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Abstract

Recombinant protein production in E. coli poses several significant advantages compared to other
production hosts, such as short process times and high cost-efficiency. However, due to high expression
levels and the lack of post-translational modification machineries, proteins of interest are often produced
as insoluble aggregates, more commonly called Inclusion Bodies (IBs). Therefore, several additional
unit operations are required during down-stream processing (DSP), namely IB washing, solubilization
and refolding. Up to now, these unit operations are developed and optimized using empiric approaches
since no universal refolding protocol is available. In recent years, several paradigm changes for
production processes of pharmaceuticals took place, changing the focus to Quality by Design (QbD)
and Process analytical technology (PAT) (e.g. ICH Q8-12). These strategies require scientific
knowledge and process understanding to be generated during process development as well as suitable
analytical methods in order to monitor and control the process. While readily implemented for small
molecules, strategies are still lacking for biopharmaceuticals and, in particular, for those produced as
IBs. The reason for this is twofold: (i) The production of biopharmaceuticals in living organisms presents
highly complex systems. Therefore, the product requires analytical methods able to assess very specific
properties of one target molecule in a highly complex matrix. (ii) Many of the analytical techniques able
to fulfill the requirements listed in (i) are not applicable for the refolding process due to harsh conditions
during solubilization and changing Critical Quality Attributes (CQAs) during the DSP. In this work, the
development of IB processes for the enzyme horseradish peroxidase (HRP) as model protein was
investigated. Screening of suitable refolding conditions was performed as Design of Experiment (DoE)
in small-scale approaches. These conditions were then scaled up to the controlled environment of a
bench-scale refolding vessel. Different analytical strategies were applied for the entire DSP, including
high performance liquid chromatography, Quantum cascade laser-IR-spectroscopy, and enzymatic
activity assays. Several of the shown methods were then employed for IB forming proteins from other,
different protein families. Overall, the applicability of QbD approaches to specific parts of IB processes
were demonstrated. This cumulative thesis contains four first author papers, one patent, and two book
chapters. While the definition of CQAs is still an integral part of these strategies, the high structural
complexity and conformation-change of IBs through various unit operations makes the identification of
CQAs for intermediates challenging. Furthermore, identifying the material attributes and process
parameters that can have an effect on product CQAs as well as establishing PAT tools requires
significant process understanding. This can, at least partly, be generated through unit-operation spanning
multivariate approaches and an iterative approach to process development requiring a “Design of Design
of Experiments” concept.
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Zusammenfassung

Die Produktion von rekombinanten Proteinen in E. coli bietet im Vergleich zu anderen
Produktionsorganismen mehrere bedeutende Vorteile, wie z. B. kurze Prozesszeiten und effiziente
Kosten. Aufgrund des hohen Expressionsniveaus und des Fehlens von posttranslationalen Modifikation
werden die gewiinschten Proteine jedoch hdufig als unlosliche Aggregate, so genannte
Einschlusskorperchen (aus dem Englischen Inclusion Bodies (IBs)), produziert. Daher sind wihrend des
Down-Stream-Processing (DSP) mehrere zusitzliche Arbeitsschritte erforderlich, ndmlich Waschen,
Solubilisierung und Riickfaltung der IBs. Bislang wurden diese Arbeitsschritte mit empirischen
Ansitzen entwickelt und optimiert, da kein universelles Riickfaltungsprotokoll zur Verfiigung steht. In
den letzten Jahren haben mehrere Paradigmenwechsel bei den Produktionsprozessen von Arzneimitteln
stattgefunden, die den Schwerpunkt auf Quality by Design (QbD) und prozessanalytische Technologie
(PAT) gelegt haben (z. B. ICH Q8-12). Diese Strategien erfordern wissenschaftliche Kenntnisse und ein
Prozessverstindnis, das wihrend der Prozessentwicklung geschaffen werden muss, sowie geeignete
analytische Methoden zur Uberwachung und Kontrolle des Prozesses. Wihrend diese Strategien fiir
kleine Molekiile oft gut umsetzbar sind, fehlen sie fiir Biopharmazeutika und insbesondere fiir als IBs
hergestellte Biopharmazeutika noch. Der Grund dafiir ist unserer Meinung nach ein doppelter: (i) Die
Herstellung von Biopharmazeutika in lebenden Organismen stellt hochkomplexe Systeme dar. Daher
erfordert das Produkt Analysemethoden, die in der Lage sind, sehr spezifische Eigenschaften eines
Zielmolekiils in einer hochkomplexen Matrix zu bewerten. (ii) Viele der analytischen Verfahren, die die
unter (i) genannten Anforderungen erfiillen kénnen, sind aufgrund der rauen Bedingungen wihrend der
Solubilisierung und der sich @ndernden kritischen Qualititsmerkmale (CQAs) wihrend des DSP nicht
fiir den Riickfaltungsprozess geeignet. In dieser Arbeit wurde die Entwicklung von IB-Prozessen fiir das
Enzym Meerrettich Peroxidase (aus dem Englischen Horseradish Peroxidase (HRP)) als Modellprotein
untersucht. Das Screening geeigneter Riickfaltungsbedingungen wurde als Design of Experiment (DoE)
in kleinem MaBstab durchgefiihrt. Diese Bedingungen wurden dann auf die kontrollierte Umgebung
eines Riickfaltungsgefifles im LabormaBstab hochskaliert. Fiir das gesamte DSP wurden verschiedene
Analysestrategien angewandt, darunter Hochleistungsfliissigkeitschromatographie,
Quantumkaskadenlaser-IR-Spektroskopie und enzymatische Aktivititsuntersuchungen. Mehrere der
gezeigten Methoden wurden dann fiir andere IB-bildende Proteine aus verschiedenen Proteinfamilien
eingesetzt. Insgesamt wurde die Anwendbarkeit von QbD-Ansitzen auf spezifische Teile von IB-
Prozessen demonstriert. Diese kumulative Dissertation enthélt vier wissenschaftliche Publikationen, ein
Patent und zwei Buchkapitel. Wihrend die Definition von CQAs immer noch ein integraler Bestandteil
dieser Strategien ist, macht die hohe strukturelle Komplexitit und Konformationsidnderung von IBs
durch verschiedene Einheitsoperationen die Identifizierung von CQAs fiir Zwischenprodukte zu einer
Herausforderung. Dariiber hinaus erfordert die Ermittlung von Materialeigenschaften und
Prozessparametern, die sich auf die CQAs von Produkten auswirken konnen, sowie die Entwicklung
von PAT-Tools ein umfassendes Prozessverstindnis. Dieses kann, zumindest teilweise, durch
einsatziibergreifende multivariate Ansdtze und einen iterativen Ansatz fiir die Prozessentwicklung
generiert werden, der ein ,.Design of Design of Experiments“-Konzept erfordert.
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Quality by Design strategies in Inclusion
Body processing

1. Introduction

1.1 Recombinant protein production and choice of host

The development of artificial DNA synthesis in 1973 marked the first cornerstone for recombinant
protein production and was followed shortly after by the first functional recombinant protein produced
in 1977 [1-3]. The Nobel Prize in Chemistry awarded to Paul Berg for his work on recombinant DNA
in 1980 and the approval of recombinant human insulin in 1982 by the FDA shows the rapid
development and adaptation of this technology [2]. Today, more organisms, strains, and methods are
available for recombinant protein production than ever before.

Due to the large size and high complexity of proteins, chemical synthesis does not provide a viable
option for their production. Therefore, organisms, cells, or their molecular machinery are still used for
recombinant protein production today. On a basic level, information of the protein sequence is stored in
DNA which is transcribed into mRNA and then translated into the amino acid chain, i.e. the protein.
Therefore, if recombinant DNA is introduced into a host organism, this organism has the information
available to produce the desired recombinant protein, the protein of interest (POI). Within the 48 years
since the first recombinant protein was produced, a wide variety of different host cell organisms were
established. On a very fundamental level, these can be split into Prokaryotes and Eukaryotes, which
show significant differences in their transcription and translation machinery [4]. The ease of introduction
and stability of the introduced recombinant DNA varies between host organisms and depends mainly on
two factors: (i) Well established, so called model organisms (e.g. E. coli, S. cerevisiae, Aspergillus
nidulans), often have an easily accessible, wide variety of different genetic tools available [5]. This can
include e.g. selection markers, knowledge about gene regulation sequences such as promoters or
established methods for transfection. (ii) In addition, plasmids are often available for prokaryotes and
lower eukaryotes, allowing for easy and fast introduction of recombinant DNA. For higher eukaryotes,
DNA has to be integrated into the host’s genome, requiring more complex approaches but potentially
providing higher stability [6-9].

In addition, the post-translational machinery responsible for further modifications of the proteins after
translation varies greatly between different host organisms. As a rough approximation, higher
(eukaryotic) host cell organisms are able to produce more complex proteins, but require more
challenging and complex conditions to do so. On the other hand, prokaryotic host organisms, i.e.
bacteria, generally provide fast growth, simple fermentation conditions and therefore result in cheaper
processes. However, they lack the ability to form many of the PTMs present in eukaryotes, potentially
preventing production of more complex POIs [10]. In summary, several aspects are usually taken into
account when deciding on a host organism:

e The origin of the POI — Since proteins are usually adapted to the environment of their original
host, they can often be produced in similar host organisms without many issues (e.g. bacterial
proteins in bacteria etc.).

¢ Required post-translational modifications — If certain PTMs such as glycosylation are
required, usually host cells which are able to provide the required PTM machinery are
employed. Alternatively, the PTMs can be introduced or further processed later in the
production process. This usually happens in vitro and requires additional processing steps

7
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during the downstream process (DSP). An example would be the insulin process, where
disulfide bridges are formed during refolding through a cysteine / cystine (CS/CSSC) redox
system [11].

e The intended application of the recombinant protein — Based on the intended use, the quality
and quantity of the protein vary immensely. Proteins produced for research purposes (often in
academia) might only be needed in small amounts but in very high purities (e.g. for structural
studies through XRD), tolerating economically unfeasible processes. Industrially produced
proteins show a huge range of applications and required properties. These range from bulk
enzymes produced in metric ton scale to biopharmaceutical drug products with strict quality and
purity profiles produced on a gram scale.

For industrial settings, the most cost-effective process delivering the desired product would be chosen.
However, it should be taken into account that total costs can differ from strictly considering production
costs. As an example for pharmaceutical processes, the total costs of a slightly more efficient process
with a novel host organism might be higher than those of an established one, because although process
costs of the established one are higher, additional costs for validation arise for the novel one. The same
can be true if, e.g., new equipment is necessary in order to efficiently process a new host organism, even
if productivity employing the new equipment would outperform the established host organism.
Therefore, the choice of the host organism can be highly complex and depend on many different factors.
As mentioned above, this can result in processes employing bacterial hosts as cheap expression
platforms, accepting that required PTMs have to be processed in vitro in the DSP. However, in this case,
another factor plays a pivotal role, namely that proteins are folded in a complex and highly specific
three-dimensional structure that is pivotal for their function. The lack of PTMs often leads to misfolding
and aggregation of the POI in the expression host cell, forming so-called Inclusion Bodies (IBs) [12,
13]. In that case, it is not only required to introduce the desired PTMs in the DSP, but also to bring the
IB into solution and restore the correct protein conformation — an additional process step referred to as
refolding. Figure 1 shows an overview of an exemplary IB process, including the additional process
steps IB isolation, solubilization and refolding.

P % /;@/?&ﬁ—*ﬁ

Upstream : s - e : Capture and
process ) IB isolation Solubilization > ) Refolding Activation Canceniration

Figure 1: Example for an IB process starting with the formation of intracellular IBs during fermentation. After harvesting, the
cells are disrupted and the insoluble IBs isolated. In the solubilization step, the aggregated protein is brought into solution and
subsequently refolded. In case coenzymes are required, an activation step is performed after correcily folded protein is
obtained. As a last step of the refolding process, capture and concentration of the correctly folded protein can be performed.

1.2 Protein folding processes — energetic basics and fundamentals in vivo and in vitro

The thought experiment called Levinthal's paradox played a key role to establish the fundamental
theories for protein folding [14]. Based on the large number of degrees of freedom of an unfolded
protein, the theoretical number of conformational combinations is exceedingly large. As an example,
Levinthal assumed 10° for a theoretical protein containing 150 amino acids [14]. Even if these
conformations would be cycled through in extremely short time periods (e.g. nanoseconds), the time
required to complete the folding process would most likely exceed the existence of the known universe.
However, small proteins in particular often fold spontaneously within seconds. This was the first step
leading to the idea of funnel-like energy landscapes the first link in a long chain of discoveries and
models trying to explain protein folding [15]. While a lot is still left unexplained, the basics are covered
and well described nowadays.
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The three-dimensional structure of a protein, also called conformation, is the most important part for the
function of the protein. Protein functions range from providing structural integrity (e.g. tubulin) over
specific detection of other (bio)-molecules (e.g. antibodies) to transport functions (e.g. hemoglobin) and
allowing the light-induced electron transfer across lipid membranes (e.g. photosystem I and IT) [ 16, 17].
Therefore, it is not surprising that an equally broad range of different protein conformations exist. The
exact sequence of amino acids forming a specific protein is commonly referred to as the primary
structure. While it is an essential part for determining a protein’s specific conformation, the primary
structure in itself does not provide information on the three-dimensional structure of the protein. Only
in combination with the environment of the protein and potential modifications (e.g. PTMs) can the
secondary and tertiary structure and therefore the conformation be established. Often, the “base
conditions™ of cellular life, i.e. an aqueous environment with moderate concentrations of dissolved
matter and a temperature of 37 °C are assumed [18, 19]. However, it should be obvious that if the
environment changes, the conformation of the protein would change as well. An example would be a
plethora of membrane proteins which are embedded in the phospholipid bilayer of bacterial cells and
keep their conformation and function in this aliphatic environment, but not in an aquatic one.

As for any (bio)chemical molecule, the behavior of proteins and therefore also their folding and
conformation is dictated by thermodynamic principles. These tell us that the molecule will always strive
toward a state with the minimum Gibbs free energy. As shown in Figure 2, this is also the main reason
for protein folding. As soon as the protein is introduced in a changed chemical or physical environment,
its conformation adapts to fulfill the requirement of the lowest energy state [20-23].

uoneIpAyq
Gibbs Free Energy

Figure 2:Graphic depiction of an exemplary free-energy landscape of protein folding. In the case of in-vitro refolding, the
unfolded protein (top) is highly hydrated and is exposed to a high conformational entropy. Several conformational change
pathways reduce allow for the reduction of this conformational entropy, leading either to folding intermediates and the native
stale or misfolded monomer, resulting in protein aggregates conlaining several misfolded protein units. Modified from [24].
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As one of the most well-known experiments to validate this, Anfinsen showed that bovine pancreatic
ribonuclease would completely denature, i.e. yield randomly coiled single polypeptide chains, if treated
with a reducing agent (mercaptoethanol) in a high chaotropic (8 M urea) solution. If condition were then
changed back to optimal protein concentration and pH, the protein would revert to its “functional”
conformation, i.e. was able to perform the observed catalytic activity again [25]. This showed that the
protein unfolding in this case was reversible, and that the native structure was contained in the primary
structure of the protein itself.

However, proteins can also be irreversibly denatured. If, e.g. temperature is raised to high, the protein
would be exhibiting an unordered linear structure and would not revert to its functional state after
lowering the temperature, but form unsolvable aggregates (Figure 2). Therefore, the “correct”
conformation of a protein presents a local minimum of energy, providing a certain stability to changes.
However, if enough force in the way of energy changes of the environment is applied, the molecule
can be trapped in another, more stable minimum. In the case of proteins, such a minimum is very often
the state of aggregation and results in subsequent precipitation (assuming an aqueous environment)
[26, 27]. The described fundamental principles are true for any protein, regardless of whether the
protein is observed in vivo or in vitro. For the purpose of describing a folding system, in-vitro
environments are often used since they are less complex and by far more controllable. However, some
significant differences and implications on protein folding exist between in-vivo and in-vitro protein
folding from a practical biotechnological point of view as described in detail by Hingorani and
Gierasch [21]. A summary of the different factors influencing in-vivo folding and in-vitro folding is
shown in Figure 3.

From an evolutionary point of view, misfolding of proteins is a highly disadvantageous event for the
cell. Not only is energy wasted on the production of a protein without function, but the potential toxicity
of misfolded or aggregated states poses an additional threat to the cell. Therefore, several mechanisms
have evolved in-vivo to protect against misfolding and misfolded proteins [28]. First of all, folding can
already begin during translation, a process known as co-translational folding, meaning the protein starts
adopting its structure before the amino acid chain is fully synthesized. Therefore, in the ideal case, the
protein spends little to no time in an unfolded state. Folding is further assisted by chaperons,
macromolecules that are present in vivo and are believed to have evolved in tandem with hard to fold
proteins. Furthermore, folding reactions are organized spatially in the cell, allowing for an environment
that is advantageous for the folding of some proteins but not others. Such compartmentalization can go
hand in hand with PTMs, which can be essential for the correct folding of proteins and take place in
cellular compartments designed for that purpose (e.g. the endoplasmic reticulum (ER)) [29].

However, despite these advanced folding mechanisms, the folding in a cellular system might not work
as desired in some circumstances, leading to aggregation of the expressed protein. This can for example
occur when the POI is produced based on recombinant DNA and the chosen host cell organism is not
adapted to provide an adequate folding environment. For small amounts of misfolded proteins, cells
usually exhibit pathways to degrade these proteins. However, if the concentration of unfolded POI rises
too fast (because of overexpression or an engineered lack of proteases), these aggregates accumulate
and form so called IBs [30, 31].

10
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Figure 3: Graphical overview of differences between in-vivo and in-vitro protein (re)folding. For in-vitro folding (in the top
part of the figure), the folding problem can be represented by an energy landscape based on the chemical and physical
environment. Such a representation commonly assumes a controlled environment with low protein concentrations (high
dilutions) and a binary outcome of the folding event. In the bottom part, influence factors for in-vivo folding are shown. Due
to the immense complexity of present (macro)molecules and interactions, protein folding is commonly investigated based on
abstracted  systems,  explaining omne aspect or possible  pathway. Middel  Panel:  Structure  from
hitps:r/www.nchi.nlm.nih. eov/Structure/pdb/1H58,; Image: hittps://www.rbvi.uesl.edu/chimerax [32]. Whole Figure inspired

SJrom [21].

1.3 IB formation and properties

The name inclusion body stems from the fact that misfolded protein aggregates can present a significant
percentage of protein in a cell, especially for systems tuned for high protein expression or
overexpression. These deposits of protein form large particles of aggregated protein (yields of over 50%
of the total cellular proteins have been reported [33]), which often accumulate at the polar regions of the
cell and are even visible via optical microscopy [34]. This type of protein aggregation is reported for
different cells and organisms, and can e.g. occur at the site of viral multiplication in eukaryotic cells.
One of the most common examples is in bacterial hosts in combination with strong induction systems
for recombinant protein production, e.g. high plasmid copy number IPTG induction in E. coli [35]. An
example of IBs in E. coli which was recorded using scanning electron microscopy is shown in Figure 4.
Two main factors influence the formation of IBs in a cell:

1. Overexpression — An essential property of an IB is its macroscopic nature, i.e. it exhibits a
higher density than other cellular components and is not soluble in the aqueous environment of
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the cell. Atleast some amount of overexpression is required in order to achieve such an amount
of protein and the corresponding required high intracellular concentration. In addition, the
cellular system in place to deal with protein folding and misfolded protein can be overwhelmed
for high expression rates. This can lead to increased protein aggregation and the formation of
IBs [36].

II.  Lack of PTMs — While some folding issues can exclusively be caused by overexpression, the
lack of a suitable environment for recombinant protein production can cause protein aggregation
independent of overexpression. As one relevant example, the formation of disulfide bridges in
eukaryotic cells is enabled by an oxidative environment in the ER and often assisted by ER
oxidoreductases and chaperones [37-39]. For prokaryotic cells, the reducing environment of the
cytoplasm prevents formation of disulfide bonds and thereby makes correct folding of the POI
impossible, leading to protein aggregation [40, 41].

HY | mag 0| WD | det |spot| tit | HRW | dwell | — Y ——
500kV | 50000x | 7Z4mm |ETD [ 2.5 |0° | 829 um | 20 ps Resuspended Biomass

Figure 4: E. coli cells imaged using a scanning electron microscope. At the polar regions of the cells, IBs can be seen. Image
kindly provided by Robert Klausser.

While IBs were long believed to contain completely unfolded and aggregated proteins, research in recent
years has shown that some folded structures and even active protein might be present in some IBs.
However, independent of the exact state of the single protein units in the IB, some properties are
observed for all types of IBs. They show a higher density than the rest of the cellular environment and
are not soluble in the aqueous environment [42]. Therefore, IBs are easily separable from the soluble
parts of the cell after cell lysis, since they can be suspended but not dissolved in aqueous solutions. They
mainly contain the POI (90-95% has been reported) and low concentrations of impurities such as host
cell proteins, DNA, RNA, and parts of the ribosomal machinery [13, 43, 44]. In the case of recombinant
protein production, these properties present some significant advantages over the production of soluble
proteins:
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IL.

III.

IV.

Toxic POIs — Due to the mostly inactive nature of IBs, POIs that would be toxic for the host
cell if produced in soluble form can be produced as IBs.

Unstable POIs - Proteins that exhibit short half-live times (i.e. the time it takes to half its
concentration in a biological system, e.g. due to autolytic inactivation [45]) or other traits of
high instability can potentially be produced as IBs. Due to the aggregated and inactive
conformation formed in the IB, degradation mechanisms that require a specific protein
conformation are prevented [46]. In addition, the dense structure of the IB reduces the
accessibility of protein, in turn reducing degrading surrounding influences.

Protease interaction - Native host cell proteases can pose a significant problem due to the
degradation of the POI both in the cell but especially after cell lysis. While some strains provide
reduced protease expression (e.g. E. coli BL21), this problem can be circumvented by the
production of IBs, which are separated from the soluble fraction of HCPs in their aggregated
form, preventing the interaction with proteases.

Active IBs - As mentioned above, some IBs can contain active protein, therefore exhibiting
some catalytic activity. This activity is increased by the porous nature of IBs, providing
sufficient surface area to allow relatively high catalytic activity [47]. Therefore, these IBs can
potentially be used as immobilized proteins and provide a more economical alternative to the
production and chemical immobilization of soluble protein for the use in industrial processes
[48].

High POI yield and purity — One of the biggest advantages of the production of IBs is the high
protein concentration that can be achieved in combination with cost-effective production
conditions during the upstream processing of bacterial hosts, e.g. E. coli [49-52]. Due to the
easy separation of insoluble IBs from the soluble fraction (containing most HCPs, DNA and
RNA etc.) after cell lysis, high initial purity can be achieved as well.

Besides the listed advantages, however, one major disadvantage is connected with the recombinant
protein production via the IB route: The POI is primarily obtained in an inactive conformation and
additional steps during the DSP are required to obtain the desired protein in its functional structure and
conformation.

1.4 State of the art in IB processing - Restrictions compared to the theory

In order to obtain correctly folded and active protein from IBs, several additional process steps are
required during DSP compared to the production of the POI in its soluble form. A typical production
process for classical IBs produced in a bacterial expression system is shown in Figure 5.

L

II.

Cell lysis - As for any intracellularly produced protein, the first Unit Operation (UO) after the
harvesting of the biomass is cell lysis. In order to release the POI, the bacterial cell walls are
disrupted. Several methods are commonly used for this process, including enzymatic lysis (e.g.
using lysozyme) or mechanical methods such as sonication or high pressure homogenization
(HPH). To a lesser extent, freeze-thaw cycles and grinding can also be applied. For large-scale
processes, the main method applied is HPH since due to its relatively low costs and easy
application and scalability [53, 54].

IB isolation and wash - This step usually directly follows or is combined with the cell lysis
step. The isolation of the IB from the soluble fraction takes advantage of the density difference
and insoluble nature of the IBs in the cell lysis buffer. Therefore, separation via centrifugation
or filtration is most commonly applied. Both methods show the potential to be combined with
a wash step, often using a buffer with a low concentration of a chaotropic agent (e.g. 1 M urea)
and/or a low to medium salt concentration (e.g. 1 M NaCl). This buffer is selected for its ability
to solubilize the majority of the impurities while not dissolving the IBs. The washed IBs are
often frozen until further processing, making this a standard hold step.
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III.

IVv.

Solubilization — The aim of this step is to adapt the (liquid) environment of the IBs in a way
that is energetically favorable for the POI to transition from its aggregated to its soluble form.
For a classic IB process, the washed IBs are suspended in a buffer with high chaotropic agent
concentration (e.g. 8 M urea or 6 M Guanidinium chloride (GndHCI)) [36, 55-57]. These agents
disrupt the coordinated hydrogen bonding between water molecules, weakening the
hydrophobic effect, and resulting in the solubilization of the POI from the IBs. If disulfide
bridges are present in the POI, a reducing agent is added at this stage in order to fully reduce
the protein. While high concentrations of chaotropic agents are still considered state of the art
for the solubilization step in classic IB processes, the overall goal of this UO has evolved over
time. Previously, it was thought that IBs only contained completely misfolded protein, requiring
full denaturation of the POI in order to enable refolding. However, since then it was discovered
that the POI can show correct formation of some secondary structures or even some correctly
folded protein units. Therefore, the focus shifted on finding solubilization conditions that are
harsh enough to bring the POI into solution but mild enough to preserve existing correctly folded
structures. This can be achieved by so-called mild solubilization approaches, often facilitating
reduced chaotropic agent concentrations, alkaloid pH-values, organic solvents, high pressure,
and temperature or ionic liquids [58]. In the case of active IBs, correctly folded POI can be
obtained in this process, making the refolding step obsolete. However, in the case of classic IBs,
the obtained solubilized and at least partly denatured protein still requires another step in order
to obtain its desired conformation.
Refolding — During this key UO, the POI is refolded to obtain its correct and intended
conformation again. This is achieved by changing the (chemical) environment in order to favor
the folded state as the most stable for the single protein units. This reaction usually exhibits a
competing reaction that leads to a pathway of misfolding and subsequent aggregation, which is
minimized through adaption of the conditions during the refolding step The first method to
change the environment is the so-called batch dilution refolding. The high chaotropic
concentration used during the solubilization step is changed by diluting the solubilization mix
(containing the denatured protein) in a refolding buffer, which presents conditions favorable for
protein folding. Since the refolding is a first order reaction while aggregation is a second or
higher order reaction, the ratio of correctly folded protein to aggregated protein can be shifted
by low protein concentrations during the refolding process [20]. Therefore, the batch dilution
refolding method often requires large volumes of refolding buffer and refolding tanks. Over the
years, several approaches have been described to improve or replace the batch dilution refolding
method in order to reduce process volumes and the corresponding process costs. In the most
simple approach, the refolding buffer and conditions are adapted in order to provide conditions
that favor the refolding pathway, such as e.g. low temperature (4 °C) or the addition of sugars
mimicking chaperons in order to assist protein folding. In a different approach, so-called pulsed
fed-batch or fed-batch refolding can be applied. In this case, the protein solubilizate is diluted
into the refolding buffer in multiple steps or a constant feed, keeping the concentration of
unfolded protein prone to aggregation low. Alternatively, several different chromatographic
methods can be applied for the refolding process, so called on-column refolding. If the POI has
a tag that allows specific binding to an affinity chromatography, the protein can be loaded in its
solubilized step and the refolding buffer can be introduced afterwards. The spatial separation of
the single protein units can prevent aggregation, increasing the yields while at the same time
allowing for a capture and concentration step. If the POI does not contain a tag, Size-exclusion
Chromatography (SEC) can be applied to achieve a similar spatial separation [59, 60]. While
all of these methods can increase refolding yields, they require additional materials and
processes, thereby increasing the process costs. As a result, the refolding step remains the key
UO in IB processes in terms of cost and economic feasibility.
Activation — While not necessary for all POISs, this step might be desirable if certain cofactors
or coenzymes are required. These might be needed for correct folding or protein stability [61-
63]. For soluble protein production, they are therefore often added either during the USP or after
14
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cell lysis. For IB processes, however, the presence of cofactors or coenzymes can also influence
the refolding process by increasing aggregation. Therefore, time and concentration of the
addition can have a critical effect on the refolding yield for some POlIs.

VI.  Capture and concentration — This is the unit operation where the IB process converges with
the DSP of soluble proteins again, However, due to the high purity of IBs, the focus for this UO
is often more on the separation from misfolded or aggregated proteins than from HCPs [36, 64,
65]. Especially in the case of a batch dilution refolding step, low protein concentrations and
large process volumes require a method able to process these large volumes efficiently.
Therefore, UF/DF or bind and elute chromatographic methods are often used for the capture
and concentration step.
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Figure 5: Typical Unit operations of an IB process and the state of POI at the single unit operations. Created with
BioRender.com.

The bottleneck for IB processes are the additional DSP steps required to obtain the correctly folded and
active protein. The refolding step in particular was described as requiring low protein concentrations
and still often resulting in low yields, leading to increased costs for IB processes. In addition, the
complex mechanisms of protein folding limit the availability of established platform technologies.
Therefore, mostly empiric process development is being employed for new POls, further increasing
production costs. This results in relatively expensive processes, in turn limiting the applicability of the
POI to applications for which higher costs are acceptable. One of these applications are
biopharmaceutical or medical products. These products in turn require controlled production processes
according to current Good Manufacturing Process (cGMP) guidelines [66, 67]. This can be achieved
using the traditional, minimal approach for pharmaceutical development. However, the introduction of
Quality by Design (QbD) principles allows for the use of increased process understanding and Process
Analytical Technologies (PAT) tools for pharmaceutical development and pharmaceutical production
processes [68].

1.5 Quality by Design

The general concept of QbD was described by I.M. Juran in the 1992, stating that; “Product features and
failure rates are largely determined during planning for quality” [69]. The main idea of the Quality by
Design approach is that quality aspects should be considered during process development and planning
since most quality problems do not originate in how the process is operationally run but relate to how
quality was planned. This concept was adopted by different branches of industry (e.g.
telecommunication, automobile, and aviation industries) and was implemented by the FDA early in the
21% century and further refined and broadened over the last twenty years [70]. In addition, the
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
(ICH) released several guidelines (ICH Q8 (R2), ICH Q9, ICH Q10, ICH Q11) to implement the QbD
approach. The listed guidelines, and ICH Q8 (R2) in particular, give a comprehensive overview of the
QbD principles as well as detailed explanations of the used terminology and comprehensive examples.
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The key aspect is described in ICH Q8 (R2) as “It is important to recognize that quality cannot be tested
into products; i.e., quality should be built in by design” [71]. A few of the key aspects will be discussed
in the following. In general, the goal of any pharmaceutical development is a quality product and a
corresponding manufacturing process. Since the introduction of the QbD concept for pharmaceutical
development, a distinction between the traditional approach (used interchangeably with minimal
approach in ICH QS8) and the enhanced, QbD approach is made by regulatory organs. ICH 8 also
acknowledges that most processes register some aspects of the traditional and some aspects of the QbD
approach, positioning them “in the middle” between the two approaches. At a minimum, following the
traditional approach, Critical Quality Attributes (CQAs), an appropriate manufacturing process, and a
control strategy are designed. For an enhanced, QbD approach, in addition a systematic approach to
process understanding and a control strategy designed in combination with quality risk management is
recommended. Therefore, some of the key aspects are used for both approaches while others, e.g. design
spaces and PAT tools, are used exclusively in the QbD approach. An overview over some of these
aspects is given here:

I.. CQAs - “A CQA is a physical, chemical, biological, or microbiological property or
characteristic that should be within an appropriate limit, range, or distribution to ensure the
desired product quality. CQAs are generally associated with the drug substance, excipients,
intermediates (in-process materials) and drug product.” (Direct quote from [71]). CQAs are an
essential part of the pharmaceutical development, independent if the traditional or the advanced
QbD approach is chosen. It should also be highlighted that CQAs can relate to different
materials and intermediates at different stages of the process, and a clear differentiation is made
by ICH Q8 between those CQAs (p12 ff).

II. Critical process parameters (CPPs) - CPPs are defined as process parameters that can have
an effect on the drug product CQA(s). Similar to CQAs, CPPs are required independent of if a
QbD approach is chosen or not. The definition of CPPs is required for defining a control
strategy, which should be included also for the traditional approach. For the QbD approach,
process parameters and attributes that have an effect on drug product CQA(s) can be identified
through prior knowledge, risk assessment, and experimentation. Additionally, the functional
link between CPPs and CQAs is used to implement an appropriate control strategy.

1.  Control Strategy - “A planned set of controls, derived from current product and process
understanding that ensures process performance and product quality. The controls can include
parameters and attributes related to drug substance and drug product materials and components,
facility and equipment operating conditions, in-process controls, finished product
specifications, and the associated methods and frequency of monitoring and control. (ICH Q10)”
(Direct quote from [71]).

IV.  Design Space(s) - Design spaces can be part of the control strategy. The enhanced product and
process understanding demonstrated by appropriate CQAs and CPPs and the link between them
allows to not only define setpoints but ranges in which product CQAs are not changed. For the
traditional approach, the range of input variables (e.g. material attributes) and process
parameters in the control strategy is described one variable at a time. For the advanced, QbD
approach a multivariate approach and the interaction between CPPs can be described, resulting
in the design space. This describes a multidimensional space working in which is shown to
provide the desired and defined quality and is therefore not considered a change.

V.  PAT tools - “A system for designing, analyzing, and controlling manufacturing through timely
measurements (i.e., during processing) of critical quality and performance attributes of raw and
in-process materials and processes with the goal of ensuring final product quality.” (Direct quote
from [71]).

ICH Q8 (R2) describes a clear minimum of elements that should be included in pharmaceutical
development, which firstly includes defining the quality target product profile, then the potential CQAs
of the drug product, followed by other CQAs (e.g. of intermediates) and finally the selection of an
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appropriate manufacturing process and the definition of a control strategy [71, 72]. In order to employ
an advanced QbD approach, scientific understanding of the process has to be demonstrated. While this
can be based on prior knowledge and risk assessment, it can also include experimentation, which is the
method of choice if no previous information or prior mechanistic process understanding is available for
the drug product.

One option to demonstrate the scientific understanding required for QbD principles is through prior
knowledge. However, for complex (biological) processes and novel products, platform technologies or
mechanistic links demonstrating cause-effect relationships and correlations are often missing [73]. In
this case, scientific understanding can be demonstrated through experimentation, using multivariate
experiments to understand products and processes. Very few process outcomes are dependent on a single
factor. Especially for complex processes, a large number of factors influence the outcome. Moreover,
some or all of these factors are commonly not independent of each other, meaning that the change in
one factor shows a different influence on the process depending on the setpoints of other factors.
Additionally, biological processes often show non-linear behavior and unknown or uncontrollable
factors, increasing complexity and leading to less robust processes [74].

Traditional approaches of pharmaceutical development were mainly empirical and experiments have
often been conducted one variable at a time. Although this approach can lead to an effective production
process, it generates little process and product understanding that could be exploited for process control.
In contrast, advanced QbD approaches use multivariate experiments to understand product and process,
as well as to establish CPPs and design spaces. These approaches should be systematic, relating
mechanistic understanding of material attributes and process parameters to (drug) product CQAs. One
of the commonly used methods for multivariate experimentation is the DoE approach.

1.6 HRP — a challenging model protein for IB research

For this thesis, many of the listed challenges for QbD principles during the DSP of IBs were studied
using the enzyme Horseradish peroxidase (HRP) C1A. A combination of potential applications, prior
and state-of-the-art production processes, and enzymatic properties made HRP a good model protein for
this study and are summarized here. While some of these properties are specific for HRP or the
peroxidase family, many of the listed properties are representative of a broad variety of IB processes
and their relation to QbD principles.

The first record of HRP oxidizing an organic substrate was described as early as 1810 — using a piece
of the horseradish root [75]. Since then, the reaction mechanism has been described in detail and the
sequence and structure of isoenzyme C has been determined [76-79]. As one of the main applications,
HRP has been isolated from its natural host, the horseradish root, in order to be used as a reporter
molecule. It catalyzes the formation of colored, fluorometric, or luminescent products if incubated with
the appropriate substrate and hydrogen peroxide present to catalyze the reaction. Due to the relatively
small size of HRP (around 44 kDa) and its established and effective conjugation procedures, it is
commonly used as a protein conjugate, often with an antibody or antibody-fragment. Typical
applications of such conjugates are e.g. detection for western blotting, ELISA, or immunohistochemistry
[80-82]. For these applications, HRP shows some significant advantages, such as high catalytic activity
(leading to strong signals in relatively short times), easy readouts (e.g. through the measurement of
absorbance using UV/VIS) and high stability due to its small size. Besides this main application, the use
of HRP for the removal of aromatic organic compounds in waste water and as a catalyst for
polymerization reactions has been discussed in the past [83-86].

In recent years, the potential application of HRP in drug products has emerged, increasing the relevance
of a controlled production process and the investigation of QbD principles. Two main areas of medical
application are currently envisioned for the use of HRP. Firstly, targeted cancer treatment, and antibody
directed enzyme prodrug therapy (ADEPT) in particular, could use conjugated HRP for the catalysis of
a pro-drug [87]. In this case, the pro-drug shows no toxicity (e.g. indol-3-acetic acid) but is only
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converted into the toxic drug product through HRP [88]. Through conjugation of HRP to a cancer-
specific antibody or fragment, the conversion into a toxic substance can be specifically targeted, thereby
reducing side effects which is one of the most problematic aspects of cancer treatment today. The
existing conjugation protocols for HRP for analytical applications provide an advantage since some
prior knowledge exists. The second potential application uses HRP as a polymerization initiator to form
so-called hydrogels in vivo. These gels show a highly porous structure and can therefore be used in e.g.
cartilage repair. It was shown in the past that such gels support the regrowth of native cells and tissue,
and degrade over time. Both polymerization speed and crosslinking are easily adjustable by the
concentration of HRP and hydrogen peroxide used, allowing for easily tunable hydrogels [89, 90].
However, one potential issue for both of these applications could be the current production process for
HRP. The state-of-the-art is still the isolation from plant or plant tissue (hairy root cultures), leading to
a mixture of isoenzymes, all of which show extensive plant-type glycosylation patterns [91, 92]. The
mixture of isoenzymes and inconsistencies in isoenzyme composition lead to batch-to-batch variations
and would require testing and validation of the enzymatic activity for individual batches. While possible,
this would be in stark contrast to QbD principles. A second issue that would straight up prevent the use
of plant-source HRP is a potential reaction of the human immune system to the foreign glycosylation
pattern of HRP. Glycosylation of drug products is usually a CQA, since it can affect both
pharmacokinetics as well as immunogenicity of the biotherapeutic [93-95].

In order to understand the reason why the native host is still used as a production organism and what
alternatives could exist, the particular properties of HRP should be taken into account:

I.  HRP contains 8 cysteines in its primary structure, forming a total of 4 disulfide bridges in the
catalytic active conformation.

II.  Two divalent metal ion coordination sights are present in folded HRP, which are occupied with
two Ca®* -ions in the native HRP. These significantly increase the stability of the enzyme [96,
97].

III.  In order to be catalytically active, each HRP molecule requires a heme-group in the catalytic
center. The charge change of the coordinated iron allows for the oxidation by transferring an
electron in the process. The catalytic process has been extensively studied and is fully elucidated
[76].

IV.  For the isoenzyme CI1A, a total of nine N-glycosylation sites are present on the surface of the
enzyme (if in its native conformation). Of these, eight are occupied in the plant and it has been
shown that the hydrophobicity of the isoenzyme is significantly increased if this glycosylation
pattern is missing. Several studies suggested that different glycosylation patterns influence both
stability and enzymatic activity [98, 99].

A graphic overview of these properties is shown in Figure 6. Many of the discussed properties enhance
the stability of HRP and hint at a potential evolution towards a stable enzyme which is expressed for
extracellular locations. Due to the high relevance of HRP for different biotechnological applications,
HRP has been recombinantly produced in a wide variety of different hosts in the past. While mammalian
cell lines allow for all required PTMs and can even provide a humanized or human glycosylation pattern,
they show disadvantages such as low yields and expensive production processes. A similar issue is
encountered using insect cells. Several studies showed expression in fungi and yeasts, providing
relatively cheap production. However, hyperglycosylation and corresponding difficulties of the
purification process during DSP posed issues [100]. Glycoengineered strains could allow for the
expression of HRP with humanized glycosylation patterns in yeasts, but modified yeast strains often
exhibit significantly lower space-time yields in bioreactor cultivations, rendering them economically
unfeasible [101, 102].

To no big surprise (taking into account the PTMs required and properties of the enzyme), expression of
HRP in the cytoplasm of bacterial host cells leads to the formation of IBs, while the translocation to the
periplasm was shown to result in low yields and economically unfeasible processes [103]. Several
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properties of HRP cause and contribute to the formation of IBs in bacterial expression systems. The
reducing environment of the cytoplasm prevents the formation of disulfide bridges. While the lack of
glycosylation would be a potential advantage for the medical applications, it results in higher surface
hydrophobicity of the enzyme and is therefore believed to increase aggregation and IB formation. This
goes hand in hand with the strong expression system used in many of the described production processes,
increasing the chance of protein aggregation and IB formation independent of the other solubility issues
described. Despite these hurdles, due to the low production costs for the USP of E. coli, different
approaches to the refolding of HRP have been described in the past and are summarized in Table 1.
Previously published HRP production processes were often developed based on traditional approaches,
i.e. mainly empirical with development often conducted one variable at a time. UOs were not
investigated in an integrated approach but usually one UQO at a time. Furthermore, limited analytical
tools were available or used for the shown studies, such as Bradford, sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), Reinheitszahl (spectrophotometrically) and enzyme
activity using ABTS as a substrate.

Hemin in active center

Coordinated Calcium ion

Potential N-Glycosylation
atAsn

Figure 6: Schematic representation of HRP and its most relevant properties. Created with UCSF Chimera [32] and adapted
Srom [104].

Table 1: Yields and specific activities of inclusion body refolding processes of different class Il and Il plant peroxidases.
[105]

Enzyme Yield Specific Activity Reference
(% or mg/L (U/mg)
Culture)
HRP 3% 630 U/mg (ABTS) 14500 U/mg (pyrogallol) [106]
HRP 6-8 mg/L 1160 U/mg (ABTS) [107]
HRP 249 10 U/mg (4-aminoantipyrine) [108]
HRP 16.7 mg/L 4000 U/mg (ABTS) [109]
HRP 20 mg/L 2000 U/mg (ABTS) [110]
HRP 15 mg/L 62.5 U/mg (ABTS) [103]
cwpo _C! 0.2 mg/L 1000 U/mg (ABTS) [111]
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CWPO _C'! 27.3% 1066 U/mg (syringaldazine) 120 U/mg (guaiacol) [112]

rAtPrx71 28% 1291 U/mg (syringaldazine) [113]
rAtPrx25 30.3% 270 U/mg (guaiacol) [113]
TOP 2 79 mg/L 2950 U/mg (ABTS) [114]
LDP? 16.8 mg/L 70.7 U/mg (TMB) 580.7 U/mg (H202) [115]
TOP 2 4.6 mg/L 1100 U/mg (ABTS) [116]
ATP N4 13 mg/L n.m. [117]
BP1° 9.4 mg/L n.m. [117]
LiP HS © 1% 39 umol of veratryl alcohol ox/min/mg of protein [118]
VPL2 ’ 5.5 mg/L n.m. [119]
LiP H2 © 3.4 mg/L n.m. [120]
VBPO 8 40 mg/L 550 U/mg (bromination of monochlorodimedone) [121]
LiP© 0.38 mg/L 16,300 U/mg (ABTS) [122]
DyP 9 1.5 mg/L 247 U/mg (ABTYS) [123]
MnpP 1° 2.4% 12.9 U/mg (oxidation of Mn?* to Mn**) [124]
LiPH2 © 2.4% 55.6 U/mg (veratryl alcohol) [125]
Mnp © 0.275 mg/L 140 U/mg (oxidation of Mn”* to Mn**) [126]
BnPA ! 29 mg/L 981 U/mg (ABTYS) [127]

! Cationic cell wall peroxidase from Populus alba L; > Tobacco peroxidase; * Lepidium draba peroxidase; * Arabidopsis
thaliana peroxidase N; 5 Barley grain peroxidase; ® Lignin peroxidase; 7 Pleurotus eryngii versatile peroxidase; ® Vanadium-
dependent bromoperoxidase; ? Dye-decolorizing peroxidase; © Manganese peroxidase; ' Turnip acidic peroxidase; n.m., not
mentioned.

In summary, several aspects of HRP IBs were relevant to investigate QbD principles in IB refolding.
While also relevant for current applications of HPR (e.g. medical diagnostics), the two potential medical
applications for HRP provided some future relevance of a QbD approach to the recombinant production
process. Due to the complexity of HRP, a broad array of different factors of the IB process could be
studied. This included the formation of disulfide bridges as well as the addition of different cofactors
and coenzymes. Some of these factors have been studied in the past, resulting in the existence of some
prior process knowledge. This would allow the comparison of the developed process with different
traditional approaches. As a last point, straightforward analytical procedures to measure the enzymatic
activity allowed for a high-quality response after the refolding process and therefore provided a
reference measurement. This would benefit process development and allow for the investigation of
different analytical methods which showed potential for PAT-tools.
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2 Problem formulation and goal of the thesis

2.1 Problem Formulation

For pharmaceutical products and their respective development and production processes, strict
regulatory guidelines have been in place since the beginning of the 20™ century. Starting in 2009, a
paradigm shift occurred, moving focus from traditional methods (i.e. a minimal approach) for the
development of a product and its manufacturing process to the QbD approach. This means that for
pharmaceutical development, the goal is to design a manufacturing process that consistently delivers the
intended performance of the product. ICH Q8 (R2) states: “It is important to recognize that quality
cannot be tested into products; i.e., quality should be built in by design.” [71].

For many (biological) products, the desired properties and therefore quality are defined and present after
the initial synthesis of the molecule in the USP. These attributes are not intended to change through the
course of the single UOs and are measurable at the beginning as well as the end of the process. However,
in the case of IBs, not all the desired properties are defined and present after the initial synthesis of the
molecule in the USP. Therefore, QbD for IB processes is lagging behind other pharmaceutical processes
particularly in two areas:

(1) Regarding the generation of sound process understanding, protein folding in general, and in vitro
protein folding in particular, are not well understood processes so far. While remarkable progress was
made by both fundamental and applied research to discover and elucidate protein folding pathways and
principles, easily and broadly applicable principles for recombinant protein production process
development (i.e. platform technologies) are still scarce or missing completely. This is not only true for
the refolding step itself but includes all additionally required UOs of an IB process, such as e.g. IB
isolation or solubilization, as well. Therefore, refolding processes still require empirical and individual
development for each new product. In combination with missing analytical tools, this prevents the
generation of sound process understanding.

(2) Regarding the establishment of suitable PAT tools, a plethora of analytical tools is already
established and in use for soluble proteins. This, in turn, poses the question why so few analytical tools
are available for IB processing. To answer this question, several points should be taken into
consideration:

i.  The intrinsic properties of IBs, being insoluble, aggregated proteins, limit available analytical
methods. Due to the heterogeneous nature of suspensions, several analytical methods used for
soluble proteins (e.g. high-performance liquid chromatography (HPLC)) are not applicable for
unit operations up to or including the solubilization step. Furthermore, the potentially
inhomogeneous structure of IBs requires complex analytical procedures, which are not feasible
for PAT applications.

ii.  For soluble protein production processes, POI concentrations are usually high, at least after the
capture step [128]. Refolding methods, and especially batch dilution refolding, requires low
protein concentrations in order to keep aggregation to a minimum. Although the POI is present
in its soluble state at that point, its concentration falls below the limit of detection of several
analytical methods (one often discussed example would be Attenuated total reflectance (ATR)-
IR) which are therefore not applicable.

iii.  IBs were viewed as a non-desirable production mode in the past, putting the sole focus on
development of soluble protein production processes. Therefore, analytical tools designed
specifically to measure IBs properties were developed only recently.

iv.  As the last point to consider, the structure and aggregate state of the product changes until the
end of the refolding step. This makes it extraordinarily difficult to identify accessible key
performance indicators (KPIs) and CQAs for the single Unit Operations (UOs) up to the capture

and concentration step.
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Overall, the listed restrictions limit many available PAT tools for IB processing to at-line modes or soft
sensor approaches, if available at all.

Summarizing, for IB processes, the conformation of the POI is intentionally changed several times in
different UOs, changing even the state of matter from solid IBs to dissolved single protein units. This
poses a significant difference to soluble protein production processes and a significant challenge for the
generation of sound process understanding and establishing analytical and PAT tools for the USP and
the early DSP of IB processes. These limitations severely restrict the development of platform
technologies and the application of QbD principles for IB processes.

2.2 Goal of the thesis

The goal of this thesis was to address two main parts, namely 1. Process development and 2. PAT tools
in order to prevent limitations of 1. The generation of sound process understanding and 2. The
establishment of suitable PAT tools. For the first part, HRP IBs were used to develop systematic DoE
set-ups and workflows for the IB-specific UOs. Building on the process understanding and reference
analytics established in the first part, Reversed Phase Liquid Chromatography (RPLC) was investigated
as a potential PAT tool allowing for monitoring and IPC during solubilization and refolding. These two
main parts were addressed in the context of the following two scientific questions:

Scientific Question 1:

What is needed for the systematic development of a reproducible and scalable production process of
active protein from IBs?

Hypothesis:

A systematic and rational DoE based approach to the empiric development for IB processes allows to
establish a platform technology adhering to QbD guidelines. ICH Q8 allows to either “establish
independent design spaces for one or more unit operations, or to establish a single design space that
spans multiple operations”. In the case of IB processes, the interaction between the unit operations
solubilization and refolding requires unit operation-spanning DoEs in order to generate scientific
understanding. While particular design spaces may vary for different products, the underlying principles
and experiments necessary to define suitable design spaces are applicable for diverse proteins,
generating broadly applicable process understanding.

Approach:

To address Scientific Question 1, the DSP development was separated into three parts. Initially, the
process development workflow for all three parts was established using HRP IBs. Subsequently, the
established process development approach was applied to and assessed with several different proteins
within the context of various industrial cooperations.

i.  Establish an IB isolation workflow to provide consistent IB starting material

A DoE approach was used, identifying significant factors and factor ranges for HPH and 1B
wash steps. A standardized sampling procedure and analytical workflow was used to
consistently monitor IB quantity and quality.

ii.  Unit Operation-Spanning Investigation of the Redox System
Putting a particular focus on the unit operation-spanning investigation (solubilization and
refolding) of the redox system, its interaction with the pH-value was investigated.

iii.  Develop a strategy for the required Cofactor addition (heme)
The influence of time of addition and concentration of cofactor were investigated in a DoE
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approach. After scale-up to a refolding reactor (1.2 L), the effect of different cofactor feeding
profiles on the refolding yield was evaluated.

Scientific Question 2:

Based on the production process, which PAT tools can be developed for the DSP UQs of an IB
process?

Hypothesis:

It was hypothesized that due to its tolerance of harsh conditions and denaturing agents, RPLC can be
established as a broadly applicable method to measure IB quantity and quality for different UOs. In
combination with short analysis times, this enables RPLC methods to be used as an at-line PAT tool for
monitoring and In Process Control (IPC) during the early DSP steps. Complementary, mid-infrared (IR)
spectroscopy can directly access CQAs (e.g. secondary structure) but requires soluble proteins in
relatively high concentrations. While these limitations hinder its application for early DSP steps, using
an in-line IR spectrometer for DSP steps after protein activation allows for the generation of process
understanding and monitoring of CQAs in real time. Furthermore, required protein concentrations can
be significantly lowered by the combination of larger optical path lengths and an external cavity-
quantum cascade laser, applied in a novel flow-through spectrometer.

Approach:

Scientific Question 2 was split into 2 subparts, encompassing all UOs from IB isolation to a potential
polishing step. A broadly applicable and at-line compatible RPLC method was developed with a
particular focus on monitoring and control during early DSP steps. Using model systems for different
chromatographic methods, the applicability of in-line IR spectroscopy for qualification and
quantification of proteins was investigated.

i.  Analytical methods for product identification and quantification for different UOs and
applicability for monitoring and IPC
Based on an Analytical QbD workflow, a broadly applicable RPLC method was developed. In
combination with a suitable sample preparation step, this method allows product identification
and quantification for different IB proteins for all UOs from IB isolation to the capture and
concentration step. The developed RPLC method was adapted to be applicable as a monitoring
and IPC PAT tool in an at-line mode. Validation of the method was performed using the
sound process understanding generated during the development of the HRP IB process
developed for Scientific Question 1 (parts 1.ii and 1.iii).

ii. IR for in-line monitoring
Develop an in-line IR measurement for bind-elute chromatography steps:
Using a preparative ion exchange chromatography system with model proteins, a novel
background compensation approach was developed. Based on the chemometric subtraction of
the applied NaCl gradient during elution, real time information about secondary structures of
the eluting proteins becomes accessible.
Near real time compositional analysis of low resolution fractions during SEC:
Separation of model proteins via preparative size exclusion chromatography was used to
demonstrate the applicability of an in-line IR spectrometer for the acquisition of compositional
information of co-eluting protein fractions. The developed method allows for the in-line, real-
time analysis of secondary structures of eluting proteins, providing CQA data not accessible
via the UV monitoring traditionally applied for preparative chromatography.
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3 Results and Discussion

This thesis contains four first author papers, one patent, and two book chapters. These publications are
structured in two parts and five sections, which are shown in Figure 7. Where applicable, the
publications are complemented with information on additional research, including a book chapter as
well as a scientific paper in the Appendix II. In addition, it contains a short article on the production
process of HRP from IBs, published in BioSpektrum (Springer).

1. Process development

ﬁ
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2. PAT tools

Figure 7: Overview of the two main parts discussed in this thesis in relation to QbD processes for IBs. Part 1 addresses an
empiric, but structured and transferrable process development approach, aiming to generate broadly applicable process
understanding. Part 2 investigates suitable PAT tools for different UOs and protein states, aiming to access KPIls and CQAs
and allow monitoring and control for UOs of the IB process. Created with BioRender.com.

In this chapter, state of the art and challenges for the five sections are described. As an overview, Table
2 shows several aspects of an enhanced QbD approach and for which thesis sections these aspects are
relevant and/or applicable. In part one, workflows for IB isolation using HPH and redox system
investigations were established for HPR IBs. While DoEs are a common tool for QbD process
development, systematic approaches for IB isolation in combination with defined sampling procedures
are scarcely reported in literature. Section 1.ii addresses the development of a suitable redox system for
solubilization and refolding — providing a unit operation spanning design space. This is particularly
important for sound process understanding due to the interaction of reducing agent, oxidizing agent and
pH value. Several previous refolding protocols have reported the batch addition of the required cofactor
hemin, often at the beginning of the refolding step [96, 103, 108, 129]. In section L.iii the hemin addition
during refolding was investigated in a multivariate approach to better understand the effect of time of
addition and concentration on the refolding yield. Based on the developed design space, a linear feeding
profile was established, significantly increasing refolding yields and resulting in a novel refolding
method for HRP IBs. Complemented by a capture and concentration via HIC, the developed process
enables production of highly pure, non-glycosylated HRP in the gram-scale. The availability of these
quantities allows for future exploration for different application fields as well as further research on
HRP, e.g. structural analysis [130]. Building on the sound process understanding developed in part one,
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part two aimed to develop complementary PAT tools. Taking advantage of the denaturing conditions
and short analysis times, RPL.C was used for the measurement of POI concentration in the early DSP
steps. In combination with the DoE approach for the redox system developed in Section 1.ii, this enabled
the identification of monomeric HRP in the solubilizate as a key quality attribute and, subsequently, the
use of the method for monitoring and IPC during the solubilization and refolding steps. In the future,
this method could be used to react to variations in IB quality (e.g. different IB batches), allowing to
generate reproducible refolding yields independent of the upstream process. In the last section, 2.ii, IR
spectroscopy was used as a tool for in-line monitoring of different preparative chromatography methods.
IR for in-line monitoring has previously been used for analytical chromatography applications in
isocratic elution mode. However, the varying buffer compositions throughout bind-elute runs pose
significant challenges for bind-elute methods. Using a newly developed approach for background
compensation we showed the possibility to generate real-time information about secondary structure of
proteins during elution. The ability to identify the secondary structure was then used to analyze the
composition of mixed fractions containing two proteins during SEC runs with model proteins. The
described set-up and method can therefore be used for future chromatic process development either
stand-alone or in combination with off-line analytics.

Table 2: Overview of selected aspects of the enhanced, Quality by Design approach and the relevance of these aspects for the
sections discussed in this thesis.

Enhanced, Quality by Design Approach [71] Relevant for Sections
Identifying potential critical quality attributes (CQAs) for All
intermediates (in-process materials)

o . . . . 1.i IB isolation
Identifying, through e.g., prior knowledge, experimentation, and risk 1.i Redox System

assessment, the material attributes and process parameters that can o
have an effect on product CQAs 1.1 Cotactpraddition
produa 2.i RPLC for IPC

1.1 IB isolation

1.ii Redox System
1.iii Cofactor addition

2.1 RPLC for IPC

1.ii Redox System
1.111 Cofactor addition

2.1 RPLC for IPC
2.ii IR for monitoring

1.ii Redox System
1.iiiCofactor addition

Multivariate experiments to understand product and process

Establishment of design space

PAT tools

Manufacturing process adjustable within design space

3.1 Scientific Question 1

What is needed for the systematic development of a robust and scalable production process for active
protein from IBs?

i Establish an IB isolation workflow to provide consistent IB starting material
Title: High Pressure Homogenization for Inclusion Body Isolation

The intracellular protein production using E. celi, the DSP usually starts with cell 1ysis. Three methods
are commonly employed for this purpose, namely HPH, ultrasonication and/or enzymatic lysis [131-
133]. All of these methods were originally developed for soluble intracellular proteins and are therefore
commonly optimized for soluble protein production. However, while the same methods are used,
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suitable conditions may vary depending on the expression type (either soluble or IB). Still, process
development for IBs is often focused on the solubilization and refolding steps, negating the crucial
influence of cell lysis on IB quality and therefore on later unit operations. One of the reasons for this
might be that the correlation of CQAs during HPH to the behavior and CQAs in later DSP unit operations
has been difficult. Therefore, the KPIs often conceived as the most important remain titer and purity of
the POI, although these might not lead to the best overall process [134].

The importance of an integrated development for cell lysis, IB wash and solubilization has previously
been shown [135]. In this book chapter, a workflow allowing the identification of suitable cell lysis
conditions for IBs using HPH with a DoE approach (Figure 8) was presented, varying the factors
pressure and number of passages. While exemplified for HRP IBs, the workflow is adaptable to a broad
variety of POIs. The multivariate analysis enables identification of interacting factors and quadratic
interactions, surpassing the capabilities of univariate experiments. HPH is employed, allowing scale-up
and achieving higher IB purity compared to ultrasonication or enzymatic lysis due to applied shear
forces [135]. The protocol utilizes three analytical methods: RPLC and SDS-PAGE for measuring POI
titer and purity, and DNA concentration analysis as an indicator of cell lysis efficacy. As an essential
additional analytical method, assessment of the refolding yield can be incorporated if a protocol is
established for the POI:

“In our experience, the achieved refolding yield is the most significant response in order to identify
suitable homogenization conditions. However, as washed [Bs are needed in a first step to develop a
refolding protocol, this requires an iterative approach. Therefore, if no refolding protocol is established,
a high purity (measured, e.g., with RPLC or SDS-PAGE) of 1Bs is a good starting point to develop a
refolding protocol. The homogenization conditions can then be adapted after the refolding protocol is in
place.” (Direct quote from [136]).
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Figure 8: Setup of the factors of the DoE and the corresponding sampling plan. (A) Two factors (pressure and passages) and
ranges for a suggested central composite face centered design for the investigation of high pressure homogenization. (B) A
sampling plan [or the presented workflow. The red boxes present operations, the blue ellipses the processed IBs and the green
boxes the samples drawn. Adapted from [136].

Notably, the core elements of this approach, including sampling strategy and analytical methods, are
versatile and can be applied beyond the shown DoE, allowing to screen washing buffers or scale-up 1B
isolation processes. Therefore, this systematic, scalable method for optimizing cell lysis conditions
offers a robust framework applicable for various proteins and experimental scales, especially in regards
to principles of QbD for bioprocess development.

Authors: Julian Ebner, Viktor Sedlmayr, Robert Klausser

Published: Kopp, J., Spadiut, O. (eds) Inclusion Bodies. Methods in Molecular Biology, vol 2617.
Humana, New York, NY. https://doi.org/10.1007/978-1-0716-2930-7 9
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Contribution: The study design was planned together with Viktor Sedlmayr and Robert Klausser.
Experiments and data analysis were performed together with Viktor Sedlmayr and Robert Klausser. I
wrote the book chapter. Viktor Sedlmayr and Robert Klausser gave input on the final version. All
authors approved the submitted version of the manuscript.

Additional research:

e Besides the discussed use for HRP, the described workflow was successfully applied in two
industry cooperation with non-peroxidase POIs. Within one of these projects, the shown
workflow was combined with a small-scale solubilization and refolding approach. This enabled
analysis of required refolding volume and therefore made different KPIs accessible (such as e.g.
volumetric titer of correctly folded protein, titer of correctly folded protein to cell weight, etc.).

e In a separate study, we characterized an ultrasonic homogenization device for cell lysis
applicable for small sample volumes (<20 mL). The method was investigated for both soluble
and IB POIs and compared to enzymatic cell lysis (Lysozyme) and HPH. We showed that the
use of an ultrasonic lance is suited for small-scale screening, however, suitable cell disruption
conditions depend on the POI. Furthermore, we showed that high purities of HRP IBs could be
achieved using HPH, while purities were significantly lower for the ultrasonic lance over the
whole investigated design space. This suggests that while the method can be used in screening
experiments for IBs, care should be taken as the lower purity might influence subsequent UOs,
in particular the refolding step.

ii. Unit Operation-Spanning Investigation of the Redox System
Title: Unit Operation-Spanning Investigation of the Redox System

The formation of IBs in E. coli is often attributed to the presence of disulfide bridges in the expressed
POL. The reducing environment of the bacterial cytoplasm hinders the post-translational formation of
these crucial structures, leading to protein misfolding and aggregation [35, 137]. To obtain the POI in
its active form, the DSP of IBs typically involves three additional unit operations: isolation and washing
of IBs, solubilization, and refolding [ 138-140]. For proteins containing disulfide bridges, a redox system
is employed to achieve the correctly folded and active POI. This system generally involves the addition
of a reducing agent during solubilization to break existing disulfide bonds formed during earlier UOs,
followed by an oxidizing agent in the refolding buffer facilitating their (re)formation [141, 142].
However, the optimal concentrations of these agents are highly specific for each POI, necessitating an
empirical approach to identify suitable conditions for each new protein production process [143, 144].

The shown protocol presents a workflow for identifying suitable redox conditions for batch dilution
refolding using a DoE approach. The DoE varies three critical factors: the concentration of reducing
agent during solubilization, the concentration of oxidizing agent during refolding, and the pH-value of
the refolding buffer. This multivariate approach is essential due to the interplay between these factors.
The pH-dependent kinetics of the redox system significantly influence refolding yield by affecting the
rate of disulfide bridge formation, which competes with protein aggregation [145]. Moreover, the
concentrations of reducing and oxidizing agents exhibit complex interactions that span multiple UOs.
For the presented workflow, the specific redox agents can be adapted for different POIs. However, one
of the disadvantages of the workflow is that it requires a pre-established basic refolding protocol and an
analytical method to quantify correctly folded POI. As a big advantage, by employing this systematic,
multivariate strategy, redox conditions can efficiently be optimized for different proteins, potentially
improving yields, and developing process understanding.

The described workflow was one of the essential parts in order to develop a patentable refolding process
for HRP. The described interaction between the redox system and pH and the systematic analysis played
a key role in significantly increasing refolding yields. In addition, it formed an essential part of the
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claims in the patent, where the used DoE and derived influence of process parameters was essential.
Table 3 shows the factors and ranges investigated in three key DoEs, described in detail in the granted
patent. DoE 1 was based on the assumption that the redox system was influenced by two interacting
factors, namely the reducing agent (Dithiothreitol (DTT)) during solubilization and the oxidizing agent
(Glutathione disulfide (GSSG)) during refolding. Results confirmed this assumption, showing that both
factors as well as the interaction term have a significant influence on the correctly folded protein. In the
second DoE, the protein concentration during solubilization and refolding was added as a third factor.
The hypothesis was that higher protein concentrations would require higher concentrations of reducing
agent during solubilization and higher concentrations of oxidizing agent during the refolding in order to
counteract the higher amount of reduced protein and carry-over reducing agent. Surprisingly, DoE 2
showed that higher protein concentrations benefited from lower DTT concentrations during
solubilization, while GSSG concentrations leading to the highest refolding yields stayed almost constant
for different protein concentrations, i.e. GSSG showed no interaction with the protein concentration.
This suggested that the reaction kinetics played a crucial role. Therefore, DoE 3 was designed in order
to investigate different reaction kinetics for the refolding process. These could be adjusted by performing
the reaction at different pH-values, which controls the reaction kinetics of the disulfide bond formation
of both the cysteines in the protein as well as the reducing and oxidizing agent. As shown in Figure 9,
this led to higher refolding yields as well as a significant broadening of the design space at faster reaction
speeds at pH 10.

Table 3: The Factors and Ranges investigated in three DoEs, spanning the unit operations solubilization and refolding.
Adapied from [105].

Unit Operation Factor Range
DTT 2.5 mM-28.44 mM
Solubilization Protein concentration 20 g/L-80 g/L
pH 7-10
GSSG 0.4 mM-3.5 mM
Refolding Protein concentration 0.5 g/L-2 g/
pH 7-10

34567891011 34567891011 34567 8 91011
DTT DTT DTT

Figure 9: Response contour plot for pH 8.5, pH 9.25 and pH 10 for different DTT and GSSG concentrations (both in mM). The
volumetric activity after refolding is plotted as the response. Based on: Patent No.: EP20165131.2 Methods for producing
heme peroxidase.
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The combination of these experiments shows how several DoEs can be combined to increase refolding
yields while, at the same time, increase process knowledge and allow for the definition of design spaces.
As analytical procedures to measure intermediates are often limited, an iterative approach using a
“Design of Design of Experiments” could present a promising methodology towards platform
technologies.

Authors: Julian Ebner, Diana Humer, Viktor Sedlmayr

Published: Kopp, I., Spadiut, O. (eds) Inclusion Bodies. Methods in Molecular Biology, vol 2617.
Humana, New York, NY. https://doi.org/10.1007/978-1-0716-2930-7 9
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Patent: Patent No.: EP20165131.2 Methods for producing heme peroxidase

Additional research: Besides the discussed use for HRP, the described workflow was successfully

applied in an industry cooperation for a non-peroxidase POIL.

Based on an industrial cooperation, the developed method and the process designed for HRP was used
to investigate the potential applicability of the BioLector® Pro for refolding processes development.
The BioLector® Pro is an advanced microbioreactor system utilizing a 48-well plate format with several
process controls. A detailed description of this project can be found in [146]. Several relevant results
were discovered during this investigation and are summarized below:

i.

iii.

The redox system using CH as reducing and CSSC as oxidizing agent was established and
resulted in comparable refolding yields compared to the DTT/GSSG system. The use of the
CH/CSSC redox system showed vastly increased cost efficiency while comparable results were
achieved both in regard to the refolding yield as well as the process development (i.e. the
presented workflow was applicable for both redox systems).

Since the BioLector® plates were originally designed for fermentation process screening, a high
oxygen input even at low revolutions was present, resulting in a high dissolved oxygen (DO)
content. This was contrary to the above-described small-scale approach (2 mL Eppendorf tubes),
where little to no oxygen input was present during refolding. A significant shift in redox
conditions was therefore observed, with low reducing agent concentrations required for low
oxygen input (Eppendorf tubes) and high reducing agent concentrations required for high
oxygen input (BioLector® Plates). Therefore, it was concluded that the DO was a CPP and the
use of the BioLector® Pro during process design had a potential advantage since it allowed for
monitoring and control of the oxygen input, potentially making upscaling easier. It should be
noted that both approaches led to comparable refolding yields if appropriate conditions were
chosen. This shows not only the advantage of using a unit-spanning DoE approach but also how
the influence of the chosen system on later upscaling effects should be considered early on in
process development.

While it was not possible to establish a mechanistic link between DO and refolding yield, the
in-line measurement of DO of the redox system showed potential to be used as a (soft) sensor
for refolding processes [147, 148]. Since the redox potential directly influences the formation
of correct disulfide bridges in HRP, monitoring the redox balance could potentially serve as an
indicator of the refolding progress. By monitoring the redox system, the refolding state could
be assessed and controlled via feeding of a redox pair (e.g. CS/CCSSC), providing a tool for
real-time process control. This approach could help achieve a more consistent and efficient
refolding process, potentially reducing the required number of experiments.
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ii. Develop a strategy for the required Cofactor addition (heme)

Title: Scalable High-Performance Production of Recombinant Horseradish Peroxidase from E. coli
Inclusion Bodies

Hemin addition plays a critical role in the controlled refolding process of HRP. Previous studies showed
that it was essential to obtain holo-HRP. However, somewhat counterintuitive, it was also shown that it
is not only not required for the correct apo-HRP formation but actually reduces refolding yields if present
in the refolding from the beginning [96, 103, 108, 109]. It was therefore assumed that both the time
point of hemin addition as well as the concentration will have an influence on the refolding yield.
Accordingly, a small-scale DoE was performed, using time of hemin addition as well as final hemin
concentration in the refolding buffer as factors. Figure 10 shows that both factors had a significant
influence on the refolding yield. Furthermore, it shows the interaction of the factors, with higher hemin
concentrations having a pronounced negative effect on the refolding yield if added immediately after
the refolding start. The negative effect of higher hemin concentrations on refolding yield was
significantly reduced for later addition times. This further solidified the conclusion that early addition
of hemin led to increased aggregation due to the hydrophobic nature of hemin and its interaction
especially early in the refolding process. While the maximum refolding yield was achieved at 6 uM
hemin, these results also allowed us to choose a concentration of 20 uM hemin for further experiments
in order to avoid hemin concentration becoming the limiting factor. This was possible because the
difference in refolding yield could be predicted based on the model and was shown to be minimal.
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Figure 10: Response contour plot with time of hemin addition and hemin concentration as factors. The volumetric activity is
shown as the response. [105]

In order to allow for the higher number of experiments required by the chosen DoE approaches,
experiments were performed in small-scale (2 mL). While the smaller-scale presents a lot of advantages,
such as lower material consumption, higher experiment number and simpler equipment requirements, it
prevents some of the process options available for bench-scale settings. In the described DoE, it was
demonstrated that hemin addition presents a trade-off between formation of the holo-HRP and
concurrent protein aggregation triggered by the hydrophobicity of free hemin. Based on this developed
process understanding, it was hypothesized that self-aggregation as well as aggregation with incorrectly
folded protein could be kept to a minimum by adding a small amount of hemin over a longer time period,
i.e. apply a linear feeding profile for hemin during refolding. This approach was tested in a 1.2 L bench-
scale refolding vessel and led to increased refolding yields compared to a one-time batch addition, even
if the batch addition was performed at the optimal time and hemin concentration. In a last set of
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experiments, the different hemin addition methods (batch vs. linear feed) were compared at both pH 8.5
and pH 10 in order to investigate possible dependencies between the redox system and the hemin
addition method. In total, 4 experiments were performed. The yield increase achieved by using a linear
hemin feed compared to batch addition were similar at both pH 8.5 and pH 10. Based on these results,
it was concluded that the hemin addition method was independent of the pH-value.

Hydrophobic Interaction Chromatography (HIC) was employed to purify the refolded HRP, utilizing
salting out as a crucial step to enhance the process. It was shown that high salt concentrations, such as
4 M NaCl, precipitated impurities while stabilizing correctly folded HRP in solution. This pre-
purification through salting out increased the efficiency of HIC by allowing impurities to be separated
before the actual chromatography step.

In a last step, two bench-scale (1.2 L) runs with linear hemin feed were performed at pH 8.5 and pH 10
with all other parameters being kept identical. As suspected based on previous results, the different pH-
value did indeed increase the refolding yield (from 44% to 74%), showing that the results obtained
during the redox DoEs were scalable and not limited to small-scale experiments.

The final results achieved by the described process showed a significant improvement both in quality as
well as quantity of the recombinantly produced HRP compared to previously described processes. A
high specific activity of 1468 + 24 U/mg, excellent purity of >99% (by SEC-HPLC), and an overall
yield of 28 mg active HRP per 100 mg expressed protein (Table 4) were achieved. The achieved activity
levels of HRP are comparable to commercially available plant-derived HRP while being produced as a
non-glycosylated single isoform of HRP with consistent quality. This can provide a significant
advantage over the mixed isoforms and glycosylated HRP obtained from plant-derived sources in the
future, especially for applications in the pharmaceutical area.

Table 4: Final results for refolding performed in 1.2 L scale at pH 10. [105]

Process variable Final result
Specific activity [U/mg] 1468+24
Purity SEC-HPLC [%] =99
Overall yield active HRP per 100mg expressed protein [mg] 28
Pure HRP/L culture medium [mg] 959
Reinheitszahl 4.3

Authors: Julian Ebner*, Diana Humer* and Oliver Spadiut
*Authors contributed equally to this work.

Published: Int. J. Mol. Sci. 2020, 21, 4625; https://doi.org/10.3390/ijms21 134625
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Investigation, D.H. and I.E.; Resources, O.S.; Data curation, D.H. and I.E.; Writing—original draft
preparation, D.H. and J.E.; Writing—review and editing, O.S.; Visualization, D.H. and I.E;
Supervision, O.S.; Project administration, O.S.; Funding acquisition, O.S. All authors have read and
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Additional research:

e Based on the detailed investigation of the DSP for HRP IBs, a book chapter (see Appendix II -
7.1 Book Chapter: The Purification of Heme Peroxidases from E. coli Inclusion Bodies) was

published describing a bench-scale protocol covering all process steps from IB isolation to
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purification via HIC. The aim of the protocol in this book chapter was to provide a
comprehensive and easy to follow description of the methods and process steps. This includes
a description of all analytical methods used as well as a “Notes™ section providing additional
insights, minor optimizations, and practical considerations that may not be explicitly detailed in
the conventional Materials and Methods section of a scientific paper. We included detailed
descriptions for each unit operation, specific equipment recommendations and settings as well
as process parameters influencing yield and quality of the obtained HRP throughout the
protocol.

e In an unpublished study, different formulation strategies and storage conditions were
investigated. We compared liquid forms and lyophilization in buffers with different salt
concentrations and different storage temperatures (RT, 4 °C, -20 °C). While this gave an
overview of potential formulation and storage procedures, more research in this field would be
required, especially if QbD principles would be taken into account.

e Recombinant HRP produced according to the described protocol was successfully conjugated
to Protein L (an immunoglobulin-binding protein) and used to detect Herceptin (a monoclonal
antibody binding to the HER2 receptor), showing full functionality. More details can be found
Appendix II - 7.2 Scientific paper: Recombinant Protein L.

3.2 Scientific Question 2

Based on the production process, which PAT tools can be developed for the DSP UOQOs of an IB
process?

i. Analytical methods for product identification and quantification for different UOs
and applicability for monitoring and IPC

Title (1* paper): Development of a generic reversed-phase liquid chromatography method for protein
quantification using analytical quality-by-design principles

Title (2" paper): At-Line Reversed Phase Liquid Chromatography for In-Process Monitoring of
Inclusion Body Solubilization

Independent of whether the POI is expressed in soluble or insoluble form (IBs), common KPIs and
CQAs such as target protein titer and purity are requiring monitoring tools before quality control
analysis. For IBs, the selection of such tools is limited by the fact that the state of matter of IBs changes
over different UOs. Ideally, the tools should be able to access the required properties in amorphous
solids, suspensions and in soluble form of the protein. Alternatively, the POI can be brought into solution
by an according sample preparation step. Solubilization in high concentrations of urea or GndHCI, often
combined with very high pH-values, is commonly used [36, 55-57]. This requires the analytical tool
used to be able to withstand, and deliver accurate results, at these harsh conditions. Therefore, tools that
denature the analytes per default are usually the first choice. Besides the very commonly used SDS-
PAGE, RPLC complies with the stated requirements [149, 150]. It should be noted that while SDS-
PAGE is compatible with high concentrations of urea, it is not compatible with the second commonly
used chaotropic agent GndHCl, restricting its application in the IB processes of various POIs.

In a first step, the general properties of a broadly applicable reversed-phase high-performance liquid
chromatography (RP-HPLC) method for protein quantification were explored. The method described in
the 1% paper of this section was suitable for all five tested POIs, which included soluble as well as IB
samples. The stationary phase in particular was chosen based on state-of-the art technology in order to
minimize protein on-column adsorption, allowing for high efficiency and accurate quantification.
Compared to SDS-PAGE, RP-HPLC offered several advantages. SDS-PAGE, while useful for
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qualitative analysis and potentially allowing the detection of low concentrations through staining
techniques, did not provide comparable quantitative accuracy and required longer analysis times.
Therefore, the developed RP-HPLC method provided a faster and more precise alternative, allowing for
robust, high-throughput analysis of protein titer and purity. As an additional advantage, the method is
MS-compatible, enabling the option for more detailed protein characterization [151, 152].
Measurements of POI titer and purity are possible for both USP as well as DSP samples, which allows
the method to be used over the whole production process. The use of Analytical Quality by Design
(AQbD) principles in method development ensures that the process is adaptable and is a first step to
meet regulatory standards, potentially enabling it as a future tool for protein analysis across various
biopharmaceutical production processes and POIs [153, 154].

In a second step, the described RPLC method was used to specifically monitor and control the HRP
solubilization and refolding process. The results were described in detail in the 2™ paper of this section.
Three criteria were required in order to provide a RPLC method suitable for IPC: 1.) quantification
capability of the chosen (intermediate) quality attribute, 2.) influence of process parameters on the
quality attribute and on the refolding behavior and yield, and 3.) timely measurement of the quality
attribute in relation to overall process times [155]. Therefore, in a first step, the run time was shortened
to 8.1 minutes per sample. This was possible due to the in-depth RPLC method development described
above and allowed for adequately short analysis times, especially during the solubilization. This is
important especially for analyzing samples during solubilization as previous experiments showed that
solubilization times had a significant influence on the achieved refolding yield, with short solubilization
times (around 30 minutes) resulting in increased refolding yields.

Subsequently, the monomeric HRP concentration was defined as the key quality attribute during
solubilization. A DoE approach was used to examine the effects of the DTT concentration and
solubilization time on the monomeric HRP concentration. While it was known from previous
experiments (See 1.ii. Unit Operation-Spanning Investigation of the redox System) that DTT had a
significant influence on the refolding yield, no measurable quality attribute was available so far,
therefore limiting process optimization to empirical investigations. It was hypothesized that the reducing
agent was essential for maintaining the reduced cysteine residues, thereby preventing multimer
formation and subsequent aggregation. As shown in Figure 11, samples without DTT exhibited an
additional peak in RPLC analysis, while extended solubilization times of 21 hours led to complete
protein degradation regardless of DTT concentration. Non-reducing SDS-PAGE analysis revealed a
HRP target band at 34 kDa and a probable dimer formation at 68 kDa, with increased dimer presence
observed at extended solubilization times, particularly without DTT. Both analytical methods
successfully detected changes in monomeric HRP concentration. Due to orthogonal separation
principles of the two methods, both approaches provided valuable information adding to the process
understanding. The dimer formation of HRP was only quantifiable with SDS-PAGE. However, for the
measurement of monomeric HRP concentration for future at-line monitoring and IPC applications, the
rapid analysis time of under 10 minutes for RPLC proved more applicable compared to SDS-PAGE.
Furthermore, multivariate data analysis revealed differences between SDS-PAGE and RPLC results (see
comparison to the refolding activity in Figure 12). While SDS-PAGE suggested monomeric HRP
concentration depended solely on solubilization time, RPLC indicated both DTT concentration and
solubilization time significantly influenced the outcome. The enzymatic activity measurements after
refolding aligned with RPLC predictions, showing optimal results for short solubilization times and
increased DTT concentrations. In summary, these findings demonstrated that RPLC was better suited,
compared to SDS-PAGE, for predicting refolding yields and met all criteria for an effective at-line
monitoring tool in HRP IB processing.
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Figure 11: RPLC chromatograms at 280 nm quantifying monomeric HRP eluting at 4.18 min. The resulls demonstrate the
trends of solubilization at three applied DTT concentrations (0 mM, 7.11 mM and 14.22 mM) for 0.5 h of solubilization, 4 h of
solubilization and 21 h of solubilization. [156]
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Figure 12: Response contour plots with the two factors DTT concentration and solubilization time. The following responses
are shown: (A) Monomeric HRP concentration in the solubilizate (g/L) analyzed using SDS-PAGE. (B) Monomeric HRP
concentration in the solubilizate (g/L) analyzed using RPLC. (C) Effect of the different solubilization conditions on the
volumetric activity after refolding, which was performed at constant GSSG conditions of 1.27 mM. [156]
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In a third step, the applicability of the method for IPC during solubilization was investigated. The protein
concentration during refolding is often controlled by dissolving a fixed amount of IB-weight in
solubilization buffer, followed by a set dilution in the refolding buffer. However, this approach requires
consistent POT titers per IB weight and stable solubilization yields. It is therefore susceptible to
variations either during the USP or the solubilization process. Negative effects of variations in protein
concentration can be avoided by an applicable in-process monitoring of target protein concentration (see
Figure 13). In this case, the method was tested using two different IB batches. Two refolding approaches
were compared: a fixed 1:40 dilution ratio and a variable dilution based on the key quality attribute
monomeric HRP concentration measured with the presented RPLC-method. The two batches of HRP
IBs showed significant variation in monomeric HRP concentration at the chosen solubilization
conditions, with Batch 1 containing around double the amount compared to Batch 2 (see Table 3).
Unsurprisingly, when using the fixed dilution method, Batch 2 showed an over 50% decrease in
enzymatic activity compared to Batch 1. However, by adjusting the dilution to 1:17 based on RPLC
measurements, the variation between the batches was reduced from 54% to 11%, while simultaneously
reducing refolding buffer volume by more than 50%. It was suspected that the remaining 11% variation
between batches was caused by the higher concentration of DTT carry-over at lower dilutions.

. Tailored inclusion
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solubilization refolding

Batch 1

A variation
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Figure 13: Schematic overview of the proposed in-process control strategy using a RPLC method to determine monomeric
HRP concentration during solubilization in order to correct for concentration variations. [156]
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Table 5: The concentration of HRP in the solubilizate as determined via RPLC. The dilution in the refolding buffer as well as
the activity after refolding are shown for: (1) IB Batch 1 with a fixed dilution (1:40); (2) Baich 2 with a fixed dilution (1:40);
and (3) Batch 2 with an adapted dilution (1:17) based on IPC to achieve the same HRP concentration as for Batch 1.

Adapted from [156].

c(HRP) (g/L) in — Activity (U/mL) after
18 Batch Solubilization Apphied Dilntion Refolding
1) B[a)‘i‘iﬂtil(;f“‘ed 5.27 +0.11 1:40 89.7 £6.0
e 2.35 £ 0.05 1:40 419428
(3) Bat;l}) E CIPC via 2.35+0.05 1:17 79.8+5.4

Overall, the RPLC method proved successful as an IPC tool for the HRP IB process, enabling at-line
monitoring of deviations during solubilization and appropriate dilution adjustments during refolding.
Additionally, the method could potentially provide valuable impurity monitoring through IB
fingerprinting, adding usefulness for industrial applications.

Authors (1% paper): Julian Kopp, Florian B. Zauner, Andreas Pell, Johanna Hausjell, Diana Humer,
Julian Ebner, Christoph Herwig, Oliver Spadiut, Christoph Slouka, Reinhard Pell

Published (1% paper): Journal of Pharmaceutical and Biomedical Analysis 188 (2020) 113412;
https://doi.org/10.1016/].jpba.2020.113412

Contribution (1* paper): JK and AP performed analytical experiments. FZ constructed the
experimental robustness study. RP conducted Drylab experiments. JH, DH and JE produced and
purified proteins and performed experiments. JK, FZ and RP evaluated experiments and performed
data treatment. CH, OS and CS gave valuable scientific input. JK, FZ, CS and RP drafted the
manuscript.

Authors (2™ paper): Julian Ebner, Diana Humer, Robert Klausser, Viktor Rubus, Reinhard Pell, Oliver
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Additional research:

e While the aim was to develop a broadly applicable method, we are aware of one POI
(confidential industry cooperation) for which the method was not applicable, since samples
showed significant tailing. We tried several adaptations of the method, however, the results were
not satisfactory as the tailing behavior remained. No clear reason tor this behavior could be
identified. Therefore, while applicable for several investigated POls, the presented method is
not universally applicable.
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ii. IR for inline monitoring

Title (1* paper): QCL—IR Spectroscopy for In-Line Monitoring of Proteins from Preparative Ion-
Exchange Chromatography

Title (2" paper): Application of Quantum Cascade Laser-Infrared Spectroscopy and Chemometrics for
In-Line Discrimination of Coeluting Proteins from Preparative Size Exclusion Chromatography

The successful application of IR as a PAT tool has been discussed and described for various processes
and unit operations in the past. For the refolding process in particular, IR presents some apparent
advantages. Through the measurement of the amid I and amid II bands, it provides direct information
about the secondary structure, a protein property that changes during the refolding process, providing
valuable insight for a quality attribute that is hard to access with many other analytical methods [157].
Additionally, IR is easy to integrate as an on-line or in-line measurement, providing real time
information. This can either be achieved with ATR Probes or in transmission mode [158-161]. Lastly,
the broad wavenumber range and highly distinctive absorption spectra of analytes allow for
fingerprinting of complex mixtures [162-164]. However, one of the big disadvantages of IR
spectroscopy is the high limit of detection, i.e. the high concentration of protein required in solution (5
— 10 g/L) [165, 166]. This results from the overlap of the absorption band of water with the amid I and
amid II bands and makes measurements difficult especially for refolding steps where low protein
concentrations are required, in particular for the classic batch dilution refolding approaches [143, 163,
167, 168].

Paper 1 describes the development of a novel in-line monitoring system for protein chromatography
using quantum cascade laser-based mid-infrared (QCL-IR) spectroscopy. The system allows real-time
measurement of protein secondary structure during chromatographic separation, which is a significant
advancement over traditional UV detection (commonly UV 280 nm) methods that only measure total
protein concentration. One of the significant challenges for this method was the overlap between protein
absorption bands and changes in water absorption caused by the salt gradient commonly used in bind-
elute chromatography. One option is to run an exact replicate of the gradient without protein present as
a blank. While this is possible in a bench-scale set-up, it would require extensive additional material and
time as well as extremely high precision in a production setting, making it technically and economically
difficult. As an alternative, a novel background compensation method to compensate for the change in
absorption was developed based on the monitored conductivity during the run. Three different
approaches were shown: direct blank run subtraction (Case I) and two implementations of our novel
reference spectra matrix method (Cases IT and ITI). As shown in Figure 14, the background compensation
methods successfully removed the interfering salt gradient effects, revealing clear protein spectra that
matched well with reference measurements. This enables reliable measurement of protein secondary
structure during the separation process.
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Figure 14: Spectral 3D plots for a linear gradient (Case II) and a step elution (Case III) using background compensation via
reference spectra matrix method: (A,C) uncorrected sample runs and (B,D) background compensation corrected runs. [169]

As intended, the system showed effective protein identification through secondary structure analysis.
The two model proteins used, namely hemoglobin and B-lactoglobulin, showed distinctly different
spectral features in their amide I and II bands. Hemoglobin exhibited characteristic narrow bands at
1656 cm ' (amide [) and 1545 cm ' (amide 1), while B-lactoglobulin showed broader bands at 1632
cm 'and 1550 cm ™! with a shoulder at 1680 cm !, consistent with their known structures [163, 170-173].
Comparing the in-line measurements to traditional offline analysis (Figure 15), the QCL-IR system
provided equivalent quantitative results to UV detection. Simultaneously, it provided structural
information in real-time. This can reduce or replace the need for time-consuming offline analysis
methods like e.g. RPLC for protein identification. The system also showed excellent agreement with
offline reference measurements, validating its accuracy.
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Figure 15: Comparison of protein concentrations obtained from mid-IR amide Il band (red line) and UV detector signal at 280
nm (blackline) across a chromatographic run using a step elution gradient and proiein reference concentrations obtained by
measuring the collected fractions with reversed-phase HPLC (green and blue bars). [169]

Model proteins with well-characterized structures were used to develop the method and demonstrate the
capability of the system. In a real-world application, this method would be particularly valuable for
production processes in which maintaining correct protein structure is critical for product quality, as is
the case e.g. in biopharmaceutical production processes [174, 175]. The ability to detect structural
changes in real-time could allow immediate process adjustments, potentially improving product quality
and reducing waste. An additional advantage of the method is the potential of analyzing impurities and
quantifying co-eluting proteins, which is not possible using UV detection.

For the second paper, the described QCL-IR spectroscopy setup was used in combination with
chemometric analysis for real-time monitoring of protein separation for SEC. As shown in Figure 16,
the method generated three-dimensional data (wavenumber-time-absorbance) that captured the
characteristic protein bands throughout the chromatographic separation. For resolving overlapping
chromatographic peaks, different chemometric analysis were employed, particularly self-modeling
mixture analysis (SMMA) and multivariate curve resolution (MCR) [176, 177]. These methods were
applied for two case studies employing model proteins: one with three proteins (ovalbumin, o-
chymotrypsinogen A, and myoglobin) and one with four proteins showing severe peak overlap (HRP,
B-lactoglobulin, a-chymotrypsinogen A and myoglobin). The MCR analysis successfully resolved the
overlapping peaks and provided both qualitative and quantitative information that matched well with
conventional offline HPLC reference measurements.
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Figure 16: Experimental data obtained from the SEC run of case study II. (A) Results of in-line UV spectroscopy (left) and
off-line HPLC analytics (right). (B) Spectral 3D plot recorded by the QCL-IR detector. [178]

Compared to existing methods, the presented approach offered several advantages. Traditional UV 280
nm detectors, while sensitive and robust, cannot discriminate between coeluting proteins or provide
structural information [157]. Conventional FT-IR spectroscopy struggles with water absorption and
requires complex solvent evaporation interfaces or very short path lengths, making it impractical for
preparative LC applications. The QCL-IR method overcomes these limitations while providing real-
time data on CQAs that typically require time-consuming offline analysis. In addition, the method was
evaluated and compared to RPLC concerning its sustainability using the Analytical GREEnness
(AGREE) metric [179]. It was shown that the QCL-IR spectroscopy achieved a score of 0.84 compared
to 0.43 for offline HPLC analysis (scale 0-1). This superior green chemistry performance stems from
the fact that no additional solvent consumption as well as no additional sample preparation was needed,
eliminating the need of additional analytical steps.

While SEC is often used as a polishing step in the DSP of soluble proteins, it was also used as a method
for on-column refolding processes for several proteins [180, 181]. Initially designed with production
processes in mind, the examples shown suggest that the presented method has significant potential for
accelerating process development in addition to enabling real-time monitoring in production processes.
The ability to provide information on protein structure and concentration almost in real time could make
it particularly valuable for implementing Quality by Design (QbD) principles during process design and
meeting PAT requirements in biopharmaceutical manufacturing.
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4 Conclusion and Outlook

The underlying goal of this thesis was to improve QbD strategies for IB processing. Table 6 shows
several aspects required for an enhanced QbD approach, for which sections the approach was relevant
and which specific examples are shown for the HRP process. Due to the complexity of biologics in
general, QbD strategies are more challenging compared to small molecule drugs. For IBs in particular,
this is further complicated by limited process understanding for IBs and their solubilization and
refolding. An additional challenge is presented by a limited range of analytical tools available, restricting
the development of PAT-tools. Therefore, many IB processes rely mainly on a traditional, minimal
approach for pharmaceutical development. In order to address these challenges, two main parts, namely
1. Process development and 2. PAT tools were investigated.

In order to answer the first scientific question what is needed for the systematic development of a
reproducible and scalable production process of active protein from IBs, the production process
including the UQs IB isolation, solubilization, refolding, cofactor addition as well as capture and
concentration were investigated based on the example of HRP IBs. A multivariate DoE approach was a
key aspect to generate process understanding, especially in the case of the redox system. The developed
workflow provides a tool to systematically investigate suitable redox conditions for refolding using a
unit operation spanning DoE approach including the pH value. This tool was already successfully
applied in an industry cooperation for a non-peroxidase POI and can provide a straight-forward protocol
for future investigations of the redox system. For the cofactor addition, a hemin feeding strategy was
developed in bench scale based on the process understanding gained from literature and small-scale
DoEs. Such a combinatory approach can potentially be applied for all POIs requiring cofactors, and, in
particular, for hydrophobic cofactors facilitating aggregation if present at the start of the refolding.

Based on the developed HRP refolding process, the second scientific question “Based on the production
process, which PAT tools can be developed for the DSP UOs of an IB process?” could be answered.
A novel RPLC application for the at-line measurement of the POI during early DSP UOs was developed.
The methods TPC capabilities were demonstrated for the solubilization step of HRP IBs. This enables
the identification of different IB concentrations, allowing to adapt future refolding protocols to varying
IB batches allowing for higher reproducibility in the face of upstream process variations. In the last part,
potential applications for IR measurements during preparative chromatography steps were explored.
While previously applied for analytical chromatography, the developed methods enabled the
identification of secondary protein structures for both isocratic and bind-elute mode preparative
chromatography.

Table 6: List of selected aspects of the enhanced, Quality by Design approach and their relevance for specific parts of this
thesis. The relevance of certain aspects of the developed HRP refolding process in regards to QbD principles for [Bs are
highlighted for the relevant aspects.

Enhanced, Quality by

Design Appragihi [71] Relevance for the HRP 1B process

Identifying potential CQAs
for intermediates (in-
process materials)

All - Specific activity [U/mg] of HRP and identification of
monomeric HRP concentration during solubilization

Identifying, through e.g., L.i IB isolation - Effect of pressure and passages during HPH on
prior knowledge, refolding yield (DoE)

experimentation, and risk Lii Redox System and 2.i RPLC for IPC - Effect of redox

assessment, the material system and pH (unit-operation spanning DoE)

attributes and process
parameters that can have an
effect on product CQAs

1.iii Cofactor addition - Effect of time and concentration of
hemin addition during refolding (DoF)
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Effect of salt concentration and stationary phase material
(univariate and prior knowledge)

1.i IB isolation - Factors: Pressure and Passages; Responses: POI
titer, purity, and activity

Multivariate experiments 1.ii Redox System and 2.i RPLC for IPC - Factors: DTT and
to understand product and GSSG conc., pH, solubilization time; Responses: Specific activity
process and monomeric HRP concentration during solubilization

L.iii Cofactor addition - Factors: Time and concentration of
hemin addition during refolding; Response: Specific activity

L.ii Redox System — Design space for DTT and GSSG
concentration in combination with pH-value during solubilization
and refolding
L.iii Cofactor addition — Design space for time point and
concentration of hemin addition

Establishment of design
space

2.i RPLC for IPC - At-line RPLC for the measurement of
monomeric HRP concentration during solubilization
PAT tools 2.ii IR for monitoring - Demonstration of in-line measurement of
secondary protein structures during chromatography (Model
proteins)

Lii Redox System - The influence of the DTT/GSSG
concentration on the refolding yield is reduced at pH 10
1.iii Cofactor addition - Interaction of time and concentration of
hemin addition allows higher concentration at later addition times

Manufacturing process
adjustable within design
space

For IB isolation using HPH, the quality of IBs is often assessed by titer and purity of the POI. A protocol
was established that allows to assess the influence of the process parameters pressure and passages not
only on titer and purity, but also on the refolding yield in a multivariate approach. In addition, a straight-
forward sampling strategy was presented for the DoE.

A detailed investigation of the Redox system and its interplay during solubilization and refolding was
performed, a RPLC method was developed and its capabilities for IPC was shown. As a key learning,
a unit operation spanning DoE was established in order to define a suitable design space for the redox
system. The interaction between the reducing agent in the solubilization mix and the oxidizing agent in
the refolding mix added substantially to the process understanding. Furthermore, factors such as protein
concentration and pH-value and their interaction with the redox system were described through a
multivariate approach. Based on the process understanding generated through this approach for HRP
and the use of a suitable RPLC method, the monomeric HRP concentration during solubilization could
be identified as a CQA (of an intermediate). All of these results were combined to demonstrate the
suitability of the RPLC as a PAT tool during solubilization, allowing IPC for different IB batches.

The final steps in the presented refolding process for HRP were Cofactor addition and a subsequent
capture and concentration step. The influence of hemin on the refolding yield and the holo-HRP
formation were investigated in a multivariate approach in small-scale first. Based on the established
design space, a bench-scale set-up was used to access different addition modes (e.g. linear feed) of
hemin. This resulted in an approach combining process understanding generated through both univariate
(bench-scale) and multivariate (small-scale) experimentation with prior knowledge. In a last step, a
capture and concentration step using HIC was investigated using a set of univariate experiments. In the

case of HRP, excellent purities and yields could be achieved, showing that this step did not necessarily
43



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

require a multivariate approach. While this might vary for different IB processes, it demonstrated one
of the biggest advantages of IBs, achieving high purities based on a high POI purity within the IBs and
simple separation of IBs from soluble fractions.

As an analytical tool during process development and a potential PAT tool for preparative
chromatography, IR Spectroscopy for in-line monitoring was applied for both an isocratic (SEC) as
well as a bind-elute (IEX) mode. In order to demonstrate the full potential of the employed IR system,
chromatography runs with model proteins were performed. It was shown that IR allowed to generate
quantitative as well as qualitative information, allowing for compositional analysis of low-resolution
fractions. For the investigated IEX system, a novel background compensation method was developed,
omitting the need for precise replication blank runs.

Overall, the applicability of several QbD strategies were demonstrated for IB processes. While the
definition of CQAs is still an integral part of these strategies, the high structural complexity and
conformation-change of IBs through various UOs makes the identification of CQAs for intermediates
challenging. Furthermore, identifying the material attributes and process parameters that can have an
effect on product CQAs as well as establishing PAT tools requires significant process understanding.
This can, at least partly, be generated through unit-operation spanning multivariate approaches and an
iterative approach to process development requiring a “Design of Design of Experiments” concept.
Compared to production processes of soluble proteins, several UOs for IB processes still lack broader
knowledge and mechanistic understanding, which is also apparent by the lack of platform technologies.

4.1 Outlook HRP process

One step missing for a complete production process of HRP is a potential strategy for formulation and
an assessment of the storage stability. In the presented studies, the collected fractions of active HRP
after HIC were stored at 4 °C. These resulted in around 1 g/LL HRP in 1 M NaCl. While good stability
for months was observed, this by no means presents a defined formulation and storage procedure.
Besides a liquid formulation, which often requires the samples to be stored at low temperatures,
lyophilization could be a feasible alternative. A commonly used method for the formulation and storage
of enzymes, it can provide several advantages, such as increased long-term stability and increased shelf-
life. In addition, lyophilized samples are often stable at 2-8 °C or even room temperature. With
perspective of the QbD approach, additional CQAs specific for a freeze-dried product are appearance,
moisture content and reconstitution time. In addition, CQAs defined for the liquid form are applicable
after reconstitution of the product. Such CQAs could e.g. be appearance, potency, identity, and protein
content. Commonly monitored CPPs are the shelf temperature during freezing, primary drying and
secondary drying as well as the chamber pressure during primary and secondary drying [182]. In the
case of recombinant HRP, prior experiments suggested that the lack of glycosylation might lead to
decreased stability during freezing and drying. This could be counteracted by the addition of stabilizing
agents in order to preserve enzyme activity during freezing and drying. Plant HRP is almost exclusively
available in a freeze-dried form and often used in conjugation, therefore, lyophilization of the
recombinant HRP would allow for a seamless integration in existing protocols.

As described in the additional research of part 1.iii, the recombinantly produced HRP was successfully
conjugated to Protein L and used in an ELISA. Since HRP has been discussed as a potential candidate
for targeted cancer treatment, both aspects could be combined. For antibody-directed enzyme prodrug
therapy (ADEPT), HRP could be conjugated to antibodies or antibody fragments (e.g. Herceptine)
specifically binding to cancer cells. In vivo, this conjugate is then specifically directed against the cancer
cells exhibiting the antigen. In a subsequent step, an appropriate pro-drug (in the case of HRP e.g. indol-
3-acetic acid) is administered, which is turned into the toxic drug substance specifically at the tumor
sites. For this application, the conjugation process would have to be investigated in order to provide
detailed information on the linkage mechanism, potential impurities introduced through the linkage
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reaction, as well as the distribution of conjugated species [183]. In context of a QbD process, this would
introduce several additional CQAs, such as homogeneity, purity, degree of conjugation, distribution
profile, impurity profile of conjugation agents, and total protein concentration [183, 184]. While ample
literature can be found on CQAs and analytical tools to assess these CQAs, little information is available
on potential CPPs. However, some factors that have been shown to influence conjugation are e.g. molar
ratio of antibody to HRP, the pH-value of the reaction and the concentration of the linker [185, 186].
Since conjugation often results in a heterogeneous distribution of different antibody to enzyme (HRP)
ratios, SEC is a commonly employed UQ, allowing for a combination of purification and buffer
exchange [187, 188]. However, extensive off-line analytics are required for this UO, preventing the real-
time release testing QbD principles aim for. This presents a strong potential future application of the IR
Spectroscopy for in-line monitoring described in this thesis.

4.2 Outlook platforms

Several of the methods developed for HRP production in this thesis were applied to different IBs. In
order to further develop these methods and move towards platform technologies for the process
development of IB refolding, as a first step, proteins with similar properties could be considered. Based
on the HRP properties and the developed process, investigation of different peroxidases might be a
promising next step. Due to the different native sources of HRP (plant) and Lignin peroxidase (LiP)
(fungi), they are assigned to different peroxidase classes, class III for HRP and class II for LiP. Despite
their different classification, the protein properties of HRP and LiP are highly similar, as shown in Table
7. Both enzymes contain four disulfide bridges and two Ca®* as well as requiring a heme-group to form
the holo-enzyme (Table 7). However, due to an exposed tryptophan residue, LiP is able to oxidize bulky
substrates such as Lignin [189-191]. While this changes the substrate specificity and application on a
fundamental level, it can be assumed that the protein production process, and particularly the behavior
during refolding, is similar for both, HRP and LiP. This is in good concordance with literature reporting
refolding protocols for LiP, which are listed and compared to the HRP refolding protocol in Table 8. As
for HRP, it is expected that a constant hemin feed, starting at a certain time during the refolding process
(e.g. HRP: 8 h after refolding start) will increase refolding yields for LiP. Similar to the HRP refolding
process, this strategy has, to our knowledge, not been reported for LiP in literature. Additionally,
enzymatic activity of LiP can be measured using a modified ABTS assay, which is already established
for HRP [120, 125]. As shown in Table 8, refolding protocols similar to the HRP processing method are
not only reported for LiP but also for Manganese Peroxidase (MnP) and Versatile Peroxidase (VP).
Therefore, if the production strategy proves to be applicable for LiP, it might further be extended to
MnP and VP in the future. Both enzymes find applications in the fields of delignification and
detoxification of waste streams [192-194].

Table 7: Comparison of HRP and LiP protein properties.

Property HRP LiP HRP LiP
Native source Plant Fungi [101] [191]
Class peroxidase I II [101] [191]
Size (glycosylated) 44 kDa 38-46 kDa [101] [118]
Size (non-glycosylated) 34 kDa 38 kDa [101] [118]
Isoelectric point 5.4 3.3-4.7 [195] [191]
Disulfide bonds 4 4 [101] [191]
Cofactors 2 Ca?* 2 Ca [101] [118]
Active center Heme-group Heme-group [101] [191]
Optimum p‘H‘of enzyme 5 3 [196] [191]
activity
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Diverse (aromatic Phenolic and non-

BulbstrEs phenols etc.) phenolic substrates [101] [191]
Reaction mediators - Veratryl alcohol [197] [191]
Redox potential 950 mV 700-1400 mV [198] [199]
Macromolecular Noh‘;et le.suua.“m;lg oL Ves (Lion [197, [191, 197,
substrates? three-dimension es (Lignin) 2001 200]
network

Table 8: Comparison of HRP and LiP refolding conditions reported in literature

;2?:; [[Jﬁ]a aljfiﬁlig]n Refolding Ref. Yield Reference

HRPCIA 10/10 DTT/GSSG 2  Delayed feed Baich dil. 74% [105]
LiP 8/9.5 DTT/GSSG 0.4 Baich Baich dil. 2% [122]
LiPH?2 88  DTT/GSSG 0 Batch Batchdil. 3.4 mg/L [120]
LiPH2 883 DTT/GSSG 2.1 Batch Batchdil.  2.4% [125]
LiPHS 88  DTT/GSSG 0 D];L?ZEd Dialysis n.a. [201]
LiPHS 8/8.3 DTT/GSSG 2.1 Batch Batch dil. 1% [118]
rPr-MnP3  8/9.5 DTI/GSSG 0.15 Batch Batch dil. 7% [202]
MnP H4 8/8 DTT/GSSG 2 Batch Batch dil. n.a. [203]
MnP n.a/8.5 na/GSSG 1.5 Batch Batch dil. 13% [124]
VPs/MnP 95  DTT/GSSG 0.16 Baich Batchdil.  3-28% [204]
VP 8/9.5 DTT/GSSG 0.16 Batch Batch dil. n.a. [205]

Based on the presented workflow for HRP IBs produced in E. coli, it is believed that several of the
following problems could be addressed: Previously reported refolding protocols for LiP show significant
similarities compared to HRP refolding (Table 8). However, low refolding yields and insufficient
purification strategies after refolding have limited the application of these production strategies up to
now. It is believed that the solution of these issues could be transferred from HRP to LiP. Furthermore,
decreased stability of non-glycosylated LiP limits potential applications in industry [194]. PEGylation
of HRP showed promising results in the past, as it significantly increased activity and stability. It is
therefore believed that current problems in the production of LiP expressed in E. coli can be addressed
and solved in a highly similar manner to HRP, leading to a robust and scalable production process for
LiP, and in the next step, for peroxidases in general.

Besides the transfer of methods within one protein family, I believe that it will be essential to further
investigate broadly applicable methods and platform technologies for IBs. Due to the highly diverse
nature of different proteins forming IBs, I believe that these platform technologies will present toolkits
to adapt existing processes rather than providing strict workflows. As a result of the wide variability,
the perception of IBs as completely inactive protein aggregates has changed in recent years. Several
POIs which form “active” IBs have been reported, meaning that some enzyme activity can already be
observed in the IB state. For some of these active IBs, mild solubilization techniques are already showing
promising results [36, 58, 206]. Through the use of novel solubilization techniques and agents such as
e.g. high temperature and/or pressure, organic solvent extraction or addition of ionic liquids in the
solubilization process, the structure of the single protein units in the IB can be kept intact, while the
single protein units are brought into solution. These new solubilization approaches show that while the
term IB was used for any protein that was not in solution after cell lysis, IBs are a broad species that
exhibit very different properties [47]. Furthermore, taking into account that proteins adapted to remain
correctly folded in vastly different environments (e.g. extremophiles), it is hard to see that a universal
solubilization agent or refolding buffer, in the sense of a one size fits all approach, could be designed.
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However, similar to soluble protein production, based on enhanced understanding of processes and the
underlying phenomena, platform technologies with enhanced selection of suitable tools could very well
be established.

Such platforms would provide large synergies with another approach that shows high potential for future
applications in IB refolding: Continuous Processing. Many refolding processes today are still based on
a batch dilution method because of its simple equipment requirements and handling. However, due to
the low protein concentrations commonly required during refolding to reduce aggregation, continuous
processes could provide significant reduction of volumes and equipment. Two previously reported
options to implement continuous processing for the refolding step were tubular reactors and continuous
Matrix-assisted refolding. The tubular reactor method provides some potential advantages such as:
adaptable for the protein, good heat transfer, pulsed refolding, individual temperature and time profiles,
higher productivity. As a potential advancement of the classic tubular reactor, microfluidic approaches
might be able to further reduce protein aggregation during refolding due to precise mixing and small
volumes. Similar systems have been established and are already in use for the formulation strategies for
e.g. liposomes, demonstrating the at-scale capabilities [207-209]. Furthermore, the prior use could help
with implementation in the field of protein refolding, especially for pharmaceutical processes. While
advanced process control is one of the advantages of continuous processes, this in turn requires advanced
analytical tools to allow for monitoring and control. In the ideal case, such tools provide real time
information about CQAs and CPPs based on in-line measurements. However, the required analytical
tools also present a challenge for IB processes. Most important process parameters (protein
concentration, redox system, pH-value) for batch dilution refolding are determined at the start of the
refolding and cannot be reasonably changed once the process is started. Therefore, the need and benefit
of PAT tools was limited for the refolding step. In combination with low protein concentrations, only a
few in-line analytics providing real time information have been investigated in the past. However, recent
years showed an increase in both the use of continuous refolding and corresponding monitoring and
control strategies facilitating analytical methods [210-213]. As one example, traditional ATR-IR
methods are not applicable for classic batch dilution refolding due to low protein concentrations.
However, the development of QCL-IR has lowered detection limits to protein concentrations of 0.5
mg/mL [165]. At the same time, higher protein concentrations during refolding can be achieved by using
methods as e.g. continuous Matrix-assisted refolding. This combination could allow the use of flow
QCL-IR flow cells (as was presented in section 2.ii) as a PAT tool. In context of QbD, such approaches
could pave the way for the demonstrations of controlled processes, scientific understanding, and real
time release testing of refolding processes in the future.

In order to fully utilize the described platforms, a digital twin can be developed, fully utilizing the
collected data and process knowledge. The concept of a digital model mirroring a real-world product,
system or process has been around for several centuries but has seen increased attention in the
biotechnology space due to enhanced data collection and processing capacities. A digital twin consists
of three distinct parts: 1. the physical object or environment, 2. the digital model and 3. the link and
bidirectional interaction between the two. Part 3, the link and bidirectional interaction between the
physical and digital twin is a key requirement, while approaches only modeling the physical part (but
not interacting with it) are commonly called digital shadows [214]. The advantage of a full digital twin
is that data from process development and manufacturing is combined, naturally aligning its goals with
those of QbD principles. Based on a scalable, asset-centric data foundation including both development
and manufacturing data, asset connectivity, statistical analytics, and mechanistic modeling in one
environment. As a result, costs during process development are reduced, process robustness is increased,
and the effort for bioprocess validation is reduced. Besides the described requirements for data collection
and processing, current challenges of 1B processes for the establishment of digital twins are limited
analytic methods resulting in scarce data as well as low mechanistic and process understanding. Both
batch dilution refolding as well as continuous processing immensely benefit from digital shadows, i.e.
a model which is fed by a one-way data flow from the physical process. However, the limitations of
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batch dilution refolding to change CPPs once the process is started do not negate but restrict the benefits
gained by employing a digital twin. On the other hand, continuous processing allows for the adaption of
CPPs also during the process, unlocking the full potential of a digital twin. Therefore, future research
for the combination of continuous processing and digital twins shows a high potential for IB process
development and production processes, especially with regards to regulatory requirements (e.g. ICH

Q8).

4.3 Outlook IBs in general

The discovery of active IBs has introduced the concept of using these IBs directly, omitting the
expensive steps of refolding and extensive purification of the target protein. Preparations of active IBs
can be produced with minimal DSP efforts (cell lysis and IB separation via centrifugation or filtration),
yielding relatively high purities compared to similar approaches for soluble proteins. However, the
quality profile of these IB preparations would not be sufficient for pharmaceutical applications, but more
likely closer to proteins currently used for white and grey biotechnology (e.g. large chemical processes).
For many of these applications, enzyme immobilization has been investigated for ecological and
economic reasons, allowing retaining of the catalyst (enzyme) and / or continuous processing. Therefore,
active IBs as carrier-free immobilized enzymes provide a significant advantage compared to soluble
proteins which are immobilized in an additional step [48]. This leads to protein engineering methods
using short peptide tags or aggregation-inducing protein domains in order to switch the production of
soluble proteins to IBs. Since milder biological methods are replacing harsher chemical processes in a
variety of fields, demand for customized active IBs as catalysts could rise in the future.

For “classical” inactive IBs, a main field of application is thought to remain in pharmaceutical
production processes due to relatively high costs associated. Certain aspects of personalized medicine
in the future could show high synergies with IB processes. The term personalized medicine describes
an approach in which people are separated into different groups and treatments are tailored to these
groups, compared to a “one-drug-fits-all” approach. As an example, Herceptin (a monoclonal antibody
binding to the HER?2 receptor) is only used in the treatment of patients if the cancer is tested for over-
expression of the HER2/neu receptor. Through (future) advances in the understanding of the human
genome, analytics and data process as well as confirming fundamental biology and proteins, more
effective treatments can be specifically tailored to fit a smaller group or even a single individual. As a
conclusion, smaller batches of a drug would be required, asking for enhanced flexibility of production,
and presenting challenges and new approaches to regulatory requirements and procedures. If only small
changes are required of a protein (e.g. the adaption of single amino acids at the paratope in the case of
antibodies or antibody-fragments), the straightforward and cheap cloning and expression in E. coli or
other bacterial expression systems would provide large advantages for such approaches. However, in
the case of antibodies or antibody-fragments, the expression would most likely lead to the formation of
IBs. Under the assumption that according platform technologies are available, IBs might therefore
provide significant economic advantages for the timely production of tailored drugs in the future.

Such a tailored drug production process would most likely show significant synergies with in-silico
methods, a field of protein folding studies that gained attention especially with recent developments in
the field of Al. The understanding and modeling of protein folding based on the primary structure has
long been a topic in the scientific community, with different approaches developed throughout the
decades. Several approaches, e.g. AlphaFold used and benefited from advancements of processing
power and Al, resulting in unprecedented performances of protein structure predictions. The
developments in in-silico possibilities of protein prediction and design could provide significant
improvements not only for the understanding of protein structure, function and folding but also for QbD
aspects of recombinant production processes. As stated in ICH Q8: “It is important to recognize that
quality cannot be tested into products; i.e., quality should be built in by design.” (Direct quote from
[71]). Enhanced in-silico methods could provide protein design methods able to rationally design whole
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proteins to tailor them for function and behavior. In combination with scientific process understanding,
a specific refolding behavior could also be designed in-silico, significantly reducing process costs. While
this is, at current times, still a hypothetical and definitely not a certainty, it would highlight the
advantages of IBs (high purity and easy separation from HCPs) while negating some of the
disadvantages (cumbersome and complex refolding).
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6 Appendix I: Scientific Publications

6.1 Book Chapter 1
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High Pressure Homogenization for Inclusion Body Isolation

Julian Ebner, Viktor Sedimayr, and Robert Klausser

Abstract

High pressure homogenization (HPH) isa commonly used method for cell lysis of Escherichia coli in order
to release intracellularly produced recombinant proteins. For misfolded proteins in E. cols, focus is often pur
on the development of a suitable solubilization and refolding protocol. However, HPH can be a critical unit
operation influencing inclusion body (IB) quality and, subsequently, refolding yields. Here, a protocol for
homogenization and IB washing is presented in combination with analytical methods suitable to evaluarte
these unit operations. The protocol is based on a multivariate approach to identify suitable conditions
during HPH. Furthermore, the described workflow is easily scalable and can, therefore, also be used if fixed
homogenization conditions are already established.

Key words High pressure homogenization, Escherichia coli, Cell lysis, Inclusion bodies (IBs), Design
of experiment, Inclusion body isolation, Inclusion body quality

1 Introduction

In recombinant protein production processes with Escherichia coli,
the protein of interest (POI) is predominantly expressed intracellu-
larly. In many cases, the expression leads to the formation of inclu-
sion bodies (IBs). These insoluble protein aggregates are formed in
the cytoplasm due to a lack of a post-translational modification
machinery in E. coli [1-4]. A traditional production process for
IBs compromises the following unit operations: (1) harvest of the
biomass at the end of fermentation (2 ) cell lysis, (3 ) IB isolation and
wash, (4) solubilization and refolding, and (5) capture and purifi-
cation. Compared to the conventional production process of a
soluble protein, step (3) IB isolation and wash, and step (4) solubi-
lization and refolding are additionally required to obtain active
protein from the insoluble IBs [3, 5, 6]. High pressure homogeni-
zation (HPH), ultrasonication, or enzymatic lysis are commonly
used cell lysis methods, both for soluble proteins and IBs [7-
9]. However, suitable conditions for HPH can significantly vary
as soluble proteins are released into the supernatant, while IBs are

Julan Kopp and Ofiver Spadiut (eds), lhclusion Bodies: Methods and Protocols,
Methods in Molecular Biology, vol. 2617, https://dai.org/10.1007/978-1-07 16-2930-7_9,
© The Author(s), under exdusive license to Springer Science+Business Meadia, LLC, part of Springer Nature 2023
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separated in the pellet after cell lysis. Therefore, the most important
quality attributes, titer and purity of the POI after cell lysis, must be
assessed for HPH. The easy separation of soluble host cell impu-
rities via centrifugation can be a big advantage for a production
strategy as [Bs, attaining a high innate purity of the POI [10]. Tar-
get protein purity can then be improved even further by wash steps
with appropriate buffers.

The presented protocol describes a workflow used to identify
suitable cell lysis conditions in a design of experiment (DoE)
approach. While Horseradish Peroxidase (HRP) IBs served as a
model protein in the example displayed here, the shown method-
ology can be applied for any POI. The multivariate approach allows
the identification of interacting factors as well as quadratic interac-
tions, posing a significant advantage compared to univariate experi-
ments. Using a HPH device enables the possibility of scale up steps
in order to process large volumes. Compared to ultrasonication or
enzymatic cell lysis, higher purities of the isolated IBs can be
reached due to the applied shear forces during HPH and the
resulting fractionation of otherwise insoluble cell debris [11]. For
the described protocol, three key analytical methods are used to
evaluate the homogenization conditions: (1) reversed phase high-
performance liquid chromatography (RP-HPLC) is used to mea-
sure titer and purity of the POI, (2) SDS-PAGE is employed to
measure titer and purity of the POI using a separation principle
orthogonal to RP-HPLC, and (3) DNA concentration is measured
to detect the release of DNA into the supernatant, serving as a good
indicator of cell lysis. If a refolding protocol is already established
for the POI, the refolding yield can be determined as an additional
response to further evaluate the applied homogenization condi-
tions. While the presented protocol is based on a DoE approach
to determine an optimized HPH protocol, the core elements, such
as sampling strategy and analytical methods, can also be used
outside of the DoE context. Therefore, it can easily be adapted to
screen suitable washing buffers and wash steps or for the isolation
of IBs in a larger scale.

2 Materials

2.1 Biomass
Containing the Target
Product as IBs

For the shown workflow, around 200 g wet Cell Weight (wCW) of
E. coli biomass, containing the POI as IBs, is required. After harvest
(end of fermentation), the biomass can be isolated using centrifu-
gation and stored at —20 °C until homogenization experiments are
performed.

Find details in the book chapter Inclusion Body Production
in Fed-Batch and Continuous Cultivation.
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2.3 Analytical Tools
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. The following buffers are given as an example and were used for

HRP IBs (see Notes 1 and 2) [12]:

* Homogenization buffer: 50 mM Tris HCI pH 8, 500 mM
NaCl, 1.5 mM EDTA

* Wash buffer: 50 mM Tris HCI pH 8, 500 mM NaCl,
2 M urea

. HPH device (e.g., PANDA PLUS 2000 (GEA, Diisseldorf,

Germany)) (see Note 3).

. A dispersing instrument suitable for a volume of 50-1000 mL

(e.g., T10 basic ULTRA-TURRAX (IKA, Staufen, Germany))
(see Note 4).

. Centrifuges for 50 mL and 1.5 mL centrifugation tubes.
. Laboratory balance.

. Ice Box.

. Plastic beaker (0.5-1 L) (see Note 5).

. Consumables:

+ Centrifugation rubes (50 mL and 1.5 mL)

. RP-HPLC (se¢ Note 6):

* An HPLC device consisting of a pump module, an auto-
sampler module, a column oven, and a UV detector

» Mobile phase A: HPLC grade water (MQ) supplemented
with 0.1% trifluoroacetic acid (TFA)

» Mobile phase B: HPLC grade acetonitrile (ACN) supple-
mented with 0.1% TFA

* RP column (e.g., BioResolve RP mAb Polyphenyl column
(Waters Corporation, MA, USA))

* Rocker-Shaker

+ Solubilization buffer: 62 mM Tris HCI pH 8, 7.5 M guani-
dine hydrochloride, 125 mM 1,4-Dithiothreitol (DTT)

+ Software for analysis of chromatograms

. SDS-PAGE:

» SDS gels (e.g., Mini-PROTEAN TGX Precast Gels 4-15%
(Bio-Rad, CA, USA))

*  Gel electrophoresis running system (e.g., Mini-PROTEAN
Tetra System (Bio-Rad, CA, USA))

» Laemmli buffer (e.g., 2 Laemmli Sample Buffer (Bio-Rad,
CA, USA)) supplemented with a reducing agent (e.g.,
2-Mercaproethanol)

» Coomassie staining (e.g., Bio-Safe Coomassie Stain
(Bio-Rad, CA, USA))
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24 Experimental
Design and
Multivariate Data
Assessment

» Imaging device and according software (e.g., Gel Doc XR+
Gel Documentation System and Image Lab Software (both
Bio-Rad, CA, USA))

3. DNA concentration: Photometric device to measure the absor-
bance at 260 and 280 nm (e.g., NanoDrop 1000 Spectropho-
tometer (Thermo Fisher Scientific, DE, USA)).

4. Ifarefolding protocol is established for the POI, equipment to
perform solubilization and refolding and analytical methods
are required to determine the refolding yield (see Note 7).

Find details in the book chapter Unit Operation Span-
ning Investigation of the Redox System.

Software to design and subsequently interpret the experiments
performed (e.g., MODDE 12 (Sartorius, Géttingen, Germany))
(see Note 8).

3 Methods

3.1 Experimental
Planning and DoE

Since the unit operation HPH has been shown to significantly
influence purity and quality of the isolated IBs, we recommend a
multivariate approach to determine feasible conditions [13]. How-
ever, the main elements such as sampling and analytical methods are
also applicable for a univariate or a constant approach (sez Note 8).
If a multvariate approach is chosen, the following points should be
considered during the design of the experimental plan.

1. Decide on the factors that should be varied during the experi-
ments. Typically investigated factors are the number of pas-
sages and the pressure which is exemplary shown in this
protocol. The number of passages describes the number of
times the biomass suspension is pumped through the HPH
device (see Note 9).

2. Select feasible ranges for each factor. In the case of the pressure,
the upper limit is dictated by the specifications of the used
HPH device. In the case of the passages, the time per sample
should be considered, especially for larger volumes (see
Note 10).

3. Choose the design that should be used (e.g., full factorial
design or central composite design). In our experience, a cen-
tral composite face centered design is preferable, since potential
interaction and quadratic terms are available, while the total
number of experiments is still manageable for two factors (see
Note 11).
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Fig. 1 Example for a central composite face centered design using two factors
(pressure and passages)

4,

Decide on the responses used for the DoE. If a refolding
protocol is already established for the POI, the refolding yield
is a highly significant response (see Note 12).

In Fig. 1, an exemplary multivariate design for the number of

passages and the pressure is shown.

3.2 Resuspending L.
the Biomass
2
3
4

3.3 HPH Experiments 1,

for the DoE

Mo W N

Pre-cool the homogenization buffer (either oniceorina 4°C
fridge).

Weigh in approximately 40 g wCW of frozen biomass and note
the weight (se¢e Notes 3 and 13).

. Add homogenization buffer to reach a biomass concentration

of 200 g wCW /L (for 40 g biomass, 0.2 L. homogenization
buffer is required) (see Note 13).

. Resuspend the biomass using the Ultraturrax on level 3, around

60 s of resuspension followed by 30 s cooling of the beaker in
an icebox (see Notes 14 and 15).

Fill the resuspended biomass into the feeding hopper of the
used HPH device.

. Connect the product outlet to the feeding hopper.

. Turn on the flow to the desired flow rate.

. Adjust the pressure to the desired value.

. As soon as the desired pressure is reached, connect the product

outlet to a 1 L centrifugation beaker (se¢ Note 16).
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12.

3.4 Centrifugation 1.

Step

. When the hopper is almost empty, reduce the pressure to 0 bar

and then turn off the flow (se¢ Note 17).

. Take a sample (40 mL) from the beaker connected to the

product outlet (e.g., after 1/3/5 passages, depending on the
used DoE) in a tared 50 mL centrifugation tube (see Note 18).

. Fill the homogenized biomass into the feeding hopper.
. Repeat steps 28 for the desired number of passages.

10.
1

Flush the HPH device with water (approximately 1 L).
If a multivariate approach is used, then repeat steps 1-10 for
the next condition (e.g., different pressure).

Clean and store the HPH device according to the device
specifications.

An overview which sample is drawn during the homogeniza-
tion and washing process is given in Fig. 2. Sampling steps are
also marked as “Sample” in the text.

. Pre-cool centrifuge to 4 °C.
. Sample: Draw suspension sample for SDS-PAGE (50 pL). Add

50 pL 2x Laemmli to sample.

. Sample: Draw sample for RP-HPLC (100 pL). Centrifuge at

20,280 rcf, 20 min, 4 °C and discard the supernatant. The
pellet can be stored at —20 °C undl measurement on the
RP-HPLC is performed.

100 pL RP HPLC
Centrifuge - store peliet -20 *C

50 L SDS-PAGE 4
+ 50 pL 2% Laemmii buffer

SpENSion

wm

1ml
Nanodrop '
RP-HPLC .

50 pL. SDS-PAGE
+ 50 pL 2x Laemmii buffer

o
Centrifugation

Separate Supermatant
from Peliet

E
2
o
E
-4
Qa
3
1]

Fig. 2 Sampling plan for the presented protocol. Red boxes represent operations, starting at the top with the
high pressure homogenization (HPH). Blue ellipses represent 50 mL centrifugation tubes containing suspen-
sion, supematant, and pellet obtained after HPH and green boxes represent the required samples drawn
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3.5 Washing

3.6 Aliguotation and
Storage of Washed IBs
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. Centrifuge the remaining suspensions (50 mL centrifugation

tube) at 20,280 rcf, 20 min, 4 °C (sce Note 19).

. Separate the supernatant from the cell debris pellet (see

Note 20).

. Sample: Store the supernatant for Nanodrop, SDS-PAGE, and

RP-HPLC at 4 °C.

. Weigh the centrifugation tube containing the isolated pellet

and calculate the wet IB weight (wIBw).

. Resuspend the pellet to a concentration of 100 g/L in wash

buffer (using the Ultraturrax level 3).

. Sample: Draw suspension sample for SDS-PAGE (50 pL). Add

50 pL 2x Laemmli to sample.

. Sample: Draw sample for RP-HPLC (100 pL). Centrifuge at

20,280 rcf, 20 min, 4 °C and discard the supernatant. The
pellet can be stored at —20 °C until measurement on the
RP-HPLC is performed.

. Centrifuge the remaining suspensions (50 mL centrifugation

tube) at 20,280 rcf, 20 min, 4 °C (see Note 19).

. Separate the supernatant from the cell debris pellet.
6. Sample: Store the Supernatant for Nanodrop, SDS-PAGE and

RP-HPLC at 4 °C.

. Note the weight of the IB (see Note 18).
. Repeat the steps 1-7 once.

. Resuspend the pellet to a concentration of 100 g/L in water

(using the Ultraturrax level 3).

. Sample: Draw suspension sample for SDS-PAGE (50 pL). Add

50 pL 2x Laemmli to sample.

. Sample: Draw sample for RP-HPLC (100 pL). Centrifuge at

20,280 rcf, 20 min, 4 °C and discard the supernatant. The
pellet can be stored at —20 °C until measurement on the
RP-HPLC is performed.

. Ifa known amount of IB is needed for further processing steps,

aliquote the IB suspension accordingly (see Note 21).

. Centrifuge the aliquoted suspensions at 20,280 rcf, 20 min,

4°C. (seeNote 19).

. Separate the supernatant from the cell debris pellet.
. Sample: Store the supernatant for Nanodrop, SDS-PAGE, and

RP-HPLC at 4 °C.

. Note the weight of the IB (se¢ Note 18).
. Store the pellet at —20 °C.
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3.7 Analytics
37.1 RP-HPLC

37.2 SDS-PAGE

3.7.3 DNA Concentration

Device setup:

-

Prepare mobile phase A (MQ + 0.1% TFA) and mobile phase B
(ACN + 0.1% TFA).

Precool the autosampler to 5 °C.

Prepare reversed phase column for analysis at 70 °C and a
constant flow rate of 0.4 mL/min (runtime 18 min). For a
derailed description of the used method, refer to [14, 15].

Samples:

Supernatants: Can be measured without any further sample
preparation (see Note 22).

Pellets: Add solubilization buffer to reach the desired protein
concentration (e.g., 10 g wIBw/L). For the shown sampling
plan, add 1 mL of solubilization buffer to the pellet of the
RP-HPLC sample (see Subheadings 3.4, 3.5, and 3.6, step 3).

Dissolve at room temperature (RT) for 10 min on a rocker-

shaker. Centrifuge at 20,280 rcf, 20 min, 4 °C. Use the supernatant
for the RP-HPLC measurement.

Measure samples and, if available, perform a standard calibration
using the pure POI in appropriate concentrations (e.g.,

0.1-2 g/L).
Calculate protein concentration and purity using a suitable chro-
matographic software.

Dilute the sample 1:2 in 2x Laemmli (reducing) (e.g., 50 pL
sample + 50 pL Laemmli buffer) (see Notes 23 and 24).

Heat to 95 °C for 10 min.

Spin down all samples.

Dilute samples to the appropriate protein concentration (see
Note 25).

Perform SDS-PAGE.

Use Coomassie staining and an appropriate imaging device.
Densitometric analysis of the SDS-PAGE can be performed
with a suitable software (see Subheading 2.3).

Measure the absorbance of the supernatant samples at 260 and
280 nm.

Based on the absorbance at 260 nm, calculate the DNA
concentration.

Based on the ratio of the absorbance at 260 and 280 nm, calcu-
late the DNA purity.
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3.9 Analysis of
the DoE
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If a refolding protocol is established for the POI, refolding of the
IBs obtained for the different homogenization conditions can be
performed (see Note 26).

1.

2

Use the frozen IB pellets obtained in step 9 of Subheading 3.6
for solubilization and refolding using constant DSP approach.
After refolding, measure the volumetric yield [U/mL or
mg,/mL], i.e., the concentration of correctly folded protein
(see Note 27).

. Based on the amount of wIBw or POI obtained after the

homogenization, calculate the amount of correctly folded pro-
tein per gram biomass (see Note 28).

If a DoE approach was applied, use an appropriate software tool for
data analysis and interpretation. In the following, the exemplary
responses are discussed:

: B

The measurement of the DNA concentration in the homoge-
nization supernatant can be used to identify potential outliers.
The DNA concentration should increase for harsher conditions
(i.e., a higher percentage of cells are lysed) (see Note 29).

. SDS-PAGE and RP-HPLC samples after the final washing step

are used to measure quantity and purity of the POI for the
applied washing protocol.

. SDS-PAGE and RP-HPLC samples drawn after homogeniza-

tion and during the washing steps are used to monitor the
efficacy of the washing steps (as yield and purity can be calcu-
lated for each wash step).

. While IB vield and especially purity can be good estimators of

the refolding behavior, in our experience, the refolding vield is
not always accurately predicted by these responses. Therefore,
if' a refolding protocol is established, the volumetric yield dur-
ing refolding and the yield per gram biomass (described in
Subheading 3.8, steps 2 and 3) are the best responses to
identify suitable homogenization conditions.

4 Notes

. The used homogenization and wash buffer are highly depen-

dent on the POI. The shown buffers were used for HRP IBs
and can be a good starting point to identify appropriate buffers
as 2 M urea is a relatively low chaotropic reagent concentration.
This prevents solubilization of IBs during the wash steps.

. Depending on the POI, homogenization and wash buffer can

be identical. This reduces the time needed for buffer prepara-
tion and already includes the first wash cycle in the homogeni-
zation process.
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10.

11.

All volumes given in this protocol are calculated for the
PANDA PLUS 2000 with a minimum working volume of
40 mL. If a device with a different minimum volume is used,
then the volumes can be adjusted accordingly to use the
described workflow.

. Adispersing instrument is not absolutely necessary, however, it

vastly reduced time needed for resuspension. This is particu-
larly important as each wash step includes resuspension fol-
lowed by centrifugation, making the workflow very laborious
if no dispersing instrument is used.

. Essentially any beaker or flask with the required volume can be

used. However, we found that plastic beakers with a large top
opening are beneficial for resuspending biomass as every part of
the beaker can easily be reached with the dispersing instrument.

. The specific analytical methods used are highly protein depen-

dent. Therefore, we showed three examples (RP-HPLC,
SDS-PAGE, and UV absorbance at 260 nm to measure DNA
concentration) which are applicable for a wide range of differ-
ent proteins. However, many more methods are available and
can be used to monitor cell lysis [13, 16-27].

. In our experience, the achieved refolding vield is the most

significant response in order to identify suitable homogeniza-
tion conditions. However, as washed IBs are needed in a first
step to develop a refolding protocol, this requires an iterative
approach. Therefore, if no refolding protocol is established, a
high purity (measured, e.g., with RP-HPLC or SDS-PAGE) of
IBs is a good starting point to develop a refolding protocol.
The homogenization conditions can then be adapted after the
refolding protocol is in place.

. While we would strongly recommend a multivariate approach,

this is not strictly necessary. Experiments can also be performed
univariate and, potentially, be included in a DoE approach later
on if necessary.

. Other important factors that could be investigated include

biomass concentration and homogenization  buffer
compaosition.

If the process will, at some point, be performed in alarger scale,
the limitations of the HPH device used after scale-up should
also be considered here. Particular attention should be paid to
the number of passages, as a high number of passages is often
too time-consuming to be performed for large volumes.

Central composite circumscribed and central composite

inscribed designs might potentially be used as well. However,
attention should be paid in order not to exceed the device
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13.

14,

15.

16.

17.

18.

19,
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limitations (e.g., pressure) for the star points. Furthermore, the
number of passages is a discrete value, therefore fractions
required for the star points are not possible.

This is highly product specific! While in the presented example
the refolding vield, DNA concentration, purity and quantity of
the POI were chosen, other responses such as turbidity, viscos-
ity, or enzymatic activity in the supernatant can present valid
responses as well.

It is not required to weigh in exactly 40 g of wCW as the
volume of homogenization buffer added afterwards can easily
be adapted to reach the desired concentration of 200 g
wCW/L.

Depending on the used buffer and biomass, around 10 min
stirring using a magnetic stirring bar before the dispersing
instrument is used can make resuspension easier.

As larger particles can block the used homogenization device,
the suspension should be homogeneous and free of visible
particles. If it is not possible to fully resuspend the biomass or
if frozen biomass from a plastic bag was used and parts of the
bag are present in the resuspended biomass, then a common
kitchen sieve can be used to separate particles before filling the
resuspended biomass into the feeding hopper of the homoge-
nization device.

If the used feeding hopper is not big enough for the whole
volume, then use a second (empty) beaker to connect the HPH
outlet to and refill the feeding hopper with the rest of the
biomass suspension once it is emptying.

Depending on the homogenization device used, it should not
run dry, especially while pressure is applied. To prevent this, a
few milliliters can be left in the feeding hopper while adjusting
the pressure to 0 bar and turn off the flow. Afterwards, the
non-homogenized suspension left in the homogenizer can be
discarded.

We found it to be easiest if the Tara of the used centrifugation
tube is noted in a laboratory journal and on the tube itself. The
Tara on the tube itself allows for a quick calculation of the
required amount of buffer for the resuspension steps.

Either use a centrifugation tube filled with water as a counter-
weight or discard suspension to balance two tubes containing
suspension for centrifugation. If discarding is used, take care
that the suspension is homogeneous before pipetting. If buffer
would be added to adjust the weight, this would dilute the
supernatant, influencing the values of DNA and protein con-
centration in the supernatant and is therefore not
recommended.
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20.

21.

22.

23.

24.

25.

Especially for mild homogenization conditions (e.g., 400 bar,
1 passage), a gelatinous layer might be present between the
solid pellet and the cleared supernatant. As supernatant sam-
ples should be particle free (especially for RP-HPLC measure-
ments ), we recommend that the supernatant sample is drawn
with a pipette (e.g., 1 mL) and care is taken as not to disturb
the pellet. The rest of the supernatant and the gelatinous layer
can then be discarded safely. As an alternative, the supernatants
can be filtered (0.22 pm pore size) in order to guarantee
compatibility with the HPLC measurement.

It is possible to perform an aliquotation step before centrifuga-
tion. If a known amount of wet IB is required for further
processing steps (e.g., a solubilization and refolding protocol),
then the corresponding volume of suspension can be ali-
quoted, as the concentration of wIBw/L is known in this
step. In order to keep the suspension homogenous during
aliquotation, the centrifugation tube can be stirred with a
magnetic stirrer and stirring bar during pipetting. If no stirring
bar fitting into the tube is available, then the suspension can
also be transferred to, e.g.,a 50 mL or 100 mL shot bottle with
a fitting stirring bar. However, in our experience, IBs are very
stable to repeated resuspension in water. Therefore, frozen 1B
samples can also be resuspended in water and aliquoted to the
desired amount later on.

Depending on the amount of protease inhibitor present in the
homogenization buffer and the buffer composition in general,
supernatant samples might not be stable for longer time spans.
It is therefore recommended to measure these samples in a
timely fashion, latest a few hours after homogenization, and
store them at 4 °C until the measurement is performed.

As the suspension samples are the pellets from the previous
washing step, it is not necessary to prepare additional samples
of the pellets for SDS-PAGE. In our experience, solubilizing a
solid pellet using Laemmli bufter leads to a significant amount
of foam formation, making it difficult to prepare samples
quantitatively.

If guanidine hydrochloride is used in the homogenization or
wash buffer, SDS-PAGE cannot be performed, asit precipitates
when mixed with Laemmli buffer.

The desired protein concentration depends on the SDS-PAGE
used. For the listed manufacturer and method, a concentration
of around 1 mg/mL protein in the sample worked well. For
the shown example, around 10% of the wiBw was target pro-
tein. Therefore, a 1:10 dilution is required to reach the desired
1 mg/mL concentration (of a suspension containing 100 g

wIBw /L).
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28.

29.
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In order to achieve comparability, protein concentration can
either be normalized to the wet IB concentration (wIBw /L) in
the solubilizate or to the POI concentration in the solubilizate.

The analytical methods used to measure correctly folded pro-
tein are highly protein specific. If the correctly folded POl is an
enzyme, then enzymatic activity measurement is usually per-
formed. For non-enzyme proteins, binding assays can be per-
formed in some cases (e.g., antibodies and fragments thereof).
Depending on the application of the process, the product yield
per biomass might be of secondary importance (e.g., if the goal
is to produce small amounts of pure protein in a bench-scale
approach). However, if the process is scaled up at some point,
particular attention should be payed to this response.

It is possible thar the DNA concentration is not increasing for
harsher conditions (e.g., higher pressure and number of pas-
sages), as basically all cells are lysed. DNA concentration might
even decrease at harsher conditions due to shear forces frag-
menting the DNA. However, IB quality attributes (such as
purity) might still change because cell wall fragments are fur-
ther disrupted. Therefore, it can be beneficial to investigate
conditions even if the DNA concentration remains constant.
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6.2 Book Chapter 2

- Chapter 11

g

Unit Operation-Spanning Investigation of the Redox System

Julian Ebner, Diana Humer, and Viktor Sedimayr

Abstract

Cytoplasmic expression of recombinant proteins requiring disulfide bridges in Escheridhia cols usually leads
to the formation of insoluble inclusion bodies (IBs). The reason for this phenomenon is found in the
reducing environment of the cytoplasm, preventing the formation of disulfide bridges and therefore
resulting in inactive protein aggregates. However, IBs can be refolded in vitro to obtain the protein in its
active conformation. In order to correctly form the required disulfide bridges, cystines are fully reduced
during solubilization and, with the help of an oxidizing agent, the native disulfide bridges are formed
during the refolding step. Here, a protocol to identify suitable redox conditions for solubilization and
refolding is presented. For this purpose, a multivariate approach spanning the unit operations solubilization
and refolding is used.

Key words Inclusion bodies (IBs), Disulfide bridges, Inclusion body refolding, Redox system, Design
of Experiment {DoE), Unit operarion-spanning

1 Introduction

One of the reasons for the formation of inclusion bodies (IBs) in
Escherichia coli is the presence of disulfide bridges in the expressed
protein of interest (POI). Due to the reducing environment of the
cytoplasm, the posttranslational formation of disulfide bridges is
severely restricted or impossible [1, 2]. This, in turn, hinders the
correct folding of the POI and leads to protein aggregation and the
formation of IBs. In order to obtain the POI in its active form,
three additional unit operations are commonly performed during
the downstream processing of IBs: (1) isolation and washing of IBs;
(2) solubilization of IBs; and (3) refolding of the solubilized IBs
[3-6]. If the POI contains disulfide bridges, a redox system is used
in order to obtain the correctly folded and active POI [7]. Com-
monly, a reducing agent is added during the solubilization to
reduce any formed disulfide bridges and enable complete solubili-
zation. During the unit operation of refolding, an oxidizing agent is
added to the refolding buffer to allow the formation of disulfide

Julian Kopp and Oliver Spadiut (eds), Inclusion Bodies: Methods and Pratocals,
Methods in Molecular Biology, vol. 2617, https://ddi.org/10.1007/978-1-07 16-2930-7_11,
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bridges. The combination of reducing agent during solubilization
and oxidizing agent during refolding (the redox system) then
results in the renatured and active POI [8-10]. However, the
individual concentrations of reducing and oxidizing agent required
to yield high amounts of protein in its native conformation are
highly specific for each POIL. Therefore, an empiric approach to
identify suitable conditions is necessary during the development of
a production process for each new POI [11-13].

In this protocol, a workflow to identify suitable redox condi-
tions for batch dilution refolding is presented. Based on a multivar-
iate approach, conditions are identified using a design of
experiments (DoE), varying the factors concentration of reducing
agent during solubilization and concentration of oxidizing agent
and pH value in the refolding. The reason to perform a DoE instead
of a univariate approach is founded in two interacting factors.
Firstly, the reaction kinetics of the used redox system are pH
dependent. This pH dependency has a significant influence on the
refolding yield as increased rates of disulfide bridges result in faster
formation of correctly refolded protein and thereby reduce the
competing formation of aggregation [14]. Secondly, the amounts
of reducing and oxidizing agent are not only independently influ-
encing the refolding yield, but also exhibit an interaction factor. To
counteract, e.g., larger amounts of reducing agent during solubili-
zation, larger amounts of oxidizing agent are needed during refold-
ing. Therefore, in order to identify these interactions, a unit
operation-spanning multivariate approach is necessary. For the
exemplary workflow shown here, dithiothreitol (DTT) is used as
the reducing and glutathione disulfide (GSSG) as the oxidizing
agent to optimize the redox system for horseradish peroxidase
(HRP) IBs. A basic refolding protocol (using fixed redox condi-
tions) has previously been established. The amount of active HRP
after refolding was measured via the enzymatic activity using
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as
a substrate [15]. If used for a different POI, the type of reducing
and oxidizing agent can easily be adapted (using, e.g., cysteine/
cystine) [ 16]. However, a basic refolding protocol (developed using
fixed redox conditions) and an analytical method to quantify cor-
rectly folded POI after refolding are required in order to success-
fully perform the workflow.

2 Materials

2.1 Prerequisites

In order to perform the described workflow, several materials and
methods have to be available:
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. Washed and aliquoted IBs containing the POI, stored at appro-

priate conditions (e.g., —20 °C) (see Note 1).
* Further details in the book chapter High pressure homog-
enization for inclusion body isolation

. An established refolding protocol for the POI (excluding the

redox system ). This should include a solubilization method and
a refolding buffer suitable to stabilize the POI during refold-
ing. Such a protocol is usually established using fixed redox
conditions in order to optimize other factors before varying the
redox conditions. The established conditions can then be fur-
ther optimized with the found redox conditions in an iterative
approach.

. A suitable analytical method in order to measure the quantity

of correctly folded protein after the refolding step (see Note 2).

In this case, the workflow is shown by the example of HRP IBs
[15]. A working solubilization and refolding protocol was in place,
which is represented by the listed buffers and conditions. Washed
and aliquoted IBs were available, and the concentration (g POl /g
wet IB (wIB)) was measured and calculated using a reversed
phase—high-performance liquid chromatography (RP-HPLC)
method [17, 18].

1.

Solubilization:
*» Solubilization buffer 1: 50 mM Tris/HCI pH 8.5; 6 M urea.
*» Solubilization buffer 2: 50 mM glycine pH 10; 6 M urea.

* DTT stock solution: 1 M DTT dissolved in solubilization
buffer 1 or solubilization buffer 2 (see Note 3).

» A dispersing instrument suitable for 2 mL and 15 mL reac-
tion tubes (e.g., T10 basic ULTRA-TURRAX (IKA, Stau-
fen, Germany)) (see Note 4).

» Table centrifuge for 2 mL and 15 mL reaction tubes.

. Refolding:

* Refolding buffer 1: 20 mM Tris/HCI pH 8.5; 2 M urea;
2 mM CaCly; 7% v/v glycerol; varying GSSG concentra-
tions (see Note 3).

* Refolding buffer 2: 20 mM glycine pH 10; 2 M urea; 2 mM
CaCly; 7% v /v glycerol; varying GSSG concentrations.

* Hemin stock solution: 1 mM hemin dissolved in 100 mM
KOH (see Note 5).

* Rocker-shaker (e.g., Biosan mini rocker-shaker MR-1).

» Fridge or cold room suitable to place and run the rocker-
shaker at 4 °C (see Note 6).

* Centrifuge for 2 mL and 15 mL reaction tubes.
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2.3 Analytics

RP-HPLC or SDS-PAGE are primarily used in order to measure
the amount of POI in the solubilizate. If the amount of POI/g
wlIBs is constant for the aliquoted IBs, these methods can be
omitted (see Note 1).

1. RP-HPLC:

* An HPLC device consisting of a pump module, an auto-
sampler module, a column oven, and a UV detector.

» Mobile phase A: HPLC grade water (MQ) supplemented
with 0.1% trifluoroacetic acid (TFA).

» Mobile phase B: HPLC grade acetonitrile (ACN) supple-
mented with 0.1% TFA.

* RP column (e.g., BioResolve RP mAb Polyphenyl column
(Waters Corporation, MA, USA)).

* Rocker-shaker.
*» Software for analysis of chromatograms.
2. SDS-PAGE:

» SDS gels (e.g., Mini-PROTEAN TGX Precast Gels 4-15%
(Bio-Rad, CA, USA)).

*  Gel electrophoresis running system (e.g., Mini-PROTEAN
Tetra System (Bio-Rad, CA, USA)).

» Laemmli buffer (e.g., 2 x Laemmli sample buffer (Bio-Rad,
CA, USA)) supplemented with a reducing agent (e.g.,
2-mercaptoethanol).

» Coomassie staining (e.g., Bio-Safe Coomassie Stain
(Bio-Rad, CA, USA)).

* Imaging device and according software (e.g., Gel Doc XR+
Gel Documentation System and Image Lab Software (both
Bio-Rad, CA, USA)).

3. Measurement of correctly folded protein:

The analytical method used to measure correctly folded
protein after refolding is highly specific for each individual
POI. Commonly used methods can include measurement of
the enzyme activity (if the POI is an enzyme) or measurement
of the binding kinetics (e.g., in case of antibody fragments) (see
Note 7). In case of HRP shown in this protocol, the enzymatic
activity is measured using a colorimetric assay using ABTS as
substrate. The following instruments and solutions are used:

» Temperature-controlled spectrophotometer or plate reader
able to record the change of absorbance at 420 nm
over time.

» Multichannel pipet for a volume of 20 pL (per channel).

+ Dilution buffer: 20 mM Bis-Tris pH 7, 7% v /v glycerol.
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* ABTS solution: 8 mM ABTS in 50 mM phosphate-citrate
buffer pH 5.

* H,0, stock solution: 20 mM H, O, in water.

Software to design and subsequently interpret the experiments
performed (e.g., MODDE 12 (Sartorius, Goettingen, Germany))
(see Note 8).

3 Methods

3.1 Experimental
Planning and Design of
Experiments

In order to identify suitable redox conditions leading to high
refolding vyields, the amount of reducing agent during solubiliza-
tion and the amount of oxidizing agent during refolding have to be
varied in combination with the pH value. To reduce the experiment
number while still identifying quadratic terms and interaction
terms, a multivariate approach in the form of a DoE can be used.
An example for the experimental design applied for HRP is shown
in Fig. 1 (see Note 9). However, if the DoE is to be adapted, the
following points should be considered (see Note 10):

1. Decide on the factors that will be varied during the experi-
ments. For the shown protocol, these are the reducing agent
concentration (DTT) during solubilization and the oxidizing
agent concentration (GSSG) as well as the pH value of the
refolding buffer (see Note 9).

w
1
[nw) jusBe Buzipo
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\

.
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Reducing agent [mM)]
L

25 5

Fig. 1 Design space for factors used in the suggested DoE
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2. Find feasible ranges for the factors. Figure 1 indicates ranges to

test the redox system itself. However, the redox system can be
highly protein dependent (influenced, e.g., by the number and
location of disulfide bridges). Hence, a further adaptation of
the ranges in a second DoE might be necessary (se¢ Note 10).

. Decide on the design of the DoE. For three factors, each with

three levels, we would recommend a central composite design
(CCD) such as the face centered design (CCF) shown in Fig. 1.
The reason is that interaction and quadratic terms are expected,
which cannot be analyzed by more reduced designs (e.g., frac-
tional factorial designs). If other factors are to be included in
the design, we recommend a screening design including the
redox factors (DTT, GSSG, and pH) for the first estimation of
factor ranges, followed by a more refined design used in a
second experimental set.

. Prior to buffer preparation (i.e., during the experimental

planning phase): Think about splitting used factors accordingly
and which buffers need to be prepared (sez Note 11).

3.2 Performing Buffer preparation: All buffers should be prepared fresh and prior
the DoE to the start of solubilization.

Solubilization buffer (sze Note 12).
Refolding buffer:

After preparing all required refolding buffers, it is recom-
mended to aliquot them into 2 mL reaction tubes according to
the chosen conditions of the DoE (se¢ Note 13).

DTT stock solution should be prepared fresh (prior to
solubilization).

. Solubilization:

* Add solubilization buffer to the IB pellet in order to reach
the desired concentration (e.g., 100 g wIB/L) (see
Note 14).

* Resuspend the pellet using a dispersing instrument (e.g.,
Ultraturrax at level 3) (se¢ Note 15).

* Add DTT stock to reach the desired concentration (see
Note 16).

* Place the solubilization mixtures on a rocker-shaker for the
appropriate time span and condition (e.g., 0.5 h at RT for
HRP).

» Centrifuge the solubilization mixes (e.g., 20.380 rcf}
20 min; 4 °C).

» Split the supernatant from the pellet and discard the pellet
(see Note 17).
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* Sample: If protein quantification in the different solubili-
zates is to be performed, draw a sample of the supernatant
for RP-HPLC or SDS-PAGE measurement (detailed
description can be found in Subheading 3.3).

* Use the supernatant for the subsequent refolding step.

2. Refolding.

* Add solubilization supernatant to the 2 mL reaction tubes
containing precooled refolding buffers (see Note 13). Invert
each tube several times immediately after adding the solubi-

lization mix in order to ensure sufficient mixing (see
Note 18).

*» Place the refolding mixes on a rocker-shaker at the desired
conditions (4 °C; 16 h for HRP).

*» Spedific for refolding of HRP: After 16 h, add hemin stock
solution to the refolding mix to reach a final concentration
of 20 pM hemin (see Note 5).

* Centrifuge all refolding mixes (20.380 rcf; 4 °C; 20 min).

* Draw samples of all supernatants and quantify correctly
folded protein (e.g., ABTS assay in case of HRP) (see
Note 7).

3.3 Analytics 1. RP-HPLC:
Device Setup:
* Prepare mobile phase A (MQ + 0.1% TFA) and mobile
phase B (ACN + 0.1% TFA).
* Precool the autosampler to 5 °C.
* Prepare reversed-phase column for analysisat 70°C and a
constant flow rate of 0.4 mL/min (runtime 18 min). For
a derailed description of the used method, refer to
[17, 18].
Samples:
» In general, the supernatants drawn after the solubiliza-

tion and refolding step can directly be measured, if free of
particles (see Note 19).

* Measure samples and, if available, perform a standard
calibration using the pure POI in appropriate concentra-

tions (e.g., 0.1-2 g/L).
+ Calculate protein concentration and purity using a suit-
able chromatographic software.

2. SDS-PAGE:

* Dilute the sample 1:2 in 2x Laemmli (e.g., 50 pL sam-
ple + 50 pL. Laemmli buffer).

* Heat t0 95 °C for 10 min.
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3.4 Analysis of the
Performed DoE

Spin down all samples.
Dilute samples to the appropriate protein concentration.
Perform SDS-PAGE.

Use Coomassie staining and an appropriate Imaging device.
Densitometric analysis of the SDS-PAGE can be performed
with a suitable software (see Subheading 2.3).

. Activity measurement: In the case of HRP, the enzyme activity

after the refolding process was measured using a colorimetric
assay with ABTS as substrate in a 96-well plate.

Dilute the refolding mixes 1:20 in dilution buffer.
Add 175 pL. ABTS solution into each well.
Add 5 pL of diluted refolding mix to each well.

Start the reaction by adding 20 pL of H>03 stock solution
to start the reaction.

Measure the change of absorbance at 420 nm for at least
60s.

Based on (1), calculate the volumetric activity [U/mL] for
each sample.

Ul _ Vien*AAx dilution
mL| Veample * d * &

A—Volumetric activity

Viorar—total volume in well (200 pL)

A A—change in absorption [AA 420 nm/min]
dilution—dilution of sample

(1)

Viample—volume of diluted sample in well (5 pL)
d—length of light path through well (0.58 c¢m)
e—molar extinction coefficient ABTS (36/mM/cm)

1. Calculate the refolding vield based on (2):

rig=—ABE 100 )

Y—Refolding Yield [%]
A—Volumetric activity in the refolding mix
C—Protein concentration in the refolding mix

Arer—Specificactivity [U /mg] ofa reference standard (pure
and fully active POI)
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3.5 Validation
(Reactor Setup)
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2. Evaluate the DoE using the calculated refolding yield as a
response.

3. If the highest refolding yield is measured or predicted at the
edge of the chosen design space, asecond DoE with an adapted
design space can be performed.

A validation of the found redox conditions can be performed in a
bench scale bioreactor, monitoring the redox potential inline using
an appropriate probe.

Further details in the book chapter The purification of heme
peroxidases from Escherichia coli inclusion bodies: A success
story shown by the example of Horseradish peroxidase.

4 Notes

1. It is recommended that a single batch of washed and aliquoted
IBs is used for all experiments in order to provide reproducibil-
ity. Furthermore, the correlation between wet IB weight and
POI in the solubilizate can be established, mitigating the need
for at-line solubilization analytics to measure the protein con-
centration in the solubilizate for every solubilization mix.

2. The analyrical method to measure correctly folded protein is
highly dependent on the POL Since it is a crucial part of the
shown workflow, it has to be established before the workflow
can be used.

3. The shown redox system with DTT and GSSG was used in the
case of HRP. If a different redox system is to be used for the
POI, the workflow can easily be adapted by substituting DTT
with the reducing agent of choice (e.g., cysteine) and GSSG
with the oxidizing agent of choice (e.g., cystine).

4. We recommend the listed dispersing instrument as it fits both
2 mLand 15 mL reaction tubes, which were used for solubili-
zation. If different solubilization volumes are planned, the
dispersing instrument can be adapted accordingly.

5. The hemin stock is specific for the refolding of peroxidases such
as HRP since hemin is required to form the holoenzyme.

6. The suggested rocker-shaker can be used in combination witha
commonly available fridge. The power supply cable can be
connected to an electrical socket outside of the fridge and the
cable is run inside through the sealing of the door. However,
care should be taken in order to guarantee that the fridge door
is still properly closing when the power cable is run through.

7. Care should be taken in order to ensure that the used refolding
buffers do not interfere with the measurement method for
correctly folded protein (e.g., the enzymatic activity might be
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10.

Il

12.

13.

14.

dependent on the pH value and the enzyme is therefore only
active at a different pH value than present during refolding). If
that is the case, an additional sample preparation step (e.g.,
buffer exchange using size exclusion chromatography or dialy-
sis) has to be performed.

. In general, the shown workflow can also be performed without

using a multivariate data evaluation approach. However, for
process understanding and accurate evaluation, we would
highly recommend using such an approach including the
according software. Note that one of the big advantages of

using a DoE is that data from later experiments can also be
included.

. Several variations for the used factors are possible. Especially if

the experimental effort for the refolding process is low and the
measurement of correctly folded protein can be automated,
more factors can be included.

For the factor of the pH value, the stability of the POI at the
chosen pH should be considered. The reason for choosing
high pH values can be found in the reaction kinetics of the
redox partners (i.e., DTT and GSSG) [19]. If the POI is not
stable at high pH values, several different redox reagents are
available and can be used [20].

As an example, the buffer containing the 3 mM GSSG concen-
tration can be obtained by mixing the buffer with the low
GSSG concentration and the buffer with the high GSSG con-
centration in the appropriate ratio.

If the solubilization protocol requires cooling (e.g., 4 °C), the
solubilization buffer should be precooled prior to use.

In our experience using a numbering system for the experi-
mental conditions makes it easier to handle the large number of
different experiments (e.g., for the labeling of the refolding
mixes and the analytical methods). After the experimental
design is finished, the conditions for all individual experiments
are assigned consecutive numbers. If the experiments are
sorted to cluster the different solubilization conditions, poten-
tial mistakes while pipetting can be avoided and the start of
refolding is therefore made easier.

In our experience, using 5-10 mL solubilization mixtures in a
15 mL Falcon tube led to a reproducible solubilization proce-
dure. If only a very limited amount of IBs is available, 2 mL
reaction tubes can also be used. In the case that 2 mL reaction
tubes are used, measuring the amount of solubilized protein
(e.g., RP-HPLC) is highly recommended to account for vary-
ing amounts of protein that are carried over into the
refolding mix.
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Depending on the POI, the IBs might form flakes that are hard
to solubilize. If it is not possible to use a dispersing instrument
(e.g., due to small volumes used ), a micro-spatula can be used
to crush the flakes against the wall of the reaction tube, enhanc-
ing the surface area and thereby facilitating the solubilization.

The DTT stock should be freshly prepared and kept cool (4°C)
in order to prevent oxidation. If consecutive experiments are
performed, we recommend to prepare a fresh DTT stock
approximately every 2 h.

Depending on the POI and the solubilization protocol, a
gel-like layer might be present between the pellet and the
supernatant. In this case, carefully pipetting the supernatant
into a fresh tube can be helpful in order to avoid carry over of
the gel-like layer into the refolding mix. If this is the case, a
higher solubilization volume might be necessary, as a signifi-
cant amount of solubilization mix can be lost in the pellet.

If a large number of refolding experiments are performed at the
same time, the refolding buffers should be cooled during the
addition of solubilization mix (as precooling alone might not
be sufficient). Therefore, either an ice bath or working in a cold
room is recommended.

Storage of the samples at 4 °C and timely measurement is
highly recommended as the solubilization might not be stable
for long times. This might lead to skewed results of the protein
content in the solubilization. Furthermore, if precipitation
occurs over time, this might be harmful to the HPLC system
and the used column.
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Abstract: Horseradish peroxidase (HRP), an enzyme omnipresent in biotechnology, is still produced
from hairy root cultures, although this procedure is time-consuming and only gives low yields.
In addition, the plant-derived enzyme preparation consists of a variable mixture of iscenzymes
with high batch-to-batch variation preventing its use in therapeutic applications. In this study, we
present a novel and scalable recombinant HRP production process in Escherichia coli that yields a
highly pure, active and homogeneous single iscenzyme. We successfully developed a multi-step
inclusion body process giving a final yield of 960 mg active HRP/L culture medium with a purity
of 299% determined by size-exclusion high-performance liquid chromatography (SEC-HPLC).
The Reinheitszahl, as well as the activity with 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) and 3,3',5,5'-tetramethylbenzidine (TMB) as reducing substrates, are comparable to
commercially available plant HRP. Thus, our preparation of recombinant, unglycosylated HRP from
E. coliisaviable alternative to theenzyme from plant and highly interesting for therapeutic applications.

Keywords: E. coli; inclusion bodies; recombinant horseradish peroxidase; refolding; hydrophobic
interaction chromatography; reversed-phase high-performance liquid chromatograpy (RP-HPLC);
size exclusion HPLC (SEC-HPLC)

1. Introduction

Horseradish peroxidase (HRP) (EC 1.11.1.7) has high industrial relevance entailing an immense
pool of published data, ranging from refolding of denatured plant enzyme to recombinant production
in different hosts [1-7]. HRP is an oxidoreductase that contains heme as a cofactor, two calcium ions
and four disulfide bridges [6,8]. This plant-derived enzyme naturally occurs in the horseradish root
(Armoracia rusticana), where it is glycosylated usually at eight of nine asparagine sites [9,10]. Due
to this glycosylation, plant HRP (pHRP) has a size of 44 kDa, but when the enzyme is produced in
Escherichia coli (rHRP) it is unglycosylated resulting in a size of only 34.5kDa [11]. The natural enzyme
in A. rusticana has a large variety of isoforms, with 34 different entries in the UniProtKB database (April
2020) [1]. To date, HRP for industrial use is still extracted from the plant; therefore, the composition and
abundance of the isoenzymes in the final productis diverse. The application range of HRP is immensely
versatile; first and foremost, the protein is used as reporter enzymebecause it reacts with many substrates
to give a chromogenic, fluorogenic or electrochemical signal. Therefore, HRP is used for nucleic
acid, antibody and protein labelling in immunocassays, diagnostic kits and microarrays [12-14]. The
enzyme can also function as a biosensor, which can be applied for the detection of hydrogen peroxide,
but also for other substances, such as ghicose, L-phenylalanine, ethanol or hydroquinone [15-20].

Int. . Mol. Sci. 2020, 21, 4625; doi:10.3390'ijms21134625 www.mdpi.com/journalijms
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In the field of environmental protection, HRP is used for the bioremediation of pollutants (mostly
phenols) and for the decolorization of dyes in the textile industry [21-23]. In chemistry, the protein
is employed for organic polymer synthesis and biocatalysis [24-29]. Another interesting field with
high potential is the biomedical use of HRE, for example in medical diagnostics [3(,31] or targeted
cancer treatment [32,33]. However, these applications require an HRP preparation that complies with
pharmaceutical standards, available as a steady supply in large amounts. These requirements are met
in a recombinant production strategy, where a single isoenzyme can be produced homogeneously and,
if necessary, without glycosylation. As mentioned above, HRP is ungly cosylated in E. coli and therefore
well suited for medical applications, as foreign glycosylation patterns can cause immune reactions in
humans [34]. Recombinant protein production in E. coli follows twomajor routes: the protein of interest
can either be soluble or insoluble in the form of protein aggregates, also known as inclusion bodies (IBs).
In the E. coli cytoplasm, HRP forms IBs because the absence of glycans on the protein surface results
inenhanced hydrophobicity and the disulfide bridges cannot be formed. Both production strategies
pose several advantages as well as disadvantages and are dependent on protein properties as well
as cultivation parameters [35,36]. While initially IBs were regarded as undesirable, they show many
advantages for production, such as high titers, high purities after recovery and the potential to express
proteins that would otherwise be toxic to the host cell [37,38]. However, the downstream process (DSF)
is more elaborate as the protein must be refolded to the native state. In 2018, we published a mini-review
that summarizes the current developments and analytical tools for refolding [39]. In general, IBs are
harvested by centrifugation, followed by a washing step and solubilization with denaturing agents,
such as chaotropic substances (urea, guanidine hydrochloride (GuHCI)) or detergents (Triton X-100,
sodium dodecyl sulfate). The solubilized protein is then transferred to a buffer where the correctly
folded protein is energetically favored over the unfolded protein. This can be done in different ways,
with the most common methods being batch dilution, fed-batch dilution and on-column refolding,
Depending on the characteristics of the protein of interest, different factors have to be considered for
successful refolding. For the correct refolding of peroxidases, the establishment of the redox system
and the method, as well as the time point of cofactor addition, are essential. In Table 1 we present
a comparison of refolding attempts for different class II and III peroxidases. Concerning HRF, the
first refolding experiments were performed more than 30 years ago by Smith et al. [40], where a
yield of 3% with 630 U/mg with ABTS as substrate and a protein concentration of 0.057 mg/mL was
reported. Grigorenko et al. [3] performed HRP refolding from IBs using a His tagged protein and
IMAC (immobilized metal affinity chromatography) as capture step after refolding, The refolding
experiment resulted in 6-8 mg HRP/L culture medium with a specific activity of 1160 U/mg for ABTS
as reducing substrate.

Table 1. Overview of the yield and specific activity of class I and I1I plant peroxidases refolded from

inclusion bodies.
Yield Specific Activi
Enzyme (% o il Culture) (U/mg) ty Reference
&30 (ABTS)
HRP 3% mm””’mﬁwms 5% Smithetal. [40)
HRP &8 mg/L 1160 Uimg (ABTS) Grigorenko et al. [3)
HRP 24% 10 U/mg (4 aminoantipyrine) Asadetal. [41)
HRP 167 mg/L 4000 U/mg (ABTS) Gazaryan etal [42)
HRP 20mg/L 2000 Uymg (ABTS) Gazaryanetal [43]
HRP 15mg/L. 625 U/mg (ABTS) Gundinger et al. [44]
CWPO_C! 0.2mg/L 1000 U/mg (A BTS) Kimet al. [45]
1066 U/mg (syringaldazine)
CWPO_C! 27.3% 120 Ujmg (guaiacol) Shigetoetal [45)
rAtPr71 28% 1291 U/mg (syringaldazine) Shigetoetal [47]
rAtPrx25 30.3% 270 Ujmg (guaiacol) Shigetoetal [47]
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Table 1. Cant.
Yield Specific Activity
Enzyme (% or mg/L Culture) (U/mg) Reference
TOP? 79mg/lL 2050 U/mg (ABTS) Zakharova etal. [48]
70.7 Ujmg (TMB)
LDP3 168 mg/L 580.7 Ufmg (H202) Fattahian et al. [49]
TOP? 4.6 mglL 1100 U/mg (ABTS) Hushpulian etal [50]
ATPN ¢ 13mgL nm Teilumet al. [51]
BP1% 9.4 mg/L nm Teilum et al. [51]
39 pmol of 1 alcohol
LiPHs® 1% M’:gm 8 Doyle et al. [52)
vPL27 55mglL nm Pérez-Boada et al. [53]
LiPH2¢ 34mglL nm Nie etal. [54)
550 bromination of
VBPO® f0mglL R s . Coupe etal [55)
LiP¢ 038 mg/lL 16,300 U/mg (ABTS) Mikiet al. [56]
Dyp? 15 mgL 247 U/mg (ABTS) i Linde etal [57)
MnP 24% i ”’“'G:Dm“‘;" o Wang etal 5]
LiPH2¢ 24% 55.6 Ufmg (veratryl alcohol) Lee etal [59)
2
MnP 10 0.275 mg/L Holjmg ::‘::“,‘:‘,‘“ oMot Whitwam et al. [£0)
BnPA ! 20mg/L 981 U/mg (ABTS) Radrigmz—&bmelal (61]

1 Cationic cell wall percxidase from Populus alba L2 Tobacco peroxidase; 2 Lepidium draba permddnu- Arabidopsis
thaliana peroxidase N; 5 Barley Bmm pemndau; 6 roxidase; 7 Pleurotus eryngii versatile peroxidase; ®
Vanadium-dependent b ; ® Dye-decolorizing peroxidase; 1° Manganese peroxidase; ! Turnip acidic
pemx:dm n.m., not mentioned.

Asadetal. [41] published a comprehensive investigation on the refolding conditions of horseradish
peroxidase, focusing on the buffer system, redox conditions and additives suitable for HRP stabilization.
They used one factor at a time and response surface methodology (RSM) to obtain a yield of 3.6 mg
HRP from 15 mg solubilized protein. The highest enzy me activity was 10 U/mg with 4-aminoantipyrine
as substrate. In 2016, we performed a comparative study on the production of HRP both in a soluble
form and from IBs. We obtained a relatively high yield of 150 mg HRP/L culture medium for refolded
HRP with a specific activity of 62.5 U/mg (ABTS), but unfortunately, only 15 mg/L could be recovered
after concentration with spin filters [44]. The translocation of HRP to the periplasm resulted in a final
yield of 28 mg HRP/L culture medium and 127 U/mg with ABTS as reducing substrate. Thus, all
previous production strategies resulted in low yields and/or decreased enzyme activity and stability.
This is also the case for many other peroxidases (Table 1), where the highest yield was reported for
Tobacco peroxidase with 79 mg/L culture medium.

In this study we present a novel production process for HRP from E. coli IBs with upscaling
potential to industrial dimensions. Moreover, we assume that this procedure can be transferred to
other peroxidases of the plant peroxidase superfamily, as all enzy mes of class Il and IIl are monomers
and contain a non-covalently bound heme, two calcium ions and four disulfide bridges. As shown
in Table 1, several studies concerning the refolding process of HRP have previously been published,
mesulting in established ranges for several important parameters, for example the urea concentration
during solubilization and refolding. For this study, we focused on the influence of several parameters
on the overall process, resulting in an integrated approach. This integrated approach of solubilization
and refolding was found to be necessary and highly beneficial. Furthermore, the time of addition
and the concentration of hemin had a significant influence on the refolding yield. The best results
were obtained with a slow addition of hemin to the apo-enzyme. Previous approaches of HRP
purification from IBs used either IMAC, SEC (size-exclusion chromatography) or CEX (cation exchange
chromatography) as a capture step after refolding [3,40-42,44]. In this study, we developed a novel
protocol for salt precipitation and hydrophobic interaction chromatography (HIC). The combination of
these optimized conditions resulted in a final process yield of 959 mg active HRP/L culture medium
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with a purity of >99% determined by SEC-HPLC. The enzymatic activity for the substrates ABTS and
TMB, as well as the Reinheitszahl (Rz), are comparable to the plant-derived enzyme. The developed
process allows the scalable production of the unglycosylated, single isoenzyme HRP C1A at the highest
yield reported thus far (Table 1).

2. Results and Discussion

In this study, we developed a novel production process for recombinant HRP from E. cali inclusion
bodies using a series of multivariate experiments and an integrated approach. Table 2 summarizes the
parameters and ranges examined for each unit operation.

Table 2. Overview of investigated unit operations and the corresponding process parameters

Unit Operation Parameters Range
DTT 2.5 mM-28.44 mM
Solubilization Protein concentration 20 g/1-80 g/L.
pH 7-10
GSsG 0.4 mM-3.5 mM
Protein concentration 05gl-2g/L
Refolding pH 7-10
Time of hemin addition 0h-24 h after refolding start
Hemin concentration 6 pM-80 pM
Type of salt NaCl, (NH¢ 2S04
SRR gy Salt concentration 0M-4M
Hydrophebicity of resin Octyl, Butyl, Phenyl
Capture step HIC pH value (load) 85,10
Type of elution Step gradient, linear gradient

DTT, dithiothreitol; GSSG, gluthatione disulfide; NaCl, sodium chloride; (NH4);50y, ammonium sulfate.

2.1. Solubilization and Refolding

In order to identify the optimal redox system for solubilization and refolding, a DoE for DTT and
GSSG concentration was performed (“DoE 17). During solubilization all disulfide bridges should be
reduced, granting the complete solubilization of the protein. In the subsequent refolding step, the
correct disulfide bridges have to be formed, requiring an oxidizing environment. We hypothesized
that these two unit operations are dependent on each other, as the DTT concentration had an influence
on the refolding yield even if the solubilization yield stayed constant. In order to provide an integrated
approach, the final refolding yield (determined as the volumetric activity) was used as a response for
both DTT and GS5G concentration. Figure 1 shows the contour plot for DoE 1, with 7.11 mM DTT and
1.27 mM GSSG resulting in the highest yield for a protein concentration of 0.5 g/L during refolding.

For the used dilution of 1:40 solubilization mix in refolding buffer, this is equivalent to a GSSG:DTT
ratio of 7:1in the refolding mix. The interaction of DTT and GSSG is clearly visible, with increasing DTT
requiring increasing GSSG concentrations. This shows the importance of optimizing the redox system
in an integrated approach including solubilization and refolding and using the final refolding yield as
response. Note that the absolute values of DTT and GSSG presented here might vary depending on
the properties of the IBs, which are influenced by several factors, such as fermentation conditions (e.g,
temperature, induction time and strength etc.) and unit operations performed before solubilization
(e.g., homogenization, separation of IBs from soluble proteins, IB wash and also steps such as freezing
and storage).
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GSSG [mM]

DTT conc [mM]

Figure 1. Response contour plot for the volumetric activity (U/mL) with ABTS as substrate, dependent
on the DTT concentration in the solubilization mix and the G5SG concentration in the refolding buffer
(DoE1).

Based on these results, a second DoE (“DoE 2”) was performed, using DTT, GS5G and protein
concentration as factors, and volumetric activity (U/mL) and specific activity (U/mg) as responses.
These responses were chosen since lower protein concentrations usually lead to higher refolding
yields [62]. However, low protein concentrations require large buffer volumes and accordingly large
vessels, which is a drawback for subsequent unit operations. The originating costs are a major downside
of industrial IB processes, thus making the protein concentration a highly relevant factor. Initially, we
assumed that the optimized redox conditions might be dependent on the protein concentration, with
higher protein concentrations requiring higher DTT concentrations during solubilization. Contrary
to this hy pothesis, the DTT concentration resulting in the highest yield actually decreased for higher
protein concentrations, with the GS5G concentration staying almost constant (Table 3). The optimized
conditions for 0.5 g/L were 17.2 mM DTT and 2.2 mM GSSG, differing significantly from the results in
DoE1(7.11 mM DTT and 1.27 mM GSSG). The reason for this is the strong contribution of the protein
concentration as a factor, especially for the specific activity (Table 3 and Supplementary Figure S1).
It is therefore difficult to predict optimal DTT and GSSG concentrations independent of the protein
concentration. While this restricts the use of this particular experimental design for the optimization of
the redox system, it clearly shows the importance of the investigation of the protein concentration
during refolding. The highest specific activity in DoE 2 was achieved at a concentration of 0.5 g/L.
All higher protein concentrations resulted in lower refolding yields (lower specific activities (U/mg)),
therefore requiring a larger amount of IBs for the same amount of correctly folded HRP. The volumetric
activity showed the opposite trend, rising with the concentration of protein in the refolding mix,
with the highest volumetric activity achieved at 9.4 mM DTT, 2.2 mM GSSG and 1.6 g/L protein
(26.9 U/mL) (Supplementary Figure S2). As expected, the specific activity at these conditions was low,
with only 16.8 U/mg, which might result in problems during the subsequent capture step due to high
concentrations of incorrectly folded protein. Furthermore, these conditions required three times more
IBs for only a 20% increase in refolding yield. Based on these results, a protein concentration of 0.5 g/L
during refolding was chosen for subsequent experiments. However, for an industrial production
process the economically most feasible protein concentration might be different. For known USP
(upstream process) and DSP costs, the presented models can be used to calculate the sweet spot between
low refolding yields (requiring more IBs and raising the cost of the USP) and low concentrations of
correctly folded HRP after refolding (requiring larger buffer volumes during refolding and subsequent
capture steps resulting in higher DSP costs).
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Table 3. Optimized DTT and GSSG concentrations for different protein concentrations based on the
model obtained in DoE 2. The factor contribution is shown in brackets.

Protein Conc. Optimized DTT  Optimized GSSG  Specific Activity Volumetric
(g/L) (mM) (mM) (U/mg) Activity (UfmL)
0.5 (932%) 17.19 (1.5%) 216 (53%) 451 225
1(91.5%) 12.49 (1.8%) 217 (67%) 266 26.6
1.5 (88.5%) 9,83 (25%) 218 (9.0%) 189 28.4
2 (81.09) 7.11 (6.0%) 221 (130%) 137 27.3

Asad et al. [41] previously reported that “the effect of the pH on HRP refolding was not significant
over the range of 7-10". These experiments were performed with a one factor at a time approach
and the concentrations of DTT and GSSG were kept constant for all tested pH values. However, the
reaction kinetics of DTT and GSSG are pH de pendent, with slow reaction kinetics for pH values < 9. In
order to cover this pH dependency of the redox pair, we performed a CCF DoE with the factors DTT
concentration, GSSG concentration and pH value (pH 7-10) with the volumetric activity as response
(“DoE 3"). The protein concentration during refolding was kept constant at 0.5 g/L for all experiments.
Refolding at pH 7 resulted in very low refolding yields for all combinations of DTT and GS5G, so that
the pH value was the dominant factor for the model. This, in turn, led to bad predictions for DTT and
GSSG at pH 8.5 and 10. Therefore, the experiments at pH 7 were excluded from the model in order
to obtain a correct depiction of the influence of DTT and GSSG concentrations at higher pH values.
Comparing pH 8.5 and pH 10, different DTT and GSSG concentrations were required in order to achieve
maximum refolding yields, underlining the importance of the multivariate approach (Supplementary
Figure S3). The overall highest refolding yield was achieved at 6.7 mM DTT and 1.26 mM GSSG and
pH 10, which resulted in an increase of 25% compared to refolding at pH 8.5. Furthermore, at pH 10,
deviations of the DTT and/or GS5G concentration have less influence on the refolding yield. Based on
the results of DoE 2 and DoE 3, we chose 7.11 mM DTT, 1.27 mM GSSG, 0.5 g/L protein concentration
in the refolding buffer and pH 10 as the optimized conditions for solubilization and refolding.

The experiments in DoEs 1-3 were all performed in 2 mL reaction tubes, resulting in a maximum
volumetric activity of 56 U/mL after refolding. In order to identify possible scale-up effects, these
optimized conditions were scaled up to a refolding vessel with a volume of 1200 mL (“refolding vessel
experiment 1"), resulting in a higher volumetric activity of 84 U/mL. Due to the tendency of protein
aggregation during refolding, we assumed that favorable stirring conditions and surface to volume
ratio led to this increase in activity for the upscaled process. Overall, the presented optimization
approach resulted in a scalable and robust process with high refolding yields.

2.2. Hemin Addition

The concentration and time of hemin addition is another important parameter during refolding.

Hemin has to be supplied in order to obtain holo-HRP; however, it is not necessary for the correct
formation of apo-HRP. Previous studies showed that higher refolding yields could be achieved if
hemin was added after the refolding step [41,42,44,63]. We suspect that this is the case due to the
hydrophobic nature of hemin, promoting aggregation if added early on during refolding. Therefore,
we assumed the time point of hemin addition, as well as the concentration, to have an influence on
the refolding yield. The first experiments to test this hypothesis were performed using 2 mL reaction
tubes, and optimized conditions were then validated in a bench-scale refolding vessel.

A DoE approach (“DoE 4”) was chosen for the small-scale experiments, using the concentration of
hemin as well as the time of hemin addition as factors. The volumetric activity (U/mL) after refolding
was used as the response (Figure 2). When hemin was added immediately after refolding start (0 h),
the refolding yield strongly depended on the hemin concentration, with higher hemin concentrations
leading to an over 10-fold reduced yield. This efect was decreased for later hemin addition times—in
fact, when hemin was added 24 h after the start of the refolding process, the influence of the hemin
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concentration was negligible. This is most likely a result of the hydrophobic nature of hemin, promoting
aggregation of unfolded HRP, especially early during the refolding process. Therefore, the optimal
time for hemin addition appears to be 6 h or longer after the start of refolding, with the maximum
mrfolding yield achieved for a concentration of 6 uM hemin after around 19 h. Although 6 pM hemin
was sufficient and higher hemin concentrations did not lead to an increase of the refolding yield, 20
uM were chosen for all further experiments in order to prevent hemin to become a limiting factor for
potential higher refolding yields in the bench-scale refolding vessel.
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Figure 2. Response contour plot for DoE 4 with different times of hemin addition and hemin
concentration as factors and the volumetric activity (U/mL) as response.

The optimal conditions were transferred to a bench-scale refolding vessel with a refolding volume
of 1200 mL (“refolding vessel experiment 2”). For this experiment, hemin was added after 20 h
of refolding to a final concentration of 20 uM. Additionally, the refolding kinetics was monitored
during this experiment. Samples were taken every 2 h to measure the activity at-line (Figure 3 and
Supplementary Table S1). However, since hemin is required to form holo-HRF, 20 uM hemin were
added to each sample immediately after sampling and the activity was measured after incubation
for two hours. After the addition of hemin to the refolding vessel (i.e., after 20 h), samples were
still taken every 2 h, but no further hemin was added. Still, the samples were incubated for 2 h
before measurement. As we see in the at-line activity measurement, refolding was completed after
approximately 8 h. These observations are in good agreementwith the results obtained from smalk-scale

experiments and underline the importance of addition of hemin after the refolding process is finished.

Based on these experiments, we assumed that a linear hemin feed starting after complete
apo-enzyme formation might further improve the refolding yield. The hy pothesis was that hemin is
prone to self-aggregation as well as aggregation with incorrectly folded protein, leading to a reduced
amount of hemin available to form holo-HRF. Moreover, hemin aggregates could potentially impede

further downstream applications, e.g., through irreversible binding to chromatography columns.

A steady supply of small amounts on the other hand can immediately be used for holo-enzyme
formation while aggregates are kept at a minimum. Therefore, in “refolding vessel experiment 3” a
linear feed commencing 8 h after refolding starts with a total feeding time of 12 h was applied. Again,
samples were taken every two hours (Figure 4 and Supplementary Table S2).
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Figure 3. At-line sampling of “mefolding vessel experiment 2" with volumetric activity in U/mL
as response, samples 1-9 (2 h to 18 h) were taken before hemin was added to the refolding vessel
therefore, 20 uM were added afterwards and samples were incubated for another 2 h before activity
measurement. Samples 10-16 (20 h to 32 h) were drawn after hemin addition butwere still incubated
for 2h before activity measurement. Allsamples were measured in triplicates, with an average standard
deviation < 6%.
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Figure 4. Atline sampling of “refolding vessel experiment 3" with volumetric activity (U/mL) as
response. The hemin feed was started after 8 h and lasted 12 h. Circles represent samples taken before
and after the start of the feed, where hemin was added to each sample to reach a final concentration
of 20 uM. Samples were incubated for another 2 h before activity measurement. Triangles represent
samples that were measured directly after the samples were drawn with no further hemin addition. All
samples were measured in triplicates, with an average standard deviation < 6%

At the beginning of the hemin feed, the volumetric activity (Figure 4, sample 4) was similar to
the activity measured in “refolding vessel experiment 2” (Figure 3, sample 4). This demonstrates a
good reproducibility and comparability between these two experiments. A fter an incubation time of
12 hwith hemin, the volumetric activity in refolding vessel experiment 2 reached 45 U/mL (Figure 3,
sample 16; Supplementary Table 51), whereas it was significantly higher after 12 h of hemin feed with
62 U/mL (Figure 4, sample 6 grey triangles; Supplementary Table 52). Moreover, the refolding time
was shortened, as the maximum volumetric activity for “refolding vessel experiment 2” was reached
after 44 h (46.5 U/mL, Supplementary Table 51), whereas this was achieved already after 20.5 h in this
experiment (62 U/mL, Supplementary Table S2). These data substantiated our hypothesis that a linear
hemin feed leads to an increased refolding yield.
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All results presented above were done at pH 8.5, since we performed these experiments after
optimizing the redox system, but before, we identified pH 10 as most beneficial during refolding
(Supplementary Figure 53). Therefore, we wanted to verify the applicability of these results at pH
10. Applying a hemin feed instead of batch addition at pH 10 in fact resulted in a 23% increase of the
refolding yield. We therefore concluded that the effect of our hemin addition strategy was independent
of the pH value.

2.3. Capture and Concentration

The last unit operation investigated in this study was the capture step after refolding. Several
different approaches, including IMAC, CEX and SEC, have been reported thus far [3,40-42,44]. In this
study, a novel approach using HIC was developed. HIC is suitable for other peroxidases [46,47], but
has never been used for HRP purification before. This approach turned out to be highly beneficial
because the binding conditions require high salt concentrations, which precipitated impurities,
such as excess hemin and protein aggregates, while correctly folded HRP was stable in solution at
high salt concentrations. This has the advantage that impurities are already separated before the
capture step, resulting in a higher binding capacity as well as easier cleaning and regeneration of the
chromatographic resin.

First, we compared (NHy),504 and NaCl for protein precipitation with the goal of reaching
efficient impurity separation and high HRP recovery in the supernatant at the same time. Due to
their position in the Hofmeister series, the concentration was varied between 0 M and 1.5 M for
{NH),SO4 and 0 M and 4 M for NaCl, respectively. The recovery of the volumetric activity after
protein precipitation was 96% for 1 M (NH4),504 and 95% for 4 M NaCl. Specific activity increased
2.5-fold for (NHy);504 and 4.5-fold for NaCl (Table 4). Due to the higher purification factor and the
compatibility for potential medical applications in the future, we chose NaCl as salt.

Table 4. Volumetric and specific activity as well as protein concentration and purification factor for salt
precipitation using either 1 M (NH,),50, or 4M NaCL

Volumetric Protein Conc. Specific Activity
- Activity (U/mL) (g/L) (Ujmg) Purification Factor
(NH )50, 1M 38.0 0.12 317 25
NaCl4M 443 0.09 492 45

After salt precipitation, we tested different HIC resins, pH values and elution strategies
{Supplementary Figures 54-58) and finally used a resin with medium hydrophobicity (HiTrap Butyl
FF), a pH of 8.5 and a step elution strategy. Using this strategy, active HRP was concentrated more than

9-fold resulting in a final concentration of 0.5 g/L active HRP in the eluate (Table 5) with a purity > 99%.

Table 5. Volume, protein concentration, specific activity and purification factor for salt precipitation
followed by hydrophobic interaction chromatography.

Protein Conc. Specific Activity

Volume (mL) (mg/mL) (U/mg) Purification Factor
Refolding end na. 0.51 126 1
Load (after salt
precipitation) 50 0.09 726 58
Active HRP
P 4 0.50 1176 94
n.a, not applicable.
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24. pH 8.5vs. pH10

Although we clearly demonstrated that refolding at pH 10 leads to the highest refolding yield, two
final process runs at pH 8.5 and pH 10 weme performed in order to compare the overall process yields.
As demonstrated in small-scale and several bench-scale experiments, the optimal redox potential for
HRP refolding was established with a GSSG:DTT ratio of 7:1. The final refolding time was 19 h, with
8 hrefolding before the start of a 10 h hemin feed (final concentration 20 uM). When refolding was done
at pH 10, the refolding mix was brought to pH 8.5 before 4 M NaCl were added for salt precipitation.
After centrifugation, the HRP solution was captured on a HiTrap Butyl FF column and eluted at75%
buffer B (Supplementary Figures 57 and S8).

Table 6 summarizes the results for refolding at pH 8.5 compared to pH 10. Refolding at pH 10
significantly increased the refolding yield to 74% when compared to 44% at pH 8.5, In addition, the
total yield of HRP was enhanced 1.7-fold and reached 959 mg/LE. coli cultivation broth. The produced
recombinant HRP had a very high purity (299%) and the specific catalytic activity with ABTS as
substrate was around 1500 U/mg for both pH 8.5 and pH 10.

Table 6. Comparison of refolding at pH 8.5and pH 10.

Process Variables pHBS.3 pH10
Specific activity (U/mg) 1507 £13 1468 + 24
Purity SEC-HPLC (%) 299 299
Refolding yield (%) B 74
Pure HRP/L culture medium (mg) 562 959
Rz a7 43
Total Units/refolding vessel (7 mM ABTS) 146700 209500
Overall yield active HRP per 100 mg expressed 19 28
protein (mg)

The refolding yield was determined by the final amount of HRP in the refolding mix as a percentage of the total
amount of IBs that was solubilized.

2.5. Characterization of Refolded HRP

Finally, the kinetic parameters of the commercially available plant HRP from Sigma-Aldrich
(pHRP; Cat. No.: P6782) were compared to refolded HRP (rHRP; Table 7). In fact, both enzyme
preparations were comparable in terms of catalytic activity underlining the applicability and high
potential of the recombinant HRP from E. cdi inclusion bodies.

Table 7. Comparison of the commerdially available plant HRP with refolded HRP concerning the
kinetic parameters for the substrates ABTS and TMB.

ABTS
Vmax (U/mg) Km (mM) keat (s71) (;;‘;‘-5’1)
pHRP 1285 + 70 070 £0.14 734+ 41 1043 +215
rHRP 1411+ 43 0.49 + 0.06 823+ 25 1677 + 205
TMB
k
Vmax (Ujmg) Kim (mM) keat (s71) ” mﬁfﬁ‘_‘l)
pHRP 7446 + 528 0.101 +0.020 4343 + 308 42830 + 8864
rHRP 7146 + 355 0.105 +0.014 4169 + 207 39582 + 5661

2.6. Final HRP Production Process

The final process steps to prepare recombinant HRP from E. coli inclusion bodies are summarized
in Table 8.
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Table 8. Unit operations and the respective process parameters for the final production process of HRP
from E. cali inclusion bodies.

. Final
Unit operation. Parameters Conditions
DTT 711 mM
Solubilization Protein concentration 20 g/L.
pH 10
GSsG 127 mM
Protein concentration Q5gL
Refolding pH 10
Time of hemin addition 8 h after refolding start
Hemin concentration 20 pM
pH Adjust to pH 8.5 with 2 M HCI
Salt precipitation Type of salt NaCl
Salt concentration 4M(pH8.5)
Hydrophobicity of resin Butyl
Capture step HIC pH value (load) 85
Type of elution Step gradient

3. Materials and Methods

3.1. Chemicals

GS5G was purchased from AppliChem (Darmstadt, Germany). ABTS was purchased from
AppliChem or Sigma-Aldrich (St. Louis, MO, USA). Plant HRP Type VI-A (Cat. No.: P6782), hemin
(hemin from bovine, >90%) and TMB were purchased from Sigma-Aldrich. DTT and all other chemicals
were purchased from Carl Roth (Karlsruhe, Germany).

3.2, Strain and Growth Conditions

The hrp gene coding for HRP variant C1A was codon-optimized for E. coli and obtained from
GenScript USA Inc. (Piscataway, NJ, USA). The plasmid pET21d+ was used for HRP IB production
in the cytoplasm. A stop codon was introduced so that the protein was produced without any tags.
HRP was produced in E. coli BL21(DE3) in a 10 L Biostat Cplus stainless steel bioreactor (Sartorius,
Germany). The pre-culture was grown in 0.5 L DeLisa medium [64] at 37 °C, 230 rpm in a 2.5 L Ultra
Yield™ Flask (UYF; Thomson Instrument company, Encinitas, CA, USA) over night. Subsequently, the
pre-culture was added to 45 L DeLisa medium in the bioreactor vessel and batch fermentation at 35 °C
was run for 6 h. The pH was adjusted constantly to 7.2 and the dissolved oxygen was kept above 20%.
During the 16 h fed-batch phase the specific uptake rate (q:) was 0.333 gfg/h, which was set to 0.25 g/g/h
after induction with 0.5 mM isopropyl-f-D-thiogalactopyranoside (IPTG). After an induction phase
of 8 h, the biomass was harvested by centrifugation and stored at —20 °C until further processing,
All data collection and control of the process was done using a process information management
system (Lucullus; Biospectra; Schlieren, Switzerland). All IBs used in this study were produced in one
fermentation run.

3.3. Homogenization and Wash

The biomass was resuspended using an IKA T10 basic ULTRA-TURRAX (Staufen, Germany)
in 5 mL buffer A/g wet biomass (Buffer A: 50 mM Tris/HCl; pH 8; 500 mM NaCl; 1.5 mM
ethylenediaminetetraacetic acid (EDTA)) and homogenized at >1200 bar, three passages, cooled,
using a GEA Niro Scavi Panda PLUS (Diisseldorf, Germany). The homogenized suspension was
centrifuged (15,650 g; 20 min, 4 °C), the supernatant discarded and the cell debris resuspended in 10 mL
buffer B/g wet cell debris (Buffer B: 50 mM Tris/HCI; pH 8; 500 mM NaCl; 2 M Urea) and centrifuged
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again (15,650 g; 20 min, 4 °C). This washing step with buffer B was performed twice. Afterwards,
the pellet was resuspended in water (5 mL water/g wet cell debris), the suspension aliquoted into
pre-weighed 50 mL reaction tubes, centrifuged (15,650 g; 20 min, 4 °C) and the pellets were stored at
-20°C.

3.4. Solubilization

For solubilization, an aliquot of the washed and frozen IBs was thawed, the wet inclusion body
(wIB) weight was determined and the pellet was resuspended in the appropriate solubilization buffer
to reach a wiB concentration of 100 g/L (solubilization buffer 1: 50 mM Tris/HC]; pH 8.5; 6 M Urea;
solubilization buffer 22 50 mM Glycine; pH 10; 6 M Urea). After resuspension, DTT was added to
reach a final concentration in the solubilization mix of 1 mM-28.44 mM and the solubilization mix was
incubated (room temperature (RT); 0.5 h; slight agitation), followed by centrifugation (20,379 g; 20 min;
4 °C). The supernatant was immediately used for refolding, and the pellet was discarded.

3.5. Refolding
3.5.1. Small-Scale

Small-scale experiments were performed using DoE approaches. Planning and analysis of DoEs
were done using Umetrics MODDE 10 (Malmd, Sweden). All small-scale refolding experiments were
performed using 2 mL reaction tubes. The solubilisate was diluted 1:40 in the appropriate refolding
buffer (refolding buffer 1: 20 mM Tris/HCI; pH 8.5; 2 M Urea; 2 mM CaCl,; 7% vfv glycerol; varying
GSSG concentrations; refolding buffer 2: 20 mM glycine; pH 10; 2 M urea; 2 mM CaClz; 7% /v gly cerol;
varying GS5G concentrations), followed by incubation at 4 °C; 48 h; with slight agitation. A 1 mM
hemin stock solution was prepared in 100 mM potassium hydroxide (KOH).

3.5.2. DoE 1: Redox Conditions

For the first DoE, the DTT concentration for solubilization (solubilization buffer 1; pH 8) and
the GSSG concentration in the refolding buffer (refolding buffer 1; pH 8.5) were varied (Table 9 and
Supplementary Table S4). A CCF with the volumetric activity after refolding as a response was used
and four replicates were performed for the center point (8.75 mM DTT and 2 mM GSSG).

Table 9. DTT and GSSG concentrations used to optimize the redox conditions in a DoE CCF approach
with the volumetric activity as response.

DTT conc. (mM in Solubilizate) GSSG (mM in Refolding Buffer)
25 0.5
875 2
15 35

3.5.3. DoE 2: Protein Concentration during Refolding

For the second DoE, the DTT concentration for solubilization (solubilization buffer 1; pH 8), the
GS5G concentration in the refolding buffer (refolding buffer 1; pH 85) and the protein concentration in
the refolding mix were varied (Table 10 and Supplementary Table 55). A CCF with the volumetric
and specific activity after refolding as a response was used and four replicates were performed for the
center point (14.22 mM DTT, 2.54 mM GSSG and 1 g/L protein concentration).
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Table 10. DTT, GSSG and total protein concentrations were used to investigate interactions between
the redox system and the protein concentration in the refolding mix.

DTT GSSG Protein in the Refolding Mix
{(mM in Solubilizate) (mM in Refolding Buffer) L

7.11 127 05

14.22 254 1

2844 5.08 2

3.5.4. DoE 3: Redox Conditions and pH

For the third DoE, the DTT concentration for solubilization, the GSSG concentration in the
refolding buffer and the pH of the solubilization and refolding buffer were varied (Table 11 and
Supplementary Table S6). For pH 8.5, solubilization and refolding buffers 1 were used; for pH 10,
solubilization and refolding buffers 2 were used. A CCFwith the volumetric activity after refolding as
a response was used and four replicates were performed for the two center points (7.11 mM DTT and
2.54 mM GSSG for both pH 8.5 and pH 10).

Table 11. DoE 3 investigated the interaction between the redox system and the pH during solubilization
and refolding using a CCF approach.

DIT GSS5G H
(mM in Solubilizate) (mM in Refolding Buffer) P
25 0.4 7
7.11 127 85
11.72 am 10

DTT and GSSG concentrations as well as the pH value of the solubilization and refolding buffers were used as factors.

3.5.5. DoE 4: Hemin Addition

For this DoE, time and concentration of hemin addition were varied between (-24 h after refolding
start and 6-80 uM hemin, respectively (Table 12). Solubilization bufier 1 (pH 8) and refolding buffer 1
(pH 8.5) were used for all experiments. The volumetric activity was used as response.

Table 12. Time of addition and concentration of hemin in the refolding mix were used as factors in

DoE 4.
Hemin Addition (Time after Refolding Start) (h) Final Hemin Concentration (uM)
0 6
6 20
12 40
24 80
3.6. Refolding Vessel

3.6.1. Refolding Vessel Set-Up

For bench-scale refolding an Infors Labfors 5 (Bottmingen, Germany) with a vessel volume of
3.6 L was used. All data collection and control of the process was done using Lucullus (Biospectra,
Schlieren, Switzerland). Temperature was kept constant at 10 °C during refolding using a Lauda Alpha
R8 thermostat (Lauda, Kénigshofen, Germany) connected to the double jacket of the glass vessel The
temperature was monitored using a sensor connected to the Infors Labfors 5. In addition, pH, dO2
(dissolved oxygen) and redox potential were monitored. The redox potential was monitored using
a Hamilton EasyFerm Plus ORP Arc 425 (Hamilton, Bonaduz, Switzerland). The hemin feed was
applied using a LAMBDA PRECIFLOW peristaltic liquid pump (LAMBDA laboratory instruments,
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Switzerland) in combination with a Sartorius Entris scale (Sartorius, Germany ), enabling a PID-Feed
forward control using Lucullus. Final refolding volumes for the vessel were kept constant at 1200 mL
(30 mL solubilizate and a dilution of 1:40).

3.6.2. Refolding Vessel Experiment 1

For this experiment, the solubilization mix contained 7.11 mM DTT and the refolding buffer
contained 1.27 mM GSS5G. Solubilization buffer 2 (pH 10) and refolding buffer 2 (pH 10) were used.
Heminwas added 20 h after refolding start to a final concentration of 20 pM and then incubated for
another 5 h, resulting in a total refolding time of 25 h.

3.6.3. Refolding Vessel Experiment 2

For this experiment, the solubilization mix contained 7.11 mM DTT and the refolding buffer
contained 1.27 mM GSSG. Solubilization buffer 1 (pH 8) and refolding buffer 1 (pH 8.5) were used.
Hemin was added 20 h after refolding start to a final concentration of 20 pM. Samples were taken every
2 h, hemin was added to a final concentration of 20 uM (only for samples taken before hemin addition;
the samples taken after hemin addition already contained 20 uM), the samples were incubated (2 h;
4 °C, slight agitation), and then enzyme activity was measured.

3.6.4. Refolding Vessel Experiment 3

For this experiment, the solubilization mix contained 7.11 mM DTT and the refolding buffer
contained 1.27 mM GS5G. Solubilization buffer 1 (pH 8) and refolding buffer 1 (pH 8.5) were used.
A constant feed (2 mL of a 1 mM hemin stock/h; final concentration 20 uM hemin) was applied 8 h after
refolding start until 20 h (12 h feed time). Samples were drawnevery 2 h and activity was measured.
After the start of the hemin feed, samples were measured both directly (with a low hemin concentration
at the start of the hemin feed), and again after the addition of hemin to a final concentration of 20 uM
hemin and incubation for 2 h.

3.7. Capture and Concentration

HIC was used as a capture step after refolding and protein precipitation. An AKTA Pure system
(GE Healthcare, Chicago, IL, USA) was used. Three wavelengths (214 nm, 280 nm and 404 nm) as well
as the conductivity were monitored. Two different salts were tested for the preceding precipitation
step, namely (NHj ;S04 and NaCl. Several concentrations of both salts were tested in 2 mL reaction
tubes (data not shown). The results obtained for the small-scale experiments were then validated using
bench-scale experiments with a volume of 150 mL. The salt was slowly added under continuous stirring
within 10 min, the solution was then incubated while stirring for 20 min at RT and then centrifuged
(20,379 g; 20 min; 22 °C). The capture step was developed in five HIC experiments using different
resins, pH values and elution profiles (HIC experiments 1-3 are described in the Supplementary data).

3.7.1. HIC Experiment 4 (Small-Scale)

The load was prepared by adding 267 g NaCl/L refolding mix. A 1 mL HiTrap Butyl FF column
(GE Healthcare) was used with a flow rate of 75 cm™Vh™!. The columnwas equilibrated with buffer
A (20 mM Bis-Tris pH 7; 7% 'v glycerol; 4 M NaCl) and 49 mL load were applied. After the load,
awashing step with 8 column volumes (CV) buffer A was performed. Thereafter, a step elutionwas
performed with 25% buffer B (20 mM Bis-Tris pH7; 7% v/v glycerol/ 8 CV), 75% buffer B (10 CV) and
100% (17 CV) buffer B. Volumetric enzyme activity (U/mL) and protein concentration were measured
for all fractions. The purity of the active pool was determined using SEC-HPLC and the Reinheitszahl.
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3.7.2. HIC Experiment 5 (Scale-Up)

After refolding at pH 10, the pH was adjusted to 8.5 with 2 M HCl under stirring. Afterwards,
267 g NaCl/L refolding mix were added. A column packed with 80 mL Butyl Sepharose 4 Fast Flow (GE
Healthcare) was used. The column was equilibrated at a flow rate of 90 cm™-h~! with buffer A (20 mM
Bis-Tris pH 7; 4 M NaCl) and 751 mL load were applied. After the load, a wash step with 20% buffer B
(20 mM Bis-Tris pH 7/1.5 CV) was performed. Thereafter, a step elution was performed at 75 cm™ h~!
with75% buffer B (3 CV) and 100% (3 CV) buffer B. Volumetric enzyme activity (U/mL) and protein
concentration were measured for all fractions. The purity of the active pool was determined using Rz.

3.7.3. Analytics

Enzyme activity: HRPenzyme activity was measured with a Tecan Infinite M200 PRO (Minnedorf,
Switzerland) using flat-bottom polystyrene 96-well plates. Depending on the concentration of correctly
folded HRF, samples were diluted 1:50-1:200 in dilution buffer (20 mM Bis-Tris pH 7; 7% v/ glycerol).
170 uL of ABTS solution (5 mM ABTS in 50 mM KH,POjy pH 5) were mixed with 10 uL of diluted
sample in the well, after which 20 pL of hydrogen peroxide (1 mM final concentration) were added to
start the reaction. Immediately afterwards, the change of absorption at 420 nm over 2 minutes was
mcorded (at 30 °C). The volumetric enzyme activity was calculated using the following Equation (1):

Vigta * AA/ min « dilution

A M/l = Vample* d+ €

M

Viatal ... total volume in cuvette in (uL)

AAfmin ... change in absorption (AAbs 420 nm/min)

Dilution ... dilution of the sample

Viample . .. volume of sample (uL)

d ... length of the beam path through the cuvette (d = 0.58 cm)
£ ... extinction coefficient (g4, = 36 mM~! em~! [65]).

Determination of kinetic parameters for final HRP preparation: The procedure was performed as
described in [66]. Enzyme activity parameters were determined for the substrates ABTS and TMB in a
96-well plate assay using a Tecan Infinite M200 PRO instrument. For the measurements with ABTS,
the reaction mixture in each well contained a saturating hydrogen peroxide concentration of 1 mM
and 7 mM ABTS in 50 mM phosphate-citrate buffer, pH 5, in a final volume of 200 uL. The protein
sample (5 uL) was mixed with 175 L. ABTS-buffer mixture and the reaction was started with 20 uL of
a 10 mM hydrogen peroxide solution. The increase in absorption was followed at 420 nm at 30 °C for
120 s. For the determination of the kinetic parameters, the ABTS concentration was varied (0.1-7 mM)
and calculations were performed with the Sigma Plot software (Systat Software INC., San Jose, CA,
USA) and an extinction coefficient of £g9 = 36 mM~".cm™! [65]. For the measurements with TMB, the
reaction mixture contained a saturating hydrogen peroxide concentration of 1 mM and varying TMB
concentrations (0.02-0.55 mM) in 50 mM phosphate-citrate buffer, pH 5, with a final volume of 200 pL.
An extinction coefficient of £gsz = 39 mM~1.cm™! was used [67].

Protein concentration: Protein concentration was determined using the method according to
Bradford [68]. In total, 200 uL Bradford solution were mixed with 5 uL. sample and the change in
absorbance at 595 nm was measured with a Tecan Infinite M200 PRO instrument over the course of
10 min.

RP-HPLC: The HRP concentration in the samples was measured with RP-HPLC using a Polyphenyl
BioResolve-RP-mAb 2.7 pm 3.0 x 100 mm column (Waters, MA, USA). The method was run for 10 min
with the following program: 25% line B for 0.5 min, 55% line B in a linear gradient for 8 min, 55% line
B for 0.5 min and then 25% line B for 1 min (Line A:MilliQ water with 0.1% trifluoroacetic acid (TFA);

101



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

e
1
r

m YOu

Int. J. Mol. Sci. 2020, 21, 4625 1l6of 20

line B: acetonitrile with 0.1% TFA) at a flow rate of 1.2 mI/min. The column was kept at a constant
temperature of 75 °C and the wavelengths 214 nm, 280 nm and 404 nm were monitored.

SEC-HPLC: Purity of HRP was measured using a SEC-HPLC with a BEH 200A SEC 1.7 pm
4.6 % 300 mm, 35 um (Waters, MA, USA) column. The method was run at 0.3 mL/min using 100% line
A (Line A: 80 mM phosphate buffer pH 6.8; 250 mM KCl) for 18 minutes. The column was kept ata
constant temperature of 30 °C and the wavelengths 214 nm, 280 nm and 404 nm were monitored.

Reinheitszahl (Rz): The Reinheitszahl was calculated as the ratio of absorbance at 404 nm to 280
nm and the absorbance measurement was performed using a Hitachi Double Beam Spectrophotometer
U-2900 (Tokyo, Japan).

Supplementary Materials: The following are available online at http://www.md pl.comy/1422-0067/ 21/ 13/4625/=1.
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ABTS 2,2"-azino-bis (3-ethy Iberzothiazoline-6-sulphonic acid)
CaCl Calcium chloride

CCF Central composite face centered

CEX Cation exchange chromatography

v Column volumes

dO2 Dissolved oxygen

DoE Design of experiments

Dsp Dow nstream process

DTT Dithiothreitol

GSSG Glutathione disulfide

GuHC1 Guanidire hydrochloride

HIC Hydrophobic interaction chromatography
HPLC High-performance liquid chromatography
IB Inclusion body

IMAC Immobilized metal affinity chromatography
pHRP Plant horseradish peroxidase

rHRP Recombinant Horseradish Peroxidase

RP Reversed-phase

RT Room temperature

Rz Reinheitszahl

SEC Size exclusion chromatography

TFA Trifluorcacetic acid

T™MB 33,55 tetramethylbenzidine

usp Upstream process

wiB Wet inclusion body
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ARTICLE INFO ABSTRACT

Article history; Biopharmaceutical drug substances are generally produced using fermentation technology and are subse-
Received 27 February 2020 quently purified in the following downstream process. For the determination of critical quality attributes
mm?jm;gm 13 May 2020 (CQAs), such as target protein titer and purity, monitoring tools are required before quality control anal-

ysis, We herein present a novel reversed phase liquid chromatography method (RPLC), which enables
facile and robust protein quantification during upstream and downstream processing of intracellulardy
produced proteins in E, coli,

Available online 4 June 2020

mmmpby The overall goal was to develop a fast, robust and mass spectrometry compatible method which can
(UJHPLC baseline resolve and quantify each protein of Method develop consisted of three steps, ori-
Protein quantification ented on an Analytical Quality by Design (AQbD) workflow: (i) the stationary phase as primary parameter
E colt was chosen based on state-of-the art technology thus minimizing protein on-column adsorption and pro-
Analytical quality by design (AQbD) viding high efficiency, (ii ) secondary parameters (i.e. gradient conditions and column temperature) were
Design of Experiment (DoE) optimized applying chromatographic modeling, and (iii ) the established Method Operable Design Region

(MODR) was challenged and confirmed during robustness testing, performed in-silico and experimentally
by a Design of experiment (DoE) based approach.

Finally, we validated the RPLC method for pivotal validation parameters (i e. linearity, limit of quantifi-
cation, and repeatability) and compared it for protein quantification against a well-established analytical
methodology. The outcome of this study shows (i) a protocol for RPLC development using an AQbD
principle for new method generation and (ii) a highly versatile RPLC method, suited for quick and straight-
forward recombinant protein titer measurement being applicable for the detection of a broad range of
proteins,

© 2020 The Authors, Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.orglicenses/ by 4.0/).
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1. Introduction

A panoply of commercially available biopharmaceuticals
are manufactured as recombinant proteins using microbial
or mammalian hosts [1). To monitor the production of bio-
pharmaceutically active compounds, product titer is a pivotal key
performance indicator (KPI) [2]. Since it is necessary to react
promptly on process changes, facile sample preparation and sub-
sequent rapid analytics are of high interest [3]. The gram-negative
bacterium Escherichia coli (E. coli) still is today's expression host
of choice for production of approximately 30 ¥ of recombinantly
produced pharmaceuticals in industry [ 1]. Quantification of target
proteins is challenging in E. coli as recombinant proteins generally
are expressed in the cell interior (either soluble or as an inclusion
body = 1B). Necessary cell disruption leads to a high amount of host-
cell associated impurities and thus to a complex sample matrix for
analysis,

Today, a plethora of analytical technologies exist for the
analysis of (recombinant) proteins. Favored techniques are sodium-
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
which can be further used in western blotting to detect low protein
concentrations, or capillary electrophoresis [4]. Samples derived
from microbial hosts often suffer from impurities, favoring target
protein detection via size using SDS-PAGE analysis [5]. Different
stains, such as silver and comassie blue, can be employed for pro-
tein staining of gels. Silver staining PAGE enables more sensitive
staining, however comassie blue SDS-PAGE is used more frequently
as itis easler in its application, cheaper and also allows much faster
processing compared to silver staining [5). Still, when compar-
ing SDS-PAGE analysis to liquid chromatography (LC) it is more
time demanding and lacks accurate quantitation [6]. Capillary elec-
trophoresis (CE) is another tool for the qualitative and quantitative
analysis of biopharmaceuticals, and proteins in general [7]. CE is
considered a powerful separation technique in terms of selectivity
and efficiency, and can further be coupled with mass spectrometry
(MS) for protein identification and characterization [8,9). However,
it has drawbacks such as limited instrument ruggedness and non-
straightforward method development.

In the last decade, LC has emerged as technique of choice
for characterization and quantitation of (recombinant) proteins
[10-13), due to facile sample preparation, technically mature
instrumentation and major advancements in stationary phase
chemistry. Hydrophobic interaction chromatography (HIC) [14],
size exclusion chromatography (SEC) [ 15] and ion-exchange chro-
matography (IEX) [11] enable analysis of proteins in native
(non-denaturing) conditions, but are limited in their applicability.
SEC is mainly carried out for quantitation of protein aggregates and
IEX for separation of protein charge variants. HIC (on analytical
scale) has its main application in separation and characteriza-
tion of large biomolecules, such as monoclonal antibodies (mAbs)
and antibody-drug conjugates (ADCs) [16). However, HIC exhibits
drawbacks like slow mass transfer resulting in broad peaks and the
necessity of high mobile phase salt concentrations thus impeding
hyphenation with MS.

Reversed phase liquid chromatography (RPLC) has become the
predominant technique for analysis of proteins due to its versa-
tility, robustness, high efficiency and MS compatibility [17,18]. In
contrast to the aforementioned chromatographic modes, RPLC is a
denaturing technique which often requires harsh conditions (e.g.
high temperature and low pH) in order to eliminate irreversible
on-column protein adsorption and improve peak shape. However,
the advent of novel stationary phases, including wide-pore super-
ficially porous particles (SPP) and special stationary phase coatings
for suppression of silanol interactions, enabled higher peak efficien-
cies and application of milder elution conditions [ 19,20]. Recently,
a wide-pore SPP column with a high coverage phenyl bonding

was introduced to the market, which addresses the last obsta-
cles in RPLC protein analysis (ie. on-column adsorption of large
biomolecules, poor selectivity for closely related proteins) [21].

In this study, we established a widely-applicable, robust, and
MS-compatible RPLC method applicable for on-line process analyt-
ics and quality control of recombinant proteins with pronounced
differences in their physicochemical properties. A state-of-the
art column was used for systematic method development based
on Analytical Quality by Design (AQbD) principles. The needed
requirements to the method were defined according to the ATP
(= analytical target profile), followed by investigation of critical
method parameters and their effects onto monitored responses
using a Design-of Experiment (=DoE) approach [22]. Following
the AQbD concept, the method operable design region (MODR)
including retention modeling was assessed [23]. Robustness test-
ing was performed in-silico and experimentally to verify the set
MODR, applying a Design-of-Experiment (DoE) concept. Finally, the
method performance was compared for protein quantification in a
case study against one of the benchmark technologies (i.e. SDS-
PAGE).

2. Material and methods
2.1. Chemicals and samples

Ultra-pure water was obtained from a Milli-Q system from
Merck Millipore (Burlington, USA). Acetonitrile (HPLC grade) and
trifluoroacetic acid (TFA, >99.9 ¥) were purchased from Carl Roth
(Karlsruhe, Germany ). All proteins implemented within this study
are described below. Further information regarding cultivation and
purification of the proteins can be found in Supplementary section
A

2.1.1. N-profusion protein (N-pro)

N-pro fusion protein was produced in an E. coli BL21(DE2) with
the pET30a plasmid system (kanamycin resistance). The target pro-
tein was linked to a N-pro fusion protein used for purification.
Details on protein structure and purification steps cannot be given
due to proprietary reasons.

2.1.2. eGFP(GFP)

GFP was produced in an E. coli BL21(DE3) (Life technologies,
Carisbad, CA, USA), transformed with a pET2 1a(+) vector (ampicillin
resistance) carrying the gene coding for enhanced green fluores-
cent protein (eGFP). Samples derived from fed-batch fermentation
(as referred here [24]), were disrupted and centrifuged to receive
the soluble fraction. Protein solution was filtered through pores <
0.2 pm and was further purified with an immobilized metal affin-
ity chromatography (IMAC), binding to the expressed HiS-tag of
the protein. Samples were desalted and stored in aqueous buffer
composed of 20 mM TRIS, 100 mM NacCl, pH = 7.5 containing 10 %
glycerol for RPLC analysis.

2.1.3. Chalcone 3-Hydroxylase (CH3H)

CH3H was produced in an E. coli HSM174(DE3) genotype:
F- recAl hsdR(rK12- mK12+) (DE3) (RifR) in a pET21a plasmid
(Novagen, Madison, WI, USA) encoding CH3H of D. variabilis.
The plasmid for CH3H expression was a kind donation from
Christina Divne and Rosaria Gandini (Karolinska Institute, Stock-
holm, Sweden). In brief: sub-cloning of the CH3H sequence into
pNIC-CTHO was performed using the LIC-cloning methodology.
Inclusion body samples (derived from fed-batch fermentation)
were analyzed as crude samples after homogenization and samples
were solubilized with a buffer described elsewhere [24].
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Table 1

Physiochemical properties of analyzed proteins,
Target protein MW [kDa] Disulphide bridges [nr] GRAVY Index [25] expression form
N-pro 280 na, na, 1B
BsA 665 17 -0433 nfa
GFP 269 1 -0.467 soluble and IB
HRP 347 4 -0.177 IB
H3H 550 0 -0.080 B

2.14. Horseradish peroxidase (HRP)

HRP (EC 1.11.1.7) was produced in an E. coli BL21(DE3)
pET21d(+) with ampicillin resistance (AmpR). The hrp-gene coding
for HRP variant C1A was codon-optimized for E. coli and obtained
from GenSript USA Inc. (Piscataway, NJ, USA). Samples derived from
fed-batch fermentation were disrupted and centrifuged. The aggre-
gated fraction was further purified [22]: Inclusion bodies were
washed with water, solubilized, refolded and purified using a yet
unpublished procedure. Samples for analysis were stored in an
aqueous buffer containing 20 mM BIS-TRIS and 7% glycerol.

2.1.5. Bovine serum albumin (BSA)

BSA was purchased from Sigma-Aldrich (St Louis, MO, USA),
receiving 2 mg/mL aliquots for analysis stored in 0.9 % NaCl con-
taining 0.05 % sodium azide (CAS Number 9048 —46-8; MDLnumber
MFCD00130384).

2.1.6. Protein physicochemical properties

Physical properties and number of disulfide bonds were cal-
culated using different software tools and are summarized in
Table 1. Molecular weight (MW) and grand average of hydropathic-
ity (GRAVY) were calculated using Expasy ProtPar [25] as these
features can be accessed on a free basis with the given amino acid
composition of the target protein. Disulfide prediction was calcu-
lated using the DIANNA 1.1 webserver by F. Ferre et C. Clote [26].

2.2. Equipment and software

Measurements were performed using a Dionex UltiMate 3000
system with a quaternary solvent delivery pump, an auto-sampler,
UV and fluorescence (FL) detector (Thermo Fisher, Waltham, MA,
USA). Dwell volume was determined as Vg =0.90 mL. Data were
acquired using either an UV detector or a FL Detector. Data acqui-
sition and instrument control were carried out by Chromeleon
7.2 software (Thermo Fisher). Calculations and data transfer were
achieved with Excel (Microsoft). Resolution was calculated accord-
ing to European Pharmacopeia (EP). Retention and resolution
modeling was performed with DryLab® software (Version 4.3.3.,
Molnar-Institute, Berlin, Germany ). DoE and statistical evaluations
were carried out with the software MODDE (MODDE 12.1, Umet-
rics, Sweden),

2.3. Chromatographic conditions

The HPLC was equipped with a BioResolve RP mAb Polyphenyl
column (dimensions 100 x 3 mm, particle size 2.7 jwm) which
is designed for mAb and large protein analyses (Waters Corpora-
tion, MA, USA). In order to prolong column lifetime, a pre-column
(3.9 x 5 mm, 2.7 pum) was used. The mobile phase was com-
posed of ultrapure water (=MQ, eluent A) and acetonitrile (eluent
B) both supplemented with 0.10 ¥ (v/v) trifluoroacetic acid. The
injection volume was set to 2.0 pL. The flow rate and the column
temperature of the final method were 0.4 mL/min and 70 °C, respec-
tively. Re-equilibration was conducted for six minutes, which
corresponds to approximate five column volumes. The acquisition
wavelength for UV detection was set to 214 and 280 nm, respec-

tively, for the FL detection the excitation wavelength was set to
280 nm and the emission wavelength to 360 nm. All detectors were
series-connected, monitoring UV and FLD chromatograms at once,
although FLD chromatograms only were used for evaluation. Sam-
ple concentration was 1.5 mg/mL for BSA. Via BSA calibration the
sample nominal concentration was determined to be 2.5 mg/mL for
N-pro, 3.5 mg/mL for GFP, 0.5 mg{mL for HRP and 2.0 mg/mL for
CH3H. Total observed values in FLD- spectra differ as the amount
of aromatic amino acids highly varies between employed target
proteins.

24. Design of experiment of input runs for software modeling

For the chromatographic modeling using DryLab, a 2D model
was chosen in order to optimize gradient time (tG) and column
temperature (T). The input runs required a 2 x 2 full factorial design
applying a linear gradient with short (tG of 8 min) and long (tG of
24 min) gradient time (starting from 25 % B to 60 % B), and column
temperature of 50 °C and 78 “C, respectively (the concept is shown
in Fig. 1a). The flow rate for the input runs was set to 0.8 mL/min.
All runs were carried out separately for each protein and performed
in duplicate. The mean value of the retention time was used for
modeling in DryLab (the raw data are given in the Supplementary
data section B, Table B1).

2.5. Protein assay determination (quantification)

For SDS-PAGE analysis BSA was mixed with 2-fold concentrated
Laemmli solution to achieve single concentrated Laemmli buffer in
the final dilution. Samples were then heated at 95 *C for 10 min.
10 pL of each sample were loaded onto pre-cast SDS gels contain-
ing 15 vials (8-16 ¥, Bio-Rad, Hercules, CA, USA). Gels were run
in a Mini-PROTEAN Tetra System (Bio-Rad, Hercules, CA, USA) for
about 60 min at 140 V and stained with Coomassie Blue. The pro-
tein bands were evaluated densitometrically using the software
Imagelab (Bio-Rad, Hercules, CA, USA).

For HPLC-measurement of the soluble proteins, the sample was
directly used after cell disruption and centrifugation for GFP and
after a refolding step for HRP [24]. IB pellet samples were pre-
pared according to Ref. [24], and subsequently solubilized using
a buffer solution of 7.5 M guanidine hydrochloride, 62 mM TRIS,
and 125 mM 1,4-Dithicerythritol (DTT) at pH = 8 (all chemicals
purchased from Carl Roth, Karlsruhe, Germany). All samples were
filtered through 0.2 pm syringe filters purchased from Carl Roth
(Karlsruhe, Germany) prior to analysis.

2.6. Validation

As BSA was stored in an aqueous solution, dilutions of the
commercial purchased standard were done with ultra-pure water
(Burlington, USA). Solutions for LOQ and linearity determination
consisted of the following concentrations: (5, 10, 50, 100, 250, 500,
1000, 1500, and 2000 pg/mL). LOQ was determined experimen-
tally by a six-fold injection followed by evaluation of the relative
standard deviation of peak areas and the 5/N ratio. Linearity was
evaluated in the range of determined LOQ until 2.0 mg/mL (=con-
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3. Results and discussion

In order to develop a widely applicable LC method for protein
assay determination, five model proteins were chosen which cover
abroad range of protein size and hydrophobicity, as hydrophobicity
is known to influence RPLC majorly. The GRAVY Index, describing
hydrophobicity of target proteins, is calculated via amino acid com-
position of target proteins (listed in Table 1): proteins resulting in
a GRAVY index close to 0 are highly hydrophobic whereas proteins
are more hydrophilic, the more negative results for GRAVY Index
are [25]. In biotechnology, GFP is often utilized as biosensor or as
a marker protein due to easy auto-fluorescent detection [2]. BSA
is often used for calibration purposes in biotechnology if there is
a lack of a purified reference substance | 24]. HRP, being used for
enzymatic cancer treatment, was recombinantly expressed as an
inclusion body butanalyz ed in its native form after refolding within
this study. To show the applicability of the developed method inde-
pendent from expression form, the two further analytes (N-pro
fusion protein and CH3H) were analyzed in their incorrect folded
form (=IB). All samples were evaluated separately as they were (i)
derived from different purification steps (stated in Section 2.1. for
each given protein) (ii) and were stored in different buffer solutions
(stated in Section 2.5).

3.1. Method development workflow and selection of primary
factors

The analytical target profile (=ATP) was established to develop
a robust and sensitive method with baseline-separation between
neighboring target peaks (i.e. critical resolution greater 1.5). As
samples derived from microbial cultivation might cause a highly

far the individual DOE points, illustrated by the model protein HRP,

complex sample matrix, the focus of this study was to provide a
generic RPLC method for protein quantification, being indepen-
dent from state of purification and its needed buffer solution. To
verify this approach, target proteins were chosen in a broad range
of hydrophobicity and varied in their degree of purity, as crude
samples (i.e. CH3H) and highly purified proteins (i.e. HRP) were
evaluated. MS-compatibility was further chosen as target profile
in order to make the developed method applicable for further
elucidation possibilities. The first step was the selection of appro-
priate method factors (parameters) for the stationary- and mobile
phase system (stationary phase and mobile phase bulk solvents
are considered primary method factors in an “"AQbD language”
[21,27]): Considering the recent advancements in stationary phase
chemistry for RPLC protein analytics, a small set of columns is com-
mercially available which minimize protein on column adsorption
due to either special end-capping of the silica surface or using an
organic polymer as support material [17,21). Further, high peak
efficiency can be accomplished on account of smaller particle sizes
and|or usage of superficially porous particles [ 19,21]. Due to afore-
mentioned reasons, a BioResolve RP mAb Polyphenyl column was
chosen.

Apart from the stationary phase chemistry, also the type of
organic modifier and mobile phase pH are considered as primary
factors [20,27]. As primary factors are known to exhibit a higher
impact on selectivity than secondary factors (i.e. column temper-
ature), appropriate choice is highly important [21,27]. In contrast
to RPLC analyses of small organic molecules, Acetonitrile (being an
aprotic solvent) is most often applied as bulk mobile phase in pro-
tein RPLC [17]. The application of protic solvents (e.g. Methanol)
often creates protein adsorption, hence they are avoided or only
added in small portions to Acetonitrile in order to improve selec-
tivity. For the sake of simplicity and in order to develop an easy to
use method, Acetonitrile was chosen as the only organic modifier.
Hence, utilization of purified water and acetonitrile were selected
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Table 2
DryLab optimized method parameters,
Analysis time [min] Eluent B [%]
00 25
80 55
100 s
120 s
121 5
180 3
Flow rate: 04 mLjmin,

Column temperature: 70 *C,

as mobile phase bulk solvents and TFA was used as additive to sup-
press secondary interactions. Also, TFA as “semi-volatile” additive
enables hyphenation with MS or aerosol-forming universal detec-
tors (i.e. charged aerosol or evaporative light scattering detectors),
although detector sensitivity is compromised.

Gradient (tG) and column temperature (T ), have been described
to significantly enhance protein separation in RPLC [17] and
thus were chosen as secondary factors. High temperature set-
points were chosen to (i) decrease the chance of non-specific
protein adsorption and (ii) to favor thermodynamic behavior for
chromatographic interaction. Since TFA was applied because of
aforementioned reasons, a systematic variation and optimization
of pH was omitted.

3.2. DryLab assisted modeling of secondary method factors

Gradient time and column temperature were optimized using
a chromatographic modeling software (i.e. DryLab [28,29]). The
calculation of “ideal” parameters for the flow rate, gradient and
column temperature required retention time data obtained from
input runs. In this study, a 2 x 2 full factorial design was applied
(illustrated in Fig. 1a). tG was varied by three-fold and T was set to
50+Cfor the lower limit and to 78 “Cfor the upper limit(Fig. 1). Lim-
its were chosen as temperatures below 50 °Cmay cause irreversible
adsorption of proteins on the column, whereas 80 “C was the tech-
nical limit of the employed HPLC system (thus 78 “C was chosen
to allow flexibility during robustness experiments). The changes
in retention time are exemplarily displayed for HRP in Fig. 1b.
Supplementary Table B1 lists each retention time per protein and
chromatographic condition.

Based on the obtained retention times and peak-widths (at 50
% peak height) for each condition and protein, a chromatographic
model was created in DryLab. The resolution between GFP and BSA
(compare Fig. 2b and c)was identified as the most critical peak pair
due to their congeneric hydrophobicity [25]. By iteratively modi-
fying the method parameters in-silico, a constant flow rate of 0.4
mL/min, a column temperature of 70 °C and the gradient program
shown in Table 2 were determined thus establishing the method
operable design region (MODR).

Fig. 2adepicts the predicted chromatogram. In order to proofthe
validity of the DryLab model and its prediction, a verification run
was carried out in the lab (Fig. 2b). As can be deduced by compar-
ing the predicted with the real chromatogram, the retention times
and peak widths are well comparable. Thus, the DryLab model is
considered to be valid and can be used for further studies.

The critical resolution, defined as the smallest calculated reso-
lution for all peak pairs, is displayed as a heat map in dependence
of the column temperature versus the gradient time (Fig. 2c). This
additionally helps in the selection of the optimal combination of
column temperature and gradient time by simultaneously obtain-
ing an estimate for the robustness of the selected method factors.
In Fig. 2¢, the red to orange area is the result of a combination of T
and tG which leads toa critical resolution bigger than 2.0. The cross
shows the selection of tG and T of the optimized method. Tempera-

Table 3
List of all factors altered including their set-points and their variance, as well as the
variance deviation for the in-silico calculation,

Factor Set-point + variance delta
Flow rate [mL/min]; 04+01

Dwell Volume [mL]: 09+07

Temp. [*C: 70£5

Start &B [%]: 25z1

Step 1 Time [min]: Bx1

Step 1%B[%]: 551

Step 2 Time [min): 1021

tG [min]: 1221

End %B [%]: 75+1

tures below 70 °C could facilitate unspecific protein adsorption and
were therefore neglected. The calculated chromatographic space
around our set point is predicted to be in major parts characterized
by a critical resolution> 2.0 and thus considered as robust by simul-
taneously minimizing the run time. Thus, the predicted method
operable design region is equal to the area colored in red-orange in
Fg. 2c.

3.3. In-silico and experimental robustness studies

3.3.1. Insilico robustness

Robustness evaluates the capacity of an analytical method of
remaining unaffected by small, but deliberate changes of method
factors (parameters) [30]. DryLab offers the possibility of in-silico
robustness studies [28). Nine factors in total (compare to Table 3)
were varied at three levels (central point, upper and lower level)
and the critical resolution was calculated for each factor combina-
tion.

Atotal of 13122 operating conditions were simulated and tested
for their influence onto the critical resolution. Remarkably, the out-
come of the in-silico calculation is showing that a 94.1 % of all
factor combinations were above the set resolution of 2.0, indicat-
ing a highly robust method. Moreover, the in-silico robustness study
allowed to identify pivotal method factors with the highest impact
on the critical resolution (compare to Supplementary data B, Figure
B1).The factorexhibiting the highest influence identified by the in-
silico robustness study was found to be the gradient time (compare
to Supplementary Fig. 1B). Further factors, exhibiting high impact
on the critical resolution were identified throughout simulation
and hence chosen for experimental robustness determination as
described in chapter 3.3.2.

3.3.2. Experimental determination of robustness

Due to the fact that the critical peak pair (i.e. BSA and GFP) is
eluting during the first step gradient (compare to Fig. 2b and c),
only tG of the first gradient was investigated. Further, flow rate and
temperature also exhibited significant impact in the in-silico simu-
lation and were therefore selected for the experimental robustness
study. The influence of ion-pairing effects on selectivity and peak
shape caused by certain amounts of TFA in the mobile phase cannot
be predicted by the modeling software. Consequently, TFA concen-
tration in mobile phase A and B was selected as fourth component
for the experimental robustness study.

The four chosen factors (tG of the first gradient, flow rate,
column temperature and TFA conc. in the mobile phase) were
varied based on a response surface (central composite) design of
experiment, as illustrated in Fig. 3a. The model was evaluated for
linear, quadratic and interaction terms using the software MODDE.
Centre-points were conducted as six-time repeated experiments.
The response of the model was evaluated for the critical resolution
between neighboring peaks. Factors were varied experimentally in
the following ranges: duration of the first gradient from 7.5 to 8.5
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Fig. 2. a) Simulated in-séico chromatogram received from modeling with DryLabd; b) the chromatogram of the verification runs for all five target proteins utilizing the
developed method: single chromatograms are depicted as overlay in order to show the baseline-separation of all applied target proteins c) heat map received from DryLabd

for chromatographic modeling for the corresponding input runs showing the infl

of coll v and gradient time.

Tabled
Statistical evaluation of the model for all resolutions performed via R2, R? adjusted
and Q%

[ R adj @
Resolution N-pro.BSA 0962 0937 0778
Resolution BSA GFP 0983 0973 0854
Resolution. GFP_HRP 0941 0924 0811
Resolution HRP.CH3H_Impurity 0057 0942 0776
Resolution.CH3H Impurity CH3H 0915 0.897 0839

min, temperature from 67 -73 °C, flow rate from 0.35-0.45 mL/min
and TFA concentration from 0.08-0.12 %

The model was evaluated for its statistical terms being the mea-
sure of fit (R?) and the adjusted measure of fit (R? adj.) to validate
the models variation of response, adjusted for degrees of freedom.
Furthermore, the model predictability Q2 was evaluated to test for
the model capability of predicting new data, shown in Table 4.

High R2-values (> 09) indicated that input data fit the model
well. High values received for Q2 (> 0.775) evaluated with MODDE
showed that new data would fit the model properly and low exper-
imental error was observed. To avoid any data specific model
responses, the difference between R? and Q2 should be as small as
possible, which was found to be smaller than 0.184 for the stated
data-set. The difference between R? and R? adj. indicates that the
experimental setup performed within this study was chosen appro-
priate. Experiments conducted for all model proteins are given in
Supplementary table 2B, whereas the resolution between the crit-
ical peak pair BSA-GFP will be discussed in more detail within this
chapter, as these target proteins resulted in the smallest resolution
(compare to Fig. 2b).

The DoE was evaluated by the resulting contour and interaction
plots as illustrated in Fig. 3b and 3c. Even though column tempera-

tures below 70 °C were found to increase the critical resolution,
70 °C was considered as a compromise in order to avoid non-
specific protein adsorptioneffects occurring at lower temperatures.
Similar results were obtained for TFA concentration in the mobile
phases: Alower TFA concentration was found to decrease the criti-
cal resolution, whereas a higher TFA concentration would improve
critical resolution values but would on the other hand detrimen-
tally impact sensitivity in mass spectrometry. A lower flow rate
would improve the critical resolution but increase run time, simul-
taneously (see Fig. 3c). Therefore, a flow rate of 0.4 mL/min was
determined as optimum. A short gradient time seemed to be bene-
ficial, however the interaction plot in Fig. 3c showed that this was
only true for smaller flow rates thus impeding a fast run time. Flow
rates above 0.45 mL{min showed a greater critical resolution for
long gradient times, compared to shorter gradient times.

No method factor combination resulted in a critical resolution
lower than 1.5, hence selected optima were confirmed experi-
mentally and the method can be considered robust for method
variations such as +3 *C column temperature, + 0.02 % of TFA con-
centration in mobile phase, +£0.5 min of gradient time and +0.05
mL/min flow rate.

34. Method validation and comparison to a benchmark
technology

34.1. Instrument precision and repeatability

Instrument precision was tested via six subsequent injections of
the same protein solution at sample nominal concentration (com-
pare to Section 2.3). A relative standard deviation (RSD) of at most
2.0 % for peak area and retention time were set as acceptance cri-
teria for all five proteins. For instrument precision experiments
conducted with BSA, an injection of a blank solution (7.5 M
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guanidine-HCl solution) was required to prevent sample carryover
from one run to the next. RSD of the peak areas and the retention
times were evaluated and fulfilled the criteria of not more than 2.0
% (compare to Supplementary Table C1).

In order to evaluate the impact of sample preparation, a repeata-
bility study was performed. As BSA was commercially purchased,
whereas other target proteins were derived from fermentation and
subsequent purification, BSA was applied as model protein for the
repeatability experiments. RSD for peak area and retention time
below 2.0 % could be achieved throughout a six-fold sample prepa-
ration and subsequent analysis (compare to Supplementary Table
c2).

34.2. Linearity and limit of quantitation

In biotechnology research and development model proteins are
often quantified using BSA as a “generic” reference standard, in case
no isolated material of the target protein is available [24]. For this
reason, we applied BSA for evaluation of the Limit of Quantitation
(LOQ) and linearity. A LOQ of 0.005 mg/mL could be established
(RSD < 15%, S/N ratio >10). The method was found to be linear and
precise over three orders of magnitude (correlation coefficient R? =
0.999, residual standard deviation= 1.7 %, prognosis interval P= 95
% for the y-intercept includes the zero point). The calibration curve

and flow rate onto the critical

is shown in Fig. 4a and further details on linearity evaluation are
given Table 5.

3.4.3. Comparison of the developed RPLC method with SDS-PAGE
analysis

Even though analysis of microbial proteins is commonly per-
formed with SDS-PAGE, proper LC analytics should be superior
regarding accuracy and analysis time [5]. To verify this hypoth-
esis, a standard calibration curve established with (i) SDS-PAGE
analysis (using comassie blue staining) was compared to (ii) a cal-
ibration curve measured with the herein developed RPLC method.
Method attributes such as analysis time, LOQ, correlation coeffi-
cient, y-intercept and RSD are compared in Table 5.

The standard calibration curves (compare to Table 5 and Fig. 4a
and b) show that higher accuracy and a decrease in analysis time
can be achieved using the established RPLC method. Due to method
limitations low protein concentrations could not be evaluated with
a gel-based quantification, as indicated in Fig. 4b. As integration of
SDS-PAGE-derived bands is challenging and needs to be performed
visually (being highly operator dependent), high deviations ineval-
uation can be observed, which is in accordance with literature [6].
To test whether host cell impurities would impact the resolution of
target proteins, crude samples were compared with purified ones
(see Supplementary data section D, figure D1). The respective target
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staining.
Table §
Parameters for the evaluation of the two compared analytical methods, using LOQ, correlation coefficient, y-intercept, and residual dard deviation referred to
concentration,

Method Analysis time LOQ BSA [mg'mL] correlation coefficient y-intercept (ref. to residual standard deviation

[min/sample] - sample nominal (ref. to sample nominal
concentration) [€] concentration) [¥]
RPLC 18 0,005 0920 0 17
SDS-PAGE 150 01 0879 87 86

peaks could be separated from their impurities, thus eliminating
the need for SDS-page derived analysis throughout any process
step.

Summarizing the comparison of both methods, RPLC measure-
ments outperform the SDS-PAGE in terms of analysis speed (18
min versus 150 min) and limit of quantification (LOQ 0.005 mg/mL
versus 0.1 mg/mL). This makes RPLC an attractive technique facil-
itating pharmaceutical up- and downstream development where
fast and accurate responses are a prerequisite for screening condi-
tions that potentially increase recovery yields and/or purity of the
final product.

4. Conclusion

A generic RPLC method for quantification of commonly applied
model proteins expressed by the microbial host E. coli was
developed. The method development workflow applied analyti-
cal quality-by-design principles by using retention modeling and
establishing a method operable design region. The MODR was chal-
lenged by both in-silico and experimental robustness experiments,
using a multivariate experimental design and analysis approach.
Method performance of the established RPLC method was com-
pared toa SDS-PAGE method, whichisstill a benchmark technology
for the analysis of microbial derived samples. Results indicate the
superiority of the RPLC method regarding analysis time, ease of use,
linear range and LOQ.

In addition, the herein described AQbD workflow can be used
as a generic method development protocol for RPLC analysis of
proteins. Furthermore, the presented method has found direct uti-
lization in the analysis of the chosen target proteins, indicating (i)
itsapplicability for the analysis ofa broad range of proteins with dif-
ferent hydrophobicities and (ii)its independency of applied protein
purification procedures and the therefore needed buffer solutions.
Finally, the established RPLC method is also MS-compatible thus
enabling further opportunities for mass elucidation.
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Abstract: Refolding is known as the bottleneck in inclusion body (IB) downstream processing in
the pharmaceutical industry: high dilutions leading to large operating volumes, slow refolding
kinetics and low refolding yields are only a few of the problems that impede industrial application.
Solubilization prior to refolding is often carried out empirically and the effects of the solubilizate on
the subsequent refolding step are rarely investigated The results obtained in this study, however,
indicate that the quality of the IB solubilizate has a severe effect on subsequent refolding. As the
solubilizate contains chaotropic reagents in high molarities, it is commonly analyzed with sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE, however, suffers from a
long analysis time, making at-line analy tical implementation difficult. In this study, we established
an at-line reversed phase liquid chromatography method to investigate the time-dependent quality
of the solubilizate. To verify the necessity of at-line solubilization monitoring, we varied the essential
solubilization conditions for horseradish peroxidase IBs. The solubilization time was found to have
a major influence on subsequent refolding, underlining the high need for an at-line analysis of
solubilization. Furthermore, we used the developed reversed phase liquid chromatography method
for an in-process control (IPC). In conclusion, the presented reversed phase liquid chromatography
method allows a proper control of IB solubilization applicable for tailored refolding.

Keywords: inclusion bodies; inclusion body solubilization; tailoted refolding; reversed phase liquid
chromatography; process analytical technology tools; in-process monitering; in-process control

1. Introduction

To date, approximately 20-30% of all approved biopharmaceuticals are produced
in microbial hosts [1,2]. Insoluble aggregates, better known as inclusion bodies (IBs),
produced by the gram-negative bacterium Esdheridtia coli, present a dominant fraction of
the microbial production segment [2]. This is mainly because cultivation with E. coli can
be carried out at very low costs in short fermentation run-times and high target protein
concentrations at a high purity can be achieved [4-6]. Early downstream steps in IB
processing, however, are notorious for their high complexity and low yields [7,5]. In
particular, refolding is regarded as a major bottleneck in IB processing. Solubilization
and refolding strategies are commonly developed empirically with protocols being highly
dependent on the target protein [9,10]. Protein hydrophobicity, for instance, affects the
required molarity of the chaotropic agent and pH in solubilization and refolding [11].
The addition of reducing agents during solubilization is required for proteins containing
disulfide bonds [8], subsequently influencing the amount of oxidizing compounds to be

i org/li fby/ added in mfolding [12]. Refolding yields are highly dependent on the protein in question
40/). as well as the protein concentration during the refolding process: only 15-25% of refolding
Bioengineering 2021, 8, 78 https:/ / doi.ong/ 103390/ bicengineeringB060078 https: / /www.mdpi.com/journal/ bicengineering
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yields are reported for many therapeutic proteins [13] compared with a refolding yield of
97% for the enzyme lysozyme [14].

Singh et al. reported that mild solubilization boosts the refolding yield [15]. The reduc-
tion of chaotropic reagent molarity was compensated by either highly alkaline conditions
or via the addition of solubilization-enhancing chemicals (i.e., n-propanol) [16,17]. The
analyses in these studies, however, were performed with the commonly known sodium
dodecy] sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [17]. SDS-PAGE is fre-
quently used for a solubilizate analysis as it tolerates the harsh conditions [18,19]. Various
staining protocols (e.g., silver staining or Coomassie staining) with a different selectivity
and treatment time have been established [20] and subsequent immunoblotting can further
increase the sensitivity of gel-based analytical methods [21].

Unfortunately, this gel-based method is not suitable for in-process control (IPC) as the
sample treatment, method running time and staining protocols are very time-consuming,
However, according to quality by design (QbD) principles in pharmaceutical manufac-
turing, an IPC must be applied [22] and, for this purpose, process analytical technology
(PAT) tools are of a great advantage as they allow a timely process intervention [23,24].
High molarities of chaotropic reagents required for solubilization, however, interfere with
the measuring principles of many available PAT tools (i.e., near-infrared and Raman spec-
troscopy) [25,26].

Several liquid chromatography (LC) separation principles can tolerate the high molari-
ties of the chaotropic agents required for the sample dissolution [27,25]. LC is implemented
for the quantification of diverse biopharmaceuticals due to the straightforward and facile
sample preparation as well as a rapid and accurate analysis [29-31]. Hydrophobic inter-
action chromatography (HIC), ion exchange chromatography (IEX) and size exclusion
chromatography (SEC) are frequently used in a recombinant protein analysis [32,33]; how-
ever, high molarities of the chaotropic reagent required in IB solubilization again complicate
the implementation of these chromatographic techniques. Reversed phase liquid chro-
matography (RPLC) is a denaturing chromatographic technique tolerating these harsh
conditions [18]. Furthermore, RPLC is known for its robustness, high selectivity and com-
patibility with a mass spectrometric analysis [34,35] making it a highly suitable technique
for in-process monitoring in IB processing.

In this study, we implemented an RPLC method applicable for an at-line solubilizate
analysis. In this context, at-line defines a measurement that is performed in close proximity
to the process stream as specified by regulatory agencies [36]. To demonstrate the need
for in-process monitoring, we used HRP (horseradish peroxidase) as a model protein.
HRP contains four disulfide bonds, thus requiring a complex solubilization and refolding
strategy. We hypothesize that RPLC is faster and more precise than SDS-PAGE to determine
the optimal solubilization conditions for tailored refolding. Hence, the solubilization
conditions for HRP were varied and an SDS-PAGE analysis was compared with an RPLC
analysis. The obtained results confirmed the effect of the solubilizate on the subsequent
refolding step. In addition, the in-process control based on at-line RPLC measurements was
demonstrated. The results of this study demonstrate that solubilizate quality influences
the refolding yield and RPLC is suitable for the IPC of IB solubilization.

2. Materials and Methods
2.1. Production and Isolation of HRP IB
HRP was produced in E. coli BL21 (DE3) (Life Technologies, Carlsbad, CA, USA) with
details stated in previous publications [37,38]. After a successful HRP expression [37,39,40],
the cell broth was harvested via centrifugation and the biomass was stored at —20 °C.
Cell disruption was carried out at 1200 bar for 3 passages using a high-pressure ho-
mogenizer (FANDA+ 2000, GEA, Biberach, Germany). After centrifugation at 10,000 rpm,
4 °C and 20 min (Eppendorf, Hamburg, Germany), the soluble fraction was discarded. The
resulting IB pellet was washed two times with a buffer (50 mM Tris, pH 8, 500 mM NaCl,
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2 M Urea). The IB pellets were then resuspended in water, aliquoted to a defined wet IB
weight, centrifuged (20,379 rcf, 4 °C, 20 min) and stored at —20 °C until further use.

2.2. Solubilization and Refolding
2.2.1. In-Process Monitoring

The aliquoted IBs were thawed and resuspended in an HRP solubilization buffer
(50 mM Tris/ HCl pH 8; 6 M Urea). After the resuspension, DTT (1 M DTT stock) was added
to a final concentration of 0 mM, 7.11 mM and 14.22 mM, respectively. The solubilization
was performed at RT and a slight agitation and the samples were drawn after 0.5 h, 2 h,
4h 6h, 8 hand 21 h. The samples were centrifuged (20,379 rcf, 4 °C, 20 min} and the
supernatant was used for refolding, the RPLC analysis and diluted 1:2 in 2x Laemmli
buffer for the SDS-PAGE analysis. For refolding, the solubilizate was diluted 1:40 in a
pre-cooled HRP refolding buffer (20 mM Tris/ HC1 pH 8.5; 2 M Urea; 2 mM CaCl;; 7% v/p
glycerol) containing either 0 mM, 1.27 mM or 2.54 mM GSSG (glutathione disulfide) [37].
Refolding was performed for48 h at4 °C on a rocker-shaker. Hemin was added 24 h after
the refolding start to a final concentration of 20 uM (1 mM Hemin stock in 100 mM KOH).
After refolding, the enzyme activity was measured as described previously [37].

2.2.2. Demonstration of At-Line RPLC for IPC

In order to demonstrate the applicability of the at-line RPLC method for the IPC, we
produced two different IB batches. Fermentations for both batches were conducted as
described here [39] only the specific feeding rate (qs) during the induction was varied.
Batch 1 was conducted at a g of 0.25 g/ g/h during the induction whereas Batch 2 was
performed at a g of 0.35 g/g/h during the induction. The harvest, cell disruption, IB wash,
aliquoting and storage were done identically for both batches.

The inclusion bodies from both batches were solubilized at a concentration of 100 g
wet IB/L solubilization mix. The solubilization buffer consisted of 50 mM glycine pH 10;
6 M Urea. DTT was added to a final concentration of 7.11 mM (1 M DTT stock). The
solubilization was performed for 0.5 h at RT on a rocker-shaker. After centrifugation
(20,379 rcf, 4 °C, 20 min), the supernatant was analyzed using the described RPLC method.
Batch 1 solubilizate was diluted 1:40 in a refolding buffer (20 mM glycine pH 10; 2 M Urea;
2 mM CaCly; 7% v/ v glycerol; 1.27 mM GSSG). For IB Batch 2, two different refolding
approaches were performed: the solubilizate was diluted 1:40 (= “fixed dilution”) and the
dilution was adapted based on the RPLC results in order to achieve the same monomeric
HRP concentration as in Batch 1. In this case, the dilution was reduced to 1:17 due to a
lower concentration of the target protein HRP in IB Batch 2.

2.3. Analytical Techniques
2.3.1. Reversed Phase Liquid Chromatography Measurements

The RPLC measurements were performed using a Dionex UltiMate 3000 system
with a quaternary solvent delivery pump, an auto-sampler with a sample thermostat
and a UV detector (Thermo Fisher, Waltham, MA, USA). The wavelength for the UV
detection was set to 280 nm in order to monitor the protein absorption allowing the
quantification of the target protein and its impurities. The instrument control and data
acquisition were carried out via Chromeleon 7.2 software (Thermo Fisher). Prior to the
RPLC measurement, all samples were centrifuged (20,379 rcf, 4 °C, 20 min) to separate
the aggregates from the soluble fraction. We used a BioResolve RP mAb Polyphenyl
column (dimensions 100 mm x 3 mm, particle size 2.7 pm) (Waters Corporation, MA,
USA) connected to a pre-column (3.9 mm x 5mm, 2.7 pm) of the same stationary phase.
The mobile phase was composed of ultrapure water (MQ; eluent A) and acetonitrile (eluent
B) both supplemented with 0.1% (v/v) trifluorcacetic acid. Ultrapure water was acquired
from a Milli-Q system from Merck Millipore (Darmstadt, Germany). Acetonitrile (HPLC-
grade) and trifluoroacetic acid (TFA, >99.9%) were obtained from Carl Roth (Karlsruhe,
Germany). For the analysis, a recently published RPLC method, which had been developed
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and validated according to QbD principles, was modified in terms of gradient, column
temperature and flow rate [18]. The method was optimized empirically, reducing the overall
running time to 8.1 min in order to allow for short analysis times during solubilization. The
runs were conducted at 78 °C and a flow rate of 1.2 mL/min using the gradient displayed
in Table 1,

Table 1. Gradient used for the RPLC analysis, with eluent A being ultrapure water and eluent B
acetonitrile both supplemented with 0.1% (v/v) trifluoroacetic acid.

Time (min) Percent Eluent B (%)

0
al
5.1
52
81

RRBBH

The HRP concentration in the solubilizate was determined using a bovine serum
albumin (BSA) standard calibration ranging from 0.0625 g/L to 1.0000 g/ L. The BSA was
used for the quantification as no non-glycosylated standard was available for HRP.

2.3.2. SDS-PAGE Measurements

For the SDS-PAGE analysis, the samples were mixed with 2x concentrated Laemmli
buffer to achieve a 1x concentration of Laemmli buffer in the final dilution. The used
buffer solution did not contain -mercaptoethanol (non-reducing conditions) in order to
analyze the solubilization quality in regard to disulfide bridge formation, The samples
were heated to 95 °C for 10 min. A total of 5 pL of each sample was loaded onto pre-cast
SDS gels (4-15%, Bio-Rad, Hercules, CA, USA). The gels were run in a Mini-PROTEAN
Tetra System (Bio-Rad) for 30 min at 180 V and stained with Coomassie Blue. The protein
bands were evaluated densitometrically using ImageLab software (Bio-Rad).

2.3.3. HRP Enzymatic Activity Assay

The HRP enzyme activity was measured with a Tecan Infinite M200 PRO (Minnedorf,
Switzerland) using flat-bottom polystyrene 96-well plates, as described previously [37]
The samples after refolding were diluted in the range of 1:2-1:25 in a dilution buffer (20 mM
Bis-Tris; pH 7; 7% /v glycerol) depending on their volumetric activity. A total of 170 uL of
ABTS solution (50 mM KH,POy; pH 5; 5 mM ABTS) was mixed with 10 uL of the respective
diluted sample in the well. The reaction was started by adding 20 pL hydrogen peroxide
(the final concentration in the well was 1 mM). Immediately after the start of the reaction,
the change in the absorbance at 420 nm was recorded at 30 °C for 2 min. The volumetric
enzyme activity was calculated using Equation (1):

min (1)

u Viora * A2 * Dilution
Al—]=
mL Vsample*d * €

Viara—total well volume (uL).

AA/min—change in absorption (Aaps 420 nm/min).
Dilution—dilution of the sample.

Vaanpie—volume of the sample (uL).

d—length of the beam path through the well (d = 0.58 cm).
e—extinction coefficient (420 = 36 mM-1 cm‘l).

24. Experimental Design

The experiments were conducted using a full factorial design, as shown in Table 2,
varying the solubilization time and DTT concentrations in a multivariate data approach. All
combinations of the solubilization time and DTT concentration are listed in Supplementary
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Table 51. As responses for this design of experiment (DoE), the concentration of monomeric
HRP was quantified with SDS-PAGE and RPLC. Additionally, all solubilization conditions
were refolded at a GSSG concentration of either 0 mM, 1.27 mM or 2.54 mM GSSG to verify
the effect on the refolding yield.

Table 2 Full factorial experimental design for HRP solubilization. The listed DTT concentrations
were used in combination with each listed time-point.

Time (h) DTT Concentrations (mM)
0.5 0
2 711
4 1422
6 "
8 2
21 -

2.5, Multivariate Data Assessment of Solubilization and Refolding

An analysis of the used design of experiments (DoEs) was done using a multivariate
data assessment program (MODDE 12, Umetrics, Sweden) with the model being based on
a multiple linear regression. The results were analyzed for the statistical relevance of the
model by the measure of fit (R?) and the model predictability {Q?).

3. Results and Discussion
3.1. In-Process Monitoring
In order to be applicable as an in-process monitoring method for solubilization, the
respective analytical method had to meet three criteria:
1. The ability to quantify a defined quality attribute;
2. The quality attribute had to influence the refolding behavior;
3. Timely measurement of the respective quality attribute.

Inorder to determine whether at-line RPLC met the criteria of an in-process monitoring
tool, DTT concentration and the solubilization time of HRP IBs were varied in a DoE
approach (Table 2). DTT was required during solubilization in order to keep the cysteines
(eight contained in HRP) in a reduced state and therefore prevent aggregation caused by
an intermolecular disulfide bridge formation. It was expected that DTT concentration and
the solubilization time would influence the titer of monomeric HRP in the solubilizate.

The key quality attribute (=DoE response) was defined as the concentration of monomeric
HRP. We hypothesized that the enzymatic activity after refolding would directly correlate
with the concentration of monomeric HRP in the solubilizate. The aggregated HRP was
believed to result in a structure not applicable for refolding whereas monomeric HRP
was defined as completely reduced and denatured during solubilization. Therefore, a
monomeric HRP titer was chosen as the target response for the DoE. To test whether
both RPLC and SDS-PAGE could predict the targeted solubilization for tailored refold-
ing, all solubilizates were refolded and the volumetric activity (U/mL) after refolding
was recorded.

Figure 1 shows that the solubilizate containing no DTT displayed an additional peak
before the HRP target peak (ata 4.1 min retention time). This peak could already be moni-
tored after 0.5 h of solubilization and increased with longer solubilization times. A complete
degradation of the target peak could be observed after 21 h of solubilization independent
of the supplied DTT concentration. The pellets resulting from the centrifugation prior to
the RPLC analysis after 21 h solubilization increased compared with pellets received from
shorter solubilization times, indicating an enhanced protein aggregate formation [7].
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Figure 1. RPLC chromatograms at 280 nm quantifying monomeric HRP eluting at 4.18 min. The results demonstrate the
trends of solubilization at three applied DTT concentrations (0 mM, 7.11 mM and 14.22 mM) for 0.5 h of solubilization,
4 h of solubilization and 21 h of solubilization. After 21 h of solubilization, a strong degradation of the target peak in the

solubilizate is visible.

For the SDS-PAGE analysis, the HRP target band was found at 34 kDa (Figure 2). We
hypothesized that the protein band at approximately 68 kDa was a product dimer due to
an intermolecular disulfide bridge formation. The 68 kDa band tended to increase with
extended solubilization times, especially beyond 4 h and for experiments without DTT.
In good agreement with the RPLC measurements, we found that HRP was substantially
degraded after 21 h of solubilization (Figure 2C). It was therefore concluded that both
factors varied for this DoE (DTT concentration and solubilization time) had an influence
on the quality attribute “monomeric HRP concentration” in the solubilizate. Furthermore,
SDS-PAGE and RPLC were able to measure these changes, with RPLC being applicable as
an at-line monitoring tool due to its short analysis time of less than 10 min.

A multivariate data approach was applied in order to quantify the effects of the varied
DTT concentrations and solubilization times on the monomeric HRP concentration during
solubilization. The contour plots (i.e, model responses) of the multivariate data analysis for
SDS-PAGE and RPLC in solubilization and the enzymatic activity after refolding are shown
in Figure 3. All concentrations of HRP during solubilization (including respective purity)
for the shown experiment are listed in Supplementary Table 51 for both SDS-PAGE and
RPLC. The results for 21 h of solubilization (Figures 1 and 2, Supplementary Table 51) were
excluded from the model as they led to a response distortion due to product degradation.
The model terms (R? and Q) are summarized in Supplementary Figure S1. Furthermore,
ANOVA plots for the responses and significant factors used for the models are shown in
Supplementary Figures 52 and 53, respectively.
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with varying DTT concentrations and time factors
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o -—p

180 -
e -
the following order from (A-C): pellet and supernatant (SN) for each time-point varying the three

altered DTT concentrations. Additionally to samples, in (C), a standard protein calibration with BSA

the intermolecular disulfide bridge formation can be seen at 68 kDa. The samples are displayed in
was performed. Protein ladders were added to confirm protein size.

depicted in Table 2; non-glycosylated HRP is visible at 34 kDa. The potential dimer formed due to

Figure 2 SDS-PAGE analysis of HRP solubilizates
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A: SDS-PAGE titer (g/L) B: RPLC titer (g/L)
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Figure 3. MODDE contour plots with the two factors of DTT concentration on the X-axis and the solubilization time on
the Y-axis. The following responses are shown: (A) Monomeric HRP concentration in the solubilizate (g/L) analyzed
using SDS-PAGE. (B) Monomeric HRP concentration in the solubilizate (g/L) analyzed using RPLC. (C) Effect of the
different solubilization conditions on the volumetric activity (U/mL) after refolding, which was performed at constant
GSS5G conditions of 1.27 mM.

The results obtained for the model responses varied between the SDS-PAGE and the
RPLC analysis for the conducted DoE (Figure 3A,B). Surprisingly, the SDS-PAGE analysis
indicated that the monomeric HRP concentration was solely dependent on the solubiliza-
tion time (Figure 3A). The raw data of both SDS-PAGE and RPLC (Figures 1 and 2) showed
that short solubilization times below 4 h were superior over longer solubilization times.
However, the raw data also indicated that high DTT concentrations were beneficial for the
concentration of monomeric HRP during solubilization whereas lower DTT concentrations
led to a lower solubilization yield. This effect was especially true for longer solubilization
times. The model prediction for the SDS-PAGE analysis was very low in comparison with
the RPLC analysis (Supplementary Figure 51). We hypothesized that this trend occurred
due to different separation principles leading to non-linear model responses. The model
response for the RPLC analysis with the monomeric HRP concentration indicated that both
DTT concentration and the solubilization time had a significant influence (Figure 3B).

The effects on the product purity during solubilization can be found in Supplementary
Table 51 and Figure 54 for both SDS-PAGE and RPLC, indicating the same trends as for the
monomeric HRP concentration shown in Figure 3A,B. The differences in the total titer be-
tween the SDS-PAGE analysis and RPLC might result from the high sample concentrations
chosen for SDS-PAGE. This was done to determine the impurities and monomeric HRP
titer in the SDS-PAGE analysis. For the RPLC analysis, monomeric HRP and purity could
be well assessed within one chromatogram.

To assess which analytical method was better suited for refolding yield prediction, the
volumetric activity (U/mL) after refolding was determined (Figure 3C). The GSSG concen-
tration was varied according to previous experiments [37]; however, no alterations in the
model trend were obtained (Supplementary Table S1). The effects are exemplarily shown
for 1.27 mM GSSG in Figure 3C. The enzyme activity after refolding was found to be highest
at short solubilization durations (0.5 h, Figure 3C) and an increase in DTT concentration
led to increased enzyme activity. Hence, the enzyme activity showed the same trends as

123



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

e
1
r

m YOu

Bioengineening 2021, 8, 78

RPLC solubilizate prediction (Figure 3B,C) while solubilizates quantified via SDS-PAGE
led to a different prediction than enzymatic activity after refolding (Figure 3A,C).
Therefore, the presented RPLC method met the criteria required for an at-line mon-
itoring tool for the solubilization of HRP IBs. In comparison with the commonly used
SDS-PAGE, the models based on the RPLC datawere able to predict the influence of DTT
concentration and time during solubilization on the subsequent refolding step and the
refolding yield correctly. Furthermore, due to the versatility and short analysis time [18],
RPLC could be applied as a suitable technique for the in-process control of IB processes.

3.2. Demonstration of At-Line RPLC for IPC

The refolding yield highly depends on the protein concentration during refolding with
lower protein concentrations favoring higher refolding yields [£,9]. The protein concentra-
tion that leads to a maximum space-time yield of a correctly folded protein is empirically
determined during process development of refolding [37]. The protein concentration in
solubilization is commonly controlled by a fixed amount of wet IB weight dissolved in a
solubilization buffer and a subsequent fixed dilution in the refolding buffer [10]. However,
this approach is highly dependent on a rigid HRP titer per wet IB weight as well as a
constant solubilization yield. It guarantees the desired concentration of the target product
during solubilization and the subsequent refolding. In-process monitoring of the target
protein concentration in the solubilizate is necessary to counteract batch to batch variations
derived from upstream processing (USP) and varying yields during solubilization.

In order to evaluate if the presented RPLC method was suited for the IPC, we con-
ducted solubilization and refolding experiments comparing two IB batches. Early DSP until
the refolding step were kept constant for both IB batches, The refolding was performed by
two different approaches:

1. Solubilizates were diluted at a fixed ratio of 1:40, as previously determined [37];
2. Solubilizates were diluted according to the product quantity assessed by RPLC (Table 3).

Table 3. HRP concentration in the solubilizate was determined via RPLC. Furthermore, the dilution
in the refolding buffer as well as the activity after refolding are given for the two different IB batches.
Two different dilutions were done for Batch 2: (1) solubilizate was diluted with a fixed dilution (1:40)
and (2) dilution was adapted to achieve the same HRP concentration as for Batch 1 (1:17).

<(HRP) (g/L) in s Activity (U/mL) after
AR Solubilization  ‘APPlied Dilution Refolding
Batch 1, Fixed Dilution 57 +a1 1:40 897 £ 60
(1) Batch 2, Fixed Dilution 2354005 1:40 4194+28
2) Batch 2, IPC via RPLC 2.35+ 005 117 798 £ 54

As shown in Table 3, the concentration of monomeric HRP in the solubilizate varied
from Batch 1 (5.27 g/ L) to Batch 2 (2.35 g/L). This led to an over 50% decrease of enzymatic
activity after refolding for Batch 2 if the empirically determined fixed dilution of 1:40 was
applied. When using the RPLC method as an in-process control tool, the dilution for Batch
2 could be adapted to 1:17. While the refolding yield for Batch 2 only decreased minimally
when adjusting the dilution from 1:40 to 1:17 (Table 3), the refolding buffer volume could
be reduced by more than 50%. Therefore, using a correction via RPLC, the 54% variation
caused by USP could be reduced to only 11%. However, for the IPC in solubilization
and refolding, the following factors still needed to be considered to elucidate the activity
deviation of 11%:

1. The corrected dilution in refolding led to a variation in the redox system because a
higher DTT carry-over occurred at lower dilutions. This shift of the redox system
potentially influences the refolding yield [37].

2. For the demonstration purpose of the IPC via RPLC, drastic deviations from the
USP were targeted (i.e. 54% of titer deviation). However, the protein concentration
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adjustment in refolding via at-line RPLC from solubilization might be even less

error-prone for smaller deviations.
3. Furthermor, standard deviations resulting from the RPLC measurements and enzy-

matic assay could explain further deviations (Table 3).

In the case of HRP IBs, the presented RPLC method was applied successfully as an
IPC tool. Based on the rapid analysis time of the developed RPLC method, the deviations
caused by the USP could be monitored at-line and the dilution was adapted to minimize the
deviations during the refolding step. In addition, the received IB fingerprint (i.e,, impurity
monitoring) obtained via RPLC could provide valuable information using a reference
impurity pattern for industrial applications.

4. Conclusions

The solubilization of IBs prior to refolding is essential to obtain the desired protein
conformation and protein concentrations in refolding. In this study, we developed an
at-line RPLC method to monitor the target protein concentration during the solubilization
unit operation of IB processing, DTT concentration and the solubilization time were varied
for HRP IBs and the monomeric HRP concentration was recorded using SDS-PAGE and
RPLC. The short analysis time (8.1 min), facile sample preparation and the high accuracy
of RPLC (as demonstrated for the generic method [18]) allowed for a precise prediction
of the monomeric HRP concentration on the refolding yield. The results thus favored
the RPLC analysis over the SDS-PAGE analysis as the former could also be used for
in-process monitori

Moreover, we demonstrated the IPC making use of the developed RPLC methed,
determining USP alterations. As downstream operations are performed sequentially in
industry, subsequent unit operations are influenced by initial deviations. In this study, the
protein concentration in refolding could be adapted by adjusting the dilution factor based
on the at-line RPLC analysis. This allowed for a more robust refolding process against the
deviations contrived from the USP and a reduction of the refolding buffer compared with
empirical dilutions thus facilitating a more economic process.

Concluding, the developed RPLC method can be applied to accelerate process devel-
opment in IB solubilization and for in-process monitoring therefore allowing IPC, which
facilitates tailored IB refolding,

Supplementary Materials: The following are available online at https:/ / www.mdpicom/article/
10,3390 /bicengineering8060078/ s1, Table S1: Conditions and raw data for the HRP solubilization
DoE. Figure 51: Showing the measure of fit (R?) of the model and the model predictability (Q?) for
the multivariate data analysis (based on multiple linear regression) conducted. SDSHRP conducts
for titer measurements in solubilization performed with SDS-PAGE whereas SDSpurity shows the
madel for SDS impurity measurement in solubilization. It can be seen that these models show a low
model predictability and a low measure of fit compared to other models in supplementary Figure
52. RPHRP and RPpurity copes for solubilization models of HRP titer and impurities respectively.
Models after refolding are abbreviated according to their GSSG concentration ie, 0 mM GSSG in
refolding = vAct 0 mM GSSG, 1.27 mM GSSG in refolding = vAct 1.27 mM GS5G and 2.54 mM GS5G
in refolding = vAct 254 mM GSSG; All model except for SDS-PAGE prediction (i.e. SDSHRP and
SDSImp) show a R2 close to 0.8 and Q2 close to 0.7 and can thus be regarded as models describing
input data appropriately. Figure 52 ANOVA plots are displayed for utilized responses. SDSHRP
displays the concentration of monomeric HRP measured using SDS-PAGE, whereas SDSpurity shows
the purity of the monomeric HRP analyzed via SDS-PAGE. RPHRP displays the concentration of
monomeric HRP measured using RPLC and RPpurity show's the purity of monomeric HRP measured
using RPLC analysis. vAct 1.27 mM GSSG shows the volumetric activity [U/mL] after refolding
with 1.27 mM GSSG contained in the refolding buffer. For each response, SD-regression shows
the variation of the response explained by the model while the RSD shows the variation of the
response which is not explained by the model. Both values are adjusted for the respective degrees
of freedom. RSD*sqrt(F{crit)) shows RDS multiplied by the square root of the critical F (statistically
significant at the 95% confidence level). Figure S3: Significant factors contributing for the models
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for the used responses. SDSHRP displays the concentration of monomeric HRP measured using
SDS-PAGE, whereas SDSpurity shows the purity of the monomeric HRP analyzed via SDS-PAGE.
RPHRP displays the concentration of monomeric HRP measured using RPLC and RPpurity shows
the purity of monomeric HRP measured using RPLC analysis. vAct 1.27 mM GSSG shows the
volumetric activity [U/mL] after refolding with 1.27 mM GSSG contained in the refolding buffer.
Abbreviated factors are: Tim is the solubilization time [h], DTT is the DTT concentration during
solubilization [mM]. For both SDS-PAGE responses (SDSHRP and SDSpurity), only the solubilization
time was identified as a significant factor. For the RPLC responses as well as the volumetric activity
after refolding both the DTT concentration during solubilization and the solubilization time were
significant factors Figure S4: Comparison of the two quality attributes monomeric HRP concentration
[g/L] and purity [%] measured with SDS-PACE and RPLC, respectively. MODDE contour plots
with the two factors DTT concentration on the X-axis and the solubilization time on the Y-axis. The
following responses are showrt A: Monomeric HRP concentration in the solubilizate [g/L] analyzed
using SDS-PAGE. B: Purity [%] of the monomeric HRP concentration in the solubilizate analyzed
via SDS-PAGE. C: Monomeric HRP concentration in the solubilizate [g/ L] analyzed using RPLC. D:
Purity [%] of the monomeric HRP concentration in the solubilizate analyzed via RPLC.
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included sample runs with different gradient profiles than the one from the reference run. Here, a novel compensation approach
based on a reference spectra matrix was introduced, where the signal from the conductivity detector was employed for correlating
suitable reference spectra for correction of the sample run spectra. With this method, a single blank run was sufficient to correct
various gradient profiles. The obtained IR spectra of hemoglobin and f-lactoglobulin were d to offline reference
measurements, showing excellent agreement for all case studies. Moreover, the concentration values obtained from the mid-IR
spectrometer agreed well with conventional UV detectors and high-performance liquid chromatography off-line measurements. LC—
QCL~IR coupling thus holds high potential for replacing laborious and time-consuming off-line methods for protein monitoring in

complex downstream processes.

Preparaﬁvz liquid chromatography (prep-LC) remains an
essential unit operation in downstream processing of
complex biopharmaceuticals.' The most widespread detection
method for monitoring the corresponding protein concen-
trations is single-wavelength UV/vis spectroscopy, offering a
broad dynamic range and excellent sensitivity. The obtained
univariate signal, however, does not give any mfuﬂnaﬁm about
the protein structure and purity during elution.” Thus, the
collected fractions have to be additionally analyzed by
laborious and time-c ing offline methods in order to
measure critical quality attributes (CQAs). Commonly used
off-line methods are high-performance liquid chromatography
(HPLC), sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis, Western blotting and biological activity assays, such
as enzyme-linked immunosorbent assays. In recent years,
quality by design (QbD) principles were established in the
pharmaceutical manufacturing sector.” In order to comply with
these regulatory guidelines, process analytical technology
(PAT) tools are required, allowing for in-process control and
timely adaption of process parameters. Therefore, analytical
methods able to provide information about CQAs in an in-line
or on-line measurement setup are required.**

Mid-infrared (IR) spectroscopy provides detailed informa-
tion about rotational—vibrational transitions of proteins. The
established technique in this spectral region is Fourier

© 000X The Authars. Published by

< ACS Publications s I

transform infrared (FTIR) spectroscopy, which is routinely
used for quantitative and qualitative analysis of infrared
absorption spectra. The most important mid-IR regions for
protein quantification and secondary structure determination
are the amide 1 (1700-1600 cn™")*” and amide II (1600—
1500 cm™")" band. Coup]ing of IR spectroscopy and LC were
successfully demonstrated,”'" in most cases using organic
solvent gradients. However, flow-through mid-IR transmission
measurements of proteins in aqueous matrix have several
challenges. One of these constraints arises from the overlap of
the HOH-bending band of water near 1643 cm™ with the
protein amide I band. A second limitation is the low emission
power provided by thermal light sources (Globars) that are
used in FTIR spectrometers. Thus, using FTIR spectroscopy,
the optical pathlength for aqueous protein solutions is
restricted to <10 pm for tr: ission mea ts in order
to avoid total IR light absorption of water."'""* These low path-
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lengths are unsuitable for in-line flow-through measurements
due to low robustness and limited sensitivity. Consequently,
mid-IR spectroscopy found its way into in-line detection of
preparative protein chromatography effluents only re-
cently.'™'* In these studies, attenuated total reflection-FTIR
spectroscopy was applied, offering robust spectra acquisition,
but limited sensitivity. As an alternative approach, complex
solvent-removal setups were developed in order to enable
protein secondary structure analysis in LC effluents.”® Here,
the eluent is evaporated, while the analyte is (almost)
simultaneously deposited onto a suitable substrate prior to
FTIR spectra acquisiion. Typical challenges for solvent—
evaporation interfaces are, however, the morphology of certain
analytes that can change over time and possible spatial
inhomogeneity.” Moreover, this destructive type of sample
preparation prevents fractionation of the effluent after
detection.

Quantum cascade lasers (QCLs) are new light sources in the
mid-IR spectral region that provide polarized and coherent
light with spectral power densities higher by a factor of 10* or
more compared with thermal light sources."'” In combination
with an external cavity (EC), QCLs enable tuning over several
hundred wavenumbers, thus offering high potential for mid-IR
transmission spectroscopy of liquids. It was shown that the
high available spectral power of EC-QCLs opens a wide range
of applications, including robust in-line detection of LC
efffuents.'® For protein analysis, the higher spectral power
densities enabled to increase the optical path lengths for
transmission measurements by a factor of 3—4, thus
considerably improving the ruggedness by significantly low-
ering the backpressure at the cell In this framework,
academic setups were :Eorud that applied EC-QCLs to
investigate the amide 1™ and amide I + amide II band, "
finally achieving a limit of detection almost 10 times lower than
high-end FTIR spectroscopy at similar measurement con-
ditions.™ These setups were successfully combined with
different chemometric methods in order to quantify individual
protein content in complex mixtures™ " and to monitor
chanrl in the protein secondary structure after denatura-
tion.” "™ Most recently, a commercial EC-QCL-based
spectrometer (ChemDetect Analyzer, Daylight Solutions)
was introduced, offering robust and sensitive spectra
acquisition across the wavenumber region between 1350 and
1770 em™!

Another challenge in in-line LC-IR is the compensation of
possible eluent absorbance bands, which can be higher by
several orders of magnitude compared to actual analyte bands.
Even though direct subtraction of a background spectrum is
possible under isocratic conditions, background correction
during gradient elution is more challenging, For this purpose, a
method based on a “reference spectra matrix” (RSM) was
introduced.’” In this approach, the spectra acquired inline
during the LC run are viewed as “sample matrix” (SM),
whereas the RSM is recorded during a blank run or the re-
equilibration phase of the system. Based on this acquired
information, spectral regions that show absorbance bands
characteristic for eluent composition are identified, which are
located in different spectral regions when compared to the
analyte spectrum. Consequently, each spectrum in the SM is
corrected with the RSM spectrum that has the closest eluent

composition. This method was successfully applied for gradient
compensation in a wide range of different reversed-phase

HPLCFTIR applications, including analysis of carbohy-
drates, ™™ nitrophenols,”*™ and pesticides. ™’

In the present work, the ChemDetect Analyzer was coupled
to a lab-scale prep-LC system. The large optical path length of
the transmission cell of 25 ym enabled in-line monitoring of
proteins without solvent evaporation steps. This LC~QCL~IR
coupling was employed to analyze systems based on ion-
exchange chromatography (IEX) and different NaCl gradient
profiles. For this application, the laser-based spectrometer
offers advantages regarding acquisition of protein spectra in
aqueous solution. However, due to the limited spectral region
of QCL-IR spectra, gradient compensation is more challenging
than with FTIR spectra, which cover the entire mid-IR region.
In the studied analytical problems, absorption bands from the
salt gradient highly overlap with protein absorptions. Three
different case studies were performed, covering various real-life
conditions used in chromatographic protein downstream
processing. In Case I, a reference blank run was directly
subtracted from a sample run with the same linear gradient.
For Case II and Case I, two different gradient profiles were
employed when compared to the one of the reference blank
run. Here, a modified RSM-based approach was devised by
incorporating the signal of the conductivity detector. With this
approach, each spectrum in the SM was corrected with the
RSM spectrum that had the closest conductivity value. Thus, a
singular measurement of the RSM blank run was sufficient to
correct sample runs with different salt gradient profiles,
revealing high quality protein spectra. The obtained results
demonstrate the successful coupling of a laserbased IR
spectrometer with a LC system and present a novel approach
for LC-IR-based gradient correction of highly overlapping
eluent and analyte mid-IR spectra, indicating high flexibility for
future in-line monitoring of the protein secondary structure in
chromatographic effluents.

B EXPERIMENTAL SECTION

Reagents and Samples. Tris, hydrochloric acid (HCI),
and NaCl used for eluents of the prep-LC were purchased
from Carl Roth (Karlsruhe, Germany). Hemoglobin (Hemo)
from bovine blood and flactoglobulin (f-LG) from bovine
milk (>90%) were purchased from Sigma-Aldrich (Steinheim,
Germany). For LCAIR and protein secondary structure

ference ts, proper amounts of lyophilized
protein powder were dissolved in the corresponding buffer.
Ultrapure water (MQ) was from a Milli-Q system from Merck
Millipore (Darmstadt, Germany). HPLC-Grade acetonitrile
(ACN) and trifluoroacetic acid (TFA) were both purchased
from AppliChem (Darmstadt, Germany).

LC-QCL-IR Setup. The flow path of LC-IR measurements
is illustrated in Figure 1. An AKTA pure system (Cytiva Life
Sciences, MA, USA) equipped with an U9-M UV monitor, a
C9 conductivity monitor, and a F9-C fraction collector was
used for the prep-LC runs. All runs were performed with a 1
mL HiTrap Capto Q column (Cytiva Life Sciences, MA,
USA). Laser-based midIR spectra were acquired with a
ChemDetect Analyzer (Daylight Solutions Inc, San Diego,
USA). The delay volume bety the conductivity detector
and ChemDetect Analyzer was determined by injection of | M
NaCl solution.

Preparative Chromatography Conditions. For all four
prep-LC runs, the setup described in Figure | was used. The
flowrate was kept constant at 75 cm/h, with Buffer A (50 mM
Tris/HCl, pH 8.5) being used for equilibration and wash and a
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Figure 1. Schematic of the flow path in the LC-QCLIR setup.

gradient of Buffer A and Buffer B (50 mM Tris/HCl, pH 85, 1
M NaCl) being used for elution. Injections were performed
using a 1 mL loop, and absorbance at 280 nm as well as
conductivity were recorded for all runs. Fractions of 1 mL were
collected over the whole run-time and the respective protein
concentrations of each fraction measured using the described
reversed phase (RP)-HPLC method The specific elution
profiles are shown in Figure S1 and described in detail below.

Blank run: a volume of 1 mL Buffer A was injected. A linear
gradient elution was performed over 60 min (30 CVs) from 0%
Buffer B to 100% Buffer B.

Case I: as load, 1 mL of 10 mg/mL Hemo and 10 mg/mL §-
LG in Buffer A was injected. A linear gradient elution identical
to the blank run was performed (0—100% Buffer B in 60 min).

Case II: as load, 1 mL of § mg/mL Hemo and 5 mg/mL f-
LG in Buffer A was injected. A linear gradient elution was
performed over 30 min (15 CVs) from 0% Buffer B to 100%
Buffer B.

Case III: as load, 1 mL of 5 mg/mL Hemo and 5 mg/mL f-
LG in Buffer A was injected. A step gradient elution was
performed with 25% Buffer B 6 min after injection, 50% Buffer
B 20.5 min after injection, and 100% Buffer B 30.5 min after
injection.
EC-QCL-Based Mid-IR Measurements. The ChemDetect
Analyzer, equirped with an EC-QCL (tunable between 1350
and 1750 cm™ ) and a diamond transmission flow cell (25 ym
optical path length), was used for acquisition of laser-based
mid-IR spectra. An external water-cooling unit was operated at
17 °C in order to ensure thermal stabilization of the laser head
during operation. Spectra acquisition was performed with the
ChembDetect Software package. For flow-through LC-QCLIR
measurements, first, a reference d spectrum was
recorded by averaging 121 scams (60 s), followed by
continuous acquisition of 20 averaged scans, resulting in a
measurement time of 10 s per spectrum. Protein secondary
structure off-line refe measurements were acquired by
avenyng 91 scans during a measurement time of 45 s.

HPLC Reference Measurements. As an off-line analytical
method for the collected ﬁmm, a previously published RP-
HPLC method was applied”* In short, a BioResolve RP mAb
Polyphenyl column (Waters, MA, USA) was used with MQ as
mobile phase A and ACN as mobile phase B, both
supplemented with 0.1% v/v TFA. Column temperature was
kept constant at 70 °C and an injection volume of 2 uL was
used for all samples. Total run time for one injection was 18
min with a flow of 0.4 mL/min and UV/vis absorbance at 214,
280, and 404 nm was recorded for the whole run. A linear

t from 25% B o 75% B (10 min) was performed,
followed by 2 min with 75% B, after which the column was re-
equilibrated with 25% B for 6 min.

Quantification of IR and UV Signals. Protein concen-
trations (c) across the hic run were calculated
from mid-IR and UV signaks, according to the Beer—Lambert
law

A

c= —

ed (n

where A denotes the recorded absorbance values, d is the
transmission path, and & indicates the molar decadic
absorption coefficient.

For laser-based IR spectroscopy, values for A were obtained
by integrating the spectra across the amide II region (1500~
1600 cm™). The absorption coefficients (e) for the two
proteins were received by integrating the same area region
from offline recorded reference spectra with known protein
concentrations.

For quantification of UV/vis spectra, absorption coefficients
of the proteins were obtained by performing reference
measurements using a Cary 50 Bio UV/vis spectrometer
(Agilent Technologies, Santa Clara, California, USA). Spectra
were recorded using the Cary WinUV software. Cuvettes with
a path length of 10 mm were used to measure 0.5 mg/mL
protein solutions. The thereby obtained absorption coefficients
at 280 nm agreed well with those calculited via ExPASy
ProtParam tool® and were used to calculate protein
concentrations.

Data Processing. Data processing and analysis was
conducted with in-house codes developed in Matlab R2020b
(MathWorks, Inc, Natick, MA, 2020). During the first
preprocessing step, absorbance bands of water vapor from
the atmosphere were automatically corrected by subtraction of
a water vapour reference spectrum, if necessary. Gradient
correction was performed by direct blank run subtraction
(Case I) andamodﬁed procedure based on RSM (Case Il and
Case III).* Finally, absorption spectra were smoothed with a
second order Savitzky—Golay filter (whdow- 15 points). The
spectral resolutions of 1.2 and 3.6 cm™ were determined for
smoothed and unsmoothed spectra by comparing the
bandwidth of water vapor spectra to FTIR reference spectra.

B RESULTS AND DISCUSSION

Relation between Salt Gradient, Conductivity, and
Mid-R Spectra. In-line monitoring of prep-LC effluents was
performed with the ChemDetect Analyzer as well as with
conventional UV/vis and conductivity detectors (Figure 1). In
addition to the routinely recorded signals, laser-based mid-IR
spectroscopy offered robust spectra acquisition in the most
important wavenumber range for protein secondary structure
analysis.

In the present LC-QCL~IR application, IEX was employed
as the separation mechanism. Here, the pl of the analyte and
the pH of the mobile phase are decisive for the degree of
retention. Bound analytes are commonly eluted by utilizing a
gradient of increasing salt concentration. Conductivity
deucﬂonhawideradmedmd for measuring the salt
concentration in IEX

Figure 2 displays the signals of the mid-IR and conductivity
detector on the example of an IEX blank run with a linear
NaCl gradient, and thus, the corresponding signal (A) linearly
increases with the NaCl concentration.

The blue line in Figure 2C shows the distinctive mid-IR
spectrum of NaCl (blue line) with the NaCl-free starting buffer
as the reference. Increasing absorbance can be observed
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Figure 2. Detector signals from an ion. prepanative-liquid

blank run with a NaCl 0—~1 M between 10
e ) el
the comesponding laser-based mid-IR spectra. White areas indicate
negative absorbance and dark blue areas pasitive absorbance (C)

Absorbance spectra of 0.3 M NaCl (retention time: 31.3 min, blue
line) and § mg/mL hemogichin (red, dashed line).

between approximately 1610 and 1680 cm™, while the
absorbance in the remaining spectrum decreases with higher
salt concentrations. Even though Na* and CI” are not IR
active, reorganization of the water molecules due to the
presence of these ions is responsible for a change in the mid-IR
spectrum compared to the NaCl-free initial buffer.*’ The
maximum of the HOH bending band of water (at
approximately 1643 cm™) is not shifted in position; however,
its intensity increases, accompanied by narrowing of the band
with increasing NaCl concentrations.’” The negative absorb-
ance in the other spectral regions can be related to partial
disphcement of H,0 molecules with salt.

Figure 2B shows a 2D heat map depicting the response of
the NaCl gradient recorded by the ChemDetect analyzer.

White areas indicate negative absorbance, whereas dark blue
areas highlight positive absorbance.

The red dashed line in Figure 2C shows the IR spectrum of
Hemo, illustrating the spectral overlap of protein bands with
the one of NaCl (blue line). Particularly, the amide I band,
representing the most important mid-IR region for protein
secondary structure determination, is impeded by the modified
HOH bending band of water. The described overlap of analyte
and changing solvent band indicate significant challenges when

the ChemDetect Analyzer for in-line monitoring of
IEX. In order to obtain feasible mid-IR protein spectra, the
influence of the changing salt concentration has to be
eliminated. Consequently, feasible gradient compensation
strategies are discussed and demonstrated based on model
protein systems in the following subchapters.

Case I: Direct Blank Run Subtraction to Enable In-
Line Monitoring of Proteins. In this approach, for
background compensation, an analyte-free reference blank
run was performed with the same gradient as the sample run.
Based on the retention time, the reference spectra were
subsequently subtracted from the sample spectra.

In the sample run, Hemo and LG were included, due to
their difference in the pl and secondary structure. Figure 3
shows the spectral 3D plots of the (A) uncorrected sample run
and the (B) reference blank run, as well as the (C) corrected
sample run after direct background subtraction. The mid-IR
spectra of the blank run were already discussed above. Even
though the amide I and amide II bands are visible in the
uncorrected sample run, the effect of the NaCl gradient on the
absorbance spectra is clearly dominating. Thus, no reliable
information about the protein secondary structure can be
obtained. In contrast, the corrected sample run shows a stable
baseline and distinct protein spectra. Figure 4 depicts the
absorbance spectra extracted from the peak maxima of the
differently corrected sample runs as well as off-line recorded
reference IR spectra of the investigated proteins. For Case I
(blue lines), the first chromatographic peak with a maximum at
app: 17 min can be related to Hemo due to its higher
pl of 7.1 Hemo mainly contains a-helical secondary
structures and shows the characteristic narrow amide I band
with a2 maximum at app 1656 cm™ and a narrow
amide II band at 1545 cm™'7*%* BLG is predominanty
composed of fsheet secondary structures’® and has a pI of

Uncorrected Sample Run

Reference Blank Run

Corrected Sample Run

Figure 3. Spectral 3D plots for Case I: (A) uncomected sample run, (B) reference blank run, and (C) corrected sample run after direct background
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Figure 4. Laser-based mid-IR absorbance spectr, extracted from the (A) first and (B) second peak maxima of the comected chromatographic runs
from Case 1 (blue lines), Case 11 (red lines), Case IlI (green lines), and off-line recorded reference IR spectra (black lines) of 5 mg/mL hemoglobin
and fHactoglobulin. The individual spectra were offset for better visibility. The pointed black lines indicate zero absorbance for every spectrum.

5.1*” and thus elutes second under these IEX conditions. The
corresponding absorbance spectra show broader amide Iand I
bands with f-sheet typialmaﬂmaat 1632 and 1550 em™ and
a shoulder at 1680 cm™.****” The obtined high-quality
protein spectra thus indicate excellent long-term stability of the
ChemDetect Analyzer.

A drawback of this direct gradient compensation approach is
the need for a blank run that is performed identical to the

ple run. Consequently, any adaptions in the gradient
profile require acquisition of an additional blank run and very
high reproducibility of the chromatographic system is required
in general. The additional time consumption of the blank run
and the re-equilibration phase of the column make this
approach methodically rigid and impractical to realize for
bench-scale as well as industrial applications. Hence, a more
flexible strategy is presented in the next subchapter.

Case Il and Wi: Flexible Gradient Compensation with
Adq:lbd RSM. Even though direct blank run subtraction

llent protein spectra, more flexble and less
Iaborius gradient myema&on strategies are favorable.
Gradient compensation based on RSM requires only a single
blankm.whichmbemedforomeoﬂngmpadm
profiles.™ This approach was successfully applied for HPLC-
FTIR, where the entire mid-IR range and eluent specific
absorbance bands were available. These specific bands were
used as mobile phase identification parameter (IP) in order to
select the blank spectrum to be subtracted. This approach,
however, is not feasible for monitoring proteins in [EX due to
lack of specific absorbance bands and limited sensitivity of
FTIR spectroscopy. Due to significantly higher spectral power
densities of the EC-QCL, the ChemDetect Analyzer over-
comes the typical limitations of FTIR spectroscopy and offers
robust and highly sensitive flow-through measurements in the
most important wavenumber range for protein analysis.

In the present study, a modified RSM method based on an
external IP is proposed and successfully applied For this
purpose, the signal from the conductivity detector was related
to the mid-IR spectra. The measured conductivity represents
an adequate IP, due to its high dependency on the NaCl
concentration, whereas the influence of the protein concen-
tration on the conductivity is negligible (Figure 52). For this
purpose, the blank run with the linear NaCl gradient (same as
in Case I) was taken as the reference. In order to evaluate the
applicability of this approach, two chromatographic sample
runs with different gradients compared to the one from the

reference run were conducted: Case II included a linear
gradient with a steeper profile, while Case III featured a 3-step
gradient. A specific conductivity value was assigned to each
mid-IR spectrum in the SM and RSM, based on the retention
time. Figure 5 depicts the princple of the applied
compensation method on the example of a baseline and
protein spectrum in Case IIL Based on the comparison of the
measured conductivity in the (C) sample run and (A) the

A Conductivity | mS em™’ C  Wavenumber/em’

0 20 4 60 80 100 1700 1600 1500 1400
80 10

Reference Blank Run N | Blank Run Specta

'Upg
T Y D e

Cise II: Slobper Gradient ] N 3.5tep Gradient
70 Cdse lil: 3-Step Gradient ¢ 1 e Uncorected
ol H i % = Correcled :
A A

< sof 7 ——r —

o

Absorbance /a.u

-

E

L ]
0 20 40 6o B0 100 1700 1600 1500 1400
B Conductivity / mS cm™ D Wavenumber / cm™’

Figure S. Principle of the applied RSM-based background
compensation method. (A) Conductivity detector signals of the
w&dmadm)umﬂemdcgllmdc:nm
Dotted lines indicate the relation b ivity values
and the corresponding -I.Rmdh:kgrumd{mng)lu‘l
protein (purple) of Case L. The absarbance spectra of the (C) blank
run were subtracted from (D) the 3-step gradient sample run spectra,
based on the most similar conductivity value, revealing distinctive
protein spectra (purple) and a flat basdline (omnge).
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reference blank run, the corresponding (B) blank run spectra
are identified. Finally, the (D) sample spectra are corrected by
subtracting the identified blank run spectra with the most
similar conductivity value.

Figure 6 displays the spectral 3D plots of the uncorrected
(AC) and corrected (B,D) sample runs. The uncorrected run
from Case Il constitutes a similar profile as the reference blank
run with a shorter measurement time, whereas the run from
Case IIl shows a clearly different profile due to the 3-step
gradient. Both corrected runs comprise stable baselines and
excellent protein spectra, comparable to those from direct
blank run subtraction (Figure 4rnouupuﬂy, acquisition of
a singular blank run is sufficient for correcting sample runs of
widely different gradient profiles. Due to high flexbility and
litde additional time consumption, the applied
compensation approach shows high potential for industrial
application.

Comparison of Mid-IR In-Line Measurements to
Conventional Off-Line Analysis. In order to verify the
signal of the ChemDetect Analyzer, protein concentrations
calculated from mid-IR absorbance were compared to those
calculated from the UV detector signal. Figure 7 displays the

trations, determined from the ChemDetect Analyzer
(red line) and UV detector (black line) over the chromato-
graphic run from Case IIL In mid-IR spectroscopy, the total
protein content is best represented by the amide II band
because it is less influenced by water absorption than the
amide I band. Thus, the wavenumber region between 1500 and
1600 cm™ was integrated to obtain the absorbance values. For
comparison, protein concentrations were also calculated from

Volume / mL
0 5 10 15 20

6
UV 280 nm HPLC Hemo
1R amide Il band HPLC p-LO

N W s o

Concentration / mg mL"

=1

10 i) 30 40
Time / min

Figure 7. concentrations obtained from mid-
lnnudzllband(mdllm and UV detector signal at 280 nm (bhck
M)wtbchmﬂnpphcm&m&ulﬂndpm
cone btained by measuring the collected
ﬁﬂouwlhmvued-phumm(pmn&bhehn).

the UV signals at 280 nm recorded by the UV detector of the
LC instrument. UV absorption at this wavelength detects
aromatic protein residues and disulfide bonds and is most
mmodyundtomm«muhahdxmw

applications.' Absorption coefficients for Hemo and ALG for
IR and UV spectroscopy were obtained from reference
measurements with known protein concentrations. Because
these values are different for the two proteins, for conversion of
the recorded signals to concentration values, the chromato-
gram was split into two parts and the absorption coefficients of

Mvwduoqm.mﬂmkm.l 05191
Angl, Chera, XJO00, JOUX, XX0K-)00¢

134



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
blio
nowledge

]
|
rk

m YOu

Analytical Chemistry

pubsacergnc

Hemo were used from 0 to 19 min, whereas the coefficients of
P-LG were applied between 19 and 40 min. Figure 7 depicts
the highly overlapping protein concentrations derived from the
signals of ChemDetect and UV detector in the time axis as well
as for the protein concentration, demonstrating that equivalent
quantitative signals can be obtained by the two methods.

For protein identification, IR spectra from the two
chromatographic peak maxima were extracted and compared
to pure Hemo and f-LG reference spectrs, respectively. Figure
4 reveals excellent agement between in-line and off-line
ChemDetect Absorbance band positions as
well as band shapes show excellent comparability between mid-
IR spectra of the chromatographic peak maxima and those of
the pure reference solutions. In contrast, with conventional LC
instrumentation employing an UV detector, real-time
information about the protein secondary structure, and
consequently type of protein cannot be obtained. In practical
applications where the protein identity or purity are usually
unknown, highly biased results would be obtained from direct
quantitation of the UV signal because absorption coefficients at
280 nm can be &Eemtbrymoteﬂnn an order of magnitude
between proteins.” Then, protein identification must be
performed by off-line RP-HPLC measurements of the collected
fractions. In this regard, the green bars shown in Figure 7
indicate the concentration of the protein that was identified as
Hemo by RP-HPLC, and the blue bars show the concentration
of f-LG. Consequently, the obtained LC-QCL-IR chromato-
grams agree well with the conventionally applied quantification
methods, while offering the additional advantage of providing
real-time information about the protein secondary structure.

B CONCLUSIONS AND OUTLOOK

In this work, a laser-based mid-IR spectrometer was

successfully applied for in-line monitoring of proteins from
preparative IEX. A major challenge was the highly overhpping
absorbance bands of proteins and NaCl gradient that

dominated the recorded sample run spectra. Advanced
background compensation strategies based on adapted RSM
were developed and their impl tation in three different
case studies resulted in high-quality protein spectra. In Case I,
a reference blank run was directly subtracted from a sample
run with the same gradient profile. The cbtained protein
spectra indicated excellent long-term stability of the Chem-
Detect Analyzer. Case II and III included sample runs with a
steeper linear gradient and a 3-step gradient, respectively.
Here, a novel gradient compensation approach based on RSM
and conductivity IP was introduced. With this method, a single
blank run was sufficient for compensating the NaCl gradient in
sample runs with distinctively different profiles. The thereby
obtained protein spectra showed excellent comparability to off-
line reference measurements.

It was shown that the protein concentrations evaluated from
signals obtained by the ChemDetect Analyzer are equivalent to
UV spectroscopy at 280 nm, which is the standard
quantification method for proteins in chromatographic
systems. Furthermore, compared to conventional LC detectors,
the laser-based mid-IR spectrometer offers the major
advantage of providing real-time information about the protein
secondary structure, comparable to high-end off-line measure-
mmu'rhe ChemDetthmlrw thus holds high potential for

g laborious and time-consuming offline meth-
ods and pxoﬁdu an easily accessible in-line method In
combination with the presented adapted RSM method to

compensate for varying gradient profiles, QCL-IR presents a
powerful tool for in-process monitoring and control Especially,
in the light of QbD principles, a near real-time PAT tool able
to give information about protein secondary structures and
corresponding CQAs presents high potential. In the future,
LC-QCL-IR coupling can be employed for chemometrics-
based analysis of possible impurities and individual quantifi-
cation of co-eluting proteins.
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ABSTRACT: An external-cavity quantum cascade laser (EC-
QCL)-based flow-through mid-infrared (IR) spectrometer was
placed in line with a preparative size exclusion chromatography
system to demonstrate real-time analysis of protein elutions with
strongly overlapping chromatographic peaks. Two different case
studies involving three and four model proteins were performed
under typical lab-scale purification conditions. The large optical
length (25 pm), -to-noise ratios, and wide spectral "> \
P#m;nga (1350 to 17Sh£msi§“)‘ﬂf the QCL-IR spectrometer allow %/‘(i’
for robust spectra acquisition across both the amide I and II bands. b5y Vinsaseiar (v’
Chemometric analysis by selfmodeling mixture analysis and . e o i smen oy e G rsbon et ant s
multivariate curve resolution enabled accurate quantitation and
structural fingerprinting across the protein elution transient. The acquired concentration profiles were found to be in excellent
agreement with the offline high-performance liquid chromatography reference analytics performed on the collected efffuent
fractions. These results demonstrate that QCL-IR detectors can be used effectively for in-line, real-time analysis of protein elutions,
providing critical quality attribute data that are typically only accessible through time-consuming and resource-intensive off-line
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methods.

rotein purification and polishing protocols typically

include diverse process unit operations based on liquid
chromatography (LC)." This technique separates analytes in a
liquid mobile phase by interactions with a solid stationary
phase according to different physio-chemical properties. In size
exclusion chromatography (SEC), compounds are separated
by their size and shape which offers several advantages, such as
straight-forward operation, nondenaturing conditions, and
isocratic elution, compared to other separation l:u'il:\cil;ulel.l
Protein concentrations in chromatographic effluents are
routinely monitored in-line by univariate UV/vis or evapo-
rative light scattering detectors, offering excellent sensitivity,
high robustness, and a broad linear range. A major drawback of
these detectors is, however, that the obtained signals do not
provide information that allows for the discrimination or
quantitation of different coeluting proteins. Critical quality
attributes (CQAs), thus, have to be obtained by analyzing the
collected fractions off-line. During process development, this
can lead to significant time delays. Moreover, it hinders
development based on quality by design (QbD) principles.
QbD requires the application of process analytical technology
(PAT) tools, facilitating in-process monitoring and in-process
control. Inine or onine measurements providing real-time or

© 2022 The Authors. Publizhed by
American Chemical Society

< ACS Publications 11192

near real-time information on CQAs are required to allow
timely adaption of set-points during the purification step.
Mid-infrared (IR) spectroscopy is a well-established
technique for nondestructive analysis of diverse compounds,
including polypeptides and proteins.’ Conventional Fourier-
transform IR (FT-IR) spectrometers are equipped with
thermal light sources that emit low-power radiation across
the entire mid-IR region (400—4000 cm™"). Even though LC-
FT-IR hyphenation was successfully demonstrated for the
analysis of numerous analytes including nitrophenols,*
cubuhydmtea,6'7 and posticides;” mid-IR flow-through
measurements of proteins remain challenging. The most
important IR bands for protein secondary structure determi-
nation and quantitation are the amide I (1600—1700 cm™)
and amide 11 (1500-1600 c¢m™') band, respectively.'’
Substantial light absorption by the HOH bending band of
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water at approximately 1645 cm™' makes investigations of the
overlapping amide I band with FT-IR instrumentation a
cumbersome task. In order to avoid total absorption of IR
radiation in this spectral re‘gion. optical path lengths of 6 to 8
m are typically applied.'"""~ Such limited path lengths are not
suitable for LC-IR hyphenation as they lead to distinctly
impaired robustness and sensitivity. For this purpose, complex
schemes were developed that evaporate the solvent and deposit
the protein almost simultaneously onto a substrate before FT-
IR analysis.” Even though these setups enabled protein
secondary structure analysis from LC effluents,''S solvent
evaporation interfaces can bear major challenges such as spatial
heterogeneity and changes in analyte morphology over time.'®
Moreover, in preparative LC runs, the effluent is usually
fractionated after detection, making a preceding solvent
evaporation step inapplicable. More recently, attenuated total
reflaction-FT-IR spectroscopy’” was cougiﬂd to an LC system
for inline monitoring of proteins.'*~™ This configuration
overcomes the limitations regarding ruggedness, but still
requires high protein concentrations due to its limited
sensitivity.

Significant progress in quantum cascade lasers (QCLs)”" has
challenged conventional FT-IR spectrometers for biochemical
sensing applications.”” Properties such as >10* times higher
brightness compared to thermal light sources and tunability
over several hundred wavenumbers in external cavity (EC)
configurations make QCLs highly beneficial for the analysis of
proteins.”® In this context, diverse academic setups were
developed that employed EC-QCLs for protein investigations.
Here, it has been demonstrated that the intense power outputs
of QCLs allow to significantly increase the path length for
transmission measurements and, thus, the ruggedness for
protein amide I band analysis in aqueous solutions.”* Due to
the particular characteristics of water absorption in the protein
amide I spectral region and emission properties of l’iC-QCLﬁ:,15
it has turned out to be a challenging task to develop setups also
covering the protein amide II region. However, simultaneous
analyses of amide I + II bands were realized by different
approaches, for example, by combining EC-QCLs with either
mer cadmium telluride detectors (MCTs) and optical
filters, ™ MCTs and acousto-optic modulators,” or quantum
cascade detectors (QCDs).”® Furthermore, the implementa-
tion of an advanced noise compensation strategy based on
balanced detection led to robust protein measurements with
limits of detection almost an order of mp.\itudn lower than
those from high-end FT-IR spectrometers.”

Parallel to the rapid advances of laser-based optical setups in
academic research, a commercially available QCL-IR spec-
trometer, the ChemDetect Analyzer (Daylight Solutions), was
recently introduced.” This device covers a broad wavenumber
range beyond protein amide I and II bands and offers robust
and sensitive spectra acquisition with an optical transmission
path of 25 um. In a recent piece of work, the ChemDetect
Analyzer was successfully appylnied for in-line monitoring of
proteins from preparative LC." Compared to conventionally
used LC detectors, laser-based mid-IR spectroscopy offers the
major advantage of providing near real-time information about
protein quantity and secondary structure, which can otherwise
merely be obtained by offline measurements. LC-QCL-IR
coupling, thus, bears a high potential for in-line analysis of
CQ4s, such as protein purity, which is further investigated in
the present study.

For analysis of complex experimental data, chemometrics is
typically applied to extract chemical information about
individual analytes from spectroscopic data of multicomponent
systems. Multivariate spectroscopic monitoring of dynamic
processes, such as in LC-QCL-IR, generates two-way data
matrices that comprise the information about the occurring
spectral changes and the chemical perturbation profiles of the
system. Multicomponent spectroscopic signals generally follow
Beer—Lambert’s Law and fulfill the concept of the so-called
bilinear models.’' Among the most used chemometric
techniques based on bilinear decomposition are self modeling
mixture analysis (SMMA)> and multivariate curve resolution
(MCR).» The advantage of these methods is that they do not
require any a priori knowledge about the system, for example,
the number or spectra of components, and all information can
be deduced from the recorded data set. Even though the
obtained pure variables do not represent a pure component,
for systems with a reduced number of components, this
approach can serve as a good and fast estimator of the chemical
behavior of the system that can be readily compared to
recorded spectra and, thus, allows straightforward interpreta-
tion by nonchemometricians.****

In this work, LC-QCL-IR hyphenation was performed for
in-line monitoring of proteins from coeluting chromatographic
peaks. Two case studies involving three and four proteins,
respectively, were performed based on SEC, and reallife
conditions used in protein purification protocols were applied.
The goal of this work is to employ in-line QCL-IR
spectroscopy for obtaining qualitative and quantitative
information, which can be conventionally only received by
work- and time-intensive off-line high-performance LC
(HPLC) analytics. For this purpose, chemometric analysis
based on a bilinear decomposition model was performed to (i)
extract IR absorption spectra of the individual proteins from
the recorded multidimensional data set as well as to (ii)
retrieve their concentration profiles over the chromatographic
run. Achieved results were benchmarked against reference off-
line IR spectra of pure protein solutions and HPLC
measurements of the collected fractions, showing excellent
agreement in both cases.

B EXPERIMENTAL SECTION

Reagents and Samples. Ovalbumin (Ova, >90%), a-
chymotrypsinogen A (a-CT) from bovine pancreas, myoglobin
(Myo) from equine skeletal muscle (>95%), horseradish
peroxidase type VI-A (HRP), and f-lactoglobulin (#-LG) from
bovine milk (>90%) were obtained from Sigma-Aldrich
(Steinheim, Germany). Appropriate amounts of protein
powder were dissolved in SEC buffer. Ultrapure water (MQ)
was obtained with a Milli-Q system from Merck Millipore
(Darmstadt, Germany). Trifluoroacetic acid and acetonitrile,
both HPLC-grade, were purchased from AppliChem (Darm-
stadt, Germany). All other chemicals used for the preparation
of mobile phases were obtained from Cad Roth (Karsruhe,
Germany).

LC-QCL-R Flow Path. The applied LC-QCLIR. sctap is
depicted in Figure 1. An AKTA pure preparative chromato-
graphic system (Cytiva Life Sciences, MA, USA), equipped
with a U9-M UV monitor and an F9-C fraction collector was
used for all SEC runs. A HiLoad 16/600 Superdex 200 pg
(Cytiva Life Sciences, MA, USA) was used as the SEC column
for both Case study I and Case study IL A ChemDetect

httpsidoiorg/10.1021 facs analdhemn. 2¢01 542
Anal Cham. 2022, 94, 1115211200
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Figure 1. Scheme of the flow path in the LC-IR setup.

Analyzer (Daylight Solutions Inc., San Diego, USA) was used
to record QCL-IR spectra.

Size Excluslon Chromatography Conditions. For
preparative LC runs, the setup described in Figure 1 was
used. Both runs were performed in the isocratic mode with a
50 mM phosphate buffer pH 7.4 (SEC buffer) with a constant
flow of 7.5 cm/h (=0.25 mL/min). For Case study I, 0.5 mL of
SEC buffer containing 10 mg/mL Ova, 10 mg/mL a-CT, and
10 mg/mL Myo were injected. For case study II, 0.5 mL of
SEC buffer containing 10 mg/mL HRP, 10 mg/mL f-LG, 10
mg/mL @-CT, and 10 mg/mL Myo were injected. UV
absorbance (280 nm) was recorded over the whole run and
fractions with a volume of 1 mL were collected. For case study
1, the protein concentration of the individual proteins in the
collected fractions was measured using reversed-phase (RP)
HPLC. For case study II, the concentration of HRP and Myo
in the collected fractions were quantified using the described
RP-HPLC method, while the concentrations of f-LG and a-
CT were obtained using a cation exchange (CEX) HPLC
method.

Laser-Based Mid-IR Measurements. All mid-IR meas-
urements were acquired with a ChemDetect Analyzer. The
equipped EC-QCL was operated between 1350 and 1750 cm™!
and thermally stabilized with an external water-cooling unit
(set to 17 °C). A custom-built, temperature-stabilized CaF,
flow cell with an optical path length of 25 ym was used for all
transmission measurements. The provided ChemDetect
software package was used for spectra acquisition. For LC-
QCL-IR inline measurements, a background spectrum was
acquired within 60 s by averaging 121 scans, followed by
spectra acquisition every 10 s (averaging of 20 scans). Off-line
reference measurements of pure protein solutions were
performed by averaging 91 scans within 45 s. During spectra
acquisition, the ChemDetect Analyzer was flushed with dry air
to decrease the influence of water vapor from the atmosphere.

HPLC Reference Measurements. As an off-line analytical
method to qualify and quantify proteins contained in the
collected fractions, a previously published RP-HPLC method
was used.” Because it was not possible to achieve satisfactory
peak separation for f-LG and @-CT using the RP-HPLC
method (case study II), additionally, CEX HPLC measure-
ments were performed. For that purpose, an UltiMate 3000
HPLC system (Thermo Fisher, MA, USA) equipped with a
quaternary pump module, a temperature-controlled autosam-
pler, a column oven, and a UV /vis detector module was used.
The method used a MabPac SCX-10 (250 mm) column
(Thermo Fisher, MA, USA) with a constant column
temperature of 35 °C and a constant flow rate of 1 mL/min.
In total, three mobile phases (mobile phase A: 20 mM

11194

phosphate citrate buffer pH 4; mobile phase B: 20 mM
phosphate citrate buffer pH 4 with 1 M NaCl; and mobile
phase C: 50 mM phosphate buffer pH 7.4 with 1 M NaCl)
were used, and the exact gradient profile is shown in Figure S1.
In order to achieve sufficient separation, the pH value of all
samples was adjusted to pH 4 (10 M phosphoric acid) prior to
the measurement. An injection volume of 20 uL was used for
all samples and concentrations were calculated based on peak
integration and comparison to measured standards with a
known concentration. Standards were treated in the same way
as samples, that is, dissolved to the desired concentration in
SEC buffer and adjusted to pH 4 using 10 M phosphoric acid.

Data Analysls. In the present work, the separation of
proteins by SEC was monitored with QCL-IR spectroscopy.
For data analysis, the spectral range of the data matrix was cut
to 1500—1700 cm™!, corresponding to the protein amide I and
amide II bands, and the temporal range was limited to cover
periods of protein elution. Prior to chemometric resolution,
aiming to improve the S/N ratio, averaging of two data points
was performed in the spectral axis. For case study I, an
additional averaging of two spectra was performed in the time
axis. Finally, 273 x 174 (case study I) and 271 X 176 (case
study II) matrices were obtained and subjected to chemeo-
metric analysis.

Multicomponent spectroscopic signals generally follow
Beer—Lambert’s Law, hence they fulfill the concept of bilinear
models described by

X=CST+E, (1)

where X describes the two-way data matrix, and § and C
contain the bilinear description of the data for both spectral
profile and their relative concentrations, respectively; E
contains the residuals of the model. In the applied workilow,
spectral estimates for spectral profiles were obtained by
SMMA. This group of techniques estimates the purest
chemical factors and their contribution requiring any specific
information about the data. In this regard, the pure variable-
based methods, such as the simple-to-use interactive SSMA
approach (SIMPLISMA), seek to obtain the selective spectral
(or concentration) variables through the calculation of a purity
value. The subsequently applied MCR, on the other hand, is a
family of soft modeling techniques able to solve the bilinear
description of the data for both spectral (S) profiles and their
relative concentrations (C) through bilinear decomposition of
the two-way data matrix X either by noniterative or iterative
methods.

Data processing and chemometric analysis were performed
in MATLAB R2020b (Mathworks, Inc., Natick, MA, 2020).
MCR-ALS algorithms are available online at http://www.
mcralsinfo/.

Proteln Quantitation of Reconstituted Individual LC-
QCL-IR Chromatograms. Based on the concentration and
spectral profiles obtained by the chemometric analysis,
individual chromatogram matrices X, (=c,8,7) were recon-
stituted for every protein. These reconstituted IR spectra were
employed to calculate protein concentrations (c) across the
chromatographic run according to the Beer—Lambert law

. A

&d (2)
Here, d is the path length of the transmission cell. The
absorbance values (4) were obtained by integrating the amide
11 bands (1500—1600 cm™) of the reconstituted QCL-IR
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spectra. Absorption coefficients (¢) of the selected proteins
were obtained by integrating the same spectral region of off-
line acquired QCL-IR spectra of reference solutions with
known protein concentrations.

B RESULTS AND DISCUSSION

To demonstrate the potential of the presented approach,
monitoring of preparative SEC by a QCL-IR detector with
subsequent chemometric analysis was performed with two-
protein model systems exhibiting partial coelution of the
proteins.

Case Study I: A Model System with Three Proteins.
For case study I, a SEC run with three different proteins was
performed. For this purpose, Ova, a-CT, and Myo were
identified to be proteins with different molecular weights and
secondary structures. Figure 2A shows the results of in-line UV

3 |
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2 o ' \
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%m [y — , \ =
s | 109
Fo / \ | 8
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Figure 2. Experimental data obtained from the SEC run of case study
L (A) Results of in-line UV spectroscopy (left) and off-line HPLC
analytics (right). (B) Spectral 3D plot recorded by the QCLIR
detector.

spectroscopy at 280 nm, indicating three chromatographic
peaks. This signal is the most common for protein detection
but does not provide any information regarding the secondary
structure. Thus, in order to obtain qualitative and quantitative
information about the eluting proteins, offline HPLC analytics
need to be performed (Figure 2A). The first chromatographic
peak at 22 min can be related to Ova with a molecular weight
of 44.5 kDa.*” @-CT and Myo have more similar molecular
masses of 25.6 kDa’® and 17 kDa,* respectively, and show
overlapping peaks at approximately 57 and 70 min. These

results agree with the separation principle of SEC, where large
molecules elute first. The ChemDetect Analyzer was used to
record mid-IR spectra of the LC effluent across the
chromatographic run.

Figure 2B displays the 3D plot (wavenumber-time-
absorbance) of the performed LC-QCL-IR measurements.
The plot shows stable baseline and chromatographic peaks
with the characteristic amide I and II bands at retention times
corresponding to the three proteins. For rather basic
qualitative interpretation and discrimination between the
three eluting proteins, chromatograms at wavenumbers
characteristic for individual secondary structures can be
extracted from the 3D data set and compared.*” However, to
gain more insight into the qualitative and quantitative
information, an in-depth chemometric analysis needed to be
performed. For this purpose, first, the number of components
was estimated by singular value decomposition. Then, the
purest spectral gmﬁles were received by using a SIMPLISMA-
like approach.' Subsequently, unconstrained MCR was
applied to determine the corresponding time-dependent
concentration profiles. At this point, it should be emphasized
that for this analysis, no initial knowledge, for example, about
the number and type of proteins, is required and all
information can be derived from the recorded 3D QCL-IR
data set. The obtained lack of fit (LOF, 2.5%) indicates a good
description of the experimental data by the MCR model. By
this approach, five components were determined to be needed
to explain the experimental data, three of them were attributed
to the eluting proteins in the chromatographic run, whereas the
last two were associated with background signals. Figure 3A,B
show the spectral and time-resolved concentration profiles,
respectively, of the identified proteins. The retention times at
the maximum of the concentration profiles agree very well with
the peak maxima observed by reference techniques.

Analysis of the spectral profiles allows assigning secondary
structures to the eluted proteins, even if no further reference
information is available. The shapes of the amide I and amide
II bands indicate that the first two eluting proteins are
composed of mixed or f-sheet secondary structures, whereas
the third protein mainly contains a-helices. In case reference
spectra are available (Figure 3C), identification of the eluted
proteins is also possible. Ova features both a-helical and f-
sheet secondary structures, resulting in an amide I band
maximum at 1656 cmi~" with a shoulder at 1638 cm™ and a
broad amide II band with the maximum at approximately 1545
em™.#% @.CT also contains a-helices but is predominantly
composed of f-sheets showing a characteristic broad amide I
band with a maximum at 1635 cm™" and shoulders at 1650 and
1680 cm™'. The amide II band features a broad shape with a
maximum at approximately 1548 cm~'** Even though the
spectral profiles of the first and second chromatographic peaks
appear similar, evaluation of the different amide I band maxima
and bandwidths allows the assignment of the first peak to Ova
and the second peak to a@-CT. Finally, the third resolved
spectral profile can be assigned to Myo, which is mainly
composed of an a-helical secondary structure.*® The
corresponding absorption spectrum shows a distinct amide I
band at approximately 1656 cm™" and a narrow amide II band
with 2 maximum at 1547 cm™.

Two additional components obtained from the chemomaetric
analysis were identified in the recorded QCL-IR data set
(Figure 52). One concentration profile featured negative dips
at the same retention times as the chromatographic protein
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Figure 3. Results obtained by chemometric analysis of the bidimensional QCL-IR data set of case study L (A) Sp | and (B) time-dependent
concentration profiles retrieved by chemometric analysis. The obtained concentration profiles (thin) were smoothed by a Savitzky—Golay filter
(thick). (C) Reference laser-based IR spectra of Ova, a-CT, and Myo. (D) Protein concentrations obtained by in-line QCL-IR analysis (lines) and

off-line reference HPLC analytics (bars).

peaks. Thus, this profile was assigned to the dilution of the
buffer during protein elution, as the presence of proteins
reduces the relative water content as compared to the
background spectrum (pure buffer). Thus, due to the high
absorption coefficient of the HOH-bending band, even subtle
variations of the water content can introduce an observable
offect on the IR spectra.® One further component was
assigned to varying baseline and instrumental responses.
Case Study lI: A Model System with Four Proteins.
After the successful application of QCL-IR spectroscopy
combined with chemometric analysis for protein structure
identification and resolving of individual protein chromato-
grams with the model system comprising three proteins, a
further, even more challenging case study was devised to
validate the potential and versatility of the introduced method.
To this end, a SEC run induding HRP, f-LG, a-CT, and Myo
was performed. Figure 4A shows the results of in-line UV
spectroscopy at 280 nm as well as offline HPLC analytics,
indicating four chromatographic peaks with a severe overlap of
the first two protein peaks at 25 and 32 min. The first of these
chromatographic peaks can be attributed to HRP with the
highest molecular weight of 44 kDa.*’ The second peak is
related to f-LG, which is present at the employed pH
conditions in its dimeric form with a molecular mass of 36.7
kDa.* Due to the similar masses of these two proteins, they
show highly coeluting behavior. Finally, the two remaining
peaks at 59 and 72 min are assigned to @-CT and Myo with
molecular masses of 25.6* and 17 I:Da,39 respectively.
Figure 4B shows the 3D plot (wavenumber-time-absorb-
ance) of the performed LC-QCL-IR measurement. This plot
shows amide I and amide II maxima at retention times
comparable with the reference techniques. Also, in this case,
the data set was subjected to chemometric analysis to retrieve
spectral and time-dependent concentration profiles of the
eluting proteins. After obtaining initial estimates, MCR was
performed obtaining an LOF of 2.3%, indicating a good fit of
the MCR model to the experimental data. For this data set, six
components were identified of which four could be assigned to

>
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Figure 4. Experimental data obtained from the SEC run of case study
IL (A) Results of in-line UV spectroscopy (left) and off-line HPLC
analytics (right). (B) Spectral 3D plot recorded by the QCL-IR
detector.

proteins in the chromatographic effluent. The spectral and
time-resolved concentration profiles of the identified proteins
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(lines) and off-line reference HPLC analytics (bars).

are shown in Figure SA,B. The maximum positions of the
concentration profiles agree very well with the retention times
observed by the reference techniques. Without any prior
knowledge, the secondary structures of the first and fourth
eluting proteins could be assigned to be mostly a-helical, while
the second and third eluting proteins show spectral features of
a mixed or f-sheet secondary structure. Comparison with the
reference spectra allows identification of the first chromato-
graphic peak as HRP with an amide I band maximum at 1656
cm ! with shoulders at 1640 and 1680 cm™ and an amide II
band maximum at approximate 1545 cm™'***" It can be
distinguished from Myo due to the slightly shifted amide I
band maximum and the overall broader shape. The spectral
profiles of the second and third identified chromatographic
peaks have very similar shapes. However, comparison with
reference spectra allows identifying the second peak as f-LG
due to the narrower amide I band and the broader amide II
band shapes. f-LG is predominantly composed of f-sheet
secondary structures and shows a distinct amide I band with a
maximum at 1632 cm™ and a shoulder at 1660 cm™ and a
broad amide II band with a maximum at 1550 am'.’"*
Finally, the spectral profile of the fourth chromatographic peak
can be unanimously attributed to Myo.

Evaluation of the concentration profile reveals negative
relative concentrations of HRP at retention times between 30
and 50 min. Impaired resolution of the bidimensional data set
by MCR in this time region is caused by the severe overlap in
retention times of HRP and f-LG as also shown by the
reference HPLC results. Furthermore, @-CT which also starts
to elute in this period features similar IR spectral features as f-
LG.

Chemometric analysis of this data set further identified two
additional components (Figure 53), as occurred for case study
L Due to the shape of the concentration profiles, one was
attributed to varying baseline and buffer dilution in the
presence of proteins. The concentration profile of the other
component shows a zigzag shape at rather low relative

concentrations. This periodic noise characteristic is partly
also visible in the concentration profile of f-LG. It is present in
the IR measurements, but not observable in the inline UV
measurements. The origin of these features was traced back to
inconstant dry air supply throughout the QCL-IR measure-
ments. The periodic behavior is introduced by a switching
valve in the purge gas generator. Furthermore, the involvement
of IR absorption of water vapor in this repetitive noise pattern
is also supported by the narrow absorption bands in the related
spectral profile.

Notwithstanding this instrumental issue, owing to the
challenging model system and experimental difficulties, it was
decided to present these results as proof to demonstrate the
potency of the presented workflow to obtain reliable
estimations by the combination of QCL-IR spectroscopy and
chemometrics.

In-Line Protein Quantitation by QCL-IR Spectroscopy.
The reconstituted IR spectra obtained from chemometric
analysis were employed for the calculation of the absolute
protein concentrations. For this purpose, the area of the amide
11 band was integrated because this spectral region is less prone
to water absorption-related intensity variations than the amide
I band. Absorption coefficients of the proteins included in case
studies I and Il were obtained from QCL-IR off-line
measurements with known protein concentrations. Figure 3D
shows a comparison between the calculated concentrations
based on QCL-IR spectroscopy and reference HPLC results of
the collected fractions for case study 1. The graph
demonstrates highly overlapping concentration profiles be-
tween in-line and off-line reference measurements, indicating
high validity of the presented approach based on QCL-IR
spectroscopy and chemometrics. This evaluation was also
performed for case study II (Figure 5D). Here, the elution
profiles of all four proteins agree well between the two
methods, even though absolute concentrations appear slightly
shifted. These differences might be explained by the highly
overlapping spectral features of f-LG and @-CT and the
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pronounced overlap of the chromatographic peaks of HRP and
PB-LG. Those challenging circumstances may adversely affect
chemometric analysis and lead to underestimation of the HRP
content at retention times between 30 and 50 min while
overestimating the f-LG content. Nevertheless, these good
results, in spite of the complex data sets, indicate high flexibility
and robustness of the presented LC-QCL-IR approach.

Case study II also was challenging to resolve for off-line RP-
HPLC analytics. The insufficient peak resolution of f-LG and
a-CT required the introduction of an additional CEX-HPLC
method in order to accurately identify and quantify the
proteins in the collected fractions. As two different off-line
HPLC methods are required to analyze fractions in case study
11, this further emphasizes the difficulties to establish
straightforward reference analytics. Consequently, QCL-IR
in-line detectors hold significant potential for providing near-
real-time protein concentrations from chromatographic sepa-
ration processes by achieving similar results as conventionally
applied time- and cost-intensive off-line methods.

B CONCLUSIONS AND OUTLOOK

In this work, an EC-QCL-based mid-IR spectrometer was
successfully hyphenated to a preparative SEC system for in-line
discrimination of proteins from highly overlapping chromato-
graphic peaks. The advantages of QCL-IR detectors over
conventional LC detectors were demonstrated in two case
studies, involving mixtures of three and four different proteins,
respectively. Due to similar molecular weights of the proteins,
highly overlapping chromatographic peaks were obtained that
could not be distinguished with a standard UV detector. In
contrast, QCL-IR detection enabled the acquisition of
multivariate data sets, containing mid-IR absorbance spectra
across the chromatographic runs that provide information
regarding protein secondary structure, thus allowing protein
identification. These data sets were investigated by chemo-
metrics to obtain spectral profiles of the individual proteins as
well as their relative concentration profiles. The obtained
spectra agree well with reference offline spectra of pure
protein solutions. Furthermore, absolute protein concentra-
tions were calculated according to the Beer—Lambert law,
showing high agreement with HPLC reference measurements
of the collected effluent fractions. Consequently, QCL-IR in-
line detectors can provide qualitative and quantitative
information about proteins, comparable to time- and labor-
intensive off-line methods that are inaccessible with conven-
tional UV detectors. Hence, the in-line QCL-IR system has the
capability to (i) accelerate process development and to (ii)
monitor production processes ondine, allowing in-process
control. Furthermore, the presented system enables QbD
principles and concurs with the requirements of a PAT tool,
providing information about protein secondary structure in
real-time.

Finally, an important property of the presented inJine QCL-
IR detection of preparative LC is its accordance with green
analytical chemistry (GAC) principles.** For a comprehensive
comparison of in-line QCL-IR spectroscopy and off-line HPLC
analysis, the previously introduced Analytical GREEnness
(AGREE) metric approach,** a straightforward assessment
approach based on the 12 principles of GAC (SIGNIFI-
CANCE),” was applied. The results for both methods are
shown in Figure S4. The scores of 0.84 for QCL-IR
spectroscopy and 043 for offline HPLC indicate a clear

superiority of the presented in-line QCL-IR method in terms
of the greenness of the analytical procedure.

B ASSOCIATED CONTENT
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Gradient profile used in the CEX-HPLC method;
additional spectra and time-resolved concentration
profiles retrieved by chemometric analysis of the
chromatographic run of case study I and case study IJ;
results of evaluation according to the Analytical
GREEnness metric approach for inline QCL-IR spec-
troscopy and offline HPLC analysis; and selected
options for the Analytical GREEnness evaluation are
presented here (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Andreas Schwaighofer — Institute of Chemical Technologies
and Analytics, Technische Universitit Wien, 1060 Vienna,
Austria; © orcid.org/0000-0003-2714-7056;
Email: andreas.schwaighofer@tuwien.ac.at

Bernhard Lendl — Instifute of Chemical Technologies and
Analytics, Technische Universitat Wien, 1060 Vienna,
Austria; © orcid.org/0000-0003-3838-5842;
Email: bernhard lendl@tuwien.acat

Authors
Christopher K. Akhgar — Institute of Chemical Technologies
and Analytics, Technische Universitit Wien, 1060 Vienna,
Austria; © orcid.org/0000-0001-8266-043X
Julian Ebner — Institute of Chemical, Environmental and
Bioscience Engineering, Technische Universitat Wien, 1060
Vienna, Austria
Mirta R. Alcaraz — Laboratorio de Desarrollo Analitico y
Quimiometria (LADAQ), Cdtedra de Quimica Analitica I,
Facultad de Bioquimica y Ciencias Biolégicas, Universidad
Nacional del Litoral, S3000ZAA Santa Fe, Argentina;
Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), C1425FQB CABA, Argentina
Julian Kopp — Institute of Chemical, Environmental and
Bioscience Engineering, Technische Universitat Wien, 1060
Vienna, Austria
Héctor Goicoechea — Laboratorio de Desarrollo Analitico y
Quimiometria (LADAQ), Cdtedra de Quimica Analitica I,
Facultad de Bioquimica y Ciencias Biolégicas, Universidad
Nacional del Litoral, S3000ZAA Santa Fe, Argentina;
Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), C1425FQB CABA, Argenting;  orcid.org/
0000-0001-7145-0082
Oliver Spadiut — Institute of Chemical, Environmental and
Bioscience Engineering, Technische Universitat Wien, 1060
Vienna, Austria
Complete contact information is available at:
https: //pubs.acs.org/10.1021/acs.analchem.2c01542

Author Contributions

The manuscript was written through the contributions of all
authors. All anthors have given approval to the final version of
the manuscript. CK.A. and J.E. contributed equally.

hnps.":‘doi.or%h 0.1021 facs aralchern.2c01 542
Anal Cham. 2022, 94, 1115211200

143



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

e
1
r

m YOu

Analytical Chemistry

pubs.acs.org/ac

Funding
Open Access is funded by the Austrian Science Fund (FWE).

Notes
The authors decdlare no competing financial interest.

B ACKNOWLEDGMENTS

This work has received funding from the COMET Center
CHASE (project no. 868615), funded within the COMET—
Competence Centers for Excellent Technologies program by
the BMK, the BMDW, and the Federal Provinces of Upper
Austria and Vienna. The COMET program is managed by the
Austrian Research Promotion Agency (FFG). Additional
funding was provided by the European Union’s Horizon
2020 research and innovation program through the NU-
TRISHIELD project under grant agreement no. 818110. This
research was further funded by the Austrian Research
Promotion Agency (FFG) (project no. 874206) and by the
Austrian Science Fund FWF (project no. P32644-N). M.R.A.
and H.G. acknowledge CONICET (Consejo Nacional de
Investigaciones Cientificas y Técnicas, Argentina) for funding.

B REFERENCES

(1) Deutscher, M. P. Chapter § Setting Up a Laboratory. In Methods
in Enzymology; Burgess, R. R, Deutscher, M. P., Eds.,; Academic Press,
2009; pp 37—42.

(2) Sun, Y; Shi, Q. H; Zhang, L,; Zhao, G. F; Lin, F. F. 247—

ion and Chromatography. In Comprehensive Biotechnology
(2nd ed.), Moo-Young, M., Ed,; Academic Press: Burlington, 2011;
665—679.

3) Barth, A. Biockim. Biophys Acta, Bioenerg. 2007, 1767, 1073—
1101

(4) Quintds, G.; Kuligowski, J.; Lendl, B. Anal. Chem. 2009, 81,
3746-3753.

(5) Kuligowsld, J.; Quintds, G; Garrigues, S; de la Guardia, M.
Talanta 2010, 80, 1771—1776.

(6) Kuligowski, ].; Quintas, G; Garrigues, S.; de la Guardia, M. Anal.
Chien. Acta 2008, 624, 278-285.

(7) Kuligowsld, ].; Quintis, G.; Garrigues, S.; de la Guardia, M. .
Chromatogr. A 2009, 1216, 3122—3130.

(8) Quintis, G;Izndl,ﬂ.;Gnngum,S.)dath:dh,M.I
Chromatogr. A 2008, 1190, 102—109.

(9) Quintds, G, Kuligowski 1. Lend), B. Appl. Spectrosc. 2009, 63,
1363—1369.

(10) Singh, B. R. Basic Aspects of the Technique and Applications of
Infrared Spectroscopy of Peptides and Proteins. Infrared Analysis of
Peptides and Proteins; American Chemical Society: Washington D.C.,
USA, 1999; pp 2-37.

(11) Fabian, H.; Mintele, W. Infrared Spectroscopy of Proteins. In
Handbook of Vibrational Spectroscopy; John Wiley & Sons: Hoboken,
USA, 2006.

(12) Yang, H; Yang, S,; Kong, J.; Dong, A.; Yu, S. Nat. Protoc. 20185,
10, 382—396.

(13) Turul, V.; de Haseth, . Appl. Spectrosc. 1994, 48, 1255—1264.

(14) Turula, V. E;; de Haseth, ]. A. Axal. Chem. 1996, 68, 629—638.

(15) Turula, V.; Bishop, R.; Ricker, R; de Haseth, J. J. Chromatogr. A
1997, 763, 91—103.

(16) Kuligowski, J.; Quintas, G.; Guardia, M,; Lendl, B. qun.ki
tography— Liquid Ch b hy—Fourier Transfo
ﬁ'utd. En:;rcbpcdu of Analytical Snmtc, 3rd ed,; Elsevier: Amsterdnm,

Netherlands, 2019; pp 75-85.

(17) Ramer, G; Lendl, B. Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy. In Encyclopedia of Anmalytical
Chemistry; Meyers, R, Meyers, R, Eds; John Wiley & Sons:
Hoboken, USA, 2013.

11199

(18) Grofhans, S; Riidt, M.; Sanden, A; Brestrich, N.;
Morgenstern, J.; Heissler, S; Hubbuch, J. J. Chromatogr. A 2018,
1547, 37—44.

(19) Sanden, A.; Suhm, S.; Ridt, M.; Hubbuch, J. J. Chromatogr. A
2019, 1608, 460410,

(20) Walch, N.; Scharl, T; Felfoldi, E; Sauer, D. G; Melcher, M.;
Leisch, F; Dirauer, A; Jungbauer, A Biotechwol ] 2019, 14,
No. 1800521

(21) Faist, ].; Capasso, F,; Siveo, D.; Sirtori, C.; Hutchinson, A
Cho, A. Scence 1994, 264, 553—556.

(22) Schwaighofer, A; Brandstetter, M.; Lendl, B. Chem. Soc. Rev.
2017, 46, 5903—5924.

(23) Schwaighofer, A; Lendl, B. Quantum cascade laser-based
infrared transmission spectroscopy of proteins in solution. In
Vibrational Spectroscopy in Protein Researchy Ozaki, Y., Baranska, M.,
Lednev, L, Wood, B, Eds.; Academic Press: Cambridge, USA, 2020;
pp 59-88.

(24) Alcardz, M. R; Schwaighofer, A; Kri , C; Ramer, G
Brandstetter, M.; Goicoechea, H; Lendl, B. Anal. Chem. 2015, 87,
6980—-6987.

(25) Schwaighofer, A.; Montemurro, M,; Freitag, S.; Kristament, C.;
Culzoni, M. J.; Lendl, B. Awal. Chern. 2018, 90, 7072—7079,

(26) Akhgar, C. K; Ramer, G; Zbik, M.; Trajnerowicz, A,
Pawluczyk, ]; Schwaighofer, A; Lendl, B. Anal. Chen. 2020, 92,
9901-9907.

(27) Chon, B; Xu, S, Lee, Y. J. Anal Chem. 2021, 93, 2215-2225.

(28) Dabrowska, A.; David, M.; Freitag, S.; Andrews, A. M; Strasser,
G.; Hinkov, B; Schwaighofer, A; Lendl, B. Sens. Actuators, B 2022,
350, 130873.

(29) Schwaighofer, A.; Akhgar, C. K; Lendl, B. Spectrochim. Acta,
Part A 2021, 253, 119563,

(30) Akhgar, C. K; Ebner, ].; Spadiut, O.; Schwaighofer, A; Lendl,
B. Anal. Chem. 2022, 94, 5583—5590.

(31) de Juan, A; Janmot, J.; Tauler, R. Anal Methods 2014, 6, 4964.

(32) Kucheryavskiy, S.; Windig, W,; Bogomolov, A Chapter 3—
Spectral Unmixing Using the Concept of Pure Varables. In Data
Handling in Science and Tedhnology; Ruckebusch, C., Ed; Elsevier,
2016; pp 53—99.

(335 Tauler, R. Chemom. Intell. Lab. Syst. 1995, 30, 133—146.

(34) Hu, B; Sun, D.W; Py, H; Wei, Q. Talanta 2020, 217,
120998.

(35) Mansoldo, F. R. P,; Berrino, E,; Guglielmi, P; Carrados, S
Carta, F,j Secci, D.; Supuran, C. T; Vermelho, A. B, Spectrockim. Acta,
Part A 2022, 267, 120602

(36) Kopp, J.; Zauner, F. B;; Pell, A;; Hausjell, J.; Humer, D.; Ebner,
J Herwig, C.; Spadiut, O.; Slouka, C.; Pell, R. J. Pharm. Biomed. Anal
2020, 188, 113412

(37) Strixner, T.; Kulozik, U. 7—Egg proteins, In Handbook of Food
Proteins; Phillips, G. O., Williams, P. A, Eds; Woodhead Publishing,
2011; pp 150—209.

(38) Wilcox, P. E. [5] Chymotrypsinogens—chymotrypsins.
Maethods in Enzymology; Academic Press, 1970; pp 64—108.

(39) Zaia, J.; Annan, R. S; Biemann, K. Rapid Commun. Mass
Spectrom. 1992, 6, 32—36.

(40) Akhgar, C.; Ebner, ].; Spadiut, O.; Schwaighofer, A.; Lendl, B.
Laser-based mid-infrared spectroscopy enables in-line detection of
protein secondary structure from preparative liquid chromatography.
Biomedical Vibrational Spectroscopy 2022: Advances in Research and
Industry; SPIE, 2022; Vol 11957.

(41) Windig, W,; Bogomolov, A; Kucheryavskiy, S. Two-Way Data
Analysis: Detection of Purest Variables. In Comprehensive Cheometircs:
Chemical and Biockemical Data Analysis; Brown, S., Tauler, R,
Walczak, B., Eds.; Elsevier, 2020; pp 275—307.

(42) Stein, P. E; Leslie, A. G. W,; Finch, J. T;; Turnell, W. G,
McLaughlin, P. J.; Carrell, R. W. Nature 1990, 347, 99—102.

(43) Dong, A; Meyer, ]. D; Brown, J. L; Manning, M. C;
Carpenter, ]. F. Arch. Biochem. Biophys. 2000, 383, 148—155.

(44) Freer, S. T.; Kraut, J.; Robertus, J. D.; Wright, H. T.; Nguen-
Huu-Xuong, X. Biochemistry 1970, 9, 1997—2009.

hmﬁdm‘ugihn 1021 facs analdhemn.2c01 542
Cham. 2022, 94, 11192-11200

144



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
blio
nowledge

]
|
r ki

B 3
You!

Analytical Chemistry

pubs.acs.org/ac

(45) Kendrew, J. C,; Bodo, G; Dintzis, H. M,; Pamish, R G,
Wyckoff, H.; Phillips, D. C. Nature 1958, 181, 662—666.

(46) Kuligowski, J.; Schwaighofer, A; Alcardz, M. R; Quintds, G.;
Mayer, H; Vento, M.; Lendl, B. Anal. Chim. Acta 2017, 963, 99—105.

(47) Wisdom, G. B. Homeradish Peroxidase Labeling of IgG
Antibody. In The Protein Protocols Handbook; Walker, J. M., Ed,;
Humana Press: Totowa, NJ, 2009; pp 681—683.

(48) Madureira, A. R; Pereira, C. L; Gomes, A. M. P,; Pintado, M.
E.; Xavier Malcata, F. Food Res. Int. 2007, 40, 1197—121L

(49) Gajhede, M.; Schuller, D. J; Henriksen, A,; Smith, A. T,;
Poulos, T. L. Nat. Struct Mol. Biol 1997, 4, 1032—1038.

(50) Tavares, T. S; da Rocha, E. P.; Esteves Nogueira, F. G.; Torres,
J. A; Silva, M. C; Kuca, K; Ramalho, T. C. Molecules 2020, 25, 259.

51) Dousseau, F.; Pezolet, M. Biochemistry 1990, 29, 8771—8779.

52) Monaco, H. L.; Zanotti, G.; Spadon, P,; Bolognesi, M.; Sawyer,
L, Eliopoulos, E. E. J. Mol. Bial. 1987, 197, 695706,

(53) Armmenta, S; Garrigues, S; de la Guardia, M. Trends Awal.
Chem. 2008, 27, 497—511.

(54) Pena-Pereina, F.; Wojnowski, W.; Tobiszewski, M. Anal. Chem.
2020, 92, 10076—10082.

(55) Galuszka, A; Mig ki, Z.; Namieénik, ]. Trends Aral. Chem.
2013, 50, 78—84.

145



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

iothek,
ledge hub

now!

b

e
1
r

m You

7.1 Book Chapter: The Purification of Heme Peroxidases from E. coli Inclusion

Bodies
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- Chapter 16

g

The Purification of Heme Peroxidases from Escherichia coli
Inclusion Bodies: A Success Story Shown by the Example
of Horseradish Peroxidase

Diana Humer © and Julian Ebner

Abstract

In the following chapter a purification process for recombinant Horseradish peroxidase (HRP) produced in
Escherichia coli is described. This enzyme is a secretory plant oxidoreductase belonging to the large
peroxidase family IIT within the peroxidase-catalase superfamily of enzymes. It has high biotechnological
significance, however, the isolation of the enzyme from its narural source, the horseradish root, has several
shortcomings, which makes the development of a recombinant production strategy interesting. The
presented protocol covers all process steps from isolation to the final chromatography step; the enzyme is
solubilized from insoluble inclision bodies, refolded and concentrated to yield a high purity enzyme
preparation which is comparable to the commercially available plant-derived HRP. Moreover, we believe
that this procedure can also be used to process other peroxidases of family IT and III of the plant peroxidase
superfamily, as they all share the same relevant features like disulfide bonds and a heme group.

Key words Inclusion bodies, Horseradish peroxidase, Heme peroxidases, Excheridna coli, Refolding,
Hydrophobic interaction chromatography, Recombinant, Reversed phase high-performance liquid
chromatography

1 Introduction

The isolation of plant enzymes from their natural source can be
cumbersome and the yield depends on several unpredictable envi-
ronmental factors. This can be detrimental when a steady supply of
the enzyme in question is required for biotechnological or molecu-
lar biological applications. Recombinant protein production can
circumvent these problems; however, this is not trivial for enzymes
with a complex structure like horseradish peroxidase (HRP). This
oxidoreductase from the horseradish root requires the establish-
ment of four disulfide bonds and the incorporation of two calcium
ions as well as a protoporphyrin ring (called the “heme group™) for
enzyme function. Moreover, about 20% of the enzymes total

Julian Kopp and Oliver Spadiut feds), lhclusion Bodies: Methods and Pratocdls,
Methods in Molecular Biology, vol. 2617, https://ddi.org/10.1007/978-1-07 16-2930-7_16,
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molecular weight of 44 kDa amount to Asn-bound sugar chains on
the surface, the so-called glycosylation. In general, glycosylation is
host-specific and cannot be performed by prokaryotes like Escher-
ichia coli (E. coli) as they lack the respective cell organelles. When
glycans are absent, the thermal stability is reduced and the hydro-
phobicity of the enzyme increases [1, 2]. Currently, HRP is isolated
from the horseradish plant (Armoracia rusticana). This isolate
consists of a variety of HRP isoforms that diverge in their biochem-
ical properties (for example molecular weight, isoelectric point or
substrate affinity) [1, 3, 4]. Hence, a recombinantly produced
single isoform with consistent quality would be a desirable alterna-
tive for industrial purposes. The present chapter describes a refold-
ing process for recombinant HRP from inclusion bodies (IBs)
produced in E. coli. Moreover, this protocol can also be applied
for the expression of other plant heme peroxidases. The renatur-
ation of HRP from IBs comprises several distinct steps, the isolation
of IBs from the host cells; which is most often performed by high
pressure homogenization (for detailed information refer to the
Chapter “High pressure homogenization for inclusion body isola-
tion”); washing, solubilization, refolding, and purification/cap-
ture. These unit operations have all been investigated during
the development of this protocol. Especially the interaction of
solubilization and refolding conditions is of great importance, as
the formation of the four disulfide bonds requires a redox system,
which consists of dithiothreitol (DTT) and L-glutathione oxidized
(GSSG) in this case (for further information refer to the
Chapter “Unit operation-spanning investigation of the redox sys-
tem”). Another highly relevant process step is the addition of the
cofactor hemin, which was continuously added for several hours to
avoid aggregation. Finally, HRP was purified by hydrophobic inter-
action chromatography (HIC) and the resulting enzyme prepara-
tion showed high purity and enzymatic activity comparable to the
commercially available, glycosylated HRP isolated from the
horseradish root.

2 Materials

2.1 Equipment

The solutions and buffers should be prepared using ultrapure water
and can be stored at room temperature (RT) if not indicated
otherwise.

— IKATI10 basic ULTRA-TURRAX (Staufen, Germany).

— Homogenizer GEA Niro Soavi Panda PLUS (Diisseldorf,
Germany).

— Thermo Scientific™ Sorvall™ LYNX™ centrifuge (Waltham,
MA, US).
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2.3 Refolding
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Sigma4-16KS refrigerated benchtop centrifuge (St. Louis, MO,
USA).

Infors Labfors 5 vessel (Bottmingen, Germany) 3.6 L.

Lucullus process control system (Biospectra, Schlieren,
Switzerland).

LAMBDA PRECIFLOW peristaltic liquid pump (LAMBDA
laboratory instruments, Switzerland ) in combination with a Sar-
torius Entris scale (Sartorius, Germany).

Lauda Alpha R8 thermostat (Lauda, Konigshofen, Germany).
Dionex UltiMate 3000 HPLC systemwith a quaternary solvent

delivery pump, an auto-sampler with a sample thermostatand an
UV detector (Thermo Fisher, Waltham, MA, USA).

pH meter.

AKTA Pure system (Cytiva, Marlborough, MA, US).

Cytiva Butyl Sepharose 4 Fast Flow resin and a HiScale™ 26 /40
column.

Hitachi Double Beam Spectrophotometer U-2900 (Tokyo,
Japan).

Tecan Infinite M200 PRO (Minnedorf, Switzerland).

Homogenization buffer: 50 mM Tris, pH 8, 500 mM NaCl,
1.5 mM EDTA. Weigh in 6.06 g tris(hydroxymethyl)-
aminomethane (Tris), 29.2 g sodium chloride, and 0.56 g
ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA), add 900 mL of water and mix. After all components
are dissolved, adjust the pH to 8 with HCI, then fill to 1 L with
water.

. Resuspension buffer: 50 mM Tris, pH 8, 500 mM NaCl, 2 M

Urea. Weigh in 6.06 g Tris, 29.2 g sodium chloride, and
120.1 g urea, add 700 mL of water and mix (se¢ Note 1).
After all components are dissolved adjust the pH to 8 with
HCI, then fill to 1 L with water.

. Solubilization buffer: 50 mM glycine, pH 10, 6 M urea. Weigh

in 1.88 g glycine and 180.2 g urea, add 900 mL of water and
mix (again see Note 1). After all components are dissolved,
adjust the pH to 10 with NaOH, then fill to 0.5 L with water.

. DTT stock solution: 1 M DTT in water. Weigh in 0.1543 g

DTT in a 1.5 mL reaction tube and add 1 mL water. Store at
2-8°C.

. Refolding buffer: 20 mM glycine, pH 10, 2 M urea, 2 mM

CaCly, 7% v/v glycerol, 1.27 mM GSSG. Weigh in 3 g glycine,
240.2 g urea, 0.588 g calcium chloride dihydrate (CaCl,)
142.9 mL glycerol 98%, 1.56 g GSSG (see Note 2), add 1.5 L
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24 Chromatography

2.5 Enzyme Activity
Measurements

26 RP-HPLC

water and mix. After all components are dissolved, adjust
the pH to 10 with NaOH, then fill to 2 L with water. Store at
2-8 °C.

. Hemin stock solution: 1 mM hemin in 100 mM KOH. Weigh

in 0.0196 g hemin, add 10 mL water, and then 600 pL. 5 M
potassium hydroxide (KOH) (s¢¢ Note 3), mix and then fill to
30 mL with water. Store at 2-8 °C.

. Equilibration and wash buffer: 20 mM Bis-Tris, pH 7, 4 M

NaCl. Weigh in 20.9 g of Bis-(2-hydroxyethyl)-imino-tris
(hydroxymethyl)-methane (Bis-Tris) and 1169 g sodium chlo-
ride, add 4 L water and mix. After all components are dissolved,
adjust the pH to 7 with HCI, then fill to 5 L with water.

. Elution buffer: 20 mM Bis-Tris, pH 7. Weigh in 12.6 g of

Bis-Tris and add 2.5 L water and mix. After all components are
dissolved, adjust the pH to 7 with HCI, then fill to 3 L with

water.

. Wash solution 1: 1 M NaOH. Dissolve 40 g NaOH in 1 L of

water.

. Wash solution 2: 70% EtOH. Dilute 729.2 mL ethanol 96%

with 270.8 mL water.

. Storage solution: 20% EtOH. Dilute 208.3 mL ethanol 96%

with 791.7 mL water (see Note 4).

. Measurement buffer: 50 mM phosphate-citrate, pH 5. Weigh

in 6.7 g disodium phosphate heptahydrate, add 0.3 L of water
and mix then adjust the pH to 5 with 2 M citric acid and fill to
0.5 L with water.

. 2 M citric acid stock solution: Weigh in 210.14 g citric acid

monohydrate and dissolve in 0.5 L water.

. 10 mM hydrogen peroxide stock solution: Add 10.2 pL. of a

30% hydrogen peroxide solution (9.8 M) and fill to 10 mL
with water.

. Enzyme dilution buffer: 20 mM Bis-Tris, pH 7. Weighin2.1 g

of Bis-Tris, dissolve in 0.4 L water, and then adjust the pH to
7 with HC and fill to 0.5 L with water.

. Mobile phase A: Ultrapure water with 0.1% trifluoroacetic acid

(TFA). Add 1 mL TFA after sonication (se¢ Note 5) to 1 LL
water.

. Mobile phase B: Acetonitrile (ACN) with 0.1% TFA. Add 1 mL

TFA after sonication (also se¢ Note 5) to 1 L ACN.

. Sample preparation (for IBs): 62 mM Tris, 7.5 M GdnHCI,

125 mM DTT. Weigh in 35.8 g guanidine hydrochloride,
0964 g DTT, 0.376 g Tris, dissolve in 20 mL water (see
Note 6), and fill up to 50 mL afterwards.
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2.7 SE-HPLC 1. Mobile phase: 20 mM phosphate buffer, pH 6.8, 250 mM KCI.

Weigh in 18.6 g of potassium chloride (KCl), 3.5 g of dipo-

tassium hydrogen phosphate, and 2.7 g of potassium dihydro-

gen phosphate, dissolve in 900 mL water, check if pH is

6.8 + 0.1, if not adjust with phosphoric acid or KOH, then
fill to 1 L with water.

3 Methods

An overview of the chosen parameters for the refolding process is
given in Table 1.

3.1 Isolation and
Solubitization

1. Resuspend the biomass thoroughly (see Note 7) in homogeni-
zation buffer (200 g L™') biomass concentration) using an
ULTRA-TURRAX device (IKA TIO basic ULTRA-
TURRAX). Then homogenize at 21200 bar, cooled, three
passages (GEA Niro Soavi Panda PLUS) and centrifuge the
homogenized suspension (15,650 g; 20 min, 4 °C). Discard
the supernatant and resuspend the pellet in 10 mL resuspen-
sion buffer per g wet cell debris using the ULTRA-TURRAX
and centrifuge (15,650 g; 5 min, 4 °C) (sz¢ Note 8). Perform
this washing step with resuspension buffer twice (see Note 9).
Then resuspend the pellet in water (see Note 10) (200 g L™7)
and aliquot into preweighed 50 mL reaction tubes, centrifuge
(15,650 g; 5 min, 4 °C) and store at —20 °C.

Table 1
Parameters for each unit operation
Unit operation Parameters Final setpoints
Solubilization DTT 7.11 mM
Protein concentration 20gL?
pH 10
Refolding GSSG 1.27 mM
Protein concentration 05gL!
pH 10
Time of hemin addition 8 h after refolding start
Duration hemin feed 10 h
Final hemin concentration 20 pM
Tortal refolding time 19h
Salt precipitation ~ Type of salt NaCl
Salt concentration 4M
Hydrophobicity of resin Butyl
Capture step HIC  pH value (load) 8.5
Type of ehution Step gradient
Adapted from (6]
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3.2 Refolding

3.3 Chromatography

2. For solubilization, resuspend the preweighed pellet in solubili-

zation buffer using the ULTRA-TURRAX device to reach a
wet inclusion body concentration of 100 g L~! (see Note 11).
Hence, for a refolding volume of 1.2 L use 3.5 g wet IBs and
resuspend in solubilization buffer to a final volume of 35 mL.
After resuspension, add 7.11 mM DTT and incubate at room
temperature (RT) for 30 min with slight agitation, then centri-
fuge at 20,379 g; 20 min, 4 °C. Afterwards discard the pellet and
immediately use the supernatant for refolding (see Note 12).

. The refolding procedure should ideally be performed in a

stirred refolding vessel at 200 rpm and 4-10 °C (e.g., 3.6 L
Infors Labfors 5 vessel). For a total refolding volume of 1.2 L,
fill the vessel with 1146 mL (0.955 L refolding buffer/L refold-
ing batch ) refolding buffer. Then connect the sparger to the gas
outlets on the tower and the double jacket to the cooling device.

. Calibrate the pH and Redox probe and install them in the

vessel, then install the dO; probe, the temperature sensor,
and the stirrer engine. Next, start a new process operation
using a process information management system (e.g., Lucul-
lus). Now the dO; probe can be calibrated using air and N,.

. Afterwards slowly add 30 mL solubilizate with a serological

pipette (see Note 13). Refolding should be performed for 8 hat
10 °C, 200 rpm and pH, temperature, dO,, and redox poten-
tial (see Note 14) are monitored using Lucullus. After 8 h, add
the cofactor hemin over 10 h (see Note 15) using a PID-Feed
forward control (Lucullus) with a Lambda preciflow peristaltic
pump and a Sartorius scale (24 mL feed for 1.2 L refolding =
20 g L7 h™! for 10 h, resulting in a final concentration of
20 pM hemin). After the 10 h feed, the process continues foran
additional hour, hence the total refolding time is 19 h.

. Prior to HIC, the pH of the refolding solution is adjusted to

8.5 with HCI (see Note 16). As a preparation for the chroma-
tography step, impurities and aggregates are removed by salt
precipitation. Add 0.267 g sodium chloride per mL refolding
solution in small portions over 10 min while stirring at RT,
then stir for additional 20 min, and centrifuge at 17,568 g for
25 min at 4 °C. Discard the pellet and immediately use the
supernatant for chromatography.

. Subsequently, HRP is concentrated and purified using HIC.

Connect a chromatography column (e.g., HiScale™ 26 /40
column) packed with 80 mL Butyl Sepharose 4 Fast Flow to
an AKTA pure 25 system (see Note 17). An overview of the
chromatography parameters is given in Table 2. The UV-VIS
signals are monitored at 280 and 404 nm (se¢c Note 18).
Equilibrate the column with the buffer for equilibration and
wash at a linear flow rate of 90 cm h™" for 2 column volumes
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Table 2
Chromatography parameters
Linear flow
Step Solution CV rate[emh™"]
Equilibration Equilibration and wash buffer 2 9%
Load Refolding supernatant - 75
Wash Equilibration and wash buffer 90
Elution step 1~ 80% equilibration and wash 3
buffer and 20% elution buffer
Elution step 2 25% equilibration and wash 3
buffer and 75% eluton buffer
Elution step 3 100% elution buffer 3
Cleaning step1 1 M NaOH 10 75
Cleaning step 2 70% EtOH 10 90
Storage 20% EtOH 5 90

(CV). Then load the refolding supernatant at a flow rate of
75 cm h™" and afterwards wash the column with 3 CV equili-
bration and wash buffer at 90 cm h™". After washing, the UV
signal (280 nm) should be below 10 mAU, then step elution
can be started. The percentage of elution bufferisincreased ata
flow rate of 90 cm h™* to 20, 75, and finally 100% (3 CV each),
whereby HRP elutes from the column at 75% elution buffer
(Fig. 1). Finally, clean the column as described in Table 2. The
final process results which can be achieved are shown in
Table 3.

Measure the volumetric enzyme activity (U mL ") using the ABTS
assay in a Tecan 96-well plate reader with flat-bottom polystyrene
96-well plates. The reaction mixture should contain a saturating
hydrogen peroxide concentration of 1 mM, and 7 mM ABTS in
50 mM phosphate-citrate buffer pH 5 (see Note 19). Prior to the
measurements, dilute the protein samples accordingly in enzyme
dilution buffer so that the linear increase in absorption at 420 nm
can be followed for 120 sat 30 °C. For the measurement, mix 5 pL
of the protein sample with 175 pL. ABTS-buffer mixture and then
start the reaction by adding 20 pL of a 10 mM hydrogen peroxide
stock solution (se¢ Note 20). Calculate the volumetric enzyme
activity using the following Eq. (1):

Vieat * AAmin~! & dilution

Vmpic *dxe

A[UmL" Y= (1)
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Fig. 1 Elution of active HRP and impurities using hydrophobic interaction chromatography. Active HRP elutes at
75% buffer B, while hydrophobic impurities elute at 100% buffer B. Blue solid line, UV 280 nm [mAU]; red long
dashed line, UV 404 nm [mAU]; blue dotted line, buffer B [%]; green short dashed line, conductivity [mS/cm]

3.5 Reinheitszahl

Table 3

Final process results
Process variables Final results
Specific actvity [U mg—1] 1468 + 24
Purity SEC-HPLC [%] 299
Overall yield active HRP per 100 mg expressed protein [mg] 28
Pure HRP /L culture medium [mg] 959
Rz 43

Adapted from [6]

Viout - - - total volume in cuvette in [pL]

AA min~" ... change in absorption [AAbs 420 nm min™"]
Dilution ... dilution factor of the sample

Viample - - - volume of the sample [pL]

d ... length of the beam path through the cuvette (d = 0.58 cm)
e ... extinction coefficient (£4509 = 36 mM~! cm™! [5])

Measure the Reinheitszahl (ratio of absorbance at 404 nm to
280 nm) of enzyme samples with a spectrophotometer using quartz
cuvettes (absorbance scan 190-500 nm).
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3.7 SE-HPLC

Refolding of Heme Peroxidases 235

Table 4
RP-HPLC conditions
Flow rate
Solution Time [min] [mL min~")
75% Mobile phase A and 25% Mobile phase B 0.5 12
25-55% Mobile phase B in a linear gradient 8 12
45% Mobile phase A and 55% Mobile phase B 0.5 12
75% Mobile phase A and 25% Mobile phase B 1 12

Determine the HRP concentration using RP-HPLC with a Poly-
phenyl BioResolve-RP-mAb 2.7 pm 3.0 x 100 mm column. Run
the method for 10 min at a flow rate of 1.2 mL min~" as described
in Table 4. Column oven temperature should be set to 75 °C and
the wavelengths 214, 280, and 404 nm are monitored. To evaluate
the process, measure the HRP concentration in IBs, solubilization,
after refolding and in the load as well as the pools from HIC
chromatography. For the determination of the HRP concentration
in IBs, dissolve the IB pellet in ultrapure water at 100 g L~ and
remove 3 x 100 pL, centrifuge and discard the supernatant. Then
solubilize these pellets in 1 mL sample preparation buffer (62 mM
Tris, 7.5 M GdnHCI, 125 mM DTT), resuspend thoroughly and
incubate for 30 min at RT with slight agitation, then centrifuge at
20,379 g; 15 min, 4 °C, and filter the supernatant using a 0.2 pm
syringe filter. For the sample preparation of the solubilizate, use
100 pL solubilizate and 900 pL sample preparation buffer, mix and
then centrifuge at 20,379 g; 15 min, 4 °C, and filter the superna-
tant using a 0.2 pm syringe filter. All other samples should just be
filtered prior to HPLC analysis.

Determine the purity of the HRP samples using SE-HPLC with a
BEH 200A SEC 1.7 pm 4.6 % 300 mm, 3.5 pm column. Run the
method for 18 min at a flow rate of 0.3 mL min~" using 100%
20 mM phosphate buffer pH 6.8 as mobile phase. Column oven
temperature should be set to 30 °C and the wavelengths 214, 280,
and 404 nm are monitored.

4 Notes

1. To bring the components in solution faster, heat the water to
37 °C prior to mixing,.

2. Add urea first and dissolve it in preheated water (37 °C), then
add all other components.
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3.

4.

10.

11.

12.

13.

14.

Hemin is not soluble in water at neutral pH, 100 mM KOH has
to be added to bring it in solution.
If the EtOH is denatured, the solution has to be filtered after

dilution, as the denaturing agent precipitates at lower concen-
trations of EtOH.

. Add TFA only after sonication, as volatile and highly toxic

hydrogen fluoride is formed when TFA is heated or sonicated.

. Due to the very high molarity of GdnHCI, the water has to be

heated to 37 °C on a hot plate during mixing to dissolve the
GdnHCI, be careful not to add too much water, as the 358 g
already take up a considerable amount of volume in the beaker
at a final volume of 50 mL. In addition, it is advisable to use
high purity grade GdnHCI (>99%) for this solution.

. It is essential that no chunks of biomass remain and the sus-

pension is homogeneous, as remaining particles can lead to
severe damage of the homogenizer.

. Thorough resuspension is recommended to increase the

removal of impurities.

. A short centrifugation step of 5 min is sufficient to pellet the

IBs, while many impurities on the other hand are still in solu-
tion and can then be separated easily during washing.

The last wash should be performed with water to remove all
excess urea, because this chemical impedes resuspension of the
pellet after freezing at —20 °C.

Again, thorough resuspension is key, at least 30-60 s are
recommended.

Depending on the IB quality, the solubilizate might be very
viscous, turbid, and hard to separate from the pellet, if this is
the case, the centrifugation time can be increased to 45 min.
Avoid stirring up the highly viscous and turbid part of the
solubilizate, it is easiest to remove the supernatant with a
serological pipette.

The dilution factor solubilizate to refolding is 1:40, 35 mL
solubilizate will result in 30-35 mL supernatant after centrifu-
gation depending on IB quality.

The IB quality is not completely constant during different
fermentation runs, certain batch to batch variations have to
be expected, therefore the redox system should be robust to
cover these variations so that no adjustments of DTT or GSSG
concentration have to be made. At pH 10, the redox system
covers a wide range of DTT:GSSG concentrations, which
ensures a consistent refolding yield.
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The slow and continuous addition of the hydrophobic hemin
solution ensures that protein and hemin aggregation are
diminished, which provides more suitable conditions for
refolding of HRP to its native structure.

Binding of HRP to the column is more efficient at pH 8.5 than
at pH 10.

The column can also be smaller, a column volume of around
20-30 mL is sufficient for this batch size, depending on the
amount of HRP per g IB.

During the chromatography, HRP can easily be identified at
404 nm using the VIS detector signal due to the fact that the
cofactor hemin acts as a chromophore (absorption in the Soret
band region).

A pH value of 5 was chosen for the assay as the enzyme activity
is higher than at neutral pH and ABTS is less soluble and stable
at pH values >7.

It is very important to mix each well thoroughly after addition
of hydrogen peroxide by pipetting up and down 2-3 times
using a multichannel pipette.
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ARTICLEINFO ABSTRACT

Keywords: Protein L (PpL) ia a universal binding ligand that can be uzed for the detection and purification of antibodies and
Protein L antibody fragments. Due to the unique & ion with i lobulin light chains, it differs from other affinity
E. coll liganda, like protein A or 0. However, due to its current higher market price, PpL is otill scarce in applications. In
Recombinant production this study, mmtﬂhmﬁmmmdmmdpmﬁ:md?phmd:hmudhmdmm
Bioreactor L 4 e 1

Affinity ligand detail. We present 3 comps ap for the p of the protein Ppl in E coli.

1. Introduction

Zheng et al. 2012). Different commercial versions (4 or 5B domains) are
available, as the fifth binding domain has only minor effectz on the

The afftnity protein protein L (PpL) origi from Finegoldia magna
(formerly Peptostreptococcus magnus) and was identified by Myhre and
Erntell as a membrane protein (Bicrck, 1988; Nilson et al, 1992;
Rosenthal et al, 2012). PpL has up to 5B (binding} domains, which
selectively bind to kappa light chains of immunoglobulins (Igs) and,
unlike protein A and G, do not interfere with the Fc region during
binding (Kittler et al., 2021; Rodrigo et al., 2015; Zheng et al, 2012). In
biotechnology, PpL is of high interest due to its ability not only to bind
whole Igs, but also antibody fragments containing light cbams, such as
single chain variable fragments (scFvs) and fra bindi

binding affinity of the protein (Kittler et al., 2021). It was shown that
PpL binds to kappa subtypes 1, 3 and 4, and is therefore applicable for
more lg classes compared to protein A and G (Nilzon et al  1992;
Rodrigo et al, 2015). However, all three proteins are currently used in
downstream processing (DSP) and bicanalytics due to their binding
abilities. Ig binding pmlmm enable the purification of high va.l.u:

products (i.e. antibodi ibody fr: ) in the phar
mdusuy,whmmmofmemuummh,GmLammty
I as a first ch aphy cap step. Other applications
p site-specific immobilization of Igs to maintain high funec-

(Fabs) (Kittler et al., 2021; Nilson et al.,, 1993; Rodrigo et al, 2015;
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immunoprecipitation (Bohinski, 2000; Shen et al, 2017). Furthermore, Table 1
they are used a: binding ligand for surface pl (SPR) and Deliza medium used for all cultivation phases. 0.02 g/L kanamycin were added
biolayer interferometry (BLI) to determine binding kinetics of Igs and  for all phases.
antibody fragments (Douzi, 2017; Kittler et al., 2021; Suitana and Lee, Pre- Batch  Feed
2015). culture
H , the of appli of Ppl lag behind those of r— Concentration (/L] Sterilization
prmnkandG even though the use of Ppl is the only viable i
for binding antibody fragments missing the Fc region. To our knowl- a(l;:):{l:m :3'3 : e
edge, there is no literature describing the production of PpL available to Citric acid 1.7 =
date (p mode and purification, etc.), even though re- MgS040.7 H;O (stock 500 x) 12 10.00 autoclave
Souinent F6 vemrow ol b¥ prastited. Piiomn. Sesomemnhy,  UIGEEEENRY 00065 suncev
price is approximately twice as high as for protein G and even three Zn(CHZCO0); H;O (stock 200 0.013 0.008 Siter stecile
times higher than that of protein A (Fittler et al., 2021). We hypothesize x)
matm:uuudbymemmtmbudappmmmnbodym TE" (stock 200 x) 5 ml/L 727 ml/  filter sterile
£ s el 2 e Thiamine HCl (stock 1000x)  0.0045 g filter sterile
need of PpL. Glyeerol * 8 20 40 b it
Thegnalofthusmdywastomumbwzuﬂypmdm&BdumnHm—
tagged Ppl in Escherichia coli and test its functionality in comp * TE stock: CoCl20.6 H30 (2.5 mg/L); MaCl:0.4 H20 (15 mg/L); CuCl0.2 H:0

with a commercially available PpL with 4B domains (purchased from
Sigma-Aldrich). In the upstream process (USP), product localization
(inclusion body (IB) vs. soluble) and protein quantity were investigated
by altering specific substrate uptake rate (q,) and temperature. The
downstream processing aimed to obtain a high purity (>80%) without

(1.2 mg/L); HsBOs (3 mg/L); NazMo040.2 H0 (2.5 mg/L)

1400 rpm. The pH was i d with an Easyfi ! de (Hamil-
ton, Reno, NV, USA) and kept constant at 6.7 via addition of NH4OH
(lzﬁﬁ)mdummdaxygmwnmmdmmsavmﬂuu-

d oxygen el de (Hamilton, Reno, NV, USA) and

using an exp affinity col In this respect, the h ofa
Hiss-tag pr several ad It enables simple DSP, composed
of Immobilized Metal Affinity Chromatography (IMAC), resulting in an
efficient capture step for proteins produced in soluble form (Bornhorst
and Falke, 2000; Ley et al, 2011). F , the tag bles the
lmmobtlmauou in a gpecific orientation which benenu subsequent ap-

such as el hemical assays, SPR and lateral flow assays
(Andreescu et al., 2001; Kroger et al, 1999; Leyetal, 2011).In d:e!aat

kept above 30% by supplying a mixture of pressurized air and pure
oxygen if necessary. Off-gas was monitored using a DASGIP-GA gas
analyzer (Eppendorf, Hamburg, Germany). The temperature was
controlled with a heat jacket and cooling finger and kept at 37 °C for the
batch and at 35 °C during the non-induced fed-batch phase. For process
control and monitoring the DAS-GIP-control system (DASware-control)
was used. The batch phase (volume = 1 L) was started by inoculating the
with 108 (v/v) of the pre-culture. Once all glycerol was

step the purified Ppl was ct ized to investigate any p
negative impact of the Hiss-tag on the binding characteristics of the
protein.

2. Material and Methods
2.1. Strain

The cultivations were performed using an E coli BL21(DE3) strain
transformed with a pET-24a(+) plasmid carrying the codon-optimized
gene for the 5B d in PpL (GenBank ion no. AAA67503) with
a C-terminal Hiss-tag (restriction sites: Nhel/Xhol). The encoded PpL has
a theoretical size of 41.98 kDa and a theoretical pl of 4.82 (supple-
mentary information: 1. Sequencing Result). The sequence for the 5B
domains originates from F. magna and was adapted from ProSpec
(PROTEIN-L, 2019).

2.2, Media

The bioreactor cultivations were carried out using a defined medium
described by Deliza etal. (Delisa et al., 1999), supplemented with 0.02
g/L kanamycin to prevent plasmid loss (Table 1). Glycerol was used as
sole carbon source since recent results showed that this can result in
higher product titers due to a higher amount of accessible energy (Kopp
eral., 2017).

2.3. Bioreactor Cultivations

For pre-culture, 500 mL of DeLisa medium (Table 1) in a 2500 mL
high vield shake flask were inoculated with 1.5 mL frozen bacterial
stock. The pre-culture was grown at 37 °C and 230 rpm in an Infors HR
Multitron incubator (Infors, Bottmingen, Switzerland) for 16 h. The
cultivations were carried out in a DASGIP parallel reactor system
(Eppendorf, Hamburg, Germany) with four vessels having 2 L working
volume each. The culture broth was aerated with 2 L/min and stirred at

depleted, as indicated by a drop of the CO2 signal and vice versa arise in
the dO, signal, substrate was fed to reach a cell dry weight concentration
of approx. 25 g/L. After the fed-batch, expression of PpL was induced by
addition of Isopropyl f-D-1-thiogalactopy ide (IPTG) to a final
concentration of 0.5 mM (induced fed-batch). During the induction
phase, the specific substrate uptake rate (g,) and temperature were
altered using a design of experiment (DoE) approach. These procem
parameters have been shown to be crucial f: for p in q v
and localization (IB vs. soluble) (Kopp et al., 2017; Slouka et al., 2018).
During the induced fed-batch, samples were drawn every two hours to
monitor product formation. The factor qs was adjusted at the start of
induction and was altered in the range of 0.1 g/g/h to 0.5 g/g/h. The
temperature was investigated in a range of 27-35 °C, while the center-
point conditions (CP) (g, = 0.3 g/g/h; T = 31 °C) were performed three
times to i i producibility. We decided to perform a central
composite cl.rc\nmr.nbed design to adequately describe potential
quadratic interactions. In a first step the product localization and
feasibility of a tunable production of IB or soluble PpL was i igated.
For the design of DoE the volumetric product concentration in g/L was
ch as P The MODDE 10 (Sartorius.
Gottingen, Germany)wuuaedfurmodeldmgnmdmdndopaul—
tilinear regression model deseribing volumetric titer of PpL as a function
of gs and temperature over the induction time.

2.4. Bioreactor Cultivation Analytics

2.4.1. Biomass

Biomass was quantified via optical denzity by measuring ODsoo using
a UV/VIS photometer (Genisys 20, Thermo Scientific, Waltham, MA,
USA) to itor biomass growth during the p Additionally, dry
cell weight (DCW) was d ined gravi il by centrifuging 1 mL
of culture broth (9000 rcf, 10 min), subsequently washing the pellet with
0.9% (w/v) NaCl and centrifuging again. Afterwards the pelletz were
dried at 105°C for 72 h.
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2.4.2 Metabolite Analysis

The concentration of glycerol in the supernatant was analyzed via
high performance liquid chromatography (HPLC) (UltiMate 3000;
Thermo Fisher, Waltham, MA) using a Supelcogel C-610 H column
(Supelco, Bellefonte, PA, USA) (Kopp et al, 2017). For this method 0.1%
H3PO,4 with a constant flow rate of 0.5 mL/min was used as eluent. The
sugars were detected and quantified using respective standards, by a
refractive index detector (Shodex RI-101, Ecom, Prague, Czech Repub-
lic) (Kopp et al., 2017). The q, was calculated according to Eq. 1, taking
accumulated glycerol into account.

8] _ Vipetas [L] ¢ gt [f] = Vowwsorn [L] + eucen [£]
A [ﬁ] - At [A] » Xy, [g] (1)

q.[i] ... specific substrate uptake rate.

VingeatadL] ... feed volume in timespan At.

Cjmt [§] ... glycerol concentration in the feed (400 g/L).

Vesacwen|l] .- lume at time point i.

Caceyy [ﬂ ... concentration of glycerol in the supernatant at time point

Atfh] ... timespan (g - t.4) for the calculation of g,
Xar [g] - average bi in the in the ti At.

2.4.3. Product Analysis

For di ining the PpL ration, 10 mL of the cultivation
broth were centrifuged at 9000 rcf for 10 min at 4 °C. The supernatant
was discarded and the produ ples were stored at — 20°C until
further use. The cell pellet was suspended in 40 mL lysis buffer (100 mM
Tris, 10 mM EDTA, pH = 7.4) and homogenized using a high-pressure
homogenizer at 1200 bar for 7 passages (PandaPLUS, Gea AG, Ger-
many). Sub: ly, the cell was centrifuged at 20,380 rcf
for 20 min at 4 °C, and supernatant and IB pellet were further analyzed
as described in the sections below.a) SDS-PAGEFor SDS-PAGE, Mini-
PROTEAN® TGX Stain-Free™ (BioRad, Hercules, CA, USA) gels were
used. The IB pellet were dissolved in 1x Laemmli buffer containing
100 plL A-mercaptoethanol (reducing conditions) (Laesmmli, 1970). The
soluble fraction was mixed in a 1-2 ratio with 2x Laemmli buffer. All
samples were incubated at 95°C for 10 min and subaequem.ty spun
down. Five pL of a p i lecular weight dard (p plus
mmmmm:m:,mmd)mlomammum
loaded in the respective wells. The gel was run at 180 V for 30 min.
Staining was performed using Coomassie brilliant blue and gels were
analyzed using a Gel Doc (Universal Hood II, BioRad, Hercules, CA,
USA) and the ImageLab software (Version 6.0.1, BioRad, Hercules, CA,
USA).b) HPLCReversed Phase-HPLC:The product concentration was
determined using a BioResolve reversed phase (RP) Polyphenyl column
(dimensions 100 x 3 mm, particle size 2.7 ym) (Waters Corporation,
MA, USA) equipped with a pre (3.9 x 5mm, 2.7 pm (Kopp
et al, 2020). Eluent A was ultrapure water (MQ) and eluent B was
acetonitrile, both supplemented with 0.1% (v/v) trifluoroacetic acid. A
sample volume of 2 pl. was injected. The flow was kept constant at
0.4 mL/min and the measurement performed at 70°C. A detailed
description of the used method is given by Kopp et al. (Kopp et al
2020). The soluble fractions were filtered with a 0.2 um syringe filter
(CHROMAFIL® Xtra PVDF-20/25, Pall, New York, USA), while the IB
pellets were first solubilized with 7.5 M guanidine hydrochloride,
62 mM Tris and 100 mM DTT at pH = 8 and filtered afterwards. To
determine the protein concentration, BSA (bovine serum albumin)
standards with concentrations between 0.1 and 2 g/L were measured.
Size ion Ch phy-HPLC:PpL and purity
during the DSP was measured using a size exclusion chromatography
(SEC)-HPLC method. A BEH 200 A SEC 1.7 ym 4.6 x 300 mm, 3.5 ym
(Waters Cory MA, USA) col was run isocratically with SEC
buffer (80 mM phosphate, 250 mM KCI, pH = 6.8) (Kittler ez al, 2020).
The method run time was 18 min with a flow rate of 0.5 mL/min and an

1o
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injection volume of 2 pl was used. Column temperature was kept con-
stant at 25°C and absorbance was recorded at 280 nm and 214 nm. For
quantification purposes, BSA p dards were d b

0.125 and 2 g/L and PpL concentrations calculated based on the cali-
bration curve.

2.5. Downstream Processing

The biomass of each cultivation was harvested 12 h after induction,
centrifuged at 17,000 ref, 4°C, 30 min and the biomass pellet stored at
— 20°C until further use. For the described DSP p L, bi
produced at g; = 0.3 g/g/h and T= 31°C was used. For preparative
chromatography, an AKTA pure™ system (Cytiva Life Sciences, MA,
USA) was used, monitoring ivity and UV absorb at three
wavelengths (280 nm, 260 nm, 214 nm).

The DSP comprised the following steps:

# Cell lyzis via high pressure homogenization
» Capture via IMAC chromatography
« Purification via anion exchange chromatography (AEC)

2.5.1. High Pressure Homogenisation

In order to rel i llularly produced soluble PpL, cell lysis was
performed via high pressure homogenization using a PandaPLUS (Gea
AG, Germany). Frozen biomass was resuspended in Buffer A (50 mM
phosphate, pH = 7.4) containing p inhibitor (cOmplete™ Mini,
EDTA-free, Roche, Smmerhnd)maﬂnﬂmaenmuonnﬂ:igDCWJL
buffer A. H g ‘was perfc d at 1200 bar for 7 passages and
the homogenized sample was kept at 4 °C afterwards. In order to sepa-
rate cell debris from the soluble fraction containing PpL, the sample was
centrifuged at 20,380 ref for 20 min at 4 °C. The supernatant was used in
the following chromatography step and the pellet discarded.

2.5.2. Capture Chromatography: IMAC
Macapmumpforme}hs,-medppl.,aSmLHﬂ'anIMACFF
(Cytiva Life Sciences, MA, USA) with a fl of 0.2 col
(CV)/min was used. The column was equilibrated with buffer A (50 mM
phosphate, pH = 7.4) until all signals were stable. The supernatant
(35 mL) after homogenization was loaded onto the column, followed by
a wash step with 4 CVs of buffer A. Elution was performed using a step
gradient with 40% buffer B (50 mM phosphate, 500 mM imidazole, pH
=7.4). During elution, fractions of 1 mL were collected, pooled based on
the UV 280 nm signal and analyzed for their respective concentration
and purity using SEC-HPLC.

2.5.3. Purification Chromatography: AEC

As purification step, a 1 mL Hitrap™ Capto Q (Cytiva Life Sciences,
MA, USA) column with a flowrate of 1 CV/min was used. The column
was equilibrated with buffer A (50 mM phosphate, pH = 7.4). The
pooled fractions containing PpL obtained from the capture chromatog-
raphy step (IMAC) were used as load (6 mL load volume) (Cytiva,
2021a, 2021b). After loading was completed, the column was washed
with 5 CVs buffer A. PpL was eluted using a step gradient with 25%
buffer C (50 mM phosphate, 1 M NaCl, pH = 7.4). As for IMAC, fractions
of 1 mL were collected, pooled based on the UV 280 nm signal and

lyzed for their ive concentration and purity using SEC-HPLC.

2.6. Characterisation and Protein Functionality

2.6.1. Mass Spectrometry
ﬁepmarym:mmandmmufﬂnpunﬂedﬁurtagpdﬁim
firmed using d d by LC/MS (liquid chromatography/

mmspectmm!&y) Additionally, the total mass of the produced PpL

and the commercial PpL (for comparison) was measured using intact
protein mass spectrometry. A detailed description of the performed
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measurements can be found in the supplementary information (sup-
plementary information: 6. Mass spectrometry).

2.6.2 Infrared Spectroscopy

Both Ppl variants were maammd using lam-ba!d mid-infrared
spectroscopy to obtain str ] infi ion. A d d description of
the applied external cavity-quantum cascade laser (EC-QCL) setup has
previously been reported (Akhgar et al, 2020). Briefly, the laser
(Hedgehog, Daylight Solutions Inc., San Diego USA) was operated in a
tuning range between 1470 em~! and 1730 cm™! with a scan speed of
3600 cm ™" and pulse rate and width of 1 MHz and 200 ns, respectively.
The IR light was attenvated by optical filters, divided into two beams
and directed into a two-path transmission flow cell with a path length of
26 ym. A i Iy 500 pL of le solution were injected into the
gignal cell, while the reference cell was filled with the pure buffer so-
lution. The intensity of both beams was d dbyath lectrically
cooled mercury cadmi lluride bal d (Vigo System S.A.,
Poland]mcompenﬂmthemmmuodu:edbyﬂw EC-QCL. A previ-
ously described pre-p Schwaighofer et al, 2018),
including similarity index evaluation, scan averaging (300 single scans
= 45 s acquisition time) and fast Fourier transform (FFT) filtering, was
applied in order to obtain the final protein 3p with a sp 1 res-
olution of 2.6 cm ™"

2.6.3. Surface Plasmon Resonance
Surface pl. ce 5p py (SPR) was performed at the
core facility at the Uni y of N. 1 R and Life Sci in
Vienna. For the measurement, a Bioacore T200 (Cytiva Life Sciences,
MA, USMwaawed.Formm‘msthebmmtyofmm
a p in A chip was used. In the first step, a 10 pg/
mL He 1 ‘was applied to bind the antibody to the protein A
chip. aulnequenﬂy to monitor the binding affinity, different PpL con-
centrations (0.617, 1.85, 5.55, 16.6, and 50 nM respectively) were
loaded for 10 min. The flow rate for all loading steps was 10 pL/min.
The general running buffer was HBS-EP buffer (Cytiva Life Sciences, MA,
USA). The obtained RPU (response) was plotted versus the time and
fitted with a one site saturation model (Eq. 1) using Sigma plot (Systat
Software GmbH) to determine the response at equl.libmnn.'l'heRPU at
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plal!s (Gtemer Bio-One, Kremsmiinster, Austria) for 16 h. Afterwards,

H D lution was r d and the wells were washed four
times with PBS containing 0.05% Tween20 (=wash buffer). Subse-
quently, to block open binding positions, the wells were incubated with
200 pL 1% BSA in PBS (=blocking solution) for 60 min at RT. Then the
wells were washed again four times with wash buffer. Subsequently, the
respective detection plex with a ation of 0.2 pg/mL was
incubated at RT for 30 min (Table 2). The solution in the wells was
discarded and wells were washed seven times with wash buffer to
remove non-specifically bound HRP.

Bound HRP-PpL conjugates were quantified immediately after the
last washing step using a 8§2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) assay. 180 pL of 8 mM ABTS in 50 mM phosphate-
citrate buffer, pH = 5, were pipetted in each well and the reaction was
started by adding 20 pl. 10 mM H202. The change of absorbance at
420 nm was monitored for 45 min using a Tecan plate reader (Spark®,
Tecan, Minnedorf, Switzerland) at 30 “C. For each well, the volumetric
activity was calculated according to Eq. 3.

[H] - V.....[u.l] + AA/min + dilution
ML) Vu[ul] * dlem] « e[mM~" o em!]

Viotad [1L] ... total volume in well.
AA/min ... change in absorption (AAbs 420 nm/min).

Dilution ... dilution of the sample.

Viample [HL] ... volume of sample.

d [em] ... length of the beam path through the cuvette (d = 0.58 cm).
e [mM~! *em™!] ... extinction coefficient (£40 = 36 mM"! *em™").

3)

3. Results and Discussion

3.1. Production and Purification of Recombinant Protein L

The goal of this study was to develop a production p for re-

bi PpL that enables prod: of a high amount of biologically
active protein with high purity (>80%). The investigated variables in
the USP and DSP are listed in Table 3.

For the recombinant production of Hiss-tagged Ppl, the specific
substrate uptake rate and temperature (q,, T) were investigated in a DoE

equilibrium of all measurements was then plotted against the resp
concentration and fitted with a one site saturation equation to determine
the Kp value (Eq. 2) (Moscetti et al., 2017; Sparks et al., 2019).

Buu * X

Ko +x (2)

y=

¥ ... ¥ — value e.g. response of the SPR measurement B, ... maximal y-
value x ... x — value e.g. concentration of the analyte Kp ... analyte
concentration at By, /2.

2.6.4. Structure Analysis
Pinally, the 3D structure of PpL was predicted using AlphaFold
(Jumperetal , 2021; Varadi et al., 2022). For the analysis, the full amino
acid sequence including the His6-tag was used and the prediction
cnmputzdumagﬂmﬂvudmrmﬂnnﬂuﬂahnmﬂmmfm
1 Gai and Eng ing (C35E), Swed

P

2.6.5. ELISA

TowaiuatedmfumumhtyufﬂnpmuedppL the purified protein
was d to dish peroxidase (HRP) and
ELISA was performed. A detailed description of the protocol for conju-
gation, which was adapted from Nygren et al. and Molin et al. is given in
the zupplementary information (supplementary information: 2. ELISA
Conjugation) (Molin So Fau - Nygren et al,, 1978a, 1978b; Nygren et al.,
1981).

For the ELISA, 100 pL Herceptin (200 ug/mL) in phosphate buffered
saline (PBS, pH = 7.4) was incubated at 4 °C in high binding ELISA

pp h. In previous studies it was shown that these process variables
fl localization (IB or soluble) and quantity of produced recom-
binant protein (Kopp et al, 2017; Slouka et al., 2018). For all tested
fermentation conditions, an excess of soluble PpL compared to IBs (9 g/L
to <0.5 g/L) was observed (supplementary information: Fig. 51). Since
Ppl originates from a bacterial host, we believe that expression has a
low burden on E. coli due to low protein plexity (no disulfide bridg
or other post-translational modifications) and therefore only low
amounts of IB were produced (Bhatwa et al, 2021). As depicted in
Fig. 1a, high specific substrate uptake rates (>0.5 g/g/h) led to an in-
crease of the volumetric product titer in the beginning of the induction
phase. However, after four to six hours, glycerol started to accumulate
(data not shown) as the bi growth stopped (DCW d d) and
the volumetric productivity declined. The observed drop in the specific
growth rate correlated with the mentioned accumulation of glycerol,
caused by a high metabolic stress using a q, higher than 0.5 g/g/h.
Lower temperatures (25.3 °C and 27 °C) did not increase the amount of

Table 2
Tested bination of lez and conj lex. HRP:
horoeradish peroxidsse; Ppl: protein l., BSA: bovine serum
albumin.

Herceptin HRP

Herceptin Ppl

Herceptin Ppl-HRP

BSA PpL-HRP
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Table 3 product formation.
Overview of investgated factors in the duction process of b The regression model for the volumetric titer showed that longer
protein L. USP: ing; DSP: & ing; qs specific mdumonnmehadapnnmamﬂumunnpmdumtyﬁ:g 1b).
uhwuumhm%mhhwdnmﬂaﬁaay graph F led to an increase of the volu-
Unit operation Factors Range mam:ﬁm,whﬂeﬂuquadmmsnf:ﬂmdpamhad:
= e o1 B 05 " negative impact on p (zup itary infor
Temperature 27-35°C Fig. sv).mmmvmmmutmbuynwammna
DSP - IMAC HaCl O mM or 500 mM gy = 0.3 g/g/h, a temperature of 31 °C and an induction time of 12 h,

PpL, independent of the adjusted q,. The CP conditions (g, = 0.3 g/g/h,
temperature 31°C) resulted in an almost linear increase of the volu-
metric titer, while higher temperatures did not lead to an increase of

leading to a specific product titer of 0.17 g/g with a final biomass con-
centration of 55 g DCW/L (process data: supplementary information:
Figs. 53 and 54).

After cell lysis, the Hiss-tagged PpL was purified to achieve purities

10
a) —8—T=35"Ciq,=05g/gh
& * A T=27"Cq,=05g/gh
A * v T=35Cq,=0.1glgh
54 * 4 T=31°Ciq,=0.3g/gh
A » T=31°Cq,=058gigh
74 J
| B
g & A & A
2 -
- s
. / P » ]
(-5 8 .' » ¢
7 L]
34 > v >
f v
2 4 * »
A v
1 -
v
o LJ Ll Ll T T T T T T T T L L) Ll
0 1 2 3 4 5 6 T 8 9 10 11 12 13 14 15
b) induction time hl
induction time =2 h induction time =6 h

2 ] 8

8

temperature [*C]

21
015 02 025 03 035 04 045

g [g/g/h]
Tig: 1. = Time remctvedt trensd of yalaneiiis: Gier g/t of peckamed culis

015 02 025 03 035 04 045

induction time =12 h

015 02 025 03 035 04 045

q, [9/g/h] q; [9/g/h]

ding to the design of experiment (DoE). b: Contour plot of the volumetric titer

[g/Ll). 'I'hemmnhmnddmmunlmmﬁ:nhmupnhm(q,)=o.sygﬂlmm&m&l'clﬁnlihmmlﬂdb:

product concentration of about 9 g/L.

12
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similar to the commercial PpL (i.e. 80%, determined by SEC). A standard
protocol for IMAG, including 20 mM imidazole in the sample and the
binding buffer, led to pectedly low ies (<30%, data not
shown). lnunlermm:pmebmdmgczpan:yandmcovu)‘ n.mpleand
binding buffers were prepared without imidazole. This adap

Journal of Biotechnology 359 (2022) 108-115

For testing functionality and binding ity, SPR
were performed to determine the Ky value of both PpL variants. How-
emPpLhzsavery!ugh:ﬂmtym[glandmbodyfnmm indi-
catedbyaml]l{pandaahw reacti e, the
ion could not be determined with the uﬂdexpmmgnhiut up,

resulted in improved recovery (569%) and purity (67%). Still, a second
chromatography step was required to reach the targeted purity of
> 80%. Due to the pl of 4.82, an anion exchange chromatography (AEC)
step was chosen. However, the used salt (500 mM NaCl) in the IMAC
buffers requires a buffer exchange to ensure sufficient binding in the

beeq; AEC step. Therefore, we inv d whether NaCl can be
omitred in the IMAC step without negative effects on recovery and pu-
rity. Summarized in Table 4, the final process using IMAC buffers
without salt showed increased recovery and purity, resulting in a final

since no steady state was achieved (data not shown). As an alternative
approach, the maximum signals for steady state conditions were calcu-
lated based on a one site saturation model. In Fig. 2b the maximum fitted
response (RPU) for each tested iz plotted agai the
respective concentration (Moscetzi et al., 2017; Sparks et al., 2019). The
obtained values were fitted again using a one site saturation model to
determine the Ky, values (Fig. 2b).

The determined Kp value for the recombinant 5B Hise-tagged PpL
variant (Kp = 2.93 x10~'% M) was lower than for the commercial 4B

PpL purity of 92% and a final yield of 5 g PpL / L fer ion broth
(57%) after the second AEC step. As an additional advantage, the eluate
of the capture step (IMAC) could directly be used to load the column in
the second purification step, circumventing additional unit operations
such as e.g. pH- or buffer ‘h (Cytiva, 2021a, 2021b).
The presented process might be a viable alternative to industrial pro-
duction processes in which far more expensive Ig containing resins are

d i Ppl.(Rn=I.SExIO"M).ThincmﬁkAbeemibundmdm
additional B domain in the construct, which slightly increases the af-
ﬂmty GJ'[em etal, 1992; Kittler et al., 2021).

After il ',ofthe ‘ynrucmzewasv:lidatedfmbom
variants and the functionality was demonstrated, the tertiary structure
of the 5B Hisg-tagged PpL variant was modeled using AlphaFold (Jum-
per et al, 2021; Varadi et al, 2022). Since no amino acid sequence was

used for the capture step (Cytiva). Furthermore, the purified 5B di
Hiss-tagged PpL had a higher purity (92%) pared to the ial
protein (80%). However, it is important to mention that DNA and
endotoxin concentrations were not analyzed.

3.2. Protein Structure and Functionality Analysis

First, the primary structure of both Ppl variants (TU Wien: 5B
domain Hise-tagged PpL and Sigma-Aldrich: 4B domain Ppl) was
confirmed using ic digestion foll d by LC/MS. However, due
to the existence of repetitive B domains, the exact mass of the proteins
could not be determined by analyzing the fra For this purpose,
whole protein LC/MS was performed of each PpL variant. The 5B
domain Hiss-tagged Ppl, had a mass of 41816 Da (supplementary in-
formation: Fig. 55), while the commercial 4B domain PpL (one binding
domain less) had a mass of 36038 Da (supplementary information:
Fig. £56). Moreover, for both PplL variants, a distribution of different mass
fragments was observed. This size h ity has been rep: d for
different Ig-binding proteins of Gram-positive bacteria (Kastern et al |
1992).

Laser-based mid-IR spectroscopy was applied to record absorbance
spectra across the amide | (1600-1700cm™') and amide I
(1500-1600 cm“‘) bands, since these represent the most important

for p dary structure determination
(Barth, 2007). Compand to conventional Fourier-transform infrared
(FTIR) i ion, EC-QCLs at significantly higher spectral
power densities, thus allowing the application of larger optical path
lengths that lead to improved robustness and sensitivity (Schwaighofer
and Lendl, 2020), Fig. 2a shows a comparison of PpL from Sigma-Aldrich
(4B domains) and PpL produced here (TU Wien; 5B domains Hisg—
tagged). Positions and shapes of the IR absorbance bands show excellent
comparability between the spectra. The maxima at 1640 em™! in the

available for the PpL variant, a ison of the modeled
structures was not possible. However, the single B domains could be
predicted with high confidence and are in accordance with literature
(Kittler et al, 2021; Wikstroem et al,, 1994). The linkers between the
binding domains were found to have lower prediction scores and are
most likely flexible and without a defined structures (Fig. 3, supple-
mentary information: Fig. 57). These linkers as well as the unstructured
N—m&mmm;ofmemmn(mnmmmungm
Hisg-tag) could be ible to some p y the
amhemagenm:yomedmmm:andmelwmnry
during the capture step (IMAC) (Shen et al, 1991).

3.3. Application of Protein L in an ELISA

ForthepumounfusmgPmeanBLlSA both PpL variants were

d to bi HRP and used to detect Herceptin. First,

soleky:he HRP activity without the binding to Herceptin was measured.
The recombinant Hiss-tagged 5B domain PpL conjugate showed an ac-
tivity of 6.82 % 0.27 x 10° U/mol, which was similar to the 4B domain
conjugate PpL that showed an activity of 7.49 £ 0.91 x 10° U/mol.
However, it was expected that the 5B domain PpL would exhibit a higher
amount of conjugated HRP due to the higher number of primary amines
(e.g. lyzine), which act as conjugation partners. However, we assume
that these additional primary amines were not accessible due to their
position within the binding domains, resulting in similar amounts of
conjugated HRP. In the ELISA, the Hiss-tagged PpL with 5B domains
achieved a volumetric activity of 3.99 + 0.86 U/mL, while for the
commercial PpL (Sigma-Aldrich) with 4B domains showed an activity of
4.96 £+ 0.92 U/mL. Conjugation of PpL to HRP without loss of activity
and detection of an antibody was thus p for both iants,
showing that the tested HRP-PpL can be ly used for

ELISAs applied as in-process control e.g. in the early DSP or for refolding

amide [ region, as well as the broad amide II bands at approxi |
1550 em ™" indicate a high share of p-sheet secondary structure (Barth,
2007).

Table 4
Recovery and purity of the Hia;-tagged PpL comparing the IMAC runa with and
without 500 mM NaCL

Step Recovery [%] Purity [%]
Capture (IMAC) with NaCl &6 45
Whole DSP 44 72
Capture (IMAC) without NaCl 49 &7
Whole DSP 57 92

P

4. Conclusion

In this study we were able to successfully produce and purify re-
combinant Hisg-tagged Ppl with 5B domains in E coli with a final
product yield of 5 g product per L fi ---nbmth.mpmdnced
protein was characterized and pared to a Iy
Ppl regarding secondary structure and activity (Table 5). The initial DSP
resulted in unexpectedly low recoveries and purities, but these could be
significantly improved by optimization of the IMAC capture step and
performmgasecondAECswp The results from the performed MS

di a size b ity of PpL, which could possibly explain the

1ns3
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a)e

— — Sigma-Aldrich PplL
——TU Wien PpL

absorbance [mAU]

wavenumber [cm’]

T
1700 1650 1600 1550 1500
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1204 —a— Sgma-Aldrich PpL
—e— TU Wien PplL

40 T T T T T
0E«0 1E-8 2E-8 3E-8 4E8 SE-8

conc [M]

ﬁg.z.xmmdh&mLM}i Both‘tl" in and 5B dos MMMEWSWMMWWH,W lhuwhuiz.l.y
gimilar absorb spectra i bl y b: mﬂ&emwimml.m i
Mm&@mmmuﬂmdmthmwmmﬁ:mmﬁu&m&m i q m‘ ine the Kp value. 4B

domain PpL (Sigma-Aldrich PpL) Ky = 1.5 x 10~° M; 5B domain His,-tagged PpL (TU Wien PpL): K = 2.93 x 107" M.

a)

Fig. 8. a) Cartoon models colored by the prediction score, red-green-blue, ﬁmbwwhgh,m&th:Nmumduhbe}SpmﬁﬂmndﬂofHu,md

protein L, colored a0 in a), and with the N-terminus at the bottom. The of the B domains are confid predicted, while the of the linkers and
termini cannot be predicted reliably and are likely flexible in solution.
T PpL. Addit , the application in an ELISA d ing F ptin using
al -
g — g ayeia o ok a PpL-HRP conjugate was successful.
cain L dnts. smAbe: Yy g
el - Funding
TU Wien Ppl Sigma-Aldrich Ppl.
Mass [Da] 41816 36038 This research was funded by the Austrian Research Promotion
Structure of single B dh-uh:: 1 alpha un:t-:’: 1 alpha Agency (FFG) (874206). The authors acknowledge the TU Wien Bib-
B domuk s . liothek for support through its Open Access Funding Program.
Ky [M] 299 x 10710 155 x 107° CRedIT authorship contr
Application in ELISA Detection of mAb Detection of mAb possible
gpuitle SK1 and JEB conducted most of the experiments and wrote the draft,
MBE supported in the bioprocessing tasks, JLA did the protein model,
still somewhat low overall ies. The str | analysis revealed BDA and RBG performed mass: spectrometry, SSC assisted in the ELISA

unstructured protein parts that could be susceptible to cleavage, which
would then result in different protein sizes and loss of the purification
tag. We believe that further studies focusing on the structure of PpL will
help to understand the observed results. Neverthel the dary
structure of the produced PpL was similar to the commercial variant
with 4B domains. Furthermore, it was shown that the produced Ppl is
functional and active, wil being ively infl d by the HISe-
ugand:heomgdxuvaluewaahwetmmparedmdn45dmmm
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7.3 BioSpektrum Article: Inclusion Body Processing

Inclusion body-Prozessierung

Von der Wurzel ins Labor:
Meerrettichperoxidase produziert in E. coli

JULIAN EBNER, DIANA HUMER, OLIVER SPADIUT
IBD-GROUP; INSTITUT FOR VERFAHRENSTECHNIK, UMWELTTECHNIK
UND TECHN. BIOWISSENSCHAFTEN, TU WIEN

The enzyme Horseradish Peroxidase (HRP) Is omnipresent In modern
blotechnology. Although promising for therapeutic purposes, no sulta-
ble production process for this enzyme has been avallable untll now.
Medical applications require the enzyme to be highly pure, homoge-
nous and well-defined. We have developed an efficient production pro-
cess for recombinant HRP from Escherichia coll inclusion bodies. With
this strategy we are able to provide active, highly pure and non-glyco-
sylated enzyme at competitive ylelds.

DOk 10.1007/512268-021-1660-y
® Die Autodinnen und Autoren 2021

B Meerrettichperoxidase (horseradish per-
oxidase, HRP) ist ein in der Meerrettichwur-
zal vorkommendes Enzym aus der Klasse der
Peroxidasen. Generell spielen Peroxidasen
eine wichtige Rolle in der Planzenzelle, 2. B.
beim Zellwandmetabolismus, als Reaktion
auf oxidativen Stress oder beim Wachstum
von Wurzeln und Trieben [1]. Dennoch konn-
te die physiologische Funktion der HRP bis
heute nicht vollstindig geklirt werden. Hin-
linglich bekannt ist allerdings, dass HRP
eine groBe Bandbreite aromatischer Verbin-
dungen oxidiert. Diese Fihigkeit macht man
sich seit Jahrzehnten in Forschung und
Industrie zunutze, wo HRP vor allem als
~Reporterenzym* verwendet wind.

Bereits 1810 beschrieb Louis Antoine
Planche das Auftreten einer intensiv blauen
Firbung, sobald ein Stiick Meerrettichwurzel
mit Guajak-Tinktur benetzt wurde. Der
Grund hierfiir ist die im Wurzelgewebe vor-
handene HRP, welche die Oxidation verschie-
dener in der Tinktur enthaltener Phenolver-
bindungen zu radikalischen Produkten kata-
lysiert. Wie bereits bel der Guajak-Tinktur
beobachtet, absorbieren viele Reaktionspro-
dukte der HRP sichtbares Licht.

Dadurch ergibt sich eine einfach zugdngli-
che MessgriiBe, die direkt mit der Menge an
HRP im Reaktionsgemisch korreliert. An
Nukleinsduren, Antikérper oder andere Pro-

BlOspaktrum | 07.21 | 27.Joahrgang  §) Springer

teine konjugiert, kann HRP so fir Immuno-
assays, Mikroarrays und medizinisch-diag-
nostische Tests verwendet werden. Dies
ermdglicht die Detektion und Mengenbestim-
mung verschiedenster Molekille, Proteine
und Virenpartikel [2]. In den letzten Jahren
ist mit der spezifischen Krebsimmuntherapie
(targeted cancer treatment) eine weitere
Anwendungsméglichkeit fir HRP in den
Fokus geriickt. Diese neue Therapieform bie-
tet eine vielversprechende, nebenwirkungs-

773

arme Alternative zu herkémmlichen Strah-
len- oder Chemotherapien (3, 4].

Gerade fir diese Anwendung ist die groB-
technische Gewinnung durch Isolation aus
der Meerrettichwurzel ein Problem, da das
Enzym aufgrund seiner Zuckerketten (Gly-
kosylierung) schnell aus dem Korper ausge-
schieden wird oder gar eine Immunantwort
beim Menschen auslfst [5]. Weitere Nachtei-
le dieser Produktionsstrategie sind niedrige
Ausbeuten und eine heterogene Mischung
verschiedener Isoenzyme der HRP. Isoenzy-
me besitzen unterschiedliche biochemische
Eigenschaften und sind damit fiir medizini-
sche Anwendungen ungeeignet, da ein hoch-
reines Enzym mit einer definierten Zusam-
mensetzung bendtigt wird. Aus diesem
Grund ist die Entwicklung einer rekombinan-
ten, biotechnologischen Herstellungsmatho-
de fiir die HRP sehr erstrebenswert. Dazu
wird die genetische Information des genau
definierten Produkts gezielt in einen Wirts-
organismus eingebracht. Etablierte Wirts-
organismen sind dabei S3ugetierzellen,
Hefen oder das Bakterium Eschenchia coll.

Dennoch existiert derzeit keine rekombi-
nante Herstellungsmethode, welche kommer-
ziell mit jener aus der Pflanze konkurrieren
kann, obwohl z. B. Bakterien als Wirts-

A Abb. 1: Schematische Darsellung derwichtigsten Strukturmerkmale der Meermsttich-
peraxidase (horseradish peroxidase, HRP). In Summe enthélt eine funktionsfhige Erzymeinheit
@in Himin, zwei Calciumionen, vier Disulfidbindungen und neun poterzielle Gly kosylierungs-
stellen. Darstallung mittels UCSF Chimera [7].
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A Abb. 2: Prozessschema zur Herstellung rekombinanter HRP in Escherichia colf: Kultivierung,
Renaturierung und anschlieBende Reinigung und Korzentration. Erstellt mit BioRender. com.

organismen den Vorteil einer schnallen und
kostengiinstigen Kultivierung bieten [6]. Der
Grund hierfiir findet sich in der besonderan
Struktur der HRP, welche beispielhaft in
Abbildung 1 gezeigt ist. HRP ist ein Metallo-
enzym, welches einen organischen Eisenkom-
plex, die Him-Gruppe, im aktiven Zentrum
trigt. Zudem bendtigt das funktionsfahige
Enzym zwei Calciumionen und vier Disulfid-
bindungen fir strukturelle Stabilitit. In der
Pflanze werden zusitzlich noch an mehreren
definierten Aminosduren Zuckerketten ange-
hiingt, die Glykosylierung. Wird HRP nun, wie
oben erwihnt, in E. coli produziert, so kinnen
manche posttranslationalen Proteinmodifika-
tionen, wie z. B. die Glykosylierung, nicht
durchgefiihrt werden. Dadurch kann sich das
produziene Protein in der Bakterienzelle nicht
richtig falten und es bilden sich unldsliche
Proteinaggregate. Diess Aggregate lagern sich
in weiterer Folge zu Einschlusskirperchen
(tncluston bodies) zusammen.

Somit erscheint die Herstellung in E. coli
auf den ersten Blick als ungeeignet, Jedoch
besteht die Misglichkeit, die unlslichen Pro-
teinaggregate n vitro in ihre native Faltung
zu Gberfuhren. Dabei werden die Aggregate

in einem ersten Schritt denaturiert und

dadurch in LOsung gebracht (Solubilisie-

rung). Im Anschluss wird die chemische

Umgebung so verdnder, dass die einzelnen

Proteinketten wieder in ihre native Konfor-

mation {iberfiihrt werden (Faltung) [8]. Auf-

grund der komplaxen Struktur konnten wah-
rend der in vitro-Faltung bisher allerdings
nur niedrige Ausbeuten erreicht werden.

Unter Beriicksichtigung der besonderen

Anforderungen dieses Enzyms haben wir

kiirzlich einen gesamtheitlichen Herstel-

lungsprozess fir die HRP entwickelt (Patent

Nr. EP20165131.2) [9). Die einzelnen Pro-

zessschritte von der Fermentation bis zur

Proteinreinigung sind in Abbildung 2 gezeigt

und kdnnen in drei Abschnitte eingeteilt wer-

den:

1. Kultivierung von E. coli, Zellaufschluss
und Isolation der inclusion bodies (Pro-
duktionsprozess)

2. Solubilisierung, in vitro-Faltung und Akti-
vierung durch Zugabe von Himin (Rena-
turierungsprozess)

3. Abtrennung von Verunreinigungen und
Aufkonzentrierung der HRP (Reinigungs-
prozess)

Im ersten Schritt werden rekombinante
E. coli-Zellen in einem Bioreaktor kultiviert.
Dies ermoglicht die Produktion von HRP in
Form von indlusion bodles unter kontrollier-
ten Bedingungen. Danach erfolgt der Zellauf-
schluss, um die in der Zelle lokalisierten und
unléslichen inclusion bodies freizusetzen.
Diese werden anschlieBend mittels Zentri-
fugation von léslichen Verunreinigungen
gotrennt. Im zweiten Schritt, dom Renaturie-
rungsprozess, wird nun aus den isolierten
inclusion bodies wieder funktionsfihige und
richtig gefaltete HRP gewonnen. Dazu wird
das Protein wahrend der Solubilisierung in
eine lésliche Form dberfiihrt, wobel alle
Disulfidbindungen vollstandig gedffnet wer-
den. Dies geschieht im Allgemeinen durch
die Zugabe eines Reduktionsmittels. Im
nichsten Schritt, der in vitro-Faltung, miis-
sen die reduzierten Cysteine mithilfe eines
Oxidationsmittels wieder zu Disulfidbindun-
gon iiberfiihrt werden [10]. In diesem Fall ist
die Ausbeute der Faltungsreaktion nicht nur
vonder gewdhlten Konzentration des Oxida-
tionsmittels abhingig, sondern zeigt auch
eine [nteraktion mit der gowdhlten Konzent-
ration des Reduktionsmittels wahrend der
Solubilisation. Um das funktionsfahige
Enzym zu bilden, benditigt HRP auBerdem
eine Him-Gruppe im aktiven Zentrum. Die
Zugabe des Hamins zu Beginn der in vito-
Faltung resultiert jedoch in einer stark ver-
ringerten Ausbeute, da Fehlfaltungen der
HRP geférdert werden. Aus diesem Grund
wird Himin im von uns entwickelten Prozess
am Ende der in vitro-Faltung kontinuierlich
dber mehrere Stunden zugesetzt. Die
dadurch erreichte geringe, aber konstante
Hamin-Konzentration fSrdert den Einbau des
Himins ins aktive Zentrum und fihrt zu
einer signifikanten Steigerung der Ausbeute.
Trotz dieser Verbesserungen liegt ein Teil
des Himins am Ende des Prozesses ungebun-
den - und damit als Verunreinigung - vor.
Daher erfolgt im letzten Schritt die Reinigung
der korrekt gefalteten HRP. Hierfiir wird
zuerst (iberschilssiges Himin und nicht kor-
rekt gefaltete HRP mittels Salzfillung abge-
trennt. Die noch in Lésung befindliche aktive
HRP wird dann durch eine priparative Chro-
matographie (hydrophobe Interaktionschro-
matographie) von den verbleibenden Verun-
rainigungen getrennt und konzentriert.
Durch die integrierte Prozessentwicklung
und die Berlicksichtigung der speziellen
Anforderungen wird eine Ausbeute von 960
Milligramm reiner (> 99 %), nicht glykosy-
lierter HRP pro Liter Fermentationsbrithe

BlOspektrum | 07.21 | 27.Jshrgang &) Springer
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erreicht. Dies ist eine deutliche Erhohung zu
den bekannten Werten aus der Literatur (ca.
20 mg/L) [11]. Wie exemplarisch fiir die HRP
gezeigt wurde, gelingt es mithilfe moderner
Methoden der biotechnologischen Prozes-
santwicklung, selbst fiir kamplexe Proteine
effiziente Produktionsstrategien zu entwi-
ckeln. Dadurch werden sich auch in Zukunft
herausfordernde und spannende neue
Anwendungsgebiete fiir die rekombinante
Proteinproduktion in £. coli ergeben.
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