principles may take place as the metabolism
changes from a carbon source supply of fructose to an amino acid supply based on
proteolytic products provided from the surrounding medium. Similar patterns of down-
regulated gene expression as already reported for B. subtilis were shown for genes
related to amino acid biosynthesis (aroE, aroF, hisA, hisB, hisD, hisF, hisG, hisH, hisl,
hisZ, ilvC, ilvH, leuA, leuB, leuC, lysC) and energy metabolism (gcvPB, gcvH).

The up-regulation of certain genes like nucB encoding for an extracellular nuclease and
cls encoding for a cardiolipin synthethase again illustrate the adaptation of the microor-
ganism towards starving conditions and resulting changes in membrane compositions.

4.5.3 Growth phase dependent gene expression related to recombinant ABF D1.3
scFv production

The next step was to compare specifically regulated genes from the ABF D1.3 scFv
production strain during the transition from stationary phase | to stationary phase II. By
categorizing the different expression patterns into TIGR role functions (Fig. 44) it was
apparent that most regulated genes belonged to the groups of proteins involved in
transport mechanisms, protein binding, cellular processes and energy metabolism. For the
heat map analysis only genes which were at least 3 times up- or down-regulated were
taken into account (Fig. 45). As the ABF production and secretion can be regarded as an
additional stress factor during the stationary phase it may be assumed that some genes
are related to a more distinctive stringent response. A closer look at the regulation
patterns revealed additional down-regulation of ribosomal genes (rp/ (50S), rps (30S), rom
(50S)) and genes related to protein synthesis (fusA).
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m Cellular processes
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W Energy metabolism
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W Protein synthesis
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Figure 44: Genes regulated comparing first and second stationary phase solely at ABF
producing strain. All genes with a fold change of minimal 1.75 times up and down-
regulation are considered.

Most important for a sufficiently increased secretion of ABFs may be the up-regulation of
certain genes encoding for proteins related to protein fate as discussed before. Here,
PrsA can be regarded as a key component for secretion and functional folding of ABFs.
Another gene encoding for the putative lipoprotein BMD_3898 was also shown to be up-
regulated during the stationary phase. A closer look at the potential domain structure of
the BMD_3898 gene revealed PrsA similar function. Therefore it can also be regarded as
a helper protein for more efficient secretion of ABFs. Quite interestingly the gene encoding
BMD_3898 was also found to be up-regulated in all growth phases compared to the
control strain (Fig. 40). Another up-regulated gene encodes for the putative serine
proteinase BMD_3899 which is also known to be regulated throughout all growth phases
(Fig. 40). Here the domain analysis revealed similarities to the hitrA gene, which encodes
for a protein having both chaperone and protease functions [245]. HtrA was shown to act
as a chaperone at low temperatures refolding misfolded proteins and as a protease at
elevated temperatures [244]. Furthermore HtrA is usually responsible for the decomposi-
tion of unfolded, damaged or abnormal membrane or secreted recombinant proteins [257]
which might be also true in case of increased ABF production and accumulation. The
secY gene which encodes for a main component of secretory SecA pathway however is
down-regulated also known in context of the stringent response [251]. Another interesting-
ly down-regulated gene is ppiB coding for a peptidyl-prolyl cis-trans isomerase. This
protein displays potential chaperone functions of the cyclophilin-type, was shown to
catalyze protein folding in vitro and was found to be necessary for cell viability under
starvation conditions [258].

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Transcriptome analysis

-4.0 0.0 5.0
— 3] ™
] [ ]
o et ¥l
o o o
o] v g
o o o
[ I =1
=2} ] m
< “« B
3] 4] U
[ ] [

_2,5-diketo-D-gluconic acid reductase B_BMD_1514
_acyltransferase family protein BMD_ 2007
_cysteine desulfurase_ EMD_2770
_acyl-protein synthetase, TLuxE family BMD_Z772
pyridine nucleotide-disulfide oxidoreductase family protein BMD 2774
lsochnrlsmatass family protein BMD 3651
putatlve lipoprotein EMD_3898
_putative membrane prate;n BMD_4544
cobalamin synthesis protein BMD 4861
Ilvp _dihydroxy-acid dehydratase_|] BMD 2497
dapA_dihydrodipicolinate synthase_| BMD 4174
leuD_3-isopropylmalate dehydratase, small subunit_BMD_ 4680
putat;ve peptidoglycan binding domain protein | BMD 1502
“dienelactone hydrolase family protein EMD_3339
hutx _imidazolonepropionase_EMD_1598
acoC_acetoin dehydrogenase EZ component (dihydrolipoamide acetyltransferase) BMD_1874
acoL acetoin dehydrogenase E3 component (dihydrolipoamide dehydrogenase) BMD_ ~1875
NADPH dependent FMN reductase_BMD_ 3652
atpc ATP synthase Fl, epsilon subunit . EMD_5133
phaP_polyhydroxyalkanoic acid inclusion protein PhaP_BMD_1211
_acyl carrier protein EMD 2773
secY_preprotein translocase, SecY subunit BMD_0154
prsa_foldase protein PrsA_BMD_ZO008
nprM_Bacillolysin precursor (neutral protease) BMD ZI8S
_putative serine proteinase_BMD_3899
ppiB_peptidyl-prolyl cis-trans lsomerase, cyclophilin-type_BMD_436&7
rpld 508 riboseomal protein LL10_BMD 0123
rplL 508 ribosomal protein 17/T12 BMD 0124
rpsG 308 ribosomal protein S7_EMD 0130
fusA translation elongat;on factor G (EF-G)_BMD_0131
rplD_508 riboscomal protein L4_BMD_0135
rpsQ 308 ribosomal protein 817 EMD 0143

rplR_508 ribosomal protein L18_BMD_0150

rpsM 308 ribosomal protein 813 BMD_0158

rpmF_508 ribosomal protein L32_BMD 4281

rpmE_508 ribosomal protein L31_BMD_48&3

_transcriptional regulator, PadR family domain protein putative_BMD_Z927

cggR_central glycolytic genes regulator BMD_5039

Protonfsudlum-glutamats symport protein BMD_10&Z

_drug resistance MF3 transporter, drug:Ht dnt;pu[ter—l (14 Spanner) (DHAZ) family BMD_Z928
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Figure 45: Genes regulated at transition from stat | to stat Il solely for the ABF D1.3 scFv
producing strain with a fold change cutoff of minimum 3 times up and down-regulation and
clustered according to TIGR role categories. Fold changes are presented as log, (FC) data
of particular probes.

4.5.4 Summary

The underlying transcriptome analysis revealed a detailed fingerprint of changes in gene
expression patterns of B. megaterium cells depending on particular growth phases and
under ABF D1.3 scFv producing and secreting conditions. In both approaches distinctive
genes were found to be regulated thus providing new ideas for rational process and strain
optimization which are further being explained in the following paragraphs.

At the first glance, genes found to be regulated at ABF D1.3 scFv producing cells may be
seen as a cell response towards an increased secretion stress. However, particular
regulation of genes might not necessarily be a primary effect of heterologous gene
expression of ABFs. It can also be a secondary effect caused by ABF production
somehow limiting or even inhibiting its own production. For instance an increased
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secretion of the ABF may be related to a higher amount of miss-folded proteins causing a
higher cell membrane and cell wall associated protease activity. It is possible that certain
feedback mechanisms may be in place to avoid overproduction of heterologous secreted
proteins and to redirect energy and nutrient resources rather towards cell growth than
towards production. This might explain genes being down-regulated at ABF producing
cells related to secretion, cell wall hydrolysis and amino acid supply. These genes in
particular may display important bottlenecks for the ABF production as they directly
interfere with the production, secretion and the release process of ABFs.

For E. coli fed-batch production of recombinant proteins it was postulated that overproduc-
tion of heterologous proteins also results in the induction of the stringent response as an
effect of carbon/energy or precursor limitation [259]. A general down-regulation of rRNA
synthesis was observed which is also true for other production systems [260]. Cells were
shown to rather degrade ribosomes thereby obtaining building blocks and energy than to
degrade the product.

Besides at higher synthesis rates of ABFs, e. g. at exponential growth, it is more likely that
the actual folding reaction is limited by the insufficient supply of folding supporting helper
proteins like foldases or chaperones. Therefore a rational strain improvement by genetic
optimization strategies can be done by coexpression of particular genes on appropriate
plasmids under the control of e. g. the xylose inducible promotor system or genome based
knock out of certain genes by homologue recombination based techniques [166].
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Figure 46 gives an overview on possible target sites for genetic optimization of production
and secretion by gene coexpression (+) and/or deletion (-) which are illustrated in detail as
follows.
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Figure 46: Potential targets sites for genetic optimization of B. megaterium producing
recombinant ABFs by gene coexpression (+) and/or deletion (-).

The building process of fully functional ABFs demands several essential production steps
displaying possible genetic target sites for rational strain improvement. Starting at protein
synthesis and translation of mRNA the sufficient supply of amino acids may play an
important role for efficient ABF peptide generation. Therefore a coexpression of genes
from the histidine or the tryptophan pathway which were down-regulated may increase
ABF propeptide generation. Additionally specific amino acids could be included into the
cultivation medium. As a second step the generated peptide is guided to the membrane
associated secretion apparatus by the help of signal recognition complexes (SRP). Here
the fhh gene coding for a SRP protein and another gene coding for an SRP associated
protein (BMD_4203) were shown to be down-regulated and therefore provide also
potential targets for particular coexpression. Similar strategies were shown to be effective
for enhancing heterologous protein secretion in E. coli cells [261]. In a third step, the
peptide is secreted through the cell membrane mediated by the Sec apparatus. Interest-
ingly, the proteins encoded by secE and secY genes being some of the most important
parts of the secretion machinery were shown to be decreased in case of ABF producing
cells which may be related to a feedback control to decrease exceeding secretion.
Therefore they also display a potential target for further strain optimization by increased
coexpression. After release of the ABF peptide through the Sec-pathway, a fourth step of
functional protein folding is most important. Proteins with chaperone and foldase functions
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which are related to extracellular protein folding may play a key role for sufficient ABF
secretion. Potential candidates of this gene class were differentially increased through all
phases (putative prsA BMD_3898) and especially up-regulated during stationary phase
(prsA). The PrsA foldase protein was already shown to have a positive effect on recombi-
nant protein secretion in B. subtilis before [262, 263]. The potential htra gene encoding
BMD_3899 was also differentially up-regulated. Its possible functions comprise both
protease and foldase properties. Here, both strategies of coexpression and gene knock
out may lead to a successful increase of ABF secretion. As a last step the functional
folded ABF has to be released through the cell wall which may function as barrier. This
problem may be overcome by loosening the cell wall structure by coexpression autolysin
genes. These were already shown to be activated during stationary phase potentially
favoring an alleviated release of ABFs [218, 229]. Here, cwIM and cwiL combined with a
gene encoding for the export regulator BMD 2066 under the control of a weak promotor
to avoid cell lysis are possible candidates.

Modifications of these targets sites may lead to overall higher growth associated produc-
tivities comparable to the stationary phase. Additionally, the productivity may be further
increased as the drawbacks of the stationary phase which were related to carbon source
depletion, insufficient nutrient supply and a predominant stringent response have not to be
taken into account during the exponential phase of unlimited growth.
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4.6 Culture heterogeneity

Heterogeneities in bacterial populations may arise due to a variety of reasons (section
2.2.3). In general changes in environmental conditions trigger distinctive stress responses
which are forcing bacterial cells to differentiate. Here the development of subpopulations
can be regarded as an evolutionary mechanism to cope with challenging conditions.

In the following, two examples for population dynamics of B. megaterium cells producing
ABF D1.3 scFv are presented. In the first case heterologous ABF production was induced
at a late cultivation time point causing a stress response leading to the development of
distinct cell populations. In a second example a batch cultivation was carried out with a
high carbon source concentration also promoting a separation into subpopulations.

4.6.1 Late induction of ABF D1.3 scFv production
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Figure 47: Batch cultivation, B. megaterium YYBm1 (pEJBmD1.3scFv), bioreactor (1L, DO
> 20%, pH 6.3, 15 g/L fructose), late induction.

The underlying bioprocess was carried out with the previously used minimal medium for
batch cultivation under controlled DO and pH process conditions. The heterologous ABF
D1.3 scFv production was induced by adding 0.5% xylose 9.5 h after inoculation. Shortly
after induction a sudden increase in DO (Fig. 47) was detectable paralleled by a decrease
in OUR and CER (Fig. 48 B). The RQ value increased indicating an overflow metabolism
in this case linked to enhanced acetate accumulation (Fig. 48 B, C). Right after the DO
peak detectable amounts of functional ABF D1.3 scFv could be measured in the superna-
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tant (Fig. 47). Starting from these data only rough assumptions can be made that
induction of ABF production at late time points leads to some kind of disturbance in cell
growth also reflected by whole cell culture parameters of DO, CER and OUR measure-
ments. What actually happened on the single cell level is so far unknown. Therefore FCM
analysis was done for particular time points (Fig. 48, A-E) using the previously developed
protocols for MP (section 4.3.1) and production intensity estimation (section 4.3.3) to gain
deeper insights on single cell level.
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Figure 48: Batch cultivation, B. megaterium YYBm1 (EJBmD1.3scFv) bioreactor (1L, DO >
20%, pH 6.3, 15 g/L fructose), late induction. (A) Sample time points for FCM analysis, (B)
OUR, CER, RQ, (C) acetate accumulation.
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Analysis of FCM data was done with R software tools for population analysis (section
3.21). Particular data sets are summarized by presenting cluster proportions, statistics of
outliners and uncertainty median and mean values of fluorescence data.

At the first measured time point (Fig. 49, A_MP) the cells were in a highly polarized state
of an exponential growing culture indicated by a high red fluorescence with a mean value
of 423.2 (Tab. 9). Right after induction the homogenous population splitted into diverse
subpopulations characterized by four different clusters. Here the main cluster 1 of 42.8%
remained highly polarized (FL3can: 459.8, Tab. 9) whereas the two others (cluster 2, 3; Y
38%; Tab. 9) showed a decrease in red fluorescence indicating depolarization of these
cells. This decrease of MP was at least coupled to a reduction of metabolic cell activity
which again was related to a reduced O, consumption. This explains the increase in DO
as agitation and aeration cultivation parameters remained constant. Quite interestingly the
fourth cluster containing 19.3% of cells even showed an increase in polarization (FL3ean:
512; Tab. 9) compared to the cells from the first sample (Fig. 49, A_MP). Although the
process parameters of DO, CER and OUR were again restored at the third time point
(Fig. 49, C_MP) distinctive population heterogeneities concerning MP on single cell level
still remained present. Here a small proportion of only 13.3% of cells was still in a high
polarization status represented by cluster 3. A variety of four other clusters showed
decreased MP down to a red florescence less than 160 of up to 30% of cells (cluster 1, 5;
Tab. 9).
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Figure 49: Population and cluster analysis of MP measurements with R statistic tools at
different sample points (A, B, C); upper row: dot plot image of predicted clusters, lower row:
density plots based on previous cluster analysis.
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Table 9: Data collection of cluster analysis of MP assay (sample A, B, C): particular propor-
tions, mean values of FL1, FL3 measurements and statistics of outliners and uncertainty
median and mean values of clustered data sets.

number of proportions mean FL1 mean FL3  outliniers (%) statistics; uncertainty
clusters (%) median mean
A-MP 1 100.0 423.2 461.8 14.12 0.00 0.00
B-MP 1 42.8 402.1 459.8 6.11 0.19 0.23
2 12.9 397.5 230.9
3 24.9 495.4 416.1
4 19.3 334.6 512.0
C-MP 1 4.9 402.7 135.9 5.65 0.27 0.29
2 271 485.5 412.6
3 13.3 336.1 487.0
4 29.0 354.0 307.0
5 25.7 375.0 161.4

At the fourth sample point (Fig. 50, D_MP) cells somehow synchronized back to a
homogenous population with high MP of polarized cells. Subsequently after fructose
depletion, indicated by a sudden DO increase (Fig. 48) the cells depolarized which is
verified by a distinctive population shift towards less red fluorescence at sample point E
(Fig. 50, E_MP).
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Figure 50: Population and cluster analysis of MP measurements with R statistic tools at differ-
ent sample points (D, E); upper row: dot plot image of predicted clusters, lower row: density
plots based on previous cluster analysis.
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Table 10: Data collection of cluster analysis of MP assay (sample D and E): particular
proportions, mean values of FL1, FL3 measurements and statistics of outliners and uncer-
tainty median and mean values of clustered data sets.

number of proportions mean FL1 mean FL3  outliniers (%) statistics; uncertainty
clusters (%) median mean
D-MP 1 100.0 387.1 415.2 12.10 0.00 0.00
E-MP 1 100.0 550.1 399.5 11.53 0.00 0.00

Besides the presented MP estimations the underlying production intensities on single cell
level were determined as well. Therefore the developed Alexa Fluor based detection
assay (section 4.3.3) was performed and a subsequent cluster analysis by R statistic tools
was done. Here an increase in green fluorescence directly correlates to a higher produc-
tion status of cells as described before. For sample A low fluorescence properties were
measured as it was expected for non-induced cells. As soon as the heterologous gene
expression of ABF D1.3 scFv is induced the cells differentiate into four overlapping
clusters of higher fluorescence corresponding to increased ABF production/secretion
intensities (Fig. 51, B_ABF). As indicated by the density plot two main regions of highly
productive (cluster 4, FL1ean: 359.8, 25.4%; Tab. 11) and less productive cells (3 cluster
1, 2, 3; 75%; Tab. 11) become observable. At the next sample point (Fig. 51, C_ABF) the
cluster analysis revealed five different cluster regions. Here up to 41.2% (3 cluster 1, 2;
Tab. 11) of the cells showed increased ABF production intensities indicated by a gain in
FL1 fluorescence mean values. Other clusters (cluster 3-5; Fig. 51) demonstrated less
intensive productivity properties.
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Figure 51: Population and cluster analysis of the production intensity assay with R statistic
tools at different sample points (A, B, C); upper row: dot plot image of predicted clusters,
lower row: density plots based on previous cluster analysis.
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Table 11: Data collection of cluster analysis of production intensity assay (sample A to C):
particular proportions, mean values of FL1, FL3 measurements and statistics of outliners
and uncertainty median and mean values of clustered data sets.

number of proportions mean FL1 mean FL3  outliniers (%) statistics; uncertainty
clusters % median mean
A-ABF 1 100.0 49.0 518.5 7.13 0.00 0.00
B-ABF 1 31.4 141.4 446.9 5.16 0.24 0.27
2 18.2 223.8 576.7
3 24.9 179.9 437.5
4 25.4 359.8 490.7
C-ABF 1 20.1 402.7 135.9 3.94 0.31 0.32
2 211 485.5 412.6
3 19.2 336.1 487.0
4 16.3 354.0 307.0
5 23.3 375.0 161.4

Sample points D and E each revealed two clusters for production intensities as presented
in both dot plots and density plots analysis (Fig. 52, D_ABF, E_ABF). Half of the cells
showed less production and the other half increased production intensities as presented in
Table 12.
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Figure 52: Population and cluster analysis of production intensity assay with R statistic
tools at different sample points (D, E); upper row: dot plot image of predicted clusters, lower
row: density plots based on previous cluster analysis.
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Table 12: Data collection of cluster analysis of production intensity assay (sample D and
E): particular proportions, mean values of FL1, FL3 measurements and statistics of outlin-
ers and uncertainty median and mean values of clustered data sets.

number of proportions mean FL1 mean FL3  outliniers (%) statistics; uncertainty
clusters % median mean
D-ABF 1 53.5 154.2 478.5 5.50 0.11 0.16
2 46.5 376.1 593.8
E-ABF 1 49.0 172.5 503.5 5.54 0.11 0.16
2 51.0 340.0 522.7

At both measurements of MP and ABF D1.3 scFv production intensities a highly dynamic
process of heterogeneity development of late induced ABF producing B. megaterium
becomes observable. A certain differentiation into several subpopulation right after
induction was followed by a synchronization to a single (MP) or double population
(production intensities) respectively. Quite interestingly these effects were observable on
both levels of MP and production status of cells highlighting a certain correlation between
both parameters. As indicated by some colored examples in Table 13 cluster proportions
from particular assays may directly be related. As an example at sample point B the
proportion of 42.83% polarized cells is comparable to the 31.45% of less productive cells
(dark blue shaded). Right after induction probably not all cells immediately start to
produce and secrete ABFs but remain in the metabolic state of exponentially dividing cells
as measured at the sample point before (A_MP). The sudden induction of heterologous
ABF production and secretion may be directly related to a certain stress response being
coupled to the MP. It is known that the synthesis of foreign proteins at high concentrations
exerts a severe metabolic stress on the host cell [148]. The consumption of essential
substrates (e.g. carbohydrates, amino acids) and energy is redirected from normal
cellular functions, resulting in a transient reduction of the cells’ energy status directly
related to the current MP. Therefore clusters of higher production intensity may relate to
clusters with reduced MP as indicated by red colors in Table 13. The proportion of cells
with a highly increased MP of 19% may be associated with cells producing acetate as an
overflow metabolite. Besides metabolizing fructose as a carbon source through the citric
acid cycle further NADH and ATP may be generated by acetate generation through
overflow metabolism. The gain in NADH may directly favor higher polarization states of
the cell membrane.

Sandén et al. (2002) proposed two different mechanisms leading to an increased acetate
accumulation after induction of heterologous proteins at high growth rates [259]. 1) The
produced heterologous protein deviates from the mean amino acid composition of the
host proteins. Therefore after induction a distinctive amount of some amino acids is less
needed, leading to a redirection of the flux to the formation of acetic acid. 2) Another
mechanism might be a general imbalance of mMRNA, protein synthesis and metabolite
production after induction leading to a temporary block of the citric acid cycle resulting in
an increased acetate accumulation.
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Table 13: Data collection of cluster analysis of MP and production intensity assay (sample
A to E): particular proportions, ratio analysis of FL3/FL1 mean values estimating MP, FL1
mean values related to production intensity; different clusters are colored according to
similar proportions in both assays.

sample mMP ABF production intensity
proportions proportions
cluster (%) FL3/FL1 cluster (%) FL1 mean
A 1 100.00 1.09 1 100.00 49.01
81 48 114 1 3145 1414
2 12.94 0.58 2 18.20 223.8
3 24.92 179.9
4 19.34 1.53
C 1 4.94 0.34 1 20.11 402.7
2 27.06 oss  [INNZINNNNZIGERNNEEN
3 13.29 1.45 3 19.21 336.1
4 29.05 0.87 4 16.32 354
s 566 04 s 23.30 375
D 1 100.00 1.07 1 53.54 154.2
2 46.46 376.1
E 1 100.00 0.73 1 48.98 172.5
2 51.02 340

The distinctive phenotypic variations of cells at both MPs and production intensities are
likely to be related to the stress factor of inducing ABF production and secretion at a late
induction time point. This effect was shown before in E. coli cells producing a heterolo-
gous expressed protein [148]. Here it was proposed that the particular effect of the
induction time point is related to the inducer concentration per cell. When the inducer
xylose is added its amount per individual cell is dependent on the particular cell concen-
tration at the time point of addition. Therefore at low cell densities the induction effect may
be stronger than at higher cell concentrations. The individual stress for every single cell is
more pronounced and consistent at lower cell densities making heterogeneities less likely
to occur as at higher cell concentrations.
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4.6.2 Batch process with 50 g/L initial carbon source

Another interesting example for population dynamics was investigated in detail at a batch

process approach with an initial carbon concentration of 50 g/L fructose. This cultivation
was again carried out with previously designed minimal medium in a 1L bioreactor under
DO (>20%) and pH control (pH 6.3). The ABF D1.3 scFv production was induced
immediately from the start by adding 0.5% xylose. The acetate concentration was
determined via HPLC and the ABF concentration was measured in the supernatant by
functional ELISA assay. The process itself was stable with controlled DO at 20% until a
sudden increase of DO with oscillating behavior under constant aeration and agitation
control became observable (Fig. 53). Again these oscillations were also present at CER

and OUR at exhaust gas analysis. MPs were estimated by means of FCM to gain deeper

insights into the cell behavior on single cell level.
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Figure 53: Batch cultivation of B. megaterium YYBm1 (EJBmD1.3scFv), bioreactor (1L, DO
> 20%, pH 6.3, 50 g/L fructose), induction from the start (0.5% xylose). (A) DO, fructose
concentration and CDW, sample time points for FCM analysis, (B) OUR, CER, RQ, (C)
acetate accumulation and functional ABF D1.3 scFv concentration in the supernatant.
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Measurements at different time points clearly showed the splitting from a homogenous
population at sample point A to several subpopulations (sample points B to D) (Fig. 54).
Again a reduction in MP of certain subpopulations is directly correlated with an increase in
the DO concentration. Considering the MP certain population dynamics on single cell level
were observed until the cells synchronized again to a single homogenous cluster (Fig.
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54). This particular behavioral pattern might be explained by the accumulation of acetate
throughout the cultivation as an overflow metabolite. Having reached a certain concentra-
tion range the produced acetate becomes toxic to the bacterial cells and might lead to a
so-called acetate switch. This effect is well described for E.coli cultivations where under
certain conditions acetate is metabolized as a primary carbon source [264]. In this case B.
megaterium populations are differentiating during this DO oscillating time period of about
2 h where both acetate and fructose are metabolized in parallel, possibly by different cell
populations. Quite interestingly the ABF concentration was also reduced which may be
related to some increased protease activities and/or secretion. This experiment is another
important example for the occurrence of heterogeneities in bioreactor cultivations induced
by a distinctive stress factor. Disadvantages of a batch process with high initial carbon
source concentrations are here highlighted from a single cell point of view. The accumula-
tion of acetate, less product formation and the tendency towards culture heterogeneities
favor unstable and not reproducible process conditions and should be avoided. However
the ability of cell populations to cope with changing environmental conditions by the
development of various cell populations was remarkably illustrated.

It could be demonstrated that multi-parameter FCM analysis for measuring MP and
production intensities is a valuable tool for a detailed monitoring of bioprocesses on a
single cell level. Parameters like reactor inoculation, induction time and substrate
concentration may have a major influence on stabilization of distinct metabolic and
production cell states.

The detailed reasons for the development of such heterogeneities are manifold as
illustrated in the introduction (section 2.2.3). Generally speaking the history of each single
cell is decisive for its particular reaction on environmental trigger factors like the induction
of heterologous protein production or increased acetate concentrations. Thereby stochas-
tic effects should not be underestimated as they can have crucial effects if a whole cell
population develops distinctive heterogeneity pattern or not.
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Figure 54: Population and cluster analysis with R statistic tools for MP estimation array at
different sample points (A-F); upper row: dot plot image of predicted clusters, lower row:
density plots based on previous cluster analysis.

4.6.3 Process relevance of heterogeneities

In biotechnological production processes subpopulations may have a distinctive impact on
the process productivity and reproducibility. Therefore knowledge about the heterogeneity
regulation can be directly used for adequate online process control, optimization strate-
gies and rational strain design. However the ability to adapt to changing environmental
conditions is at least based on this variability development so that the total avoidance of
heterogeneity might finally lead to less robust strains. As described before heterogeneous
populations show increased fithess compared with homogenous populations.

108
Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Culture heterogeneity

Current knowledge of network motifs regulating the epigenetic inheritance and culture
heterogeneities mechanism are promising tools for biotechnological and medical applica-
tions. In the field of synthetic biology invented networks were already used to improve
bioprocess performances [265, 266]. Also the combinatorial promotor design was shown
to be effective in engineering noisy gene expression. Instead of direct enzyme or pathway
engineering another approach of global transcription machinery engineering (QTME) was
used for metabolic engineering efforts. By reprogramming of the transcription machinery
e. g. elevated ethanol tolerance and increased production performances in yeast could be
achieved [267].

Quite interestingly mutations in biotechnological processes are considered to have less
influence on product synthesis. This is due to the fact that the outgrowth of such mutations
requires a higher growth rate of the particular individual and many replication rounds for
competing with originally inoculated organism [128]. In contrast to genetically engineered
microorganisms the engineered capacity (e. g. of the plasmid) is often lost and accompa-
nied by prevailing of the wild type strain [128]. Nevertheless these quiescent mutations
have a high potential to support selective strain creations e. g. mutants that channel
carbon and energy from proliferation to metabolic processes to improve productivity [268].
It is most desirable to efficiently separate these high producers and adapt the process to
their favorable conditions.

In the area of “omics” techniques and fast sampling, the insurance that a homogeneous
cell population is characterized is also a very important issue [222]. Here at-line MP
measurements could be an adequate tool for quantitatively analyzing the particular culture
status. The implementation of cytomics and proteomics techniques regarding bacterial
cells was recently proven to be successful [269] and has great potential for future
applications in revealing totally new insights on single cell level and population dynamics
related to cellular heterogeneity.
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5 Conclusions and outlook

Microbial platforms for antibody fragment (ABF) production are beneficial compared to
mammalian cell cultures regarding higher specific productivities, established scale up
approaches, less regulatory aspects and reduced cost of goods (COGs). Among these, B.
megaterium which was used as a model organism has the big advantage to directly
secrete the product into the supernatant which is remarkably reducing the downstream
processing costs.

The aim of this work was to optimize the production and secretion of recombinant anti-
lysozyme ABF D1.3 scFv using B. megaterium as an alternative production host. This was
done by first developing an appropriate minimal medium for production and, secondly,
designing a high productive bioprocess resulting in a successful upscale approach.
Advanced methods for bioprocess monitoring like flow cytometry (FCM), revealing insights
on a single cell level, and transcriptome analysis were used to gain a deeper process
understanding and uncovering potential bottlenecks of production and secretion of ABF
D1.3 scFv.

5.1 Medium design

The aim of developing new defined media compositions with increased production and
biomass formation is not trivial. When more than ten components are involved a simple
optimization strategy by changing one parameter at one time is simply not practical due to
the huge number of necessary experiments. Therefore experimental approaches using a
genetic algorithm and statistical design of experiments like Central Composite Design
(CCD) were applied. It was shown that an appropriate medium design is most important
for B. megaterium to produce and functionally secrete the ABF D1.3 scFv. A minimal
medium with defined components is indispensable for an adequate process control and
investigations on the level of metabolome, transcriptome and proteome to ensure
meaningful conclusions.

Based on a screening for a suitable carbon source, fructose was chosen as an ideal
substrate for growth associated production of ABF D1.3 scFv. An inducer concentration of
0.5% xylose was found to be optimal and less influencing the maximal growth rate whilst
guaranteeing a high ABF D1.3 scFv production.

Regarding a further screening of medium components it has to be considered that certain
interactions between these components with a direct effect on growth and production may
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take place. It is for instance known that metal ions themselves can replace each other
thus leading to an increase or decrease of enzyme functions [205]. Therefore, for
optimization purposes “changes one at a time” methods were not applicable as, in this
case, the possible interactions between different metal ion concentrations would not be
considered. By using a genetic algorithm approach a large parameter space was
investigated and the possibility of finding just a local maximum was reduced. Thereby
several media compositions for high functional secretion of ABF D1.3 scFv and slightly
increased biomass formation were developed. It was highlighted that certain trends in
changing metal ions fractions related to an increased production of ABFs were followed
through the generations of experiments made. From these particular dependencies it
could be concluded that an increased Mg-fraction and lower Co- and Ca-fractions directly
favored higher product formation and secretion. These results were interpreted by
annotated genome data associated to metal dependent enzyme classes where Mg was
one of the most important metal ions for biomass generation and the ABF production and
secretion process. In addition the interaction, activation and replacement of certain metal
ions became obvious from annotated genome data combined with enzyme database
research.

By screening different (NH4),SO, concentrations in a CCD experiment it was found that
higher concentrations directly favored an increased ABF D.1.3 scFv production. This may
be related to the enhanced osmolality due to a higher overall salt concentration having a
direct effect on the compactness of cell wall structures [212] and the particular charge
distribution inside the cell wall favoring or hindering an efficient protein secretion [208].
Additionally this change in osmotic environments may cause an unfolded protein response
as shown before in yeast systems finally supporting functional protein folding [213].

Based on a originally complex medium for ABF D1.3 scFv production a defined minimal
medium with an increased productivity was successfully developed being most important
for an appropriate process design, control and investigations on the transcriptome level
made.

5.2 Advanced process control

Microorganisms in industrial processes are conventially considered to behave as uniform
populations and therefore are thought to be sufficiently described by average values [128].
However for instance at high cell density E. coli cultivations a reduction of up to 20% of
cell viability was observed by FCM measurements [270]. Standard bioprocess control
techniques could not provide this kind of information as they only measure average
biomass concentrations. It is most desirable to have reliable methods available to
adequately monitor bioprocesses for production intensities of single cells and reveal
population dynamics, e. g. under substrate limited conditions or high cell densities.
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The technique of FCM was successfully used to reveal deeper insights on single cell level
of B. megaterium secreting ABFs. By this method it became possible to distinguish
between viable, metabolic active, depolarized, dormant, and dead cells and to discrimi-
nate between high and low productive cells. Batch related ABF production intensities of
single cells revealed certain dynamics within the process. It was shown that the secretion
through the membrane coupled Sec-pathway [40] and subsequent delayed release from
the cell wall structures predominantly increased in the stationary phase. These investiga-
tions were based on a newly developed production intensity assay were the single cell
productivity was determined by a specific fluorescence detection antibodies (AB). Besides
the descriptive function of measuring and characterizing heterogeneities concerning the
productivity the method also opens up the possibility to selectively screen for high
producers.

Whole cell culture based process parameters like dissolved oxygen (DO), carbon dioxide
evolution rate (CER) and oxygen uptake rate (OUR) characteristics could directly be
correlated to single cell based measurements as shown for membrane potential (MP)
correlations. Abrupt changes in DO concentrations with an oscillating behavior could be
attributed to MP population heterogeneities at late induction of ABF production and
processes with a high initial carbon concentration. The methods were shown to be
suitable tools for at-line monitoring of processes allowing a better process understanding,
increasing robustness and forming a firm basis for physiology-based analysis and
optimization with the general application for bioprocess development.

Comparing both at-line methods for the evaluation of a current cell status (cell viability
(MP) and cell integrity), it was clearly obvious, that MP measurements were far more
sensitive in describing cell properties than the presented assays for cell integrity meas-
urements. The latter are more accurate for measuring extreme effects like cell lysis after
heat treatment or long term starvation. As both parameters of cell viability and integrity are
important, they should be monitored simultaneously during bioreactor cultivations and can
be most helpful in describing population dynamics and changes in cell physiology.
Especially in deciding whether a process is operating in a stable condition or not, the MP
estimation is an optimal and very sensitive parameter to adapt process conditions or even
to abort the cultivation at early stage when heterogeneities appear or critical physiological
values are reached. Therefore a tool for online single cell characterization is most
desirable. Measurements based on an impedance microfluidic chip technique (Leister
Process Technologies, Axetris Division) were recently shown to be feasible for single cell
MP characterization directly comparable to fluorescence based techniques used in this
approach [271]. Single cell online analysis for bioprocess characterization and control has
already been applied for processes using Saccharomyces cerevisiae or mammalian cell
cultures [272]. Here the automated control on single cell level could be successfully used
for scale-up and fed-batch processes [273].

As suggested by the initiative for Process Analytical Technologies (PAT) new techniques
of bioprocess monitoring on a single cell level can be regarded as suitable tools to gain
additional knowledge-based data to better control bioprocesses and assure product
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quality. Limitations of models arising from insufficient online data quantity and quality may
thereby be overcome.

5.3 Process development and limitations

The investigated bioprocess is both a production process and at the same time a
secretion process of ABF D1.3 scFv. Secreted products have the big advantage of
reducing the purification efforts as the product of interest is already functionally folded in
the supernatant with less other contaminating proteins. Secretion processes in general
are coupled to particular conditions and are affected by a variety of parameters like the
current specific growth rate [233]. In this case it could be demonstrated that the secretion
of ABF D1.3 scFv increased when cells entered into the stationary phase. Based on these
investigations an adequate process strategy was newly developed. By an adapted online
feeding profile controlled growth and starving phases with increased ABF D1.3 scFv
production were successfully established. The control algorithm used guaranteed
comparable growth and starvation phases as the feeding profile was based on online
estimated parameters of the particular biomass concentration and the cultivation volume.
Other strategies like exponential, linear or DO controlled feedings were not found to
promote production or secretion. This may be related to the fact that cells have to undergo
a certain time of starvation stress to develop improved secretion properties.

The aim of increasing the overall process performance can also be followed by optimiza-
tions based on genetic modifications of the production host. Therefore transcriptome
analyses were done to reveal potential candidates for optimizing ABF production and
secretion. It is most important that the experiments are done under the controlled
conditions of a bioreactor cultivation to have a firm basis for industrial process related
optimizations strategies.

Starting from the transcriptome experiments it became obvious that the effects of
stationary phase coupled increased secretion were not due to a changed expression
pattern of ABF D1.3 scFv mRNA but may be related to certain genes which are being
regulated during the stationary phase. These include for instance proteins exhibiting
folding aiding functions like PrsA or HtrA. Besides, global effects enhancing secretion
processes at starvation conditions which are actually favoring the secretion of degradative
enzymes like proteases, lipases or nucleases may at the same time also further promote
the secretion of ABFs. However it also has to be considered that the ABF has complete
different folding properties and protein structure compared to naturally secreted proteins
being evolutionary adapted for secretion. Here the protein charge distribution may play a
critical role, having a direct effect on the release efficiency through the cell wall [274]. The
Sec-pathway is also coupled to the folding process itself e. g. the generation of disulfide
bonds may also display a process limiting step making folding supporting conditions and
acquisition of helper proteins as foldases important factors for promoting ABF secretion.
For further process development a rational optimization of the production strain should be
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a major goal. Coexpression of the genes encoding for the foldase PrsA and cell wall
lyases like CwIM and CwiIL are promising candidates to boost secretion also during the
exponential growth phase. These may lead to a tremendous increase in ABF secretion as
the actual process of secretion would not anymore be limited to the stationary phase.
Disadvantages of nutrient limitation as a pre-condition for an effective secretion may
thereby be overcome.

5.4 Era of cytomics and data modeling

The possibility of investigating a single cell finger print of a whole cell culture by FCM has
a high potential to be combined with cutting-edge “omics” technologies [221, 269]. The
sensitivity of these techniques increased in many ways within the past few years. Based
on a sufficient cluster analysis different microbial populations can be disintegrated, further
be characterized and unravel the heterogeneities on a detailed molecular level. Transcrip-
tome, Proteome, Fluxome and Metabolome data sets have the potential to give totally
new insights into regulatory and enzymatic networks of different populations. Main goals
are here to develop more robust, energy, time and resource efficient bioprocesses. By
‘omics” data sets insufficient information from fluorescence based assays can be
completed on a intracellular level [221, 269]. This combination of technologies is most
important to uncover possible bottlenecks of production processes regarding culture
heterogeneities. These can be related to the expression or suppression of distinct
pathways. Furthermore the information can also be used to rationally design approaches
in the area of directed evolution to gain more robust and particularly adapted production
strains. The approach of characterizing microbial cultures by combining cytomics and
proteomics was recently successfully established [269]. Also for non-cultivable bacteria
from microbial communities this technique has a high potential to give totally new insights
on the molecular level.

FCM measurements are an ideal instrument to monitor cell properties on single cell level
to gain additional information for appropriate bioprocess modeling and control. For this
approach five essential issues must be addressed: 1) the development of suitable
methods to measure cell heterogeneities on single cell level, 2) appropriate data analysis
based on standardized statistical methods like automated clustering approaches, 3)
appropriate reproducible experimental designs, 4) single cell “omics” to reveal process
dependencies on the molecular level, 5) formulation and solution of computationally
tractable models. These models accounting for cell heterogeneity are used in order to
develop better bioprocess control strategies. They are divided into structured approaches
[275] and segregated models [276] and most are population balanced approaches [277].
To use these models the cellular phenomena as well as their mathematical applicability
have to be fully understood [278]. Delay differential equations were used to selectively
describe population dynamics of age distribution in bacterial cultivations [279]. In this case
the particular experimental design of a phased cultivation was adapted to selectively
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create distinct population dynamics and synchronization of the individual cell cycle [153].
Particular stages of cell cycle were characterized by the particular DNA content of the
cells measured by means of flow cytometry. These artificially created experiments give
insights into the work mechanisms of cell cycle synchronization but are difficult to transfer
to industrial relevant processes like batch and fed-batch designs with constantly changing
conditions of nutrient availability, cell density and environmental parameters. Therefore a
predictive modeling approach can only be realized in case of well controlled conditions
e. g. for a phased [153] or continuous cultivations [280] to reduce stochastic effects [279].
A population model as a basis for an adapted online bioprocess control has not been
implemented so far due to the complex mechanisms associated with the development of
culture heterogeneities. Sitton and Srienc (2008) proposed an online control of a fed-batch
process relying on automated flow cytometry measurements [273]. This was done for a
scale up approach of a mammalian cell culture. Here samples were automatically taken,
diluted and measured via flow cytometry. The feeding was controlled according to the
measured percentage of non-viable cells and thereby an easy online control was
established.

The complex interplay between environmental changes and cellular responses is not yet
fully understood and the integration of this new single cell knowledge into the strategies
for design, operation and control of bioprocesses remains challenging [278]. In order to
attain a reliable quantitative description of cell heterogeneity suitable for control of
bioprocesses it is highly important to specifically coordinate between experimental and
modeling effort.

However the aim to implement single cell measurements, single cell “omics” combined
with an appropriate model approach has a great potential to understand the complex
cellular mechanisms behind the generation of heterogeneity development.

5.5 Antibodies — a future perspective

5.5.1 Potential of microbial systems

Today most recombinant monoclonal antibodies (mAB) are produced in mammalian cell
culture systems like chinese hamster ovary (CHO) [281] and murine myeloma cells,
usually being NSO [282] and HEK293 cells [10]. The biggest advantages of these
systems are the correct folding and glycosylation pattern of whole size IgG ABs, display-
ing effector function paralleled by generation of high product titers. Currently for high cell
density mammalian cell cultivation processes 5 g/L AB concentrations are achieved [84].
In the next 5 years productivity levels may be extended up to 10-20 mg/L/h for a 21-day
process based on further host cells and bioprocess engineering [283]. The actual
bottleneck of the process is the purification of this highly concentrated products due to
limiting purification columns capacities. However mammalian processes are very
expensive due to long process times and high media costs. Nowadays serum free media
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are available but this prolongs generation time and results in higher COG for the overall
process. Establishing stable high producer cell lines is also a time-dependent step. A
particular screening has to be done as the gene of interest randomly integrates into the
chromosome after transfection of the cells [31]. Here the site and number of integrations is
crucial and determines the production efficiency. Furthermore when cultivating mammali-
an cells a lot of regulatory concerns have to be followed. Due to the evolutionary
relatedness of all mammalian species, the probability of transmission of unknown genetic
material e. g. viruses is higher when using a hamster derived cell line than when using
microbial hosts [31]. Quite interestingly when it comes to ABFs like Fv and scFv fragments
expression yields in mammalian cell lines like CHO and myeloma cells were quite low
[284, 285]. For these purposes microbial system can be more advantageous.

Microbial systems display a bunch of advantages compared to mammalian expression
systems. Rapid process times due to higher growth rates, high cell densities favoring an
increased volumetric productivity, simple serum free media, and easy scale-up up to five
fold larger compared to mammalian cells making the production process far more
economical. The absences of human related pyrogenic compounds such as toxin or viral
contaminations are other advantages of microbial expression systems. As an example a
typical production process with E. coli cells lasts for 1-3 days whereas typical mammalian
cell culture takes up to 10 to 12 days limited to 20 000 liter scale [31]. For yeast systems
the current volumetric productivity of 5-10 mg/L/h exceeds that of mammalian cells being
1-2 mg/L/h [286].

Most microbial systems are limited to the production of ABFs where posttranslational
modifications like galactolysations or glycosylations are not required. However recently a
human-like glycosylated IgG AB (rituximab) was successfully produced with a human N-
glycosylation in glycoengineered P. pastoris cell line [287]. As a big advantage in the
underlying humanized yeast system uniform glycosylations are created in contrast to most
mammalian systems which produce mixtures of glycoforms.

Other advantages for microbial systems are the established techniques for stable genetic
modifications and shorter overall development times to gain an efficient production strain.
A time-consuming screening for high producers is not necessary as the ABs are ex-
pressed from an extrachromosomal replicating plasmids. However when using antibiotics
as selection markers a validation of removal during purification has to be done and may
increase downstream processing costs.

B. megaterium is a good alternative to E. coli as an expression host, as generated ABFs
are directly being secreted into the surrounding medium avoiding problems like formation
of inclusion bodies or subsequent intensive in vitro refolding or proteolytic degradation by
intracellular proteases. The oxidative extracellular environment also enables the formation
of disulfide bonds being important for functional ABF domain folding. In contrast to Gram
negative bacteria Gram positive bacteria exhibit no endotoxins and therefore facilitate an
easier downstream processing. Additionally B. megaterium has not been used for
industrial ABF production so far so that no restrictions due to patents have to be consid-
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ered. Despite these advantages the specific productivity of B. megaterium producing and
secreting ABFs compared to other production systems remains relatively low.

However the optimization strategies for ABF production in B. megaterium are not yet to be
exploited. Until now only the expression plasmid e. g. promotor region and ribosomal
binding site (RBS) design were extensively optimized. This optimization approach has to
be extended to particular strain design done by overexpression or deletion of certain
genes. Potential candidates like foldases, proteases, lyases were revealed by the
transcriptome analysis done in this work. Especially for gene deletion it has to be
considered that transformation efficiencies for B. megaterium are still very low being
based on protoplast transformation. Therefore the generation of mutant strains is yet a
challenging task. Transcriptome analysis done with the ABF secreting and GFP overpro-
ducing strains (data not shown) revealed fewer genes as expected being highly regulated
under production conditions. This may be a hint on a distinctive robustness of B. mega-
terium as a production host being able to compensate the production stress caused by
heterologous protein overproduction. This ability of tending towards homeostatic condi-
tions may be a natural evolutionary mechanism of B. megaterium being able to grow
under various conditions e. g. at metabolizing a variety of carbon sources.

The demand for AB therapeutics increases the pressure on the production processes to
be more effective related to economic reasons. Therefore in the future simple and cost
effective production systems such as yeast and bacteria will be favored over mammalian
systems facilitating rapid development times to the clinic and market.

5.5.2 Most promising antibody formats

Monoclonal AB-based approvals continue to dominate the biopharmaceutical market with
today 240 mAB products being in clinical trials [295]. In the future genomic research and
“omics” technologies will reveal totally new target sites for AB based therapeutic applica-
tions for unmet medical needs. The situation on the global market with growing
competition between companies and products, economic problems of health care systems
and higher quality demands are the main driving forces for highly efficient and productive
processes with reduced COG [31]. These production processes have to be easily scalable
and robust in manufacturing operations with high expression rates, optimized production
yield and reduced downstream processing comprising 80% of today’s production costs.

The challenge nowadays is not discovering of new ABs but rather focusing on the
development of new highly specific and stable formats, their design and the reduction of
production costs [31]. As an example in 2009 the first bispecific mAB (Removab) was
approved in the EU. This AB binds to the tumor cell is subsequently attracting both
accessory cells and T-cells which is the reason for a multiple highly specific tumor
destruction response [288]. In general mAB-dependent, cells mediated, cytoxicity-
optimized and glycoengineered ABs have a great future. The aim to increase AB affinity
will lead to a reduction of administered AB amounts to generate the therapeutic effect
thereby lowering the prizes for medical treatment.
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Other promising ABFs are so-called “single domain ABs”. They consist of single domains
derived from human VH libraries, camelid HCAbs and Ig-NARs derived from sharks [289].
These fragments can be efficiently expressed in bacteria as active, soluble, and robust
proteins. Due to their small size and single domain structure, they are capable to reach
epitopes buried in clefts and grooves which cannot be accessed by larger ABFs [289].
They exhibit effective and fast organ permeability and can also enter in dense tissues like
tumors [290]. Other AB formats like dimeric, tetrameric, diabodies or Fv fragments fused
to toxins, cytokinetic antibiotics, radionucleotides or RNAses may also play a major role in
future applications for specific tissue targeting. Besides protein engineering approaches
post translation modification (PTM) engineering will be in the focus of prospective
optimization strategies. Recently a knockout CHO cell line was developed that was able to
produce defucosylated ABs displaying improved cancer killing abilities [291].

5.5.3 Future - application

Nowadays and in the future mAB and ABFs will be applied in areas of therapy and
diagnostics like tumor treatment, allergic disorders, disease characterization, chronic
inflammation, autoimmune and infectious diseases.

A key for rational AB drug design lies in the field of pharmacogenomics where potential
disease targets are redefined and newly developed. Clinical trials will be adapted focusing
on certain subsets of patients with particular genetic profiles. Specific diagnostic tests
screening for an overexpressed target receptor have to be developed in parallel to the
actual therapeutic. Thereby rational therapies can be directed towards patient populations
with high response rates [32, 33]. Also in the field of basic research and diagnostic
approaches ABs and ABFs will gain in importance. They are key detections reagents for
the “postgenomic” analysis e. g. of the ~ 90.000 proteins of the human proteome [292-
294].

An increased market for ABs is also seen in industrial areas like catalytic and immuno
purification reagents and also as therapeutic agents in commodities such as toothpaste
and shampoos [8, 9].

From discovering a potential disease target until the final launch of the product into the
market it still takes about 10-15 years. The investigations and developments made do not
rely anymore on trial and error principles but show systematic and automated approaches.
However gaining deeper insights into biological processes may also lead to more complex
and time lasting developments of new therapeutics.
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7 Nomenclature

7.1 Abbreviations

AB antibody

ABF anitbody fragment

ADCC AB-dependet cellular cytotoxicity

ATP adenosine triphosphate

BB best biomass

BHK Baby Hamster Kidney

BIC Baysian Information Criterion

BMD Bacillus megaterium DSM 319

BP band pass

BP best production

BRENDA Braunschweig Enzyme Database

CAGR compound anual growth rate

CCCP carbonyl cyanide m-chlorophenylhydrazone
CCD central composite design

CcpA catabolite control protein A

CDC complement-dependent cellular cytotoxicity
CDR complementarity determing region

CDW cell dry weight

CER carbondioxide evolution rate

cGMP current Good Manufacturing Practise

CHO Chinese Hamster Ovary

CLSM confocal laser scanning microscopy

COG cost of goods

conc. concentration

cre catabolite response element

CRP c reactive proteine

Ccv coefficient of variation

Dibac4(3) bis-(1,3-dibutylbarbituric acid) trimethine oxonol
DiOC2 3,3'-diethyloxacarbocyanine iodide
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DiOC6 3.30-dihexvloxacarbocvanine iodide

DNA Desoxyribonucleic acid

DO dissolved oxygen

DoE Design of Experiments

DOL degree of labeling

DSB double strand break

ELISA enzyme-linked-immunosorbent-assay

EU European Union

EV electronic volume

exp | first exponential phase

exp Il second exponential phase

FACS fluorescence-activated cell sorting

FC fluorescence concentration

FC fold changes

FCM flow cytometry

FDA Food and Drug Administration

FESEM Immuno field emission scanning electron microscopy
FL fluorescence

FSD fluorescence surface density

GA Genetic Algorithm

GALOP Genetic Algorithms for Optimization of Processes
GFP green fluorescence protein

GRAS generally regarded as safe

gTME global transcription mashinery engineering
HEK Human Embryonic Kidney

HER2 human epidermal growth factor receptor 2
HMS hyper mutable subpopulation

HPLC high performance liquid chromatography
HRP horse radish peroxidase

Ig immunoglobulin

ITEM Institut fur Toxikologie und Experimentelle Medizin
LP long pass

mAB monoclonal antibody

MP membrane potential

mRNA messanger RNA

NAD Nicotinamide adenine dinucleotide

NCBI National Center for Biotechnology Information
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oD onptical densitv

OUR oxygen uptake rate

p.i. post induction

PAT Process Analytical Technologies
PBS phosphat buffered saline

PBST phosphat buffered saline tween
PEG polyethylene glycol

PHB polyhydroxybutyrate

Pl propidium iodide

PMT photomultiplier

PP pareto optimal scores
Prod_Iten production intensity

PTM post translational modifications
RIN RNA integrity number

RNA ribonucleic acid

rRNA ribosomal RNA

RT room temperature

scFV single chain Fab variable

sdAB single domain antibody

SDS sodium dodecyl sulfat

SE secondary electron

Sec secretion

SEM scanning electronic microscope
SFB Sonderforschungsbereich

SRP signal recognition particle

SS sidewards scatter

stat | first stationary phase

stat Il second stationary phase

TE Tris-EDTA

TIGR The Institute for Genomic Research
TMB tetramethylbenzidine

TNF tumor necrosis factor

UPR unfolded protein response

VH variable heavy

VL variable light

XyIR Xylose repressor
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7.2 Symbols

S (9/L)

Vv (L)

X (9/L)

H (1/h)

Qp (mg/h)

ar (mg/g/h)
Yxis (9/9)

Yeix (mg/g)
Qo2 (mg/L/h)
Qco2 (mg/L/h)
Jo2 (mmol/g/h)
Aco2 (mmol/g/h)
RQ ()

substrate concentration
volume

biomass concentration
specific growth rate
production rate

specific production rate
biomass yield

product yield

Oxygen Uptake Rate (OUR)
Carbon Dioxide Evolution Rate (CER)
specific OUR

specific CER

respiratory quotient
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