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INTRODUCTION

1 Introduction

Biotechnology has unknowingly been applied by mankind, e.g., for the production of
cheese, curd, or beer, long before the term was actually coined by an Hungarian engineer
in 1917 (Rao, 2008). Starting in the 19th century, the foundation was laid for modern
biotechnology by research including Mendel’s laws of inheritance, Koch’s work with
bacteria and Fleming’s discovery of antibiotics. Subsequently, continuous research
efforts led to the availability of various versatile tools for modern biotechnology, e.g., for

the alteration and cloning of genes (Figure 1.1) (Verma et al., 2011).

ancient classical modern Future research?
<18t 1800 - since --------
century 1950 1950
! Human genome project
Cloning
------ Transgenics

-------- Polymerase chain reaction
--------- Monoclonal antibody
------------ DNA structure
-------------- Genetics, vaccine & antibiotics

Domestication of plants and
--------------------------------- animals, fermentation >

Available biotechnological methods

Figure 1.1: Schematic illustration of the history of biotechnology, highlighting
important developments (modified from Verma et al., 2011).

With increasing complexity, biotechnology was divided into branches according to the

respective applications as listed in Table 1.1.

Table 1.1: Branches of modern biotechnology.

Application Color code
Industrial biotechnology white
Pharmaceutical biotechnology red
Environmental biotechnology and/or waste processing brown / grey
Agricultural biotechnology green

Food biotechnology yellow

Marine biotechnology blue




INTRODUCTION

Economically, two branches of biotechnology are of special interest: red and white
biotechnology. For red biotechnology, the classical product line of low-molecular drugs
can be augmented by protein-based drugs, with research focused on antibodies in the
last decade. These proteins originate from the immune system of vertebrates and can be
tailored to neutralize specific targets using modern biotechnology tools (Chowdhury and
Wu, 2005). For white biotechnology, two major applications are of importance. First,
biocatalyses often exhibit higher enantioselectivities than traditional chemical syntheses
and can consequently be used to increase yields and to reduce the formation of
unwanted byproducts (Miiller et al, 2005). Next, white biotechnology provides an
alternative for the sustainable production of bulk chemicals and fine chemicals. The
proposed biorefineries use renewable ressources, whereas the current petrochemical
industry heavily relies on fossil materials with limited availability, i.e., oil, gas and coal

(Kamm and Kamm, 2007).
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2 Thesis motivation and objectives

The worldwide demand for high-valued biotechnologically produced proteins has
increased over the past years and is expected to grow significantly in the future (Strohl
and Knight, 2009). In order to satisfy this increasing demand, the production processes
for proteins, especially for therapeutic proteins, have been optimized with regard to
higher protein concentrations over the past years. However, this development created a
bottleneck in the subsequent downstream processing which currently heavily relies on
costly preparative chromatography steps (Shukla and Thommes, 2010). Hence,
alternative purification technologies need to be established (Kelley, 2009; Low et al,
2007). Current research on alternative purification technologies follows diverse
approaches, e.g, aqueous two-phase extraction, magnetic adsorbent particles,
membrane-based techniques, and protein crystallization (Asenjo and Andrews, 2012;

Franzreb et al, 2006; Saxena et al., 2009).

Crystalline proteins offer advantages regarding product activity and product stability.
Therefore, protein crystallization can also overcome some drawbacks of the current
protein formulations, i.e., primarily aqueous solutions or amorphous precipitated
lyophilisates (Basu et al., 2004; Manning et al., 2010; Yang et al., 2003). A significant cost
reduction is expected compared to conventional preparative chromatography methods.
While protein crystallization is best known for its use in protein structure
determination, the technical-scale application for protein purification is limited to very
few examples. The most prominent one is the stirred batch crystallization of the
polypeptide insulin with volumes up to 500 L (Basu et al., 2004; Harrison et al., 2003;
Schlichtkrull, 1957).

For larger biomolecules, the feasibility of protein purification by large-scale protein
crystallization has been demonstrated in a limited number of research projects (Astier
and Veesler, 2008; Jacobsen et al., 1998; Judge et al., 1995; Lee et al, 2000; Matthews
and Bean, 2006; Schmidt et al, 2005; Takakura et al, 2006). Only few of these studies
were performed in well-defined, scalable stirred vessels. In addition, low yields and
rather long process times were often observed. Hence, more research is necessary in
order to establish large-scale protein crystallization as a viable alternative to common

purification techniques.
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This thesis investigates the crystallization of five different proteins from pure solutions
in scalable stirred-tank reactors. The aim was to first evaluate the transfer of the usually
used pL-scale vapor diffusion and/or microbatch crystallization conditions into parallel
operated 5 mL-scale stirred-tank reactors. Afterwards, the crystallization processes
should be characterized and improved regarding the crystallization yield and the
crystallization kinetics using the 5 mL-scale reactors. The effects of new crystallization
additives on protein crystallization from pure solutions should be investigated.
Subsequently, the optimized crystallization conditions should be scaled up to 100 mL-

and 1 L-scale stirred-tanks.
The individual tasks of this thesis were to:

e Design scaled-down 5 mL- and 100 mL-scale versions of a commercially available
1 L-scale stirred-tank reactor for the characterization of protein crystallization
processes;

e Screen for and/or validate crystallization conditions for five structurally different
proteins (lysozyme, lipase, xylanase, glucose isomerase, and a Fab fragment) in
uL-scale vapor diffusion and/or microbatch crystallization experiments;

e Use screening to derive phase diagrams for the crystallization of the proteins
under study;

¢ Transfer suitable crystallization conditions for each protein into the 5 mL-scale
stirred-tank reactors to characterize and improve the crystallization yield and the
crystallization kinetics on the 5 mL-scale;

e Evaluate new crystallization additives, e.g., ionic liquids, to study their effect on
the crystallization yield and the crystallization kinetics;

¢ Transfer the improved crystallization processes into the 1 L-scale stirred-tank
reactor; and

¢ (Characterize and remove impurities from protein crystals.
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3 Theoretical background

3.1 Proteins

3.1.1 Fundamentals

Proteins are a class of biological macromolecules. They are polypeptides built from 20
different amino acids, with the largest protein known so far, titin, consisting of over
30 000 residues (Bang et al, 2001). While most proteins are way smaller with an
average length of 361 residues for eukaryotes and 267 residues for bacteria (Brocchieri
and Karlin, 2005), they still offer a vast structural and functional diversity. The
availability of modern molecular tools for the cloning and the engineering of proteins
has further increased this diversity. Proteins from organisms, that are difficult to
cultivate or produce undesirable by-products, can be cloned into and expressed in
common host organisms like Escherichia coli or Chinese hamster ovary (CHO) cells. The
nucleotide sequence encoding the amino acid sequence of a protein can be altered in
order to obtain new variants of a protein, e.g., featuring a higher activity, a higher

stability or improved binding characteristics.

Today, proteins are becoming increasingly important for the industry. White
biotechnology focuses on the use of enzymes as catalysts for biochemical reactions,
whereas red biotechnology hopes to find promising therapeutic proteins for diseases
that cannot be cured so far. Common applications in white biotechnology rely on whole-
cell biocatalysis or rudimentarily purified protein solutions. In contrast, therapeutic
proteins have to be free of contaminants for their application on a patient. Furthermore,
therapeutic proteins need to be stored without significant loss of activity. Current and
future techniques for the purification, formulation, and storage of proteins are detailed

in the following chapters.
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3.1.2 Purification techniques

Usually, biotechnologically produced proteins need to be separated from cell debris and
components of the cells including nucleic acids, lipids, carbohydrates, and other proteins
present in the culture broth. This often requires a cascade of different purification steps
ranging from simple filtration techniques to costly, highly-selective chromatographic
methods. An overview of the methods used in the different stages of downstream

processing is given in Figure 3.1.

ATPS Ultra/Diafiltration Drying

EBA Precipitation Granulation

HGMF Crystallization Tabletting
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Figure 3.1: Overview of the techniques usually employed in the different stages

of downstream processing (modified from Hubbuch and Kula, 2007). ATPS:

aqueous two-phase separation; EBA: expanded bed adsorption; HGMF: high-

gradient magnetic fishing.
While some proteins for the white biotechnology are only rudimentarily purified, high
purities are imperative for therapeutic proteins, e.g.,, monoclonal antibodies (Low et al,,
2007; Shukla and Thommes, 2010; Shukla et al.,, 2007). Thus, the costs for downstream
processing can take up to 90 % of the total production costs (Farid, 2007; Kasche and De
Boer, 2000). The number of reviews outlining recent trends in the downstream
processing of proteins, especially of therapeutic proteins like monoclonal antibodies,
reflects the importance of this field of research (Gagnon, 2012; Hubbuch and Kula, 2007;
Kelley, 2007; Przybycien et al, 2004; Shukla and Thémmes, 2010; Shukla et al.,, 2007;

Weuster-Botz et al, 2007). The following paragraphs give an overview over the current

large-scale purification techniques as well as some promising future concepts.
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Chromatography

Chromatography operations are commonly used for the initial purification and the
subsequent polishing of proteins. This type of purification is based on the (preferably
selective) binding of a portion of the proteins to the chromatography medium, while the
remainder flows through the column. Subsequently, the proteins bound to the matrix
can be eluted from the column by changing the mobile phase. A variety of
chromatography media allow for different modes of purification to be employed using
the same hardware. Common chromatography modes include gel filtration, ion
exchange, hydrophobic interaction, and reverse phase chromatography (Gagnon, 2012).
In gel filtration, the proteins do not bind to the column, but are separated by their
molecular volume. Ion exchange chromatography separates the molecules by their
charge. Depending on the functional groups of the chromatography medium, cations or
anions bind to the column. Additionally, the charge of the proteins can be influenced by
the pH of the mobile phase. The mode of separation in hydrophobic interaction
chromatography is based upon the hydrophobic effect, which drives the adsorption of
hydrophobic areas of the protein to the hydrophobic solid phase. More specialized
chromatography media are derivatized with functional ligands allowing for highly-
selective affinity chromatography, e.g., protein A chromatography for the purification of

monoclonal antibodies.

All chromatography processes are usually limited by mass-transport, as the proteins
need to diffuse into the pores of the chromatography medium in order to bind. The time
needed for a complete cycle including the loading of the crude material, the elution of
the target protein and the subsequent cleaning and equilibration of the column is rather
long. This limits the throughput of chromatography processes and multiple
chromatography columns are needed for the purification of larger amounts of protein.
Also, the long-term use of chromatography media may lead to inferior results due to a
deteriorated chromatography bed. Thus, chromatography media need to be exchanged
regularly, which causes high costs, especially for affinity chromatography media

(Hekmat et al., 2011; Shukla and Thommes, 2010; Weuster-Botz et al., 2007).

Recent developments focused on overcoming some of the current drawbacks of
chromatography processes. For example, expanded bed chromatography allows for the

fast adsorption of proteins from unclarified crude material. Several applications
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including the pilot-scale recovery of a protein are reported (Bermejo and Ramos, 2012;
Yap et al, 2010). Despite of these efforts to accelerate chromatography processes,
diffusion into the pores remains the limiting step. The lifetime of the matrix may be
reduced due to the necessity of more aggressive cleaning in place (CIP) procedures
(Curbelo et al, 2003). Also, protein A affinity chromatography, which currently plays a
key role in the downstream processing of monoclonal antibodies, has undergone a
number of improvements over the past years. Both the dynamic binding capacity and
the lifespan of protein A chromatography media has been significantly improved
(Brorson et al., 2003; Jiang et al., 2009; Rogers et al., 2009). The use of monoliths instead
of conventional chromatography beds offers some advantages, e.g, a lower
backpressure at high flow-rates (Roberts et al, 2009). However, no large-scale
applications of protein purification using monoliths have been reported so far (Weuster-

Botz et al., 2007).

Membrane adsorbers or membrane chromatography is a special method of
chromatography using functionalized membranes instead of packed beds. Thus,
membrane chromatography enables the rapid processing of large volumes of dilute
feedstreams, either as initial purification or as polishing step (Brandt et al, 1988;
Gottschalk, 2005; Hubbuch and Kula, 2007; Knudsen et al., 2001). Even though, the
applications are limited either to the polishing of concentrated protein solutions or the

capture and concentration of a protein.

Aqueous two-phase separation

Aqueous two-phase separation (ATPS) is based on the different distribution of proteins

in two liquid phases according to their partition coefficients (Equation 1).

Cr
K=— (Equation 1)
Cp
with K partition coefficient
cr concentration in the top phase gL
Cs concentration in the bottom phase gL!

Usually, aqueous polymer two-phase systems based on polyethylene glycol (PEG) and a
salt, e.g., a sulfate, are used. For enzymes, no loss of activity is reported (Albertsson,

1961). The existence of mathematical models and continuous settlers allow for the
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scale-up of this technology (Asenjo and Andrews, 2011, 2012). Rosa et al. (2009)
reported the purification of a monoclonal antibody with 89 % yield and 75 % purity in a
multi-stage ATPS process. A prominent example for the large-scale application of ATPS
is the isolation of insulin-like growth factor I (IGF1) from cellular biomass with a

cumulative yield of 70 % and a purity of 97 % (Hart et al., 1994).

Magnetic adsorbent particles

Due to their unique properties, magnetic particles can be rapidly and highly selective
removed from solutions. As magnetic particles can be derivatized with ligands already
used in chromatography, they can be applied in many different stages of downstream
processing. Protein purification using magnetic adsorbents in combination with high-
gradient magnetic separation is known as high-gradient magnetic fishing (HGMF)
(Hubbuch et al., 2001). First, batch-based adsorption and elution of the target proteins
was used, and pilot plants for volumes up to 100 L were built (Holschuh and
Schwammle, 2005). More recent work focused on continuous magnetic separation in
combination with aqueous micellar two-phase systems (AMTPS) and the recycling of the
magnetic particles (Fischer and Franzreb, 2011a, 2011b, 2012; Lee et al,, 2011). In 2006,
the technology was expected to be commercially employed within the next 5 to 10 years.
However, current disadvantages, especially the high price of today’s generations of
commercial adsorbents, limit the large-scale use of this technology (Franzreb et al,

2006).

Foam fractionation

While foam formation is undesirable for many bioprocesses (Vardar-Sukan, 1998), it can
be used for protein capture from crude material containing low protein concentrations
(Maruyama et al, 2007). Therefore, the feed solution is usually aerated, leading to the
adsorption of surface-active substances to the gas-liquid interface. The bubbles formed
during this process emerge into a foam fractionation column. The enriched foam is
collected at the top of the column and collapsed in order to receive a solution containing
the target molecule (Linke et al, 2005). Approaches for continuous foam fractionation
have been studied (Merz et al,, 2011). However, protein denaturation at the gas-liquid
interface has sometimes been observed (Maruyama et al, 2007) and, as of now, only

laboratory-scale foam fractionation setups are described in the literature.
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Filtration

Many stages in the downstream processing can be performed using various filtration
techniques. Some methods for the initial protein capture require the removal of the cells
from the crude material. Also, the purified protein solution is often sterile filtrated prior
to formulation and, for therapeutic proteins, virus particles can be removed by filtration.
Classical tangential-flow microfiltration is employed in favor of dead-end filtration.
However, initial cell removal is often achieved using disk separators. Ultrafiltration and
diafiltration can be employed for the concentration of protein solutions and buffer
exchange, respectively (Bolton et al, 2005; Hubbuch and Kula, 2007; van Reis and
Zydney, 2001). A specialized application of filtration is the use of membrane adsorbers
which is often described as a variant of chromatography. Thus, this technique is

discussed in the paragraph regarding chromatography.

Precipitation

Precipitation is the transfer of a substance from a solution to a solid form. Therefore,
precipitation can be used for protein separation, yielding a solid phase of very high
protein concentration. While precipitation-based concentration steps have been often
replaced by ultrafiltration for environmental reasons (Hubbuch and Kula, 2007), the
method is still of interest as initial capture step due to its purification potential. The
resulting high protein concentrations can have benefits for the subsequent purification
steps (Gagnon, 2012; Low et al.,, 2007). McDonald et al. (2009) reported the capture of
an antibody with 82 % recovery and about 80 % removal of host cell protein.
Tscheliessnig et al. (2009) purified 9 monoclonal immunoglobulin Ms (IgMs) by a
combination of PEG precipitation and anion exchange chromatography with purities
> 95 % for 7 immunoglobulin Ms (IgMs). A model for the calculation of the precipitation
efficiency of proteins using PEGs was recently proposed (Sim et al, 2012). One
drawback of precipitation is the need for expensive centrifuges for the separation of the

precipitate (Gagnon, 2012; McDonald et al., 2009).

Protein crystallization

The special case of precipitation with the formation of a crystalline solid phase is
referred to as protein crystallization. Similar to precipitation, low-cost crystallization
agents, e.g., salts or PEGs, are used to generate supersaturation, thus reducing the costs

for downstream processing. As crystalline proteins feature a very high purity, protein
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crystallization can substitute purification and polishing steps (Przybycien et al., 2004;
Weuster-Botz et al,, 2007). The first technical application of protein crystallization was
the stirred batch crystallization of the polypeptide insulin with volumes up to 500 L
(Basu et al,, 2004; Harrison et al., 2003; Schlichtkrull, 1957). For larger biomolecules, the
feasibility of protein purification by large-scale protein crystallization has been
demonstrated in a limited number of research projects (Astier and Veesler, 2008;
Jacobsen et al, 1998; Judge et al, 1995; Lee et al, 2000; Matthews and Bean, 2006;
Schmidt et al., 2005; Takakura et al., 2006). However, only few of these studies were
performed in well-defined, scalable stirred vessels. In addition, low yields and rather
long process durations were often observed. The mechanisms and methods for protein

crystallization shall be further discussed in chapter 3.2.

Concluding remarks

Most proteins are purified using well established chromatography methods with high
yields and purities. Especially for therapeutic proteins, filtration steps and membrane-
based techniques often complement the chromatographic purification. As the protein
concentrations obtained in production processes increase, it is unclear, whether
conventional packed bed chromatography will be able to deal with the increased protein
load. Hence, some of the alternative purification techniques presented in this chapter
may be employed in the future, the most promising being ATPS, (selective) precipitation,
membrane chromatography and protein crystallization (Shukla and Thommes, 2010).
Due to the previously described limitations of precipitation and membrane
chromatography, ATPS and protein crystallization remain as viable alternative

purification methods.

3.1.3 Formulation and storage

Currently, proteins are usually stored as concentrated aqueous solutions or amorphous
precipitated lyophilisates. An ultrafiltration/diafiltration setup is the method of choice
for the buffer exchange into the formulation buffer and the subsequent concentration.
For some therapeutic proteins, high dosages require the use of high protein
concentrations, thus causing problems with an increased viscosity and protein
aggregation. Moreover, the storage of large volumes of protein solution at -80 °C is very
costly. The lyophilisates are obtained using spray drying or freeze drying. For both

aqueous solutions and lyophilisates, additives or excipients are commonly used to
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increase the stability of the product and its shelf life. Nevertheless, a reduction of activity
is often observed and excipients may be unfavorable for pharmaceutical applications
(Andya et al., 2003; Hubbuch and Kula, 2007; Manning et al., 2010; Shukla et al.,, 2007;
Weuster-Botz et al, 2007). Some reagents, i.e., sulfate, should not be included in
formulation buffers, as they lead to an increased aggregation of proteins over a wide

concentration range (Lewus et al., 2010).

Crystalline proteins offer advantages regarding product activity and product stability, as
the protein structure is stabilized in the crystal lattice and the protein molecules are still
surrounded by solvent channels. As protein molecules are tightly packed in the crystals,
higher concentrations can be obtained at lower viscosities. This is beneficial both for
therapeutic applications and protein storage. Hence, protein crystallization is a
promising alternative for protein formulation in addition to its possible application for
protein purification (Basu et al, 2004; Elkordy et al., 2002, 2004; Margolin and Navia,
2001; Shenoy et al.,, 2001; Weuster-Botz et al., 2007; Yang et al., 2003).

3.2 Protein crystallization

The process of transferring a substance from a supersaturated solution to a solid
crystalline state is called crystallization. Hence, protein crystallization refers to the
precipitation of proteins in a crystalline form. Due to the nature of proteins, some
techniques employed for obtaining supersaturated solutions of low-molecular
substances, e.g., evaporative crystallization, cannot be used for protein crystallization.
This chapter details the mechanisms of protein crystallization, the effects of different
crystallization agents, additives, and other variables, and techniques for protein

crystallization.

3.2.1 Mechanisms

The process of protein crystallization can be divided into the formation of crystal nuclei
and their subsequent growth. Consequently, a prerequisite for protein crystallization is
the existence of a nucleation zone in the phase diagram of the protein of interest (Figure
3.2). Phase diagrams present an overview of the different states of a protein solution
relative to an adjustable parameter, e.g., the temperature or a salt concentration. A
comprehensive overview of these parameters is given in chapter 3.2.2. Under conditions

below the solubility curve, proteins remain stable in an undersaturated solution. If the
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protein concentration and/or the adjustable parameter are varied, the solution may
enter supersaturation. Solutions with only a slight supersaturation remain in a
metastable state without the occurrence of crystal nucleation or precipitation. However,
existing crystal nuclei would continue to grow until the equilibrium at the solubility
curve is reached. In the nucleation zone, which may vary in size depending on the
protein and the adjustable parameter(s), new crystal nuclei are formed. If the

supersaturation is further increased, precipitate formation occurs.

precipitation zone

Protein concentration

metastable zone

>
Adjustable parameter

Figure 3.2: Schematic illustration of a protein crystallization phase diagram
(modified from Chayen, 2005).

The thermodynamics of protein crystallization and the critical process of crystal

nucleation will be further discussed in the following paragraphs.

Thermodynamics of protein crystallization

Protein crystallization is, as any process in nature, governed by AGY, the change of Gibbs
free energy. The Gibbs-Helmholtz equation describes the change of AGOys: as the net

effect of the enthalpy AH yst and the entropy ASOqyst (Equation 2).
AGé)ryst = AH(?I'yst - TASgryst (Equation 2)

For protein crystallization, AH .y is often only slightly negative or, in some cases, even
positive. For example, a large positive enthalpy of 155 k] mol-! has been reported for the

crystallization of human hemoglobin C. Consequently, the entropy term ASOys: has to be
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positive in order to generate a negative Gibbs free energy. The integration of large
protein molecules into the crystal lattice itself causes a reduction of degrees of freedom.
Subsequently, the entropy change for the protein molecules is negative. On the contrary,
the release of water molecules from the hydration layer of the protein molecules was
reported to be largely positive. It is suggested, that water molecules bound to
hydrophobic patches of the protein molecules gain entropy upon their release into the
bulk water. Hence, the entropy gain of water seems to be the driving force for most
protein crystallization processes (Derewenda and Vekilov, 2006; Navarro et al., 2009;
Vekilov, 2003). Although a negative Gibbs free energy is an essential prerequisite, it is
not the only requirement for protein crystallization. For successful crystal growth, an

energy barrier has to be overcome to achieve nucleation.

The role of protein pair interactions

For protein crystallization, protein molecules have to integrate into the crystal lattice.
Consequently, the protein molecules get in close contact with each other. The second
virial coefficient Bz is an integral measure for the strength of these protein pair
interactions. Repulsive interactions are reflected by positive values of B2z, whereas
negative values stand for attractive interactions (Bhamidi et al, 2005). Mild attractive
interactions with B2z values between -1:10-4 and -8:-10-* mol mL g2 were reported as
crystallization slot (George et al, 1997). A system with Bz; does not necessarily
guarantee crystallization, but the probability of success increases for B2z values within
this range (Liu et al,, 2011). The strength of protein pair interactions can be influenced
by many variables including the pH, the crystallization agents and their concentrations,
as well as the temperature (Wanka and Peukert, 2011). The effects of different

crystallization agents, additives and other variables will be described in chapter 3.2.2.

Classical nucleation theory

Initially developed for the condensation of vapor to liquid, classical nucleation theory
(CNT) assumes crystal nuclei to grow continuously. As this does not apply to small
protein crystal nuclei, the nucleation rates calculated from equation 3 using the
supersaturation and the protein concentration are only valid for larger nuclei (Bhamidi

etal, 2002; Erdemir et al., 2009; Galkin and Vekilov, 2001).
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with

Q ° w

]=A-c-exp(_B)

g2

nucleation rate
model coefficient A
model coefficient B

protein concentration

(Equation 3)

L1g1
5-1

gLt

thermodynamic supersaturation -

The pre-exponential model coefficient A is difficult to determine and related to the

uptake of molecules into the nucleus. Consequently, it is related to the molecular

mobility and exhibits significant temperature dependence. Values of 10-1> to 10-18 have

been reported for A (Erdemir et al, 2009; Galkin and Vekilov, 2001). Bhamidi et al

(2002) found a correlation of A with the osmotic second virial coefficient Bz.

A 4

Free energy

Supersaturated

solution

nucleation

Crystals and

saturated solution

Process coordinate

B

Free energy

4 Surface free
energy
T >
Volume free ‘
energy ' AG

Figure 3.3: A) Schematic illustration of the free energy during crystal nucleation
(modified from Rupp, 2010); B) Free energy diagram for crystal nucleation
(modified from Garcia-Ruiz, 2003). AG: change of the Gibbs free energy; r: size of
the crystal nucleus; r¢: critical nucleus size.

Model coefficient B relates to the thermodynamic barrier for the formation of a critical

spherical cluster, which is schematically depicted in Figure 3.3. B can be calculated from

equation 4:
with Q
/4
kg
T

_ 16w 0%y?
© 3 (kgT)3

molecular volume of the protein in the crystal
surface free energy of the critical cluster
Boltzmann constant

temperature

(Equation 4)
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The thermodynamic supersaturation ¢ is calculated from equation 5:

c
o=In— (Equation 5)
Ceq
with o} thermodynamic supersaturation -
c protein concentration gL
Ceq protein concentration at equilibrium g L1

Despite the correlation of the two factors A and B with real-world effects, classical
nucleation theory was found to perform poorly for the calculation of protein crystal
nucleation. In contrast to the condensation of vapor to liquid, factors other than the local
density and the size of the nucleus are important for protein crystallization. For
example, the orientation of the large molecules has to be accounted for, as only periodic
structures can form regular crystals (Erdemir et al., 2009; Galkin and Vekilov, 2001;

Vekilov, 2012).

Two-step mechanism of crystal nucleation

Recent research on protein nucleation suggests a two-step mechanism for the formation
of nuclei in protein crystallization. Crystal nuclei are presumed not to form directly from
the protein solution, but from an intermediate phase of local density fluctuations. The
rate of transition from this intermediate phase to the final phase, i.e., the crystals, is
improved. Nevertheless, rate of nucleation can also be negatively affected under certain
conditions limiting the transfer of protein molecules to the intermediate phase. The two-
step mechanism was shown to describe data from many experiments with good
agreement (Erdemir et al., 2009; Nicolis and Nicolis, 2003; Vekilov, 2012). A schematic

illustration of this two-step mechanism is depicted in Figure 3.4.

J—. J—. —_

Figure 3.4: Two-step mechanism for the nucleation of crystals. Initially, an
instable dense liquid cluster is formed. A stable crystal nucleus may form within
this cluster (modified from Vekilov, 2012).

For the two-step mechanism, the nucleation rate | can be calculated using equation 6:
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AG,
kaccTexp(~ . 2)
J = B (Equation 6)

- n(Cy,T) [1 + U—oexp (%)]

with ] nucleation rate L1s1

Cc protein concentration inside the clusters gL

AG?” barrier for nucleation inside the clusters ]

k2 constant scaling the nucleation rate of Pa g1 K1
crystals inside the clusters

ks Boltzmann constant J K1

A chemical potential of a protein molecule ]
inside the cluster

n viscosity inside the clusters Pas

T temperature K

U; effective rate of decay of clusters -

U effective rate of formation of clusters -

The numerator of the equation has a number of features in common with the classical
nucleation theory (Equation 3), as the model still has to account for the formation of a
crystal nucleus. As this nucleation occurs within a dense liquid cluster, the equation also
includes terms in its denominator for the viscosity 7 of the dense liquid cluster as well as

for the transfer of protein molecules into these clusters.

Vekilov (2012) notes that metastable liquid clusters have been demonstrated for several
protein systems, but, nevertheless, might not be existent in all protein systems. Systems
without such clusters probably feature direct formation of nuclei from the protein

solution according to the classical nucleation theory.

Concluding remarks

In contrast to the crystallization of low-molecular substances, the driving force for
protein crystallization is the entropy gain of water released from hydrophobic patches of
the protein molecules. In addition to the negative Gibbs free energy, an energy barrier
has to be overcome for nucleation to occur. Despite the availability of models for the
two-step nucleation mechanism and increasing insight into the role of protein pair

interaction, protein crystallization still remains a largely empirical technology.
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3.2.2 Effects of crystallization agents, additives and other variables
A number of different physical, chemical and biochemical factors can affect

crystallization. The most important factors are listed in Table 3.1.

Table 3.1: The most important physical, chemical, and biochemical factors affecting protein
crystallization (Taken from McPherson, 2004).

Physical Chemical Biochemical
Temperature pH Purity of the protein
Properties of the medium Crystallization agent(s) and Post-translational
(e.g. viscosity) its/their concentration modifications
Mechanical perturbations Specific ions Source of the protein
Surfaces Degree of supersaturation  Isoelectric point

Protein concentration

Some of these factors, e.g., the post-translational modifications or the source of the
protein, cannot be influenced without substantial work. The protein can be purified to
some extent prior to crystallization. The isoelectric point pl of a protein cannot be
changed, but the relation of the pH and the pl have an influence on interactions between
the protein molecules and crystallization agents and/or other protein molecules. The
properties of the medium and the supersaturation are a function of the temperature, the
protein concentration and the crystallization agent(s), which remain as adjustable
factors for protein crystallization. The different methods for protein crystallization will

be described in chapter 3.2.3.
Temperature and protein concentration

The temperature is a very important variable for protein crystallization. On the one
hand, the temperature influences the solubility and the stability of proteins. Similar to
salts, a large number of proteins exhibit a temperature-dependent solubility which is
reduced at lower temperatures. Others feature a retrograde temperature-dependent
solubility, i.e., a lower solubility at higher temperatures. The solubility of some proteins,
however, was shown to be temperature-independent (Christopher et al, 1998).
Additionally, irreversible protein denaturation occurs above protein-specific critical

temperatures (Scharnagl et al., 2005).
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On the other hand, the formation of crystal nuclei and the crystal growth rate are
affected by the temperature. Both classical nucleation theory and the two-step
mechanism of crystal nucleation include terms for the temperature or terms depending
on the temperature. At lower temperatures, the mobility of protein molecules decreases
and the viscosity of local dense liquid clusters increases. Studies regarding the growth
rate of lysozyme crystals at different temperatures confirmed the temperature-
dependency of the growth rate. The growth rates exhibited maxima depending on the

protein concentration (Sanamaria-Holek et al., 2011; Vekilov, 2012).

Similar to the temperature, the protein concentration affects both, the nucleation rate
and the protein stability. At very low protein concentrations, the number of protein
molecules is insufficient for the formation of crystal nuclei, whereas the increasing
viscosity of local dense liquid clusters limits the nucleation rate for very high protein
concentrations (Vekilov, 2012). Also, very high protein concentrations may lead to the
aggregation of protein molecules due to crowding effects and an increased chance of

association, thus lowering the protein stability (Wang et al., 2010).
pH and isoelectric point of the protein

While the isoelectric point pl is an intrinsic property of a protein, the pH of the
crystallization buffer can be adjusted. The net charge of the protein molecules is a result
of the pI and the pH. A pH below the pl results in a positive net charge, whereas a pH
above the pl results in a negative net charge. At the pl, the protein solubility is the lowest
and aggregation is often observed (Chi et al, 2003). While the optimal pH for
crystallization cannot be predicted, a few trends were observed. A statistic evaluation of
reports of successful protein crystallization showed pH range from 4-10 with a
maximum between pH 7 and pH 8 for both, acidic and basic proteins. Acidic proteins
were frequently crystallized 0 - 2.5 pH units above their pl, whereas basic proteins were
frequently crystallized 0.5 - 3 pH units below their pl. There is no evidence of a favorable

protein net charge (Kantardjieff and Rupp, 2004; Kantardjieff et al., 2004).

Crystallization agents and additives

A number of different crystallization agents are frequently used to generate
supersaturated protein solutions for protein crystallization, including ammonium

sulfate, sodium chloride or polyethylene glycol (McPherson, 2004). Nevertheless, this
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might be biased, as common screens for crystallization conditions are based on previous
successful crystallization experiments rather than on rational designs. Consequently, it
is often necessary to perform a screening for crystallization conditions using a great
variety of crystallization agents and additives. These reagents can be categorized in four

groups: salts, polymers, organic solvents, and ionic liquids.

Salts

Salts can influence the solubility of proteins in two different ways, a direct and an
indirect one. The indirect effect is based on the change of the surface water tension
caused by the salt, leading to a preferential exclusion of the salt from the protein surface.
Consequently, the protein surface is preferentially hydrated, subsequently stabilizing
the protein. The ability of salts to cause these stabilizing effects is described in the
Hofmeister series. The effect of the anions is usually dominant (Baldwin, 1996;
Hofmeister, 1888; Shimizu et al, 2006; Zhang and Cremer, 2006). An excerpt of the

Hofmeister series is depicted in Figure 3.5.

Anions: [SO4]% > [dhp] > [ac] > F > Cl > Br > I > [SCN]
Cations: Cs*>K'> Na* > Li* > Mg2* > Al3*
stabilizing destabilizing

Figure 3.5: The Hofmeister series ranks anions and cations according to their
protein-stabilizing efficiency (Collins and Washabaugh, 1985; Hofmeister, 1888;
Weingartner et al., 2012). [dhp]-: dihydrogenphosphate; [ac]: acetate.
The direct effect on the solubility of proteins is caused by the fact that salts are
electrolytes. Consequently, salts contribute to the ionic strength of the crystallization
buffer and modulate the strength of electrostatic interactions. As the charges on the

protein surface depend on the pH, the effect of salts on protein solubility is rather

complex (Chi et al., 2003; Collins, 2004).

Polymers

Examples for polymers frequently used for protein crystallization are polyethylene
glycol (PEG) and PEG monomethyl ether (PEG MME) (McPherson, 2004). Polyethylene
glycols bind water, effectively reducing its activity and raising the effective protein

concentration. This effect is schematically depicted in Figure 3.6.
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Figure 3.6: While the water between the large PEG molecules is A) available for
low-molecular substances, it is B) unavailable for large protein molecules
(modified from Chebotareva, 2007). Consequently, the effective protein
concentration is raised. Black circles denote PEG molecules, whereas the grey
circles represent a low-molecular substance and a protein molecule,
respectively.

PEGs are often used in combination with metal salts. Both increase hydrophobic
interactions between the hydrated protein molecule surfaces (Atha and Ingham, 1981;

Jion et al., 2006; Reid and Rand, 1997; Timasheff, 2002).

Organic solvents

Frequently used organic solvents are alcohols like ethanol, propanol, isopropanol,
1,3-propanediol, and 2-methyl-2,4-pentanediol (McPherson, 2004). Organic solvents
reduce the electric fields mediating protein-protein interactions in solution through
their polar groups. Hydrophobic groups of the organic solvents may disrupt
intramolecular hydrophobic interactions. Consequently, the attraction between protein
molecules increases and the protein solubility is reduced (Englard and Seifter, 1990;

McPherson, 2004).

lonic liquids

lonic liquids are organic salts with a melting point below 100 °C, which are increasingly
used as additives for protein crystallization. The use of ionic liquids for protein

crystallization shall be further detailed in chapter 3.3.
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3.2.3 Crystallization methods
A number of methods for protein crystallization are described in the literature. The

different pathways through the phase diagram are schematically depicted in Figure 3.7.

Protein concentration

>
Adjustable parameter

Figure 3.7: Schematic illustration of a protein crystallization phase diagram. The
lines indicate exemplary pathways used in different crystallization methods:
A) vapor diffusion crystallization; B) batch crystallization; C) free interface
diffusion crystallization; D) microdialysis crystallization; E) ultracentrifugal
crystallization (modified from Chayen, 2005). For a more detailed description of
phase diagrams, see Figure 3.2.

Vapor diffusion crystallization

Classical vapor diffusion crystallization is usually employed for the initial screening for
crystallization conditions. Three different methods for vapor diffusion crystallization are
schematically depicted in Figure 3.8. Both, hanging drop and sitting drop vapor diffusion
crystallization are frequently used for manual crystallization experiments and robotic
high-throughput crystallization (Stevens, 2000). Sandwich drop vapor diffusion
crystallization, however, is a niche application and only used for specific problems (Sun

etal, 2010).




THEORETICAL BACKGROUND 23

\

Crystallization drop Reservoir solution

Figure 3.8: Schematic illustration of different vapor diffusion crystallization

methods. The crystallization drop is placed next to a reservoir solution within a

sealed compartment. A) hanging drop; B) sitting drop; C) sandwich drop

(modified from Bergfors, 1999).
The crystallization drop, containing both the protein and the crystallization agents, is
placed next to a reservoir solution within a sealed compartment. The reservoir solution
contains increased concentrations of the crystallization agents (usually 2-fold). Water
diffuses from the crystallization drop through the saturated atmosphere in the
headspace into the reservoir due to the concentration gradient. Consequently, the
concentrations of both the protein and the crystallization agents increase during vapor
diffusion crystallization. This slow increase of the concentrations can be beneficial for
the growth of large monocrystals. However, vapor diffusion crystallization is an
inadequate starting point for technical-scale protein crystallization, as the exact

conditions under which the crystallization occurred are unknown. Also, vapor diffusion

itself cannot be scaled up (Bergfors, 1999; McPherson, 2004; Schmidt et al, 2005).

Batch crystallization

Similar to vapor diffusion crystallization, batch crystallization is often used for the initial
screening of crystallization conditions and in automated high-throughput crystallization
systems (Stevens, 2000). However, batch crystallization exhibits disadvantages for the
initial screening. In contrast to vapor diffusion crystallization, where a wide range of
crystallization conditions is encountered for every single drop, batch crystallization is
performed under well-defined conditions. The crystallization drop comprising the
protein and the crystallization agents is placed under a layer of paraffin, consequently
inhibiting evaporation. A schematic illustration of a batch crystallization setup is

depicted in Figure 3.9.
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Paraffin

Crystallization drop

Figure 3.9: Schematic illustration of batch crystallization. The crystallization

drop sits in a well of a Terasaki plate. The plate is sealed with paraffin (modified

from Bergfors, 1999).
Nevertheless, the aforementioned drawback of batch crystallization for the initial
screening renders batch crystallization as a favorable starting point for subsequent
technical-scale protein crystallization processes. The well-defined crystallization
conditions are presumed to be transferable into technical-scale batch crystallizers
(Bergfors, 1999; Schmidt et al, 2004). As this is the focal point of this work, it will be
described separately in chapter 3.2.4.

Free interface diffusion crystallization

Using free interface diffusion crystallization, a whole range of crystallization conditions
can be evaluated within one test tube. The protein and the crystallization agent solutions
are carefully layered into the test tube, preferably separated by a permeable membrane,
and the tube is sealed. Over time, a concentration gradient is generated via diffusion
(Chayen, 2004; Salemme, 1972). A schematic illustration of a free interface diffusion

crystallization setup is depicted in Figure 3.10.

Protein solution

Membrane

| Crystallization
agent solution

Figure 3.10: Schematic illustration of free interface diffusion crystallization
(modified from Salemme, 1972).
Free interface diffusion crystallization is useful for the initial screening of crystallization
conditions, especially since the development of microfluidic systems. These systems
allow for a large number of parallel reactions (currently 144 per microfluidic chip) using

only 10 nL of protein solution per crystallization condition (Hansen et al., 2002).
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Microdialysis crystallization

Similar to free interface diffusion crystallization, a protein-rich phase and a protein-free
phase containing the crystallization agents are brought in contact for microdialysis
crystallization. However, a semipermeable membrane is used instead of a permeable
membrane. Consequently, the protein molecules are confined to the microdialysis
button and the protein concentration remains constant throughout the process
(Hampton, 2001). A schematic illustration of a setup for microdialysis crystallization is

depicted in Figure 3.11.

Reservoir solution
L — Membrane

— Crystallization drop

Microdialysis button
Figure 3.11: Schematic illustration of microdialysis crystallization (modified
from Hampton, 2001).
The scale-up of both, free interface diffusion crystallization and microdialysis
crystallization, is not feasible and both methods do not provide exact crystallization

conditions for the technical-scale batch crystallization of proteins.

Ultracentrifugal crystallization

Ultracentrifugation can be used to locally increase the protein concentration, thus
generating supersaturation (Behlke and Knespel, 1997; Lenhoff et al, 1997; Pitts, 1992;
Wyckoff and Corey, 1936). The crystal growth rate for some proteins was faster when
using ultracentrifugation. Also, the separation and subsequent crystallization of a
protein in the presence of a 1000-fold molar excess of another protein was recently
demonstrated (Dimitrov and Nanev, 2006; Lorber, 2008). While this crystallization
technique may be used to accelerate crystallization processes and to separate proteins
from impure solutions, it is non-scalable and therefore not applicable for the use in

large-scale downstream processing.
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3.2.4 Technical-scale protein crystallization

For decades, structure determination via protein crystallography has been the only
application for protein crystallization. Recently, the application of technical-scale
protein crystallization for the purification of proteins has been proposed. Since the
polypeptide insulin was successfully crystallized using stirred batch crystallization with
volumes up to 500 L (Basu et al, 2004; Harrison et al, 2003; Schlichtkrull, 1957), a
similar approach shall be followed for the technical-scale crystallization of proteins. As
shear flow was shown to positively affect the nucleation of protein crystals (Penkova et

al., 2006; Roberts et al., 2010), the stirred batch crystallization of proteins is feasible.

Additionally, early research work on technical-scale protein crystallization exists. Judge
et al. (1995) reported the successful purification of ovalbumin with a purity greater than
99 % in 1L stirred batch crystallizers. Jacobsen et al. (1998) and Lee et al. (2000)
crystallized fungal lipases from clarified concentrated fermentation broths using seed
crystals on 225 mL- and 500 mL-scale bottles, respectively. Two isoforms of an
undisclosed protein were separated in stirred tanks with volumes up to 100 mL
(Schmidt et al, 2005). While the crystallization kinetics showed only a slight
dependency on the stirrer speed, lower stirrer speeds resulted in the formation of larger
crystals. Takakura et al. (2006) purified L-methionine y-lyase from a pretreated crude
enzyme solution in a 100 L stirred tank with a yield of 87 %. An undisclosed therapeutic
protein was crystallized within 8.5 h using a temperature ramp on a 1 L- and on a 800 L-
scale (Matthews and Bean, 2006). The impact of secondary nucleation, i.e. crystal
splinters serving as crystal nuclei, on the agitated 250 mL-scale crystallization of
lysozyme was studied. The increased secondary nucleation rates for higher stirrer
speeds were most likely caused by the increased frequency and the increased magnitude

of crystal collisions, while the fluid shear forces played a minor role (Tait et al., 2009).

3.2.5 Properties of protein crystals

Crystals of macromolecules are usually very soft and fragile (modulus of elasticity
E =0.1- 0.5 GPa; Chernov, 2003). Protein crystals contain 25 - 90 % water. A solvent
content of 70 % was estimated for all proteins in this work. Most of it is not bound as
crystal water, but surrounding the individual protein molecules. Crystallization agents
are embedded into the solvent channels during crystallization. The solvent channels

allow for the diffusion of substances into and out of crystals (Cvetkovic et al., 2005;
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McPherson, 2004). A schematic illustration of the protein molecules bound in the crystal

lattice surrounded by solvent channels is shown in Figure 3.12.
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Figure 3.12: Schematic illustration of protein molecules bound in the crystal
lattice. The protein molecules (dark, bean-shaped) are surrounded by water

molecules in the solvent channels (grey). The black box denotes an unit cell of
the crystal lattice (modified from Takayama and Nakasako, 2011).
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Depending on the protein and the crystal form, the structure of the protein may be very
similar to the one in solution. However, the crystal packing has been reported to
influence the protein structure in some cases (Eyal et al, 2005; McPherson, 2004).
Crystalline proteins were reported to feature a higher stability than proteins in solution.
Also, crystals of therapeutic proteins release their activity over a prolonged period
compared to aqueous protein solutions (Basu et al, 2004; Hallas-Moller et al., 1952;

Margolin and Navia, 2001; Takakura et al., 2006).
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3.2.6 Proteins under study

This chapter briefly portrays the four enzymes and the therapeutic antigen-binding
antibody fragment crystallized in this work. All proteins were previously crystallized for
structure determination and available either commercially or through the cooperation

partner Merck KGaA (Darmstadt, Germany).

Lysozyme from Gallus gallus (LYS)

Lysozyme (LYS) is a peptidoglycan N-acetylmuramoylhydrolase (EC 3.2.1.17) which
breaks up peptidoglycan linkages in bacterial cell walls, thus acting as an antimicrobial
agent (Fleming, 1922; Phillips, 1967). It has been used as a model protein for
crystallization for almost three decades despite of its uncommon properties as its high
isoelectric point of 11.1 or its low molecular size of 14.6 kDa (Durbin and Feher, 1986;
Peng et al, 2005). Both LYS and its crystallization have been studied intensively, and
datasets on the influence on the NaCl concentration and the temperature on the
solubility of LYS are available (Howard et al, 1988). The common crystal forms are
known (Bhamidi et al., 2001). Phase diagrams for the crystallization of LYS using NaCl in
sodium acetate buffer are reported (Hekmat et al., 2007b; Wanka and Peukert, 2011). A
phase diagram based on the data from the two aforementioned reports is shown in

Figure 3.13.
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Figure 3.13: Phase diagram for the crystallization lysozyme in sodium acetate
buffer pH 4 created from the qualitative data presented in Hekmat et al. (2007b)
and Wanka and Peukert (2011). ¢ crystal growth; x precipitate formation. The
solubility data represented by the dashed line was taken from (Howard et al.,
1988). The line is included for visualization and is not the result of a simulation.
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While LYS might not represent the majority of proteins, e.g., due to its unusually high pl,
it is still regularly used for benchmarking new crystallization techniques, not least
because of its commercial availability. For example, LYS was the first protein to be
crystallized using an ionic liquid, ethylammonium nitrate (EAN), as additive (Garlitz et
al.,, 1999). Hekmat et al. (2007a, 2008) reported the crystallization of 50 g L-1 LYS using
40 g L1 NaCl, 25 mM sodium acetate buffer pH 4.0, and optionally 100 g L1 ionic liquid
in vapor diffusion and 5 mL-scale stirred-batch experiments. A yield of 82 % was
achieved within 8 h. No details regarding the crystallization kinetics are given for the
5 mL-scale crystallization process. The ionic liquids wunder study were
2-hydroxyethylammonium formate (2-HEAF), EAN, bis-(2-methoxyethyl)-ammonium
acetate, N,N-dimethylethanolammonium glycolate, and choline dihydrogenphosphate
(CDHP). The fastest crystallization kinetics in vapor diffusion experiments were
observed using 2-HEAF with a 5.5-fold increase compared to the crystallization without

the addition of ionic liquids. The structure of LYS is shown in Figure 3.14.

Lysozyme

from Gallus gallus

UniProt P00698; PDB 2LYZ
14 kDa, 147 AA, pl 11.1

hydrolase (EC 3.2.1.17)

Figure 3.14: Structure (Diamond, 1974) and key data of LYS. UniProt (Universal
Protein Resource; http://www.uniprot.org/; Aug 2012; Uniprot Consortium,
2012), PDB (Protein Data Bank; http://www.pdb.org/; Aug 2012; Berman et al.,
2000).
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Lipase from Thermomyces lanuginosus (LIP)

Since the structure of the lipase from Thermomyces (humicola) lanuginosus (LIP) was
solved (Derewenda et al, 1994), LIP has become a common ingredient of washing
agents for the degradation of fats. LIP hydrolyzes triglycerides into fatty acids and
glycerol (EC 3.1.1.3), enabling their removal from fabrics (Brzozowski et al., 2000; Jaeger
and Reetz, 1998). LIP consists of 291 amino acids, has a molecular weight of 29 kDa and
a pl of 5.0. For this work, a commercially available LIP formulation, Lipolase 100L, was
used. The vapor diffusion crystallization of LIP with and without the addition of ionic
liquids has been described in the literature using the following crystallization
conditions: 2.5 - 10 g L-1 NaCl, 50 mM sodium acetate buffer pH 4.0 - 4.35, and optionally
0 - 40 g L1 choline dihydrogenphosphate (Hekmat et al, 2008). The structure of LIP is

shown in Figure 3.15.

Lipase

from Thermomyces lanuginosus
UniProt 059952; PDB 1TIB

29 kDa, 291 AA, pI 5.0

hydrolase (EC 3.1.1.3)

Figure 3.15: Structure (Derewenda et al, 1994) and key data of LIP. UniProt
(Universal Protein Resource; http://www.uniprot.org/; Aug 2012; Uniprot
Consortium, 2012), PDB (Protein Data Bank; http://www.pdb.org/; Aug 2012;
Berman et al., 2000).
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Xylanase II from Trichoderma reesei (XYL)

The Xylanase II from Trichoderma reesei (XYL) hydrolyzes beta-1,4-xylosidic bonds in
xylans (EC 3.2.1.8). Xylanases are primarily employed for the cleavage of xylans in the
pulp and paper industry (Beg et al,, 2001). More recent applications include the use of
xylanases in enzyme cocktails for the hydrolysis of lignocellulose (Viikari et al, 2007).
XYL is commercially available from Hampton Research, Aliso Viejo, CA, USA as a protein
crystallization standard. XYL consists of 190 amino acids, has a molecular weight of
20.8 kDa and a pl of 9 (Hampton, 2010; Tenkanen et al., 1992). Two vapor diffusion
crystallization conditions are reported in the literature: A) 5-15gL1 XYL,
100 - 150 g L1 (» 0.76 - 1.14 M) ammonium sulfate, 25 mM sodium acetate buffer pH 4.2
(Torrénen et al, 1993); B) 2-17 g L1 XYL, 0.6 - 1.4 M sodium potassium phosphate
pH 7.0 - 8.2 (Hampton, 2010). The structure of XYL is shown in Figure 3.16.

Xylanase II

from Trichoderma reesei
UniProt P36217; PDB 2DFC
20.8 kDa, 190 AA, pI 9

hydrolase (EC 3.2.1.8)

Figure 3.16: Structure (Watanabe et al, 2006) and key data of XYL. UniProt
(Universal Protein Resource; http://www.uniprot.org/; Aug 2012; Uniprot
Consortium, 2012), PDB (Protein Data Bank; http://www.pdb.org/; Aug 2012;
Berman et al., 2000).
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Glucose isomerase from Streptomyces rubiginosus (GLU)

Glucose isomerases or xylose isomerases (EC 5.3.1.5) catalyze the isomerization from
glucose to fructose. A prominent large-scale application for this enzyme class is the high
fructose corn syrup (Bhosale et al, 1996). Glucose isomerase from Streptomyces
rubiginosus (GLU) is commercially available from Hampton Research, Aliso Viejo, CA,
USA as a protein crystallization standard. GLU consists of 388 amino acids and has a
molecular weight of 43.2 kDa and a pl of 3. In solution, GLU forms a homotetramer with
a total molecular weight of 172.8 kDa. No phase diagrams are reported for GLU.
However, a number of crystallization conditions are available in the literature for both
vapor diffusion and batch crystallization, including the following: A) 1.5-2.5 M
ammonium sulfate, pH 7.0; B) 100 - 150 g L-1 PEG 4000 - 8000 in 200 mM ammonium
sulfate, pH 7.0; C) 0.6 - 1.0 M sodium citrate, pH 8.0. The structure of GLU was solved in
1994 by crystallography (Carrell et al, 1994; Hampton, 2012) and is shown in Figure
3.17.

Glucose isomerase

from Streptomyces rubiginosus
UniProt P24300; PDB 1XIB
monomer: 43.2 kDa, 388 AA, pl 3
tetramer: 172.8 kDa, pI 3

isomerase (EC5.3.1.5)

Figure 3.17: Structure (Carrell et al, 1994) and key data of GLU. UniProt
(Universal Protein Resource; http://www.uniprot.org/; Aug 2012; Uniprot
Consortium, 2012), PDB (Protein Data Bank; http://www.pdb.org/; Aug 2012;
Berman et al., 2000).
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Antigen-binding fragment of cetuximab (FAB)

This antigen-binding fragment (Fab) is generated by papain digestion of cetuximab.
Cetuximab is a chimeric monoclonal IgG1-type antibody. It is also known as C225-03,
IMC-C225, C225, and ch225. Cetuximab is the active agent of Erbitux. The variable region
of this antibody binds to the active site of the epidermal growth factor receptor (EGFR),
which is thereby inhibited. The EGFR is frequently overexpressed in cancer cells
(Arteaga, 2001; Li et al, 2005). The structure and function of antibodies shall be

described briefly before details on the Fab fragment of cetuximab (FAB) are given.

IgG-type antibodies are heterodimeric proteins with two light and two heavy
polypeptide chains (Fleischman et al, 1963; Pain, 1963). Four IgG subclasses are defined
based on differences of the heavy chains, IgG1 being the most common one (Jazwinska et

al., 1988). The schematic structure of an IgG molecule is depicted in Figure 3.18.
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Figure 3.18: Schematic structure of an IgG molecule (modified from Schroeder
and Cavacini, 2010). H: heavy chain; L: light chain; Vy: variable domain; N: amino
terminus; C: carboxy terminus; s-s: disulfide bridge.
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The very flexible hinge region between the constant (Fc) region and the two Fab regions
allow the two Fab regions to bind to epitopes in variable orientations. Upon the binding
of antigens, the antibody-antigen complex triggers a number of reactions using the Fc
region of the antibody leading to the neutralization of the antigen, e.g., via the
complement system (Schroeder and Cavacini, 2010). However, this flexibility and the
glycosylation of the Fc region render the crystallization of antibodies very difficult
(Arnold et al., 2007; Low et al., 2007). Antibodies can be split into Fab and Fc fragments
in the hinge region using the proteolytic enzyme papain. The Fab fragments lack the
ability to induce effector functions, but are still able to bind to antigens without cross-

linking (Mage, 1980; Zappacosta et al., 1968).

Similar to the full-length antibody cetuximab, FAB binds to the active site of the EGFR.
FAB thereby prevents the binding of the epidermal growth factor to the receptor. It
inhibits the dimerization of the receptor molecules which would activate the signal
cascade leading to, among other things, the proliferation of the tumor cells and
angiogenesis (Dutta and Maity, 2007; Li et al., 2005; Yarden, 2001). FAB was crystallized
using the following vapor diffusion crystallization conditions for structure
determination: 11 gLl FAB, 0.9 M ammonium sulfate, 50 mM NaCl, 50 mM sodium
citrate pH 6.25, and 5 mM Tris-HCl pH 8.5. NaCl and Tris-HCI were residuals from the
protein A-based purification (Li et al, 2005). The structure of FAB is shown in Figure
3.19.

Fab fragment of cetuximab

(Fab fragment of a chimeric
monoclonal IgG1 antibody)

PDB 1YY8

46.9 kDa, 434 AA, pl 8.7

Figure 3.19: Structure (Li et al, 2005) and key data of FAB. PDB (Protein Data
Bank; http://www.pdb.org/; Aug 2012; Berman et al., 2000).
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3.3 Ionic liquids and proteins

While the term ionic liquid generally describes all salts in the liquid state, it is commonly
used for salts with a melting point below 100 °C. lonic liquids (ILs) with a melting point
below 20 °C are called room temperature ILs (RTILs). Most of these ILs consist of an
organic cation and an inorganic polyatomic anion. The vast diversity of cation/anion
combinations allows for ILs with many different properties. Consequently, a number of

different applications exist, including the following:

¢ ILs as green designer solvents (Earle and Seddon, 2000)

e ILs as electrolytes in Li-ion batteries (Lewandowski and Swiderska-Mocek, 2009).

e Water-immiscible ILs as a biocompatible second phase for whole-cell biocatalysis
(Brautigam et al., 2009; Dennewald et al., 2011; Pfruender et al., 2004, 2006;
Weuster-Botz, 2007).

¢ ILs as additives for protein refolding (Buchfink et al, 2010; Lange et al., 2005).

¢ ILs as additives for protein crystallization (Garlitz et al., 1999; Hekmat et al.,

2007a; Pusey et al., 2007).

As a complete description of all applications for ILs would exceed the scope of this work,
only the effects of ILs in protein-related applications as biocatalysis, refolding and

crystallization will be discussed in the following.

Effects on protein stability and enzyme activity

Many ILs were reported to enhance the stability of proteins and the activity of enzymes.
As the molecular-level solubility of proteins in pure ILs is low (Fujita et al., 2005, 2007;
Sate et al.,, 2007), ILs are commonly used as additives to aqueous protein solutions. ILs
can form an ionic network when used at high concentrations or as pure solvent.
However, this ionic network breaks up in solutions with low IL concentrations (Moreno
et al, 2008). Consequently, Weaver et al. (2012) suggested that the IL choline
dihydrogenphosphate (CDHP) should be considered as an osmolyte similar to other
water-soluble compounds such as sugars and salts when used at low concentrations.
Hence, it is not surprising, that the effects of ILs on protein stability correlate well with
the Hofmeister series for the classification of anions and cations (Endres, 2010;

Hofmeister, 1888; Weingartner et al., 2012; Yang, 2009).
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As for salts, ILs with highly charged and/or small anions were shown to stabilize the
native protein conformation. Depending on the cation, which, in ILs, is usually
destabilizing, ILs are more or less denaturing. In addition to the ion-specific indirect
effects, the direct interactions between ions and macromolecules specific to a protein-
ion-combination are of importance (Baldwin, 1996; Collins and Washabaugh, 1985;
Weingartner et al, 2012; Zhang and Cremer, 2006). When used at low concentrations,
most ionic liquids were shown to have no detrimental effect on the protein structure
(Kennedy et al, 2011). Similar to the protein stability, the activity of enzymes is also
affected by the Hofmeister series. It was proposed that the activity-inhibiting effects of a
salt are a result of its structure-disrupting effects, as the protein structure determines
enzyme activity and its specifity. This was shown to apply for ILs as well, e.g., by a
correlation of the enzymatic efficiency to the Hofmeister series. In contrast, the apparent
binding constant Kn of the substrate (Michaelis constant) and the turnover number Kxat
could not be correlated to the Hofmeister series and is believed to be affected by the
specific effects of protein-ion-combinations (Warren et al., 1966; Weibels et al., 2012;

Weingartner et al., 2012).

Effects on protein crystallization

ILs were reported to positively influence protein crystallization, resulting in faster
kinetics, a more compact crystal morphology, and an increased protein stability in small-
scale vapor-diffusion and microbatch experiments (Chen et al, 2010; Garlitz et al., 1999;
Judge et al, 2009; Kennedy et al, 2011; Pusey et al, 2007). For lysozyme, the
crystallization kinetics were increased up to 5.5-fold by the addition of the IL 2-HEAF.
Crystal polymorphism and spontaneous precipitation were reduced even at higher

crystallization agent concentrations (Hekmat et al.,, 2007a, 2008).

For protein crystallization, the ILs are often used in low concentrations (Kennedy et al.,
2011). Consequently, the effects of the ILs are most likely caused by the individual ions
of the ILs, as previously described for the stabilization of proteins and for biocatalysis.
For some crystallization experiments, the ILs may have acted as the primary
crystallization agent, which is a further hint for the similarity of IL solutions and salt

solutions (Kowacz et al., 2012; Pusey et al., 2007).

The ILs are usually not bound in the crystal structure. Nevertheless, one case of both

ions of the IL choline acetate binding in the crystal structure of LYS was reported. The
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two ions form a bridge of hydrogen bonds in one of the cavities of the LYS structure
(Kowacz et al., 2012). While this is an example for an IL with both ions positively
affecting protein crystallization, the effects are specific to the combination of ions and
not to the nature of ILs. As Na* and Cl- ions of the crystallizing agent are also found in the
crystal structure, it is feasible that the same results can be obtained with the addition of

salts containing the same ions, i.e., choline chloride and sodium acetate.

Concluding remarks

The exact effect of ILs on the protein stability, the enzyme activity, and the protein
crystallization has not been resolved yet. However, it seems most likely that the
individual ions of the ILs dissociate in low concentrated aqueous solutions, and,
consequently, their individual effects are responsible for the observed effects. These
effects can be described using previously proposed models for the interactions of salts
and proteins. While the anions were proven to be very important, only little is known
about the physiochemical properties of the cations of ILs (Weingartner et al., 2012;
Yang, 2009). Future insights in these molecular interactions may enable the targeted
optimization of ILs as designer solvents. However, ILs also have a number of downsides,
including their high costs and the toxicity of some cations, the latter being especially
critical regarding the possible use of ILs for pharmaceutical applications. While the
recycling of water-immiscible ILs was recently demonstrated (Dennewald et al., 2011),
similar processes for aqueous solutions of ILs containing other substances, e.g., salts and

proteins, will be difficult to establish.
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4 Material and methods

This chapter describes the experimental methods employed in this work. Section 4.1
focuses on protein analytics. The methods for the preparation of the protein solutions
for the crystallization experiments are detailed in section 4.2. Finally, the different
crystallization techniques are presented in section 4.3. Materials and abbreviations are

listed in the appendix (chapters 0 and 8.1, respectively).

The proteins under study were provided by the cooperation partner (Merck KGaA,
Darmstadt, Germany), generated by papain digestion of an antibody or purchased in

purified form (Table 4.1).

Table 4.1: Overview of the proteins under study (cooperation partner*: Merck KGaA,
Darmstadt, Germany). Cetuximab was only used as source for the generation of the antigen-
binding fragment of cetuximab (FAB) by papain digestion.

Abbr. Protein Source
(CET) Cetuximab (used for generation of FAB) Cooperation partner*
FAB  Antigen-binding fragment of cetuximab Papain digestion

GLU  Glucose isomerase from Streptomyces rubiginosus  Cooperation partner*

LIP Lipase from Thermomyces lanuginosus Novozymes Lipolase 100L
LYS Lysozyme from Gallus gallus Sigma-Aldrich (62971)
XYL  Xylanase Il from Trichoderma reesei Cooperation partner*

4.1 Protein analytics
The progress of crystallization experiments, the purity of the protein solutions, and the
functional activity of LYS and LIP were monitored using the analytical methods

described in this subchapter.

4.1.1 Protein concentration determination

As protein solutions with a high purity and free of interfering substances, the protein
concentration was determined by UV spectroscopy only (Layne, 1957). The
measurement was performed in a 1 mL fused quartz cuvette at 280 nm. The protein

concentrations were calculated according to the Lambert-Beer law (Equation 7).




MATERIAL AND METHODS 39

E=¢-c-d (Equation 7)
with E extinction
c concentration mol L1
d cuvette width cm
£ extinction coefficient mol L1 cm’?

For LYS, a standard was used to obtain the extinction coefficient €. The molecular masses
M and the extinction coefficients for the other proteins under study were calculated with
ProtParam (Gasteiger et al., 2005) using the protein sequences given in the appendix

(chapter 8.6).

4.1.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

The purity of protein solutions and the progress of the papain digestion were analyzed
using SDS-PAGE (Fling and Gregerson, 1986; Laemmli, 1970). A 12.5 % separating gel
and a 5 % stacking gel were used. The samples were adjusted to 50 pg mL-1 protein with
ddH20 (equals 1 pg protein per lane), diluted with Laemmli buffer (5x) and then
incubated at 95°C for 5 min. SigmaMarker wide range (6.5 kDa to 200 kDa; S8445;
Sigma-Aldrich, Taufkirchen, Germany) was used as molecular weight standard. The
electrophoresis was performed at 30 mA and 140 V. After staining (Fairbanks et al.,
1971), the gels were digitized. All electrophoresis buffers and staining solutions are

detailed in the appendix (Table 8.14, Table 8.15).

4.1.3 Size exclusion chromatography (SEC)

Where quantitative data on the purity of a protein solution was required, a SEC (gel
filtration) was performed using a Superdex 300 10/300 GL column (GE Healthcare,
Solingen, Germany). 150 mM potassium phosphate buffer pH 6.5 was used as mobile
phase with a flow rate of 0.4 mL min-1. 300 pL sample with approx. 0.3 g L-1 protein were
injected. UV detection was performed at 210 nm. The column was calibrated using

purified standards of the proteins under study.

4.1.4 Functional lipase activity assay
A modified 4-nitrophenyl palmitate based assay (Liu et al, 2006) was used for the
determination of LIP activity in 300 uL 96-well plates (Nunc, Thermo Electron LED

GmbH, Langenselbold, Germany). The reaction mixture with a total volume of 270 pL
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consisting of 0.25 g L1 4-nitrophenyl palmitate 0.3 gLl gum Arabic, 2.9 g L-1 Triton
X-100 and 1.45 M Tris-HCl pH 7.5 was generated by mixing 22.5 pL solution A, 157.5 pL
solution B and 90 pL of the LIP sample. Prior to the addition of the sample, the baseline
absorbance at 410 nm was measured for 10 min at 37 °C. Subsequently, the kinetics
were determined under the same conditions for 20 min. The composition of solutions A

and B is detailed in the appendix (Table 8.16).

4.2 Preparation of the protein solutions

Some proteins were provided in solutions containing buffer components unfavorable for
protein crystallization. Therefore, buffer changes were performed via dialysis or
diafiltration, and the protein solutions were concentrated by ultrafiltration. FAB had to
be generated by papain digestion of cetuximab and was subsequently purified by ion
exchange chromatography. The specified buffer compositions of the protein stock

solutions and the replacement buffers are listed in Table 4.2.

Table 4.2: Buffer composition of the protein stock solutions and the buffers the stock
solutions were dialyzed or diafiltrated against. *LYS was provided as crystalline powder and
dissolved in ddH;0 prior to crystallization.

Protein c¢,gL1 Buffer in the stock solution Replacement buffer

CET 5 Nac(l, glycine, polysorbate 80, citric ddH20
acid monohydrate, sodium hydroxide

GLU 52 50 % glycerol 0.18 M ammonium sulfate

pH7

LIP 20 25 % (w/w) propylene glycol, 25 mM Tris-HCI pH 9.0
0.5 % (w/w) CaCl;

LYS - None* ddH20

XYL 34 43 % glycerol, 0.18 M sodium (no exchange)

potassium phosphate buffer pH 7.0
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4.2.1 Dialysis

Dialysis was used in order to exchange the buffer of small volumes of protein solutions
(up to 50 mL). If a dilution of 1 to 1000 could not be maintained due to the limitation of
the dialysis buffer volume, two consecutive dialyses with a dilution of 1 to 100 were
performed. The dialysis tubing had a molecular weight cut off of 14 kDa. The dialysis

was performed overnight at 4 °C.

4.2.2 Cross-flow dia- and ultrafiltration

Two cross-flow filtration systems were used in order to exchange the buffer or to raise
the protein concentration of larger volumes of protein solutions. The filtration
equipment was purchased from Sartorius Stedim, Gottingen, Germany. The smaller
system had an operating volume of 70 - 500 mL, the larger system had an operating
volume of 0.15 L - 25 L. Both systems were operated using the same PESU membrane
modules with 5 kDa molecular weight cut off and 0.1 m2 filter area (No. 3051462901E--
SG) at 4 °C. The transmembrane pressure was kept constant at 1 bar. The components of
both cross-flow filtration systems are detailed in the appendix (Table 8.4 and Table 8.5,
respectively). The setup of the larger cross-flow filtration system for the diafiltration of

1 L lipase is shown in Figure 4.1.

Figure 4.1: Cross-flow diafiltration of 1 L lipase solution using a Sartorius Slice
system. The protein solution in the reservoir (A) is pumped over the PESU
membrane in the filter holder (B). The permeate is collected (C) and replaced by
fresh buffer (D). Analog and digital pressure gages (E, F) enable the calculation
of the transmembrane pressure, which can be adjusted using valves (G).

For diafiltration, a reservoir of fresh buffer was attached to the airtight cross-flow
filtration circuit. Thereby, the permeate volume was replaced by fresh buffer, effectively
removing the components of the initial buffer from the protein solution at a constant

protein concentration. 5 diafiltration volumes were used, equaling a theoretical removal
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of 99 % of the initial buffer. For the concentration of a protein solution, the buffer
reservoir was disconnected and the permeate volume was not replaced by fresh solvent,
thus increasing the protein concentration. Samples were taken and analyzed by UV
spectroscopy at 280 nm in order to monitor the progress. The filtration was stopped as

soon as the desired protein concentration was reached.

4.2.3 Papain digestion

The antigen-binding fragment of cetuximab (FAB) was generated by papain digestion of
cetuximab. As the buffer of the cetuximab stock solution contained substances inhibiting
proper papain digestion, the buffer was exchanged against ddH:0. For initial screening
experiments, 100 mg cetuximab were digested in a 100 mL stirred-tank for 1 h at 37 °C
using 1 gL cetuximab in a 40 mM phosphate buffer pH 7.0 containing 40 mM L-
cysteine, 1 mM EDTA, and 2.5 mgL-! papain from Carica papaya. The reaction was
stopped by lowering the pH to 5.0 using acetic acid and the digested protein was stored
at 4 °C until purification via cation exchange chromatography. The digestion was verified
using SDS-PAGE and size exclusion chromatography (SEC). As more FAB was required,
the papain digestion was performed with 2 g and finally with 20 g cetuximab under the

same reaction conditions in larger-sized stirred-tanks.

4.2.4 Cation exchange chromatography (CEC)

For the crystallization experiments, FAB was separated from undigested cetuximab, the
Fc fragment of cetuximab, and papain using cation exchange chromatography (CEC).
Fractogel EMD SO3- (M) was kindly provided by Merck KGaA (Darmstadt, Germany) as
chromatography medium. Depending on the protein load, different sized
chromatography columns with packed bed volumes of 12 mL (12.5 mm ID), 200 mL
(25 mm ID) and 900 mL (50 mm ID) were used with a maximum protein load of
25 mg mL-1. The chromatography column was equilibrated with 40 mM sodium acetate
buffer pH 5.0. The papain digest was diluted 2.5-fold to reduce the ionic strength and
subsequently loaded onto the column. The flow-through was discarded. Using a step
gradient, FAB was eluted separately from the other proteins with 150 mM NaCl in
40 mM sodium acetate buffer pH 5.0. The remaining proteins, i.e. papain and the Fc
fragment, were eluted using 300 mM NaCl in 40 mM sodium acetate buffer pH 5.0.
Finally, the column was cleaned with 1 M NaOH and stored at 4 °C in 20 % (v/v) ethanol.

The purity of FAB was verified by SDS-PAGE and size exclusion chromatography (SEC).
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4.3 Protein crystallization

A variety of different techniques for protein crystallization was used in this work. First,
the initial screening based on crystallization conditions known from previous work or
from the literature was carried out in pL-scale vapor diffusion and microbatch
experiments. The best crystallization conditions were then transferred into agitated
5 mL-scale crystallizers. Subsequently, selected proteins were crystallized on a 100 mL-
and a 1 L-scale, and the obtained crystals were characterized regarding their size.
Finally, the removal of impurities, i.e.,, crystallization agents, from the crystals was
studied. The initial crystallization conditions for each protein taken from published

previous work and from the literature (see chapter 3.2.6).

4.3.1 Vapor diffusion crystallization

Hanging drop vapor diffusion experiments were performed in 24-well plates
(Crystalgen, Commack, USA). Protein and crystallization agent stock solutions were
prepared separately and subsequently mixed on siliconized circular cover slides,
forming 10 pL drops. The slides were placed above 1 mL reservoir solution with the
drop facing downwards (hanging drop). The reservoir solution contained twice the
crystallization agent concentrations. The plates were sealed using medium viscosity
silicon grease (Bayer, Leverkusen, Germany) and stored at 20 °C in a cooling incubator.
Microphotographs of the drops for the qualitative evaluation of the crystallization

conditions were taken in variable intervals.

4.3.2 Microbatch crystallization

10 pL-scale microbatch crystallization experiments were carried out in 72-well Terasaki
plates (Greiner-Bio-One, Frickenhausen, Germany). For each crystallization condition,
protein and crystallization agent stock solutions were prepared separately. The drops
were prepared by gently mixing both, the protein and crystallization agent stock
solutions in the wells. The Terasaki plates were sealed with 8 mL paraffin oil to avoid
evaporation. The plates were stored at 20 °C. Microphotographs of the drops for the

qualitative evaluation of the crystallization conditions were taken in variable intervals.
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4.3.3 Agitated batch crystallization and overview of the crystallization systems

Description of the crystallization systems

Three geometrically similar stirred tanks were used for agitated batch crystallization
experiments on a 1 L-, 100 mL- and a 5 mL-scale (Figure 4.2). Pitched-bladed impellers
with low shear forces (Mirro and Voll, 2009) were used for gentle mixing of the crystal
slurry. A more detailed view of the three-bladed segment-impellers is shown in Figure

4.3.

@

Figure 4.2: Geometrically similar stirred tanks used for the agitated batch
crystallization on a 1 L-, 100 mL-, and 5 mL-scale. The pitched-bladed impellers
were driven by stepping motors on top of the reactors. Ports in the tank heads
allowed for sampling and feeding of crystallization agent solutions. The
5mL- and 100 mL-tanks were immersed in a refrigerating circulator for
temperature control; the 1 L-tank featured a cooling jacket.
The 1L stirred tank was built using standard components (Table 8.8). It featured a
height to diameter ratio of approximately 1.0 (regarding the fill level) and an agitator
diameter to tank inner diameter ratio of 0.5. The glass vessel had a cooling jacket which
was connected to a refrigerating circulator for temperature control. Ports in the tank
heads allowed for sampling and feeding of crystallization agent solutions. The shaft was

agitated by a stepper motor which enabled the use of a wide range of rotational speeds

(10 min-! to 2500 min1).
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Figure 4.3: The 3 pitched-bladed impellers for the 1 L-, 100 mL-, and 5 mL-scale

stirred tanks. The 1 L-scale impeller was attached to the shaft using a setscrew,

while the smaller impellers were screwed on a male thread cut on the end of the

shaft. The rotational direction was reversed for the 5 mL-scale impeller in order

to prevent the screw joint from loosening at higher rotational speeds.
The smaller stirred tanks were custom-built scaled-down versions of the 1L stirred
tank. Standard round-bottom centrifuge tubes were used as glass vessels. Adjustments
had to be made during the constructions of the smaller versions of the pitched-bladed
impellers. As the diameter of the hub could not be reduced as much as desired, the
blades would have had a lower surface compared with a perfectly scaled-down impeller.
This was compensated by a slightly increased radius of the blades. For the 5 mL-scale
impeller, the blade radius was increased from 12.8 mm to 13.2 mm and from 28.4 mm to

28.5 mm for the 100 mL-scale impeller. The specifications of the three stirred-tank

crystallizers are listed in Table 4.3.

For the 5 mL stirred tank, the tank head was made from PTFE. The stainless steel shaft
(1.4571) was directly connected to the motor shaft. For the 100 mL stirred tank, all
components were made from stainless steel (1.4571). The shaft was mounted using two
ball bearings and seals. The motor was connected to the shaft using a coupling on top of
the tank head similar to the mechanism used in the 1 L stirred tank, thus reducing the
effect of the unbalances of the motor. Other than the 1L stirred thank, the smaller
vessels had no cooling jacket and were therefore immersed in a refrigerating circulator.
The experimental setup for the parallel 5 mL-scale crystallization in 12 reactors is
shown in Figure 4.4. The design drawings are shown in the appendix (chapters 8.7.1 and

8.7.2).
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Table 4.3: Relevant specifications of the three stirred-tank crystallizers. P/V values: personal
communication from Benjamin Smejkal, TU Miinchen, Garching.

V, mL 5 100 1000

H, mm 20.0 58.9 120

D, mm 22.0 48.8 120

d, mm 11.3 24.8 60

H/D, - 0.9 1.2 1.0

D/d, - 0.51 0.51 0.5

P/V,Wm-3 - - 150 min-1: 19
250 min1: 46

Parallel reactors 12 2 1

Figure 4.4: Experimental setup for the parallel crystallization using 12
individual 5 mL-scale reactors. The reactors are immersed in a refrigerating
circulator for temperature control.

Agitated batch crystallization

Similar to microbatch experiments, the crystallization was started by mixing protein and
crystallization agent stock solutions in the stirred tanks. The solutions and the stirred

tanks were pre-cooled. In contrast to vapor diffusion and microbatch experiments, the
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crystallization conditions could be adjusted during the crystallization process by the
addition of crystallization agents. In order to monitor the progress of the crystallization
process, samples of approx. 40 pL were taken from the tanks at variable time intervals.
Crystals were sedimented for 2 min at 16 200 x g in a refrigerated centrifuge at the same
temperature currently employed in the crystallization process. Subsequently, the
supernatant was diluted and the protein concentration in solution was determined by

UV spectroscopy at 280 nm.

The crystallization yield was determined as the quotient of the crystal mass obtained in
the crystallization process and the initial amount of soluble protein. It was assumed, that
all protein removed from the solution crystallized, since the formation of precipitate was
not observed. Therefore, the crystal mass was estimated by subtraction of the remaining
soluble protein at the end of the crystallization process from the protein present at the
beginning of the experiment (Equation 8).

proteing,; o — proteing, eng (Equation 8)
proteing, o

crystallization yield =

with proteingip.  protein in solution at the beginning g
proteinsiena  protein in solution after crystallization g

4.3.4 Microscopy and image analysis

Two different microscopes were used in this work. Microphotographs of vapor diffusion
experiments were taken with an AxioCam ICc3 camera attached to an Axioplan
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). Crystals obtained in
microbatch experiments or in agitated batch crystallization processes were analyzed
using an Eclipse 50i microscope (Nikon Instruments Europe BV, Amsterdam, The
Netherlands). The temperature of the microscope was kept constant at 20 °C using a
cooled incubator in order to prevent the crystals from melting (Figure 4.5). The
components of the two microscopy systems are listed in the appendix (Table 8.6 and

Table 8.7, respectively).

Raw measurements were performed using the standard software NIS Elements AR
(version 3.22). Image] (version 1.46r; http://imagej.nih.gov/ij/; Jul 2012) was used for
further analysis, e.g., the evaluation of crystal size distributions. Therefore, area density
distributions were calculated from measured crystal cross section areas from

microphotographs (Hekmat et al., 2007b).
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Figure 4.5: Microphotographs of the protein crystals were taken using a DS-2Mv
digital camera and a remotely operated OptiScan stage attached to a Nikon
Eclipse 50i microscope, which was installed in a cooled incubator (T = 20 °C).

4.3.5 Washing of protein crystals and analysis of the removed substances

Protein crystals were washed in order to deplete unwanted substances from the solvent
channels. First, a volume of approximately 150 puL crystals were sedimented by
centrifugation for 2 min at 16 200 x g. The supernatant was removed and the crystals
were resuspended in 1.5 mL wash solution. After 5 min, the crystals were sedimented
again by centrifugation and subsequently dissolved in 1.5 mL ddH;0 for analysis. The
protein concentration was measured by UV spectroscopy at 280 nm. PEG was
determined using a modified Dragendorff reagent method (Jia and Tian, 2009). Acetate,
citrate, ethanol, formate, phosphate, and 2-hydroxyethylammonium were quantified
using common HPLC methods. The NaCl content was determined using a chloride assay
purchased from Merck KGaA, Darmstadt, Germany (No. 1.14897.0001). Ammonium
sulfate was determined using an ammonium assay purchased from R-Biopharm,
Darmstadt, Germany (No. 11 112 732 035). The analytical methods are detailed in the
appendix (chapter 8.5). The level of solvent content in the crystals had to be estimated in

order to assess the relative amount of unwanted substances in the crystals.
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5 Results and Discussion

5.1 Phase diagrams and protein crystallization on a 5 mL-scale

This chapter details the identification of suitable crystallization conditions for each of
the proteins under study based on the literature. Therefore, phase diagrams were
recorded to select crystallization conditions for the crystallization of each protein on a

5 mL-scale.

5.1.1 Lysozyme from Gallus gallus (LYS)

Phase diagrams for the vapor diffusion crystallization and the microliter-scale batch
crystallization of LYS as well as data on the solubility of LYS are described extensively in
the literature (see chapter 3.2.6). Consequently, no further screening for LYS phase

diagrams was performed.

5.1.1.1 Microbatch-scale validation of crystallization conditions

Prior to the transfer of the LYS crystallization into the 5 mlL-scale crystallizers, the
crystallization conditions from the literature were validated in 10 pL-scale microbatch
experiments. Microphotographs of the crystals obtained using 0.5M - 1.25 M NaCl are

shown in Figure 5.1.

A

Figure 5.1: Microbatch-scale crystallization of 25 g L1 lysozyme using varying
NaCl concentrations, 25 mM sodium acetate buffer pH 4.0 at 20°C. A) 0.5 M
(=29 gL1) NaCl; B) 0.65M (=38gL1) NaCl; C) 0.95M (=56 gL1) NaCl; D)
1.25M (= 73 g 1) NaCl.
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The use of 0.5 M NaCl resulted in the formation of large single crystals. With increasing
NaCl concentrations, the crystal form changes from large single crystals to sea urchin-
like formations consisting of monoclinic crystal needles. At 0.65 M, these two crystal
forms coexisted, whereas at 0.95M and 1.25M NaCl, only needle-like crystals were

observed.

5.1.1.2 Crystallization on a 5 mL-scale

A wide range of crystallization conditions using NaCl as crystallization agent has been
identified for LYS. In previous work, 50 g L-1 LYS,  0.68 M (40 g L-1) NaCl and 25 mM
sodium acetate buffer pH 4.0 were used for the agitated-batch crystallization at 20 °C in
prototypes of the 5 mL-scale crystallizers using paddle impellers (Hekmat et al., 2007b).
However, spontaneous precipitation of LYS was sometimes observed upon mixing the
LYS solution with the crystallization agent solution. In this work, the concentration of
LYS was lowered to 25 g L1 in order to avoid the formation of precipitate. The initial
crystallization conditions were: 25 g L'1 LYS, ~ 0.68 M (40 g L-1) NaCl, and 25 mM sodium
acetate buffer pH 4.0 at 20 °C.

5 mL-scale batch crystallization without agitation

As a reference, LYS was crystallized in the 5 mL-scale reactors without agitation using

the initial crystallization conditions. The results are depicted in Figure 5.2.
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Figure 5.2: Crystallization of 25 g L-! lysozyme on a 5 mL-scale using = 0.68 M
(40 g L-'1) NaCl, 25 mM sodium acetate buffer pH 4.0 and n =0 min! at 20 °C.
Depicted is the decrease of the lysozyme concentration in solution.
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The crystallization started after 19.5 h due to the low nucleation rate. Crystals grew
slowly, until the equilibrium concentration of 4 g L-1 was reached after 4 days. The
crystals were not in suspension, but attached to the walls of the stirred-tank reactors.

Consequently, microphotographs of the crystals could not be taken.

5 mL-scale batch crystallization with agitation

In order to avoid the attachment of crystals to the walls of the stirred-tank reactors and
to ensure adequate mixing, the stirred-tank reactors were agitated using pitched-bladed
impellers. A stirrer speed of 150 min-l, resulting in a mixing time of 40 s (internal
communication from Dr. Dariusch Hekmat, TU Miinchen, Garching), was chosen for the
crystallization of LYS, as it was sufficient to keep the LYS crystals in suspension (data not
shown). The results of the crystallization of LYS using the initial crystallization

conditions at n = 150 min-! are shown in Figure 5.3.
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Figure 5.3: Crystallization of 25 g L1 lysozyme on a 5 mL-scale using = 0.68 M

(40 g L-'1) NaCl, 25 mM sodium acetate buffer pH 4.0 and n = 150 min-! at 20 °C.

Depicted is the decrease of the lysozyme concentration in solution.
Similar to the unagitated crystallization of LYS, the crystallization started after 20 h. The
equilibrium concentration of 9 g L-1 was reached within 40 h. In contrast to the previous
unagitated crystallization, the LYS concentration did not decrease any further. The
crystallization yield was 60 %. Large tetragonal-like crystals measuring up to 50 um

were observed next to a few needle-like crystals Figure 5.4.
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Figure 5.4: Tetragonal-like and a few needle-like lysozyme crystals and crystal
clusters grown in the 5 mL-scale reactor using 25 gL lysozyme, =~ 0.68 M
(40 g L-1) NaCl, 25 mM sodium acetate buffer pH 4.0 and n = 150 min-1.

5 mL-scale batch crystallization using an increased NaCl concentration

Rather slow crystallization kinetics and an unsatisfactory yield of only 60 % were
observed in the previous experiments using the initial LYS crystallization conditions.
The supersaturation was consequently raised by an increase of the NaCl concentration
to 1.25 M (= 73 g L-1). Additionally, a cooling step was introduced, as the solubility of LYS
was known to be temperature-dependent (see chapter 3.2.6). When the equilibrium
concentration for 20 °C was reached, the temperature was lowered to 10 °C. On the
following day, the temperature was lowered to 0°C. The following crystallization
conditions were used: 25 g L'1 LYS, 1.25 M (= 73 g L'1) NaCl, and 25 mM sodium acetate
buffer pH 4.0 at 20°C (initially). The results of the crystallization experiment

implementing these two modifications are depicted in Figure 5.5.

With an increased NaCl concentration of 1.25 M, the crystallization started immediately
after the addition of the crystallization agent solution. The LYS concentration in solution
rapidly decreased to 7 g -1 within the first hour. When the crystallization process was
close to the equilibrium concentration at 20 °C (4 g L-1; taken from Howard et al, 1988),
the temperature was reduced to 10 °C, and the LYS concentration continued to decrease.
After 23 h, the temperature was lowered to 0 °C. The final equilibrium concentration
was 2.7 g L1 after 24 h, equaling a yield of 89 %. An increased formation of needle-like

crystals was observed (Figure 5.6).
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Figure 5.5: Crystallization of 25 gL lysozyme on a 5 mL-scale using 1.25M
(=73 gL1) NaCl, 25mM sodium acetate buffer pH4.0 and n=150 min-.
Depicted are ¢ the decrease of the lysozyme concentration in solution and the
temperature time course (solid line).

Figure 5.6: Tetragonal-like and needle-like lysozyme crystals and crystal
clusters grown in the 5 mlL-scale reactor using 25gL?! lysozyme, 1.25M
(= 73 g L'1) NaCl, 25 mM sodium acetate buffer pH 4.0 and n = 150 min-1.

5.1.1.3 Discussion

The crystallization of LYS was successfully transferred to the 5 mL-scale reactors based
on phase diagrams from the literature. A stirrer speed of n = 150 min-! was sufficient for
the suspension of the crystals and no crystals were attached to the walls of the glass
vessel. No crystal fragments were formed despite the low stability of protein crystals

(Chernov, 2003). Nevertheless, an increased formation of needle-like crystals was
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observed at 1.25 M NaCl, which would be unfavorable for the further handling (e.g.,
filtration) in a large-scale production process. This is in accordance to the data from the
microbatch-scale validation of crystallization conditions and from the literature
(Hekmat et al, 2007a). Similar crystallization kinetics were observed in both, the
unagitated and the agitated crystallization, using the initial crystallization conditions.
Consequently, the crystallization kinetics were not affected negatively by shear forces
due to agitation of the reactor, which is in accordance with the literature (Tait et al,
2009). Also, the crystallization kinetics in the unagitated crystallization experiment
were not diffusion limited, as no acceleration of the kinetics was observed in the
agitated crystallization experiment using the same crystallization conditions. Compared
to previous work, the crystallization yield was improved from 82 % within 8 h to 89 %
within 24 h. While the crystallization kinetics were slower and the equilibrium was only
reached within 24 h, increased crystallization kinetics should be possible using earlier

cooling steps while maintaining the same yield.

5.1.2 Lipase from Thermomyces lanuginosus (LIP)

The vapor diffusion sitting drop crystallization of LIP has been described in the
literature (see chapter 3.2.6). Prior to the transfer of the LIP crystallization into the
5 mL-scale crystallizers, the crystallization conditions from the literature were validated
in 10 pL-scale microbatch experiments. The LIP concentration was raised to 100 g L-1 in
all experiments. Crystals were obtained using 40 - 100 mM NaCl and 25 mM sodium
acetate buffer pH 4.0. Variations of the NaCl concentration within this range did not
affect the qualitative results of the microbatch-scale crystallization of LIP. High NaCl
concentrations from 0.75M to 1.0M resulted in precipitate formation. The
crystallization drops remained clear between these two ranges. Due to this very limited
nucleation zone, no phase diagram was recorded. A microphotograph of LIP crystals

grown using 80 mM Nac(l is shown in Figure 5.7.
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Figure 5.7: Lipase (LIP) crystals obtained in the microbatch-scale crystallization
using 100 g L-1 LIP, 80 mM NaCl, and 25 mM sodium acetate buffer pH 4.0 at

20 °C.
The following crystallization conditions were chosen for the transfer of the LIP
crystallization into the 5 mL-scale stirred-tank reactors: 100 g L-1 LIP, 55 mM NaCl, and
25 mM sodium acetate buffer pH 4.0 at 20 °C. The stirrer speed was increased to
n = 250 min-1, as a portion of the LIP crystals sedimented at n = 150 min-1. The results of

the 5 mL-scale crystallization of LIP are depicted in Figure 5.8.

120

L 4

* o0

o]
o

[@))
o

Lipase, g L1

S
[e]
*
*
.

x 3

0 5 10 15 20 25 30
Time, h

Figure 5.8: Crystallization of 100 g L1 lipase on the 5 mL-scale using 55 mM
NaCl, and 25 mM sodium acetate buffer pH4.0 (T = 20 °C, n=250 min1).
Depicted is the decrease of the lipase concentration in solution.
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The crystallization started after 5 h and the equilibrium was reached within 23.5 h. The
equilibrium concentration of LIP was 41.9 g L1, equaling a crystallization yield of 58 %.
Only needle-like crystals up to 120 pym in length were observed (Figure 5.9). The

solubility of LIP did not show a temperature-dependency (data not shown).

Figure 5.9: Needle-like lipase crystals grown in the 5 mL-scale reactor using
100 g L1 lipase, 55 mM NacCl, and 25 mM sodium acetate buffer pH 4.0 (T = 20 °C,
n =250 min-1).

Discussion

The nucleation zone for the crystallization of LIP using NaCl in sodium acetate buffer pH
4.0 was narrow. Hence, no phase diagram was recorded and the crystallization was
directly transferred into the 5 mL-scale reactors. While other lipases were previously
crystallized in vessels with volumes up to 500 mL (Jacobsen et al, 1998; Lee et al,
2000), the crystallization of LIP in scalable reactors was reported for the first time. The
yield was rather low (58 %). Unlike LYS, LIP did not exhibit a temperature-dependent
solubility. Also, a variation of the NaCl concentration was not feasible due to the limited
nucleation zone. Needle-like crystals were observed in both the microbatch-scale
experiments and the 5 mL-scale reactors. This crystal form is unfavorable for the further
processing of the crystals in a large-scale production process. Hekmat et al. (2008)
reported a shift of the LIP crystal form from needle-like to compact crystals using ionic

liquids in vapor diffusion experiments, which shall be investigated in chapter 5.2.2.
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5.1.3 Xylanase II from Trichoderma reesei (XYL)

5.1.3.1 Microbatch-scale screening of crystallization conditions

Starting point for the microbatch-scale screening of crystallization conditions were the
vapor diffusion crystallization conditions described in chapter 3.2.6. The XYL solution
used in this work was provided in 43 % glycerol, 0.18 M sodium potassium phosphate
buffer pH 7.0. A buffer exchange via dialysis resulted in precipitation of XYL (data not
shown). In first experiments, the XYL solution was diluted using bidistilled water for
crystallization conditions with a lower XYL concentration. However, an increasing
tendency towards precipitation was observed with descreasing XYL concentrations
(data not shown). Consequently, XYL solutions were diluted using 43 % glycerol instead
of bidistilled water. The qualitative results of microbatch-scale crystallization
experiments using the crystallization conditions from the literature and modifications

thereof are listed in Table 5.1.

Table 5.1: Qualitative results for the microbatch-scale crystallization of 16 g L-1 xylanase. The
crystallization conditions were taken from the literature (Hampton, 2010; Toérronen et al,
1993) or modifications thereof.

Crystallization agent Concentration, M Result
Sodium potassium phosphate buffer pH 7.0 1.4-2.6 Crystals
Sodium potassium phosphate buffer pH 7.4 1.1-2.2 Crystals
Sodium potassium phosphate buffer pH 8.2 09-2.6 Crystals
Ammonium sulfate in sodium acetate buffer pH 4.3 0.8-1.4 Precipitate
Ammonium sulfate in sodium citrate buffer pH 4.0 / 4.5 08-1.4 Precipitate
Ammonium sulfate in Na/K phosphate buffer pH 8.2 1.1-2.0 Crystals
Ammonium sulfate in Tris-HCI pH 7.5 1.0-2.0 Crystals
Ammonium sulfate in Tris-HCI pH 8.0 1.0-1.5 Crystals
Ammonium sulfate in Tris-HCI pH 8.5 1.2-1.5 Crystals

No crystals were obtained using the crystallization conditions with ammonium sulfate at
pH 4.0 - 4.5. At a neutral to slightly basic pH, both sodium potassium phosphate buffer
and ammonium sulfate yielded crystals. Na/K phosphate buffer pH 8.2 was selected for
further experiments, since it showed the broadest concentration range for the
crystallization of XYL. Microphotographs of crystals grown at different combinations of

XYL and crystallization agent concentrations are depicted in Figure 5.10.
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Figure 5.10: Xylanase (XYL) crystals obtained in the microbatch-scale screening
using various concentrations of Na/K phosphate buffer pH 8.2 (PB) at 20 °C.
A) 6.7 gLt XYL, 0.75M PB; B) 14.7 g L-1 XYL, 0.69 M PB; C) 22 g L1 XYL, 0.6 M
PB; D) 29 g L1 XYL, 0.34 M PB.
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Figure 5.11: Phase diagram for xylanase (XYL) solved in 43 % glycerol obtained
from the qualitative evaluation of microbatch-scale crystallization of 1-29 g L1
XYL using 0.1-1.1 M sodium potassium phosphate buffer pH 8.2 at 20 °C.
e crystal growth; X precipitate formation; o no crystallization or precipitation.
The crystallization condition used for the subsequent 5 mL-scale crystallization
is marked with a grey square. The lines denote the XYL solubility (dashed:
determined using 29 g L-1 XYL; dotted: determined using 10 g L-t XYL). The lines
are included for visualization and are not the result of a simulation.

The phase diagram derived from the qualitative evaluation of the microbatch-scale

crystallization of XYL is depicted in Figure 5.11. Crystallization was observed over a
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broad range of XYL and sodium potassium phosphate buffer (PB) concentrations. A
distinct metastable zone only existed for PB concentrations below 0.4 M. At PB
concentrations over 0.9 M, crystallization was only observed for very low XYL
concentrations or with concurrent precipitation. Thus, higher potassium phosphate
buffer concentrations were not evaluated for the phase diagram. Different solubility
curves were obtained for XYL depending on the initial XYL concentration used in the
experiments. A higher solubility was observed in experiments with a higher initial XYL

concentration.

5.1.3.2 Crystallization on a 5 mL-scale

During the microbatch-scale screening for crystallization conditions, crystallization was
observed for XYL concentrations up to 29 g L-1. Due to the increased XYL solubility at the
lower sodium potassium phosphate buffer (PB) concentrations necessary for the
crystallization using high XYL concentrations, the supersaturation was only 0.6 and slow
nucleation was observed (data not shown). Hence, a lower XYL concentration of 16 g L-1
and 0.89 M PB pH 8.2 were used for the crystallization on a 5 mL-scale, resulting in a
supersaturation of 2.1. It shall be noted, that the 5 mL-scale crystallization of XYL was
performed at an early stage of this work, and the reactors were agitated using prototype
marine impellers instead of the pitched-bladed impellers. The marine propellers were
operated at 115 min-1. The results of the 5 mL-scale crystallization of XYL are depicted in

Figure 5.12.
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Figure 5.12: Crystallization of 16 g L1 xylanase on a 5 mL-scale using 0.89 M

phosphate buffer pH 8.2 at 20 °C and n = 115 min-! (marine propellers). Depicted

is the decrease of the xylanase concentration in solution.
The crystallization started immediately after the addition of the crystallization agent
solution. Within 3 h, the XYL concentration had decreased to 7.5 g L'? (yield: 53 %) and
the crystallization kinetics slowed down. The residual XYL concentration was 3.3 g L1
after 2 d (yield: 79 %) and the equilibrium of 2 g L-1 was reached after 7.5 d, equaling a
yield of 87 %. The crystals obtained in this experiment initially measured up to 40 pm.
Increased secondary nucleation was observed during the long crystallization process
(Figure 5.13).

Figure 5.13: Xylanase crystals grown in the 5 mL-scale reactor using 16 g L-1
xylanase, and 0.89 M sodium potassium phosphate buffer pH 8.2 (T =20 °C,
marine propellers, n = 115 min-!) after A) 2.5 h, and B) 10.8 d.

Based on the phase diagram, the XYL solubility was expected to decrease for higher PB

concentrations. As higher initial PB concentrations would have caused precipitation, PB

was added stepwise up to a final concentration of 1.4 M during the crystallization
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process, when the XYL concentration before the crystallization kinetics decreased. It was
verified that precipitation occurred at no time. The results of this experiment are

depicted in Figure 5.14.
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Figure 5.14: Crystallization of 16 g L1 xylanase on a 5 mL-scale at 20 °C and
n=115min! (marine propellers). The initial phosphate buffer concentration
was 0.82 M. During the crystallization process, phosphate buffer was added in
order to increase the crystallization yield. Depicted are ¢ the decrease of the
xylanase concentration in solution and the time course of the phosphate buffer
concentration (solid line).
Similar to the previous experiment, the crystallization started immediately after the
addition of the crystallization agent solution. The PB concentration was increased to
1.0 M when the XYL concentration dropped below 7.5 g L-1. It was further increased to
1.2 M at 3.5 g -1 XYL. Finally, the PB concentration was raised to 1.4 M, resulting in a
XYL equilibrium concentration of 0.7 g L1 after 20 h. The crystallization yield was 95 %.

Crystals measuring up to 50 um were observed (Figure 5.15).
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Figure 5.15: Xylanase crystals grown in the 5 mL-scale reactor using 16 g L1
xylanase, and 0.89 M sodium potassium phosphate buffer pH 8.2 (T =20 °C,
marine propellers, n = 115 min-t) after 26 h.

PB concentrations over 1.5M resulted in a higher solubility of XYL and could

consequently not be used to further increase the crystallization yield.

5.1.3.3 Discussion

For XYL, crystallization conditions with a low (4.2) and a high (7.0 -8.2) pH were
reported in the literature (Hampton, 2010; Toérrénen et al, 1993). The crystallization
conditions with low pH could not be reproduced. The XYL solution used in this work was
stabilized using 43 % glycerol and exhibited precipitation upon lowering the glycerol
content, whereas Torronen et al. crystallized XYL from a solution never brought in
contact with glycerol. Thus, the stabilization of XYL using glycerol might prevent
nucleation at low pH. The solubility of XYL was shown to be dependent on the amount of
XYL used for the experiment. As the glycerol content was kept constant at 43 %, it is
assumed that the XYL stock solution provided from the cooperation partner contained

other additional substances which stabilized XYL in solution.

The crystallization of XYL in scalable reactors was reported for the first time.
Crystallization conditions with a supersaturation of 2.1 were successfully transferred
into the 5 mL-scale reactors. The crystallization yield and the crystallization kinetics
were improved from 53 % within 7.5d to 95 % within 20h by the addition of
crystallization agent during the crystallization process. The shorter process time

resulted in less secondary nucleation due to crystal collisions. A similar correlation was
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demonstrated for the crystallization of LYS (Tait et al, 2009). The phase diagram
suggests a further increase of the crystallization yield to 97 % using a higher initial XYL
concentration of 29 gLl and by increasing the crystallization agent concentration
during the crystallization process. However, the crystallization kinetics were very slow
due to the low supersaturation of 0.6. Future experiments could investigate crystal
seeding as a method to bypass primary nucleation, consequently leading to faster

crystallization Kkinetics.

5.1.4 Glucose isomerase from Streptomyces rubiginosus (GLU)

5.1.4.1 Microbatch-scale screening of crystallization conditions

Starting point for the microbatch-scale screening were the following crystallization
conditions from the literature: A) 1.5-2.5M ammonium sulfate, pH 7.0; B)
100 - 150 g L-1 PEG4000-8000 in 200 mM ammonium sulfate, pH 7.0; C) 0.6-1.0 M
sodium citrate, pH 8.0 (see chapter 3.2.6). The crystallization conditions with very high
precipitant concentrations, e.g., > 1.7 M ammonium sulfate, could not be reproduced due
to solubility limitations of the stock solutions. The qualitative results of crystallization
experiments using these crystallization conditions and modifications thereof are listed

in Table 5.2.

Table 5.2: Qualitative results for the crystallization of 20 gL-1 glucose isomerase. The
crystallization conditions were taken from the literature (Hampton, 2012) or modifications
thereof.

Crystallization agent Concentration Result

Ammonium sulfate 0.8-1.7M Crystals and precipitate
PEG 2000 in 200 mM ammonium sulfate 100 - 150 g L1 Precipitate

PEG 4000 in 200 mM ammonium sulfate 50-70gL1 Precipitate

PEG 8000 in 200 mM ammonium sulfate 90-110gL1 Precipitate

Sodium citrate 0.6 M-0.8M Crystals (compact)
Sodium citrate 09M-1.1M  Crystals (rod-shaped)

Precipitation was observed in the experiments with ammonium sulfate and PEG.
Compact or rod-shaped GLU crystals were obtained using sodium citrate. Consequently,
subsequent experiments were performed with sodium citrate. A number of different

buffer systems were used to further characterize the crystallization of GLU using sodium
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citrate as crystallization agent. Next to conventional buffers, i.e., sodium citrate itself,
HEPES, and Tris-HCI, buffers from the literature were evaluated, i.e., sodium citrate
borate and imidazole malate (Stura et al.,, 1992). All buffer systems performed well. The
sodium citrate borate buffer system was chosen for further experiments. A selection of

GLU crystals obtained in the microbatch-scale screening is shown in Figure 5.16.

Figure 5.16: Compact and rod-shaped glucose isomerase (GLU) crystals
obtained in the microbatch-scale screening using varying concentrations of
sodium citrate (SC) in sodium citrate borate buffer pH 8.5 at 20°C. A) 4gL1
GLU, 0.688 M SC; B) 12 gLt GLU, 0.675M SC; C) 16 gL! GLU, 0.625 M SC; D)
20 g L't GLU, 0.675 M SC. The scale of figure C differs from the other images due
to the large size of the crystal.

The phase diagram derived from the qualitative evaluation of the microbatch-scale

crystallization of GLU is depicted in Figure 5.17.
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Figure 5.17: Phase diagram for glucose isomerase (GLU) obtained from the
qualitative evaluation of microbatch-scale crystallization using sodium citrate in
47 mM sodium citrate borate buffer pH 8.5 as crystallization agent. ¢ crystal
growth; +rod-shaped crystals; X precipitate formation; © no crystallization or
precipitation. The crystallization condition used for the subsequent 5 mL-scale
crystallization is marked with a grey square. The dashed line denotes the GLU
solubility curve. The line is included for visualization and is not the result of a
simulation.
The formation of compact single crystals from a broad range of GLU concentrations is
observed over a narrow range of sodium citrate concentrations (0.62 M - 0.69 M). At
higher concentrations, the formation of rod-shaped crystals and/or precipitation is
observed. A distinct metastable zone exists for 0.5 - 0.7 M sodium citrate. Higher GLU
concentrations could not be employed due to solubility limits of the protein and
crystallization agent stock solutions. For sodium citrate concentrations over 0.65 M, the

solubility of GLU is nearly constant.

5.1.4.2 Crystallization on a 5 mL-scale

During the microbatch-scale screening for crystallization conditions, crystallization was
observed for 24 g L-1 GLU using 0.625 - 0.655 M sodium citrate. As the formation of rod-
shaped crystals should be avoided, 0.63 M sodium citrate was chosen for the transfer of
the crystallization into the 5 mL-scale stirred-tank reactors. The resulting crystallization
conditions were: 24 g -1 GLU, 0.63 M sodium citrate, and 47 mM sodium citrate borate
buffer pH 8.5. The supersaturation estimated from the phase diagram was 3.3. It shall be
noted, that the 5 mL-scale crystallization of GLU was performed at an early stage of this

work, and the reactors were agitated using prototype marine impellers instead of the
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pitched-bladed impellers. The marine propellers were operated at 115 min-1. The results

of the 5 mL-scale crystallization of GLU are depicted in Figure 5.18.
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Figure 5.18: Crystallization of 24 g L-1 glucose isomerase on a 5 mL-scale using

0.63 M sodium citrate, and 47 mM sodium citrate borate buffer pH 8.5 at 20 °C

and n =115 min! (marine propellers). Depicted is the decrease of the glucose

isomerase concentration in solution.
The crystallization started immediately after the addition of the crystallization agent
solution. Within 1h, the concentration of GLU decreased to 2.1 g L1 (crystallization
yield: 91 %). The final equilibrium concentration of 0.6 g L-1 was reached after 3 h,

equaling a crystallization yield of 97 %. Compact single crystals measuring up to 25 pm

were observed (Figure 5.19).
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Figure 5.19: Glucose isomerase crystals grown in the 5 mL-scale reactor using

24 g L1 glucose isomerase, 0.63 M sodium citrate, and 47 mM sodium citrate

borate buffer pH 8.5 at 20 °C and n = 115 min'! (marine propellers) after 2.5 h.
5.1.4.3 Discussion
Similar to XYL, the stock solution for GLU contained 50 % glycerol for stabilization in
contrast to the GLU solutions used for crystallization in the literature. However, the
buffer could be exchanged to 0.18 M ammonium sulfate using diafiltration without loss
of GLU stability. Using the GLU crystallization conditions detailed in Hampton (2012),
GLU crystals were only obtained with sodium as crystallization agent in this work. A
possible explanation might be residual glycerol bound to the GLU molecules. GLU
crystals were rod-shaped at crystallization conditions close to the precipitation zone.
Nevertheless, large and compact crystals were obtained in the majority of the nucleation
zone. Crystallization conditions with a very high supersaturation of 3.8 were used for
the transfer of the GLU crystallization to the 5 pL-scale reactors. The crystallization of
GLU in scalable reactors was reported for the first time. Without further optimization, a
yield of 97 % was obtained within 3 h. The phase diagram suggests that neither the yield
nor the crystallization kinetics can be further increased, as higher GLU concentrations
are not feasible due to solubility limits and the GLU solubility does not continue to

decrease at higher crystallization agent concentrations.
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5.1.5 Antigen-binding fragment of the antibody cetuximab (FAB)

5.1.5.1 Microbatch-scale screening of crystallization conditions

Starting point for the microbatch-scale screening of crystallization conditions were
vapor diffusion crystallization conditions from the literature (see chapter 3.2.6). NaCl
and Tris-HCl were present as residuals from the protein A-based purification performed
by Li et al. (2005). A preliminary screening showed that these two components reduced
the nucleation rate of FAB and, consequently, slowed the crystallization kinetics down

(Figure 5.20).

Figure 5.20: Crystallization of 15 g L1 Fab fragment of cetuximab using 1.8 M

ammonium sulfate, 100 mM sodium citrate buffer pH 6.25, and A) 100 mM Nac(l

and 10 mM Tris-HCI pH 8.5; B) no NaCl and/or Tris-HCI.
A screening for crystallization conditions using other crystallization agents, e.g., sodium
sulfate, sodium chloride, or different PEGs, did not yield any crystals (data not shown).
Hence, the screening was focused on variations of the aforementioned crystallization
conditions. The FAB stock solution was stable up to 250 g L-1. Consequently, high FAB
concentrations up to 128.5 g L1 could be used during screening. Combinations of high
FAB and ammonium sulfate concentrations, however, could not be examined due to
solubility limits. A selection of FAB crystals obtained during the microbatch-scale

screening is depicted in Figure 5.21.
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Figure 5.21: Compact crystals of the Fab fragment of cetuximab (FAB) obtained
in the microbatch-scale screening using varying concentrations of FAB and
ammonium sulfate (AS) at 20 °C. A) 18.3 gLt FAB, 1.4 M AS; B) 27.5 gL't FAB,
1.2 M AS; C) 73.4 g L1 FAB, 0.8 M AS; D) 73.4 g L1 FAB, 1.3 M AS.

The phase diagram derived from the qualitative evaluation of the microbatch-scale

crystallization of FAB is depicted in Figure 5.22.
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Figure 5.22: Phase diagram for the Fab fragment of cetuximab (FAB) obtained
from the qualitative evaluation of microbatch-scale crystallization using varying
ammonium sulfate concentrations in 40 mM sodium citrate buffer pH 6.25 at
20°C. e crystal growth; Xprecipitate formation; ©no crystallization or
precipitation. The crystallization condition used for the subsequent 5 mL-scale
crystallization is marked with a grey square. The dashed line denotes the FAB
solubility curve for ammonium sulfate concentrations over 0.8 M. The line is
included for visualization and is not the result of a simulation.
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Crystallization was observed over a wide range of FAB and ammonium sulfate
concentrations. Precipitation occurred only at very high ammonium sulfate
concentrations over 1.8 M for all FAB concentrations and over 1.6 M for FAB
concentrations above 90 g L-1. The FAB solubility fiir ammonium sulfate concentrations
below 0.8 M could not be determined. No metastable zone exists for ammonium sulfate

concentrations above 0.8 M.

5.1.5.2 Crystallization on a 5 mL-scale

For the 5 mlL-scale crystallization of FAB, crystallization conditions with FAB and
ammonium sulfate concentrations well below the maximum concentrations were chosen
in order to avoid problems due to solubility limitations of the stock solutions. The
crystallization conditions were: 110 gLl FAB, 1.1 M ammonium sulfate, and 40 mM
sodium citrate buffer pH 6.25. Based on the phase diagram, the supersaturation was
estimated to be 2.4. The results of the 5 mL-scale crystallization of FAB are depicted in

Figure 5.23.
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Figure 5.23: Crystallization of 110 g L-! Fab fragment of cetuximab on a 5 mL-

scale using 1.1 M ammonium sulfate, and 40 mM sodium citrate buffer pH 6.25 at

20°C and n=150 min!. Depicted is the decrease of the glucose isomerase

concentration in solution.
The crystallization started after 1 h. Fast crystallization kinetics were observed. After
4 h, the residual FAB concentration was 20.3 g L1 (crystallization yield: 82 %), and after
10 h, 14.3 g -1 FAB were still in solution (crystallization yield: 87 %). The equilibrium

concentration of 11.5 g L-1 FAB was reached after 33 h, equaling a crystallization yield of
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89 %. The phase diagram suggested that a lower equilibrium concentration could be
obtained using a higher ammonium sulfate concentration of 1.6 M. Hence, the
ammonium sulfate concentration was increased to 1.2 M and subsequently to 1.6 M
before the crystallization kinetics slowed down in the previous experiment. The results

of this follow-up experiment are depicted in Figure 5.24.
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Figure 5.24: Crystallization of 110 g L1 Fab fragment of cetuximab (FAB) on a

5 mL-scale using 1.1 M ammonium sulfate, and 40 mM sodium citrate buffer

pH 6.25 at 20 °C and n =150 min-l. The ammonium sulfate concentration was

raised to 1.2 M and 1.6 M after 1 h and 1.5 h, respectively. Depicted are  the

decrease of the FAB concentration in solution and the time-course of the

ammonium sulfate concentration (solid line).
Before the increase of the ammonium sulfate concentrations, the crystallization kinetics
were similar to those obtained in the previous experiment. However, the nucleation
occurred more quickly and the crystallization started after 0.5 h. Fast crystallization
kinetics were maintained by the increase of the ammonium sulfate concentration to
1.2 M and 1.6 M after 1 h and 1.5 h, respectively. The equilibrium was reached within 2 h
with a residual FAB concentration of 0.9 g -1, equaling a crystallization yield of 99 %.

Large crystals measuring up to 70 um were observed next to a few smaller crystals

measuring less than 10 um (Figure 5.25).
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Figure 5.25: Crystals of the Fab fragment of cetuximab (FAB) grown in the 5 mL-
scale reactor using 110 g L1 FAB, 1.1 M ammonium sulfate (initially), and 40 mM
sodium citrate buffer pH 6.25 at 20 °C and n = 150 min-l. The ammonium sulfate
concentration was raised to 1.2 M and 1.6 M after 1 h and 1.5 h, respectively.
5.1.5.3 Crystallization in the presence of protein contaminants
Very high purities are vital for therapeutic proteins. Hence, the crystallization process
for the Fab fragment of cetuximab (FAB) was investigated in the presence of protein
contaminants. As FAB was not generated by protein expression in bacterial cultivation,
experiments regarding the crystallization from crude material could not be performed.

Instead, the crystallization of FAB from FAB solutions spiked with protein contaminants

was studied as well as from a pretreated papain digest.

Crystallization of FAB from solutions spiked with protein contaminants

The crystallization of FAB from impure solutions spiked with protein contaminants was
investigated in microbatch experiments. The crystallization conditions were 20 g L1
FAB, 1.2 M ammonium sulfate, 40 mM sodium citrate pH 6.25 and 0.1 - 1.5 g L-1 protein
contaminant. The FAB and protein contaminant stock solutions were mixed prior to the
addition of the crystallization agent stock solution. The protein contaminants used and
the qualitative results are detailed in Table 5.3. A selection of FAB crystals grown in the

presence of 1.5 g L1 protein contaminant is shown in Figure 5.26.
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Table 5.3: Qualitative evaluation of the microbatch-scale crystallization of the Fab fragment
of cetuximab (FAB) from solutions spiked with 0.1-1.5 gL protein contaminant using
20 g L1 FAB, 1.2 M ammonium sulfate, and 40 mM sodium citrate pH 6.25 at 20 °C. C: crystal
growth; P: precipitation; C/P: crystal growth with concurrent precipitation. Gamma-Norm™:
commercially available mixture of human immunoglobulins.

Protein Protein contaminant concentration, g L-1
contaminant 0.1 0.25 0.5 0.75 1.0 1.5
Albumin C C C/P C C C
Endonuclease C C C C/P C/P C/P
Gamma-Norm* C/P C/P C/P C/P C/P C/P
Lipase (LIP) C C C C/P C/P C/P
Lysozyme (LYS) C C C C C C
Xylanase (XYL) C C/P C/P C/P C/P C/P

Figure 5.26: Crystals of the Fab fragment of cetuximab (FAB) grown in presence

of protein contaminants using 20 g L.t FAB, 1.2 M ammonium sulfate, 40 mM

sodium citrate pH 6.25, and 1.5 g L1 protein contaminant at 20 °C. A: albumin;

B: endonuclease; C: lysozyme; D: xylanase. The scales of figures A and B differ

from the other images due to the large size of the crystals.
FAB crystals were obtained in the presence of all protein contaminants under study. For
all concentrations of Gamma-Norm, concurrent precipitation was observed, whereas
concurrent precipitation occurred only at higher concentrations for the other protein

contaminants. At 1.5 g L-1, precipitation was observed in the presence of all protein

contaminants except albumin and LYS. FAB crystals grown in the presence of 1.5 g L1
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albumin measured up to 1.5 mm and were larger compared to crystals from the other

experiments.

Crystallization of FAB from a pretreated papain digest

FAB was generated by papain digestion from cetuximab. In one case, the antibody was
overdigested and the digest was contaminated with small peptides, which were not
further characterized. Papain and the Fc fragment were removed from the digest using
cation exchange chromatography as usual, but the peptides remained in the FAB
solution. FAB was purified from this solution by crystallization on a 5 mL-scale. The
concentrations of FAB and the peptides could not be determined separately using UV
spectroscopy. The crystallization conditions were: = 11 g L-1 FAB and peptides, 1.6 M
ammonium sulfate, and 40 mM sodium citrate buffer pH 6.25. The results of the

crystallization are depicted in Figure 5.27.
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Figure 5.27: 5 mL-scale crystallization of FAB from a pretreated papain digest

containing small peptides from an overdigestion using 1.6 M ammonium sulfate

and 40 mM sodium citrate buffer pH 6.25 at 20°C (n =150 min!). The total

concentration of FAB and peptides at the beginning was approximately 11 g L-1.
The crystallization started after 1.7 h. The concentration of FAB and peptides decreased
quickly and the equilibrium was reached after 5 h. The equilibrium concentration was
higher than in previous crystallization experiments using purified FAB solutions. Both,

the crystals and the supernatant were analyzed using size exclusion chromatography

(SEC). The chromatograms are depicted in Figure 5.28.
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Figure 5.28: Chromatograms obtained by size exclusion chromatography (SEC)
of crystals (solid line) and the supernatant (dotted line) from the 5 mL-scale
crystallization of FAB from a pretreated papain digest containing small peptides
from an overdigestion using the crystallization conditions detailed in Figure
5.27.
FAB was eluted in the first peak with a retention time of 31 min, whereas the smaller
peptides were eluted in the second peak with a retention time of 39 min. The

chromatograms show that small peptides are only present in the supernatant.

5.1.5.4 Discussion

A screening was performed based on the crystallization conditions reported by Li et al.
(2005) and a phase diagram for the microbatch crystallization of FAB was reported for
the first time. The crystallization conditions of Li et al. were outside the nucleation zone.
However, Li et al. used vapor diffusion crystallization with increasing concentrations of
protein and crystallization agent over time. Hence, the nucleation zone is gradually
reached in vapor diffusion crystallization and the results are consistent. Compact
crystals of FAB were obtained throughout the large nucleation zone. Since Li et al. did

not describe the morphology of their FAB crystals, no comparison could be made.

Subsequently, FAB was crystallized in scalable reactors for the first time using
crystallization conditions with a supersaturation of 2.4. Similar to the crystallization of
XYL, the crystallization yield and the crystallization kinetics for FAB were improved by
the addition of crystallization agent, resulting in an excellent yield of 99 % within 2 h.

Due to the fast crystallization kinetics, the crystals grew irregularly and no definite
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crystal morphology could be assigned. However, the crystals looked fairly similar to

those obtained in the initial microbatch-scale screening.

For protein crystallization to be an alternative to current purification techniques, the
target protein has to be crystallized selectively from an impure solution. Crystals of FAB
were obtained in the presence of 1.5 g L1 protein contaminant. However, concurring
precipitation was observed for a number of protein contaminants. While crystals can be
recovered from clear solutions by filtration, the separation of crystals from solutions
with concurrent precipitation is difficult in a hypothetical large-scale process. It is
unclear whether the FAB, the protein contaminant or both form the precipitate. If the
precipitate contains the protein contaminant, it might be separated from the solution
prior to the crystallization by adjusting the buffer to conditions close to, but outside of
the nucleation zone for FAB. In a second experiment, FAB was successfully separated
from small peptides resulting from a papain overdigestion. Using SEC, it was confirmed
that the crystals contained only FAB and that the peptides remained in the supernatant.
These preliminary results demonstrate the feasibility of protein crystallization in the
presence of protein contaminants and may serve as proof-of-principle and starting point

for future work.

5.1.6 Concluding remarks

The crystallization of five functionally and structurally different proteins on a 5 mL-scale
based on phase diagrams generated from microbatch-scale screening experiments was
successful. Crystallization yields of 58-99 % were obtained within 2-24h using

crystallization conditions from the preliminary microbatch-scale screening (Table 5.4).

Table 5.4: Overview of the 5 mL-scale crystallization processes derived from the preliminary
microbatch-scale screening for the five proteins under study. Given are the crystallization
yields, the process durations, and the method(s) employed in order to increase the
crystallization yield and to accelerate the crystallization kinetics.

Protein Yield,% Time,h Method(s) employed Outcome

LYS 89 24 Temperature shift Yield increased
LIP 58 23.5 - 15t 5 mL-scale cryst.
XYL 95 20 Feeding of crystallization agent ~ 1st5 mL-scale cryst.
GLU 97 3 - 15t 5 mL-scale cryst.

FAB 99 2 Feeding of crystallization agent ~ 1st5 mL-scale cryst.
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Four of the five proteins were crystallized in 5 mL-scale stirred-tanks for the first time.
For LYS, the yield was increased compared to previously reported crystallization
processes. Phase diagrams have proven useful for the crystallization of proteins in the
5 mL-batch reactors. They provide qualitative information on the crystallization yield
and the supersaturation. Crystallization conditions with a higher supersaturation
usually exhibit an increased nucleation rate. Consequently, phase diagrams can be used
to improve the 5 mL-batch crystallization processes, as shown for LYS, XYL and FAB.
However, the application of phase diagrams is limited by the diversity of available
crystallization conditions. Thus, phase diagrams are less useful for improving the
crystallization of proteins that are sensitive even to slight changes of the crystallization
conditions, e.g, LIP. Consequently, an empiric screening for complementary

crystallization agents and/or additives becomes necessary.
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5.2 Protein crystallization using additives

This chapter focuses on the crystallization using different additives, e.g., ionic liquids
(ILs) and complementary crystallization agents. ILs were reported to positively
influence protein crystallization, resulting in faster kinetics, a more compact crystal
morphology, and an increased protein stability in small-scale vapor-diffusion and
microbatch experiments (see chapter 3.3). For xylanase (XYL), no changes were
observed in preliminary vapor diffusion crystallization experiments with ionic liquids as
additives (data not shown). Hence, no further experiments were performed using XYL.
The results of the crystallization of the four other proteins using additives are described

in the following subchapters.

5.2.1 Lysozyme from Gallus gallus (LYS)

5.2.1.1 Identification of crystallization conditions on a microbatch-scale

Vapor diffusion crystallization conditions for LYS with the addition of the ionic liquid
2-hydroxyethylammonium formate (2-HEAF) served as starting point for the
crystallization of LYS using additives. 2-HEAF was previously reported to increase the
crystallization kinetics vapor diffusion experiments up to 5.5-fold and outperformed
other ionic liquids under study (see chapter 3.2.6). The crystallization conditions from
the literature featured a high LYS concentration of 50 g L-1. As this was shown to be
unfavorable due to the occasional spontaneous precipitation of LYS, the crystallization
conditions were adjusted to a lower LYS concentration and a higher NaCl concentration
as described before for the crystallization of LYS without additives (see chapter 5.1.1.2).
The crystallization conditions were: 25 g L-1 LYS, 1.25 M Na(Cl, 0.5 M 2-HEAF, and 25 mM

sodium acetate buffer pH 4.0.
Identification of the relevant ion of the ionic liquid

As the literature suggested that the effects of water-miscible ionic liquids were caused
by the individual characteristics of the anion and the cation of the ionic liquid (see
chapter 3.3), the crystallization of LYS using salts containing one of the two ions was
investigated. The influence of the formate anion was characterized by replacing 2-HEAF
with an equimolar amount of A) sodium formate and B) magnesium formate,

respectively. However, no crystallization experiments using just the cation of 2-HEAF




RESULTS AND DISCUSSION 79

were carried out due to the toxic nature of its deprotonated form (ethanolamine).

Microphotographs taken from this experiment are shown in Figure 5.29.

Figure 5.29: Microphotographs of the microbatch-crystallization of 25 g L-1 LYS
using 1.25 M NaCl, 25 mM sodium acetate buffer pH 4.0, and A) 0.5 M sodium
formate, B) 0.5 M magnesium formate, C) 0.5M 2-hydroxyethylammonium
formate, D) no additive at 20 °C.
As previously described, sea urchin-like formations of monoclinic crystal needles were
observed without an additive (see chapter 5.1.1.1). With the addition of the two formate
salts, similar sea urchin-like formations were obtained. However, the formations were

denser and, in case of magnesium formate, concurrent gel-like precipitation occurred. In

contrast, compact crystals were observed with the addition of 2-HEAF.

5.2.1.2 Crystallization using the ionic liquid 2-HEAF on a 5 mL-scale

The ionic liquid 2-HEAF exhibited positive effects on the crystal form of LYS in
microbatch crystallization experiments. Hence, the crystallization conditions with the
addition of 2-HEAF were transferred into the 5 mL-scale reactors in order to quantify
the influence of 2-HEAF on the crystallization yield and the crystallization kinetics. The
crystallization conditions were: 25 g L-1 LYS, 1.25M NaCl, 0.5M 2-HEAF, and 25 mM
sodium acetate buffer pH 4.0. The temperature was lowered during the crystallization
process as previously described for the crystallization of LYS without additives. The
results of the 5 mL-scale crystallization of LYS with the addition of 2-HEAF and the
previous crystallization without the addition of 2-HEAF (see chapter 5.1.1.2) are

depicted in Figure 5.30.
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Figure 5.30: Crystallization of 25 g L1 lysozyme on a 5 mL-scale using 1.25 M

NaCl, 0.5 M 2-hydroxyethylammonium formate and 25 mM sodium acetate

buffer pH 4.0 (n=150 min!). Depicted are the decrease of the lysozyme

concentration in solution ¢ with and ¢ without the addition of 2-HEAF and the

time course of the temperature (with 2-HEAF: solid line; without 2-HEAF:

dashed line) which was lowered during the crystallization process in order to

increase the crystallization yield.
The crystallization started immediately after the addition of the crystallization agent
solution. The crystallization kinetics were faster than previously described for the
experiment without 2-HEAF. A residual LYS concentration of 5 g L1 was observed after
0.3 h compared to 3 h. The equilibrium at 20 °C was reached within 1 h instead of 4 h.
The final equilibrium was reached within 2 h after the temperature was lowered to 0 °C.
The residual LYS concentration at the equilibrium was 0.6 gL, equaling a
crystallization yield of 97 %. Compared to the 5 mlL-scale crystallization without
additives, the equilibrium concentration was lowered by 77 %, and the crystallization

yield was increased by 8 %. No needle-like crystals were observed. A microphotograph

of the compact crystals obtained in this experiment is shown in Figure 5.31.
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Figure 5.31: Lysozyme crystals and crystal clusters grown in the 5 mL-scale
reactor using 25 gL lysozyme, 1.25 M NaCl, 0.5 M 2-hydroxyethylammonium
formate, and 25 mM sodium acetate buffer pH 4.0 (n = 150 min-1).

5.2.2 Lipase from Thermomyces lanuginosus (LIP)

5.2.2.1 Identification of crystallization conditions on a microbatch-scale

Vapor diffusion crystallization conditions for LIP with the addition of the ionic liquid
choline dihydrogenphosphate (CDHP) were previously reported and served as starting
point for the crystallization of LIP using additives (see chapter 3.2.6). The addition of
other ionic liquids (Table 8.13) was evaluated in vapor diffusion experiments, but
yielded unfavorable needle-like crystals, exhibited slow crystallization kinetics or led to
precipitation (data not shown). The LIP concentration was raised to 100gL1 as
previously described for the crystallization of LIP without additives (see chapter 5.1.2).
The crystallization conditions were: 100 g L1 LIP, 55 mM NaCl, 0.275M CDHP, and
25 mM sodium acetate buffer pH 4.

Identification of the relevant ion of the ionic liquid

As mentioned before, the effects of water-miscible ionic liquids are suggested to be
caused by the individual characteristics of the anion and the cation of the ionic liquid
(see chapter 3.3). Hence, the microbatch-scale crystallization of LIP was investigated
with the aforementioned crystallization conditions and alterations thereof, where CDHP
was replaced with an equimolar amount of A) choline chloride and B) sodium

dihydrogenphosphate, respectively. For this experiment, the sodium acetate buffer
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concentration was increased to 50 mM. Microphotographs taken from this experiment

are shown in Figure 5.32.

Figure 5.32: Microphotographs of the microbatch-crystallization of 100 g L-1 LIP
using 55 mM NaCl, 50 mM sodium acetate buffer pH 4.0, and A) 0.275 M choline
chloride, B) 0.275M sodium dihydrogenphosphate, C) 0.275M choline
dihydrogenphosphate, D) no additive at 20 °C taken after 1 d.
Similar sturdy crystals and crystal clusters were obtained using both, CDHP and sodium
dihydrogenphosphate. No crystal growth was observed in the wells containing choline

chloride. Without any additives, the previously described needle-like crystal clusters

were observed.

5.2.2.2 Crystallization using phosphate and choline salts on a 5 mL-scale
Qualitatively, the same results were obtained using choline dihydrogenphosphate
(CDHP) and sodium dihydrogenphosphate. Hence, sodium dihydrogenphosphate was
used for subsequent experiments in order to reduce the costs of the crystallization
agents. The results 5 mL-scale crystallization using 100 g L-1 LIP, 75 mM NaCl, 0.275 M
sodium dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4.0 are depicted in
Figure 5.33.
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Figure 5.33: Crystallization of 100 g L-! lipase on the 5 mL-scale using 75 mM
NaCl, 0.275 M sodium dihydrogenphosphate, and 25 mM sodium acetate buffer
pH 4.0 at 20°C (n=250min?t). Depicted is the decrease of the lipase

concentration in solution.
Similar to the previous 5 mL-scale crystallization of LIP without additives, the
crystallization started after 5h and the equilibrium was reached after 23 h. The
crystallization yield was 50 % and thus 8 % lower than without the addition of sodium
dihydrogenphosphate. However, favorable compact crystals were obtained in contrast

to needle-like crystals (Figure 5.34).

Figure 5.34: Lipase crystals grown in the 5 mL-scale reactor using 100 g L1
lipase, 75 mM NaCl, 0.275 M sodium dihydrogenphosphate, and 25 mM sodium
acetate buffer pH 4.0 at 20 °C (n = 250 min-1).
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5.2.2.3 Identification of a suitable complementary crystallization agent

Since both, crystallization conditions with and without sodium dihydrogenphosphate,
exhibited an unsatisfactory yield of 50 % and 58 %, respectively, a microbatch-scale
screening for a suitable complementary crystallization agent was carried out. The
addition of various salts did not qualitatively improve the crystallization or resulted in
precipitation (data not shown). In contrast, the addition of different-sized
polyethylenglycols (PEGs) resulted in an increased formation of smaller crystals.
Subsequently, the impact of the PEGs on the equilibrium concentration of LIP (and thus
on the crystallization yield) was quantified in the 5 mL-scale reactors by adding a

concentrated PEG solution to a crystal slurry at equilibrium (Table 5.5).

Table 5.5. Equilibrium concentration and crystallization yield of lipase (LIP) upon the
addition of a complementary crystallization agent to a crystal slurry obtained in a 5 mL-scale
LIP crystallization using the following conditions: 100 g L-t LIP, 75 mM NaCl, 0.275 M sodium
dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4 (T = 20 °C, n = 250 min-1).

Complementary crystallization agent = Equilibrium concentration, g L-1 Yield, %

None 50.1 50
25 g L1 PEG 200 50.2 50
25g L1 PEG 3000 47.2 52
25gL-1PEG 10000 35.5 64
25g L1 PEG 20000 32.3 67
25 g L1 PEG 35000 39.8 60
50g L-1PEG 10000 5.0 95
60 g L1 PEG 10000 4.9 95

The addition of 25gL?!l PEG200 or PEG3000 did not lower the equilibrium
concentration. In contrast, an average reduction of the equilibrium concentration by
35.5gL1 was observed upon the addition of 25gL-1 PEG 10000, PEG 20000, and
PEG 35000. Furthermore, the equilibrium concentration was distinctly lowered to
5.0 gL1 at an increased PEG 10000 concentration of 50 g L-1, equaling a crystallization
yield of 95 %. An increase of the PEG 10000 concentration to 60 g L-1 did not result in a
further reduction of the equilibrium concentration. Precipitation was observed when
50 g L-1 PEG 10000 was added at the beginning of the crystallization process (data not

shown).
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5.2.2.4 Crystallization using phosphate and PEG 10 000 on a 5 mL-scale
PEG 10000 was added over a time period of 2 h to a final concentration of 50 g L-1 in

order to avoid the formation of precipitate at the beginning of the crystallization
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Figure 5.35: Crystallization of 100 g L1 lipase on a 5 mL-scale using 75 mM

NaCl, 0.275 M sodium dihydrogenphosphate, and 25 mM sodium acetate buffer

pH 4.0 (T = 20 °C, n = 250 min't). PEG 10000 was gradually added over 2h to a

final concentration of 50 gLl Depicted are #the decrease of the lipase

concentration in solution and the concentration of PEG 10000 (solid line).
The crystallization was started by the addition of PEG 10000. The residual concentration
of LIP decreased steadily until the equilibrium concentration of 5.0 g L-1 was reached
after 2 h (crystallization yield: 95 %). In comparison to the 5 mL-scale crystallization of
LIP without the addition of phosphate buffer and PEG 10000, the equilibrium
concentration of LIP was lowered by 88 % and the crystallization yield increased by
37 %. However, reversible precipitation sometimes occurred due to dropwise addition

of concentrated PEG 10000 solution. The precipitate dissolved quickly. The irregular

crystals grown in this experiment are shown in Figure 5.36.
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Figure 5.36: Lipase crystals grown in the 5 mL-scale reactor using 100 g L1
lipase, 75 mM NaCl, 0.275 M sodium dihydrogenphosphate, and 25 mM sodium
acetate buffer pH 4.0 at 20 °C (n =250 min'1). PEG 10000 was gradually added
over 2 h to a final concentration of 50 g L-1.

5.2.3 Glucose isomerase from Streptomyces rubiginosus (GLU)

Starting point for the screening of crystallization conditions with additives for GLU were
the following crystallization conditions without additives from the previously described
phase diagram (see chapter 5.1.4.1): 15 g L-1 GLU, 0.65 M sodium citrate, 45 mM sodium
citrate borate buffer pH 8.5. Since no crystallization conditions using additives were
reported for GLU, the influence of 40 g L1 of all ILs available in this work (see Table
8.13) was investigated in vapor diffusion crystallization experiments one at a time. No
crystal growth was achieved using 1-butyl-4-(dimethylamino)-pyridinium chloride and
1-ethyl-4-(dimethylamino)-pyridinium chloride. For all other ILs, large, rod-shaped

crystals were observed (Figure 5.37).
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Figure 5.37: Microphotographs of the microbatch-crystallization of 15 g L-1 GLU

using 0.65 M sodium citrate, 45 mM sodium citrate borate buffer pH 8.5, and

40 g L1 bis-(2-methoxyethyl)-ammonium acetate (IL2) at 20 °C.
Similar rod-shaped crystals were observed for crystallization conditions close to the
precipitation zone during the initial screening (see chapter 5.1.4.1). As this crystal form

is unfavorable for the large-scale crystallization of proteins, no further experiments

were performed for GLU.

5.2.4 Antigen-binding fragment of the antibody cetuximab (FAB)

The starting point for the screening of crystallization conditions with additives for FAB
was taken from the previously described phase diagram (see chapter 5.1.5.1). As no
differences could be determined for the crystallization of 3.6 g L-1 FAB with and without
additives (data not shown), a higher FAB concentration was employed for the screening.
The usability of all ILs available in this work (see Table 8.13) for the crystallization of
FAB was investigated. The crystallization conditions were: 50 gLl FAB, 1.2 M
ammonium sulfate, 200 mM IL, and 40 mM sodium citrate buffer pH 6.25. Selected
microphotographs taken from crystals grown in this experiment are shown in Figure

5.38.
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Figure 5.38: Microphotographs of the microbatch-crystallization of 50 g L.t FAB
using 1.2 M ammonium sulfate, 40 mM sodium citrate buffer pH 6.25, and
200 mM A) 2-hydroxyethylammonium formate (2-HEAF), B) ethylammonium
nitrate, C) bis-(2-methoxyethyl)-ammonium acetate, D) 4-cyanomethylmorpho-
linium chloride at 20 °C taken after 1 d.

A qualitative evaluation of the microbatch-scale crystallization using ionic liquids as
additives and the crystallization yields achieved with the addition of ILs are listed in

Table 5.6.
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Table 5.6: Qualitative evaluation of microbatch-scale crystallization experiments using
different ILs as additives for the crystallization of 50 g L't FAB using 1.2 M ammonium sulfate,
200 mM IL, and 40 mM sodium citrate buffer pH 6.25. The yields were calculated from the
FAB solubility at the equilibrium. A value for 1-methyl-4-(dimethylamino)-pyrodinium
chloride could not be determined due to a hardware failure.

Ionic liquid Qualitative effect Yield, %
No ionic liquid (Reference) 99
2-Hydroxyethylammonium formate Unchanged 53
N,N-Dimethylethanolammonium glycolate 65
N,N-Dimethylethanolammonium acetate 59
Ethylammonium nitrate Larger crystals 71
4-Cyanomethylmorpholinium chloride Smaller crystals 54

1-Methyl-4-(dimethylamino)-pyridinium chloride -

Bis-(2-methoxyethyl)-ammonium acetate Precipitation and -
Choline dihydrogenphosphat crystals -
4-(2-Hydroxyethyl)-morpholinium chloride Precipitation -

1-Ethyl-4-(dimethylamino)-pyridinium chloride Drop stayed clear -
1-Butyl-4-(dimethylamino)-pyridinium chloride -

For the crystallization of FAB using six of the ILs under study, qualitatively similar
results were obtained. For some ILs, the crystals were larger or smaller, but all crystals
exhibited the same crystal form. However, measurements of the equilibrium
concentration of FAB showed that the yields were lowered by 28 - 46 % due to the
presence of the ILs. For the other five of the ILs, no crystallization or concurrent

precipitation were observed.




90

RESULTS AND DISCUSSION

5.2.5 Summary and discussion

The use of additives, primarily ionic liquids (ILs), for the stirred-batch crystallization of
proteins has been investigated. Hence, the objectives were an increase of the
crystallization yield, an acceleration of the crystallization kinetics, and/or the shift to a
more favorable crystal form. First, suitable crystallization conditions were identified by
the qualitative evaluation of vapor diffusion and/or microbatch -crystallization
experiments. For LYS and LIP, crystallization conditions from the literature were used as

starting point, whereas a screening was performed for GLU, XYL and FAB.

The ionic liquids had no effect on the crystallization of XYL. The addition of ionic liquids
led to a shift from the previously observed needle-like crystal form to compact crystals
for LYS and LIP. However, for GLU, the crystal form was shifted from compact crystals to
unfavorable rod-shaped crystals upon the addition of ILs. For FAB, the addition of some
ILs influenced the crystal size, but not the crystal form. For example, larger crystals of
the same crystal form were observed upon the addition of ethylammonium nitrate.
However, all ILs under study were shown to distinctively lower the crystallization yield
of FAB. It was assumed that the ILs stabilized the FAB in solution and thus raised the
solubility of FAB.

As recent reports in the literature suggested, that water-immiscible ILs in low
concentrations are similar to regular salts and the characteristics of the individual ions
of an IL are responsible for its effects, the ions of the favorable ILs were studied
separately. For the crystallization of LYS with the addition of 2-HEAF, the positive effects
are either caused by the 2-hydroxyethylammonium cation or by synergistic effects of
both, the cation and the formate anion. The addition of different salts containing just the
formate anion did not result in positive effects. In contrast, the dihydrogenphosphate
anion (DHP) was shown to be responsible for the positive effects of the IL choline
dihydrogenphosphate (CDHP) on the crystallization of LIP. Water-immiscible ILs, which
basically are salts with a relatively low melting point, dissociate upon mixing with water
just as any other salt. Hence, the effects due to ion-protein interactions dominate the
nature of the influence of the IL on protein crystallization (compare chapters 3.2.2 and

3.3).

While the crystallization yield for LYS was successfully increased to 97 % within 2 h by

the addition of 2-HEAF, the crystallization yield for LIP was still unsatisfactory low after
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the addition of sodium dihydrogenphosphate. Consequently, a screening for a
complementary crystallization agent was carried out. The screening was augmented by
quantitative data generated in the 5 mlL-scale stirred-tank reactors in contrast to a
conventional screening for crystallization conditions based only on qualitative data from
vapor diffusion or microbatch experiments. PEG 10000 was identified as a suitable
complementary crystallization agent, leading to an increase of the crystallization yield to

95 9% within 2 h.

An overview of the five 5 mL-scale crystallization processes after the evaluation of
additives is given in Table 5.7. The crystallization processes featured a crystallization

yield of 95 % or above and, with the exception of XYL, process times of 3 h or below.

Table 5.7: Overview of the 5 mL-scale crystallization processes derived from the preliminary
microbatch-scale screening for the five proteins under study. Given are the crystallization
yields, the process durations, and the method(s) employed in order to increase the
crystallization yield and to accelerate the crystallization kinetics.

Protein Yield,% Time,h Method(s) employed Additive(s) used
LYS 97 2 Temperature shift, addition of 2-HEAF
2nd crystallization agent (IL)
LIP 95 2 Feeding of a complementary PEG 10000, sodium
crystallization agent dihydrogenphosphate
XYL 95 20 Feeding of crystallization agent -
GLU 97 3 - -

FAB 99 2 Feeding of crystallization agent -
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5.3 Protein crystallization on a 100 mL- and a L-scale

This chapter details the crystallization of LYS, LIP and FAB on a 100 mL- and a 1 L-scale
using the previously optimized crystallization conditions. The L-scale stirred tanks were
agitated at the same stirrer speeds used in the 5 mL-crystallizers, as crystallization
kinetics in stirred tanks were found to be nearly independent of the stirrer speed and a

reduced formation of crystal clusters was expected at higher stirrer speeds (see chapter
3.2.4).

5.3.1 Lysozyme from Gallus gallus (LYS)

For LYS, crystallization conditions with the ionic liquid 2-hydroxyethylammonium
formate (2-HEAF) were used (see chapter 5.2.1.2). As in the 5 mL-scale crystallization,
the temperature was stepwise decreased to 0 °C during the crystallization process. The

results of two crystallization processes on a 100 mL- and on a 1 L-scale are depicted in

Figure 5.39.
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Figure 5.39: Crystallization of 25 gL-! lysozyme on a ¢ 100 mL- and a ¢ 1L-
scale using 1.25M Nac(l, 0.5 M 2-hydroxyethylammonium formate and 25 mM
sodium acetate buffer pH 4.0 (n = 150 mint). Depicted are the decrease of the
lysozyme concentration in solutionand the temperature time course (100 mL:
solid line; 1L: dashed line). The temperature was lowered during the
crystallization process in order to increase the crystallization yield.
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The crystallization Kkinetics were similar to those obtained in the 5 mL-scale
crystallization of LYS using 2-HEAF as additive. The crystallization started immediately
after the addition of the crystallization agent solution and the LYS concentration
decreased quickly. After the LYS equilibrium concentration for 20 °C was reached after
approximately 1 h, the temperature was decreased to 10 °C and subsequently to 0 °C. In
both reactors, the LYS equilibrium concentration of 0.6 gL'l was reached within 2 h
(crystallization yield: 97 %). Compact irregular tetragonal-like crystals measuring up to

70 pm and crystal clusters of up to 120 um were observed (Figure 5.40).

Figure 5.40: Lysozyme crystals and crystal clusters grown in the 1 L-scale
reactor using 25 gL lysozyme, 1.25M NaCl, 0.5 M 2-hydroxyethylammonium
formate, and 25 mM sodium acetate buffer pH 4.0 (n = 150 min-1).
An area density distribution was calculated from the microphotograph in order to
characterize the crystal size distribution in the 1 L-scale reactor (Figure 5.41). 97 % of
the crystals and crystal clusters measured between 20 and 120 pm. 63 % thereof were
single crystals measuring between 40 and 60 pm. No crystal or crystal cluster was larger

than 120 pm. 3 % of the crystals were smaller than 20 pm.




94 RESULTS AND DISCUSSION

Area density
distribution, pm-!

20-40
60-80

o o
o o
o o
o ol
0-20 i
oo [l
100-120 F

40-60

Particle size, um

Figure 5.41: Area density distribution of lysozyme crystals and crystal clusters
grown in the 1 L-scale reactor using 25 gLt lysozyme, 1.25M NaCl, 0.5 M 2-
hydroxyethylammonium formate, and 25 mM sodium acetate buffer pH 4.0
(n=150 mint). The error bars are equivalent to a measurement error of
approximately 15 %.

5.3.2 Lipase from Thermomyces lanuginosus (LIP)

For LIP, crystallization conditions with sodium dihydrogenphosphate and the addition
of PEG 10000 to a final concentration of 50 g L-1 during the crystallization process were
used (see chapter 5.2.2.4). The results of two crystallization processes on a 100 mL- and

on a 1 L-scale are depicted in Figure 5.42.
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Figure 5.42: Crystallization of 100 g L-! lipase on a ¢ 100 mL- and a ¢ 1 L-scale

using 75 mM NaCl, 0.275 M sodium dihydrogenphosphate, and 25 mM sodium

acetate buffer pH 4.0 (T = 20 °C, n = 250 min-1). PEG 10000 was gradually added

over 2h to a final concentration of 50 g L-1. Depicted are the decrease of the

lipase concentration in solution and the concentration of PEG 10000 (100 mL:

solid line; 1 L: dashed line).
The crystallization Kkinetics were similar to those obtained in the 5 mL-scale
crystallization of LIP using the same crystallization conditions. PEG 10000 was added
slightly faster in the 1 L-scale reactor and the equilibrium concentration was reached
within 1.75h. The 100 mL-scale crystallization was at equilibrium after 2 h. The
equilibrium concentration on both scales was 5.0 g L-1, equaling a crystallization yield of

95 %. Microphotographs of the LIP crystals obtained in the 100 mL- and 1L-

crystallization processes are shown in Figure 5.43.
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Figure 5.43: Crystals of lipase (LIP) grown on A) the 100 mL-scale and B) the
1 L-scale using 100gLt! LIP, 75mM NaCl, 0.275M sodium
dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4.0 (T = 20 °C,
n =250 min!) with gradual addition of PEG 10000 to a final concentration of
50 gL
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Crystals with an irregular morphology were observed in both reactors. The crystals
obtained in the 1 L-scale reactor were slightly larger than the crystals in the 100 mL-
scale reactor. Next to the large crystals, crystals smaller than 10 pm were observed on
the 100 mL-scale. An area density distribution was calculated from Figure 5.43B in

order to characterize the crystal size distribution in the 1 L-scale reactor (Figure 5.44).
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Figure 5.44: Area density distribution of lipase crystals grown using 100 g L-!

lipase, 75 mM Nac(l, 0.275 M sodium dihydrogenphosphate, 50 g L-1 PEG 10000,

and 25 mM sodium acetate buffer pH 4.0 (T = 20 °C, n = 250 min1). The error

bars are equivalent to a measurement error of approximately 15 %.
The area density distribution showed a clear maximum for crystals measuring
20 - 30 um with 69 % of the crystal area. 88 % of the crystal area was within 10 - 40 pm.

Less than 1% of the crystals were smaller than 10 pm. The largest crystal clusters

measured up to 60 um. The average crystal size was 25 pm.

In order to assess how crystallization affects LIP activity, the specific activity of LIP was

determined for:

A: LIP stock solution as provided by the manufacturer

B: Stock solution of LIP prepared from A by exchange of the buffer to 25 mM
Tris-HCI pH 9 via UF/DF (removal of stabilizing substances)

C: Resolubilized LIP crystals from a 100 mL-scale crystallization from solution B

D: Stock solution of LIP prepared from C by exchange of the buffer to 25 mM
Tris-HCI pH 9 via UF/DF (removal of crystallization agents)

E: Resolubilized LIP crystals from a 100 mL-scale crystallization from solution D
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The results of the activity measurements are depicted in Figure 5.45.
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Figure 5.45: Normalized specific activity of lipase (LIP) solutions. A) stock
solution provided by the manufacturer; B) stock solution after
ultrafiltration/diafiltration (buffer 25 mM Tris-HCl pH 9); C) resolubilized LIP
crystals from first 100 mL-scale crystallization; D) resolubilized LIP crystals
from first 100 mL-scale crystallization after ultrafiltration/diafiltration for
removal of the crystallization agents (buffer: 25 mM Tris-HCl pH9); E)
resolubilized LIP crystals from second 100 mL-scale crystallization. The
crystallization conditions were: 100 gLt LIP, 75 mM NaCl, 0.275M sodium
dihydrogenphosphate, and addition of PEG 10000 to a final concentration of
50gL1at20°C (n=250min?).
During the UF/DF, the specific activity of LIP is lowered by approximately 20 %
(solutions B and D). The specific activity of LIP increases during the crystallization of LIP
from these solutions. The specific activity of the resolubilized LIP crystals exhibited a
specific activity of 93 % and 96 % of the specific activity of the stock solution provided

by the manufacturer.

5.3.3 Antigen-binding fragment of the antibody cetuximab (FAB)

Since none of the additives positively influenced the crystallization of FAB (see chapter
5.2.4), crystallization conditions without additives and with addition of ammonium
sulfate during the crystallization process were used (see chapter 5.1.5.2). Due to the
limited availability of FAB and the high FAB concentrations used in the crystallization
processes, the FAB crystallization was not performed in the 1 L-scale stirred tanks. The

results of the FAB crystallization on the 100 mL-scale are depicted in Figure 5.46.
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Figure 5.46: Crystallization of 110 g L-! Fab fragment of cetuximab (FAB) on a

100 mL-scale using 1.1 M ammonium sulfate, and 40 mM sodium citrate buffer

pH 6.25 at 20°C (n =150 mint). The ammonium sulfate concentration was

raised to 1.2 M and 1.6 M after 1.1 h and 1.5 h, respectively. Depicted are ¢ the

decrease of the FAB concentration in solution and the time-course of the

ammonium sulfate concentration (solid line).
The crystallization started immediately after the addition of the crystallization agent
solution. Fast crystallization kinetics were maintained by the increase of the ammonium
sulfate concentration to 1.2M and 1.6 M after 1.1h and 1.45h, respectively. The
equilibrium was reached within 2 h with a residual FAB concentration of 0.9 g L1,
equaling a crystallization yield of 99 %. A microphotograph of the crystals grown in the
100 mL-scale crystallization of FAB is shown in Figure 5.47. The morphology of the
crystals was similar to that observed in the 5 mL-scale crystallization. An area density

distribution was calculated from the microphotograph in order to characterize the

crystal size distribution in the 100 mL-scale reactor (Figure 5.48).
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Figure 5.47: Crystals of the Fab fragment of cetuximab (FAB) grown in the
100 mL-scale reactor using 110 gL' FAB, 1.1 M ammonium sulfate (initially),
and 40 mM sodium citrate buffer pH 6.25 at 20°C and n=150 mintl. The
ammonium sulfate concentration was raised to 1.2 M and 1.6 M after 1.1 h and
1.5 h, respectively.
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Figure 5.48: Area density distribution of FAB crystals grown in the 100 mL-
scale crystallizer using 110 g L-1 FAB, 1.1 M ammonium sulfate (initially), and
40 mM sodium citrate buffer pH 6.25 at the equilibrium after the increase of the
ammonium sulfate concentration to 1.6 M (T = 20 °C, n = 150 min-t). The error
bars are equivalent to a measurement error of approximately 15 %.

A broad maximum from 20 - 80 pm was observed. 88 % of the crystal area was within
this range, whereas 2 % were in large crystal clusters measuring 80 - 100 um and 10 %

were in crystals smaller than 20 pm. The mid infrared spectroscopy (MIR) of FAB from
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solution and resolubilized FAB crystals showed no conformational changes (internal

communication from Dr. Bernd Stanislawski, Merck KGaA, Darmstadt, Germany).

5.3.4 Summary and discussion

The crystallization processes for LYS, LIP and FAB were successfully transferred into L-
scale stirred-tanks. Due to its limited availability, FAB was only crystallized on a 100 mL-
scale, whereas the other two proteins were crystallized on a 100 mL- and a 1 L-scale.
The crystallization conditions for the three proteins were previously characterized and
improved in scaled-down 5 mL-scale versions of the 1 L-scale reactors. The fast
crystallization kinetics and the high crystallization yields observed on a L-scale were
similar to those observed in the 5 mL-scale reactors. For all proteins, crystallization
yields over 95 % were obtained within 2 h. The 5 mL-scale and the 100 mL-scale reactor
were scaled-down from the 1 L-scale reactor based on geometric similarity. Hence, all
length dimensions were adjusted by a single ratio and the stirrer speed remained as the
only variable. In this work, the same stirrer speeds were used for all scales, as the
crystallization kinetics were reported to be nearly independent of the stirrer speed
(Schmidt et al, 2005), and a reduced formation of crystal clusters was expected.
Nevertheless, the same stirrer speed results in a higher power per volume in larger
reactors. While this did not pose a problem in this work, stirrer speeds will probably

need to be adjusted for a further scale-up of the crystallization processes.

Using crystals from 100 mL-scale crystallization experiments, the effects of protein
crystallization on the enzyme activity of LIP and the conformation of FAB molecules
were investigated. For LIP, crystallization was shown to increase the specific activity of a
LIP solution that has been exposed to extensive shear stress during UF/DF back up to
94.5 % of its native activity. The comparison of crystalline FAB and FAB in solution via
mid infrared spectroscopy (MIR) showed no conformational changes. Hence, protein

crystallization has no negative, if not positive effects on protein stability.

For therapeutic proteins, Shukla and Thommes (2010) estimated the production of
50 kg drug substance per production run to be realized in the near future. Derived from
the crystallization conditions for FAB using 110 g L1 protein, the large-scale purification
by crystallization could be performed in a volume of 455 L. Even if lower protein
concentrations have to be used, e.g. 25 g L1 protein as for LYS, the volume necessary for

the crystallization of 50 kg would be only 2000 L.
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5.4 Removal of impurities from protein crystals

This chapter deals with the removal of undesirable impurities from the solvent channels
of protein crystals (see chapter 3.2.5). These undesirable impurities include potentially
toxic crystallization additives, i.e., ionic liquids, and crystallization agents which should
not be included in formulation buffers, i.e., sulfate (see chapter 3.1.3). The removability
of impurities by washing the protein crystals was investigated. First, wash solutions
exhibiting a low solubility for each protein were identified empirically. The wash

solutions and the losses of protein during the wash step are listed in Table 5.8.

Table 5.8: Wash solutions used for the depletion of impurities from protein crystals and the
losses of protein observed.

Protein Wash solution Protein solubility, g L'  Loss of protein, %

LYS 60 % (v/v) ethanol 0.6 9

LIP 4 M NacCl 1.9 3

FAB 4 M NaCl in 0.2 M sodium 0.4 2
citrate buffer pH 4.2

The specific content of unwanted impurities of the protein crystals prior to and after

washing is listed in Table 5.9.

Table 5.9: Specific content of unwanted impurities of lysozyme, lipase and Fab fragment
crystals prior to and after washing with the wash solutions listed in Table 5.8. 2-HEAF: 2-
hydroxyethylammonium formate.

Protein Substance Specific content Specific content Decrease,
before wash, g g1 after wash, g g1 %

LYS NaCl 2.92 0.08 98
Sodium acetate 0.08 ~0.00 -

2-HEAF 2.14 0.04 98

LIP NaCl 0.10 0.57 (+470)
PEG 10000 0.50 0.13 72
Phosphate 0.26 0.01 95

FAB Ammonium sulfate 1.70 0.14 92
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For LIP, the specific content of NaCl and 2-hydroxyethylammonium formate was
lowered by 98 %. For LIP, the specific content of phosphate and PEG 10000 was
depleted by 95 % and 72 %, respectively. For FAB, the ammonium sulfate content was
lowered by 92 %. Nevertheless, the NaCl content of the LIP crystals was increased 5.7-
fold due to the high NaCl concentration in the wash solution. The same tendency is
expected for the FAB crystals. However, the NaCl content of the FAB crystals was not

experimentally determined.

Discussion

The specific content of the impurities, i.e., crystallization agents and/or additives, was
successfully reduced by the introduction of a wash step. The impurities were not
completely depleted from the crystals. Multiple subsequent wash steps could be used to
further remove the impurities from the crystals in future work. However, an increased
loss of protein would occur, effectively decreasing the overall yield of the crystallization
processes. Hence, it is imperative to find crystallization conditions with non-toxic
crystallization agents. For example, the crystallization agents used for the crystallization
of LIP, i.e.,, NaCl, PEG 10000, and phosphate, are considered non-toxic and would not
need to be removed. Ammonium sulfate is non-toxic, but it is unfavored for current
protein formulations, e.g., aqueous solutions and amorphous precipitated lyophilisates,
as it may lead to increased aggregation (Lewus et al.,, 2010). Since the protein molecules
are stabilized by the crystal lattice in crystalline proteins, ammonium sulfate might be
tolerated in crystalline formulations. Future research could focus on the addition of
stabilizing components, e.g.,, sugars, in the wash solutions, to further enhance the

stability of protein crystals as formulation.
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6 Conclusions and Outlook

Recent developments have led to increasing concentrations of target protein in state-of-
the-art large-scale production processes, especially for therapeutic proteins. With 50 kg
protein per production batch (Shukla and Thémmes, 2010), the limitations of
established purification techniques are expected to soon create a bottleneck in

downstream processing.

In this work, the feasibility of protein crystallization as novel protein purification
technique for the downstream processing of proteins was investigated on the example of

five different proteins (Table 6.1).

Table 6.1: Proteins under study, their molecular weight, their isoelectric point pl and their
oligomerization.

Abbr. Protein Organism Size, pl, Oligomerization
kDa -

LYS Lysozyme Gallus gallus 14 11 monomer

LIP Lipase Thermomyces lanuginosus 29 5 monomer

XYL  Xylanase Trichoderma reesei 21 9 monomer

GLU  Glucose isomerase Streptomyces rubiginosus 173 3  homotetramer
FAB  Fab fragment of Chimeric (mouse/human) 47 - heterodimer

cetuximab

First, scaled-down 5 mL- and 100 mL-scale versions of an existing 1 L-scale stirred-tank
reactor were designed based on geometric similarity. The availability of small-scale
reactors was imperative for the subsequent characterization of protein crystallization
processes using low amounts of protein prior to the transfer of the refined
crystallization processes into the L-scale reactors. On the 5 mL-scale, up to 12 reactors
could be operated in parallel in order to simultaneously characterize different

crystallization conditions.

For protein crystallization, suitable crystallization conditions have to be identified.
Ideally, preliminary crystallization conditions for the proteins under study were
reported in the literature, e.g., from structure determination, and could be used as

starting point for screening. For all five proteins, suitable crystallization conditions were
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identified and improved in microbatch-scale experiments. Using the qualitative data

from the screening, phase diagrams were generated for the five proteins.

Subsequently, the batch crystallization processes for the proteins under study were
successfully transferred into the same 5 mlL-scale stirred-tank reactors. As agitated
batch crystallization and microbatch crystallization share the same functional principle,
the aforementioned phase diagrams were a valuable tool for the subsequent refinement
of the crystallization conditions. These initial 5 mL-scale crystallization processes
featured crystallization yields of 58-99 % within 2-24h. Stirred-tank batch
crystallization processes of LIP, XYL, GLU and FAB were reported for the first time. The
yield of the LYS crystallization process was raised from 82 % to 89 % compared to the

crystallization process reported by Hekmat et al. (2007b).

Next, the addition of additives, i.e., water-immiscible protic ionic liquids (ILs), was
investigated in order to further increase the crystallization yields and to accelerate the
crystallization kinetics. For XYL, GLU and FAB, the addition of ILs resulted in an
unfavorable crystal form, no noticeable changes, and a decrease of the crystallization
yield, respectively. In contrast, both, crystal form and the crystallization kinetics were
improved upon the addition of the ionic liquid 2-hydroxyethylammonium formate
(2-HEAF) to the crystallization of LYS. Compact crystals were observed instead of
unfavorable needle-like crystals, and the crystallization yield was increased from 89 %
to 97 % compared to the crystallization process without additive. For LIP, the addition
of the ionic liquid choline dihydrogenphosphate (CDHP) resulted also in a favorable shift
of the crystal form from needle-like to compact crystals. But it was also demonstrated
that this positive effect was caused solely by the dihydrogenphosphate anion of the IL.
Hence, CDHP could be replaced with sodium dihydrogenphosphate while maintaining
the positive effects. This confirms the reports in the literature stating that individual
ions of low-concentrated water-immiscible ILs are solely responsible for the effects

observed, as they dissociate in aqueous solution and function just as ions of regular salts.

Despite the addition of sodium dihydrogenphosphate to the LIP crystallization process,
the crystallization yield remained unsatisfactory low (50 %). Hence, a microbatch-scale
screening for a complementary crystallization agent was carried out augmented by
quantitative data from 5 mL-scale stirred-batch experiments. PEG 10000 was deemed

suitable and consequently added during the LIP crystallization process to a final
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concentration of 50 g L-1. The crystallization yield was thereby increased to 95 % within
2 h. An overview of the refined crystallization processes for all five proteins, their

crystallization yields and the process durations is given in Table 6.2.

Table 6.2: Overview of the refined crystallization processes for the five proteins under study.
Given are the crystallization yields, the process durations, and the method(s) employed in
order to increase the crystallization yield and to accelerate the crystallization kinetics.

Protein Yield,% Time,h Method(s) employed

LYS 97 2 Temperature shift, addition of 2nd crystallization

agent (ionic liquid)

LIP 95 2 Feeding of a complementary crystallization agent
XYL 95 20 Feeding of crystallization agent

GLU 97 3 -

FAB 99 2 Feeding of crystallization agent

Next, the refined 5 mL-scale crystallization processes for LYS, LIP and FAB were
transferred into the 100 mL-scale reactors based on geometric similarity and using
constant stirrer speeds. The results of the 5 mL- and 100 mL-scale FAB crystallization
processes and crystals obtained from these processes are shown in Figure 6.1. The
crystallization processes for LYS and LIP were subsequently transferred into the 1 L-
scale reactor. Comparable results regarding the fast crystallization kinetics, the excellent
crystallization yields, and the compact crystal morphologies were obtained. The general
proof-of-principle for the crystallization of different proteins in scalable stirred-tanks
was demonstrated on the example of LYS, LIP and FAB. Since GLU and XYL were not
available in the quantities needed for the transfer, the crystallization of these two

proteins was not investigated on the larger scale.

The removability of impurities, i.e., residual crystallization agents, from the solvent
channels of the protein crystals was demonstrated by the introduction of a wash step.
Nevertheless, the impurities could not be completely depleted from the protein crystals
with a single wash step. Hence, repeated wash steps would be necessary, resulting in a
considerable loss of protein. Consequently, unfavorable crystallization agents, e.g., toxic

compounds, should be completely avoided during the crystallization process.
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Figure 6.1: Crystallization of 110 g L1 Fab fragment of cetuximab (FAB) on a
¢5mL- and a ¢ 100 mL-scale using 1.1 M ammonium sulfate, and 40 mM
sodium citrate buffer pH 6.25 at 20 °C (n =150 min-t). The ammonium sulfate
concentration was raised to 1.2 M and 1.6 M after 1.1 h and 1.5 h, respectively.
Depicted are the decrease of the FAB concentration in solution, the time-course
of the ammonium sulfate concentration (5 mL: solid line; 100 mL: dashed line),
and FAB crystals obtained in the A) 5 mL-scale and the B) 100 mL-scale
crystallization process.
Finally, feasibility of protein crystallization from impure solutions was demonstrated by
the crystallization of FAB from artificial solutions containing protein contaminants. For
example, FAB was crystallized from solutions spiked with different proteins, or was
successfully separated from small peptides originating from the papain overdigestion of

an antibody.

To summarize, the feasibility of technical-scale protein crystallization for polishing
and/or formulation steps at the end of the downstream processing pipeline was
demonstrated. Stirred-tanks for the crystallization of 50 kg protein (Shukla and
Thommes, 2010) would need a capacity of 500 L or 2000 L for crystallization conditions
with 100gL1 or 25gL! protein, respectively. Compared to current purification
techniques, i.e., preparative chromatography, the reusability of existing stirred-tank
reactors and the low-cost crystallization agents used for protein crystallization should

allow a significant cost-reduction.

The process integration of protein crystallization has to be investigated in future work.
Since the feasibility of protein crystallization from impure solutions was demonstrated,
protein crystallization directly from pretreated crude solutions could be investigated as

an alternative to combinations of different conventional purification technologies.
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Seeding with protein crystals from previous crystallization processes could be used if

nucleation from impure solutions proves difficult.

Alternatively, a two-step process is proposed for the purification of proteins. In the first
step, protein capture from crude material could be performed using another emerging
technology, e.g., expanded bed chromatography (EBA) or aqueous two-phase separation
(ATPS). Subsequently, high-purity protein crystals could be grown from the
rudimentarily purified protein solution using protein crystallization. These crystals
could then be used as formulation. Stabilizing agents, e.g., sugars, might be added to

crystallization processes in order to further enhance protein crystals as formulation.
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8 Appendix

8.1 Abbreviations
2-HEAF

AA
AMTPS
AS
ATPS
CDHP
CEC
CET
CIP
CNT
ddH20
EBA
EGFR
Fab
FAB
Fc
GLU
HGMF
HPLC

ID

2-hydroxyethylammonium formate
amino acid

aqueous micellar two-phase separation
ammonium sulfate

aqueous two-phase separation

choline dihydrogenphosphate

cation exchange chromatography
cetuximab

cleaning in place

classical nucleation theory

bidistilled water

expanded bed adsorption

epidermal growth factor receptor
antigen-binding antibody fragment
antigen-binding fragment of cetuximab
constant / crystallizable antibody fragment
glucose isomerase

high-gradient magnetic fishing
high-performance liquid chromatography

inner diameter
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IGF1
IgG
IgM
IL
LIP
LYS
MIR
PB
PDB
PEG

PESU

RTIL

SC
SDS-PAGE
SEC
UniProt

XYL

insulin-like growth factor I
immunoglobulin G
immunoglobulin M

ionic liquid

lipase

lysozyme

mid infrared spectroscopy
phosphate buffer

Protein Data Bank
polyethylene glycol
polyethersulfone

isoelectric point

room temperature ionic liquid

sodium citrate

sodium dodecyl sulfate polyacrylamide gel electrophoresis

size exclusion chromatography

Universal Protein Resource

xylanase
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8.2 Symbols and variables

A
B

B2z

Cc

Ceq

crystallization yield

AGOcryst

AG2

AHOcryst

k2

kg

Alc

CNT model coefficient A

CNT model coefficient B

second virial coefficient

concentration

concentration inside dense liquid clusters
concentration at equilibrium

relative crystallization yield

extinction coefficient

extinction

or: Young’s modulus
change of the Gibbs free energy

energy barrier for nucleation inside dense

liquid clusters

surface free energy of the critical cluster
change of the enthalpy

nucleation rate

constant scaling the nucleation rate of

crystals insite the clusters
Boltzmann constant
molar mass

chemical potential of a protein molecule

inside a dense liquid cluster

viscosity inside a dense liquid cluster

mol mL g2
mol L1, g L1
mol L1, g L1

mol L1, g L1

mol L1 cm?

GPa

] mol-1

J m?
] mol-1
L1gs1

PaglK1

JK1

g mol-!

Pas
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I'c

ASOcryst

U1

Uz

size of the crystal nucleus

critical crystal nucleus size

change of the entropy

thermodynamic supersaturation

temperature

effective decay rate of dense liquid clusters
effective formation rate of dense liquid clusters

molecular protein volume

] mol-1 K1
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8.3 Material

8.3.1 Equipment

Table 8.1: Standard laboratory equipment.

Equipment Name / Code Manufacturer, location
Balance Acculab VIC-123 Sartorius AG

Balance ECON EC-411 Sartorius AG

Centrifuge Rotixa 50 RS Hettich, Tuttlingen, Germany
Chromatography AKTApilot GE Healthcare GmbH, Solingen,

Cooling incubator

Double distillation still

SDS-PAGE power supply
Freezer

Microliter pipettes

pH-meter

pH-electrode

Refrigerated centrifuge
SDS-PAGE chamber
UV/VIS spectrophotometer

Vortex

KB 53 and KB 115
2108

E802

Santo 604
Transferpette S (1 pL,
10 pL, 20 pL, 100 pL,
200 pL, 1 mL, 10 mL)
S47 SevenMulti
InLab Micro

5415R

GENESYS 10S

Vortex Genie 2

Germany

Binder, Tuttlingen, Germany
Gesellschaft fiir Labortechnik
mbH, Burgwedel, Germany
Consort, Turnhout, Belgium
AEG

Brand GmbH, Wertheim,

Germany

Mettler Toledo

Mettler Toledo

Eppendorf, Hamburg, Germany
OWL, Portsmouth, USA
Thermo Fischer Scientific,
Dreieich, Germany

Scientific Industries, Bohemia,

NY, USA
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Table 8.2: Components of the Size Exclusion Chromatography (SEC) system.

Equipment Name / Code Manufacturer, location

Pump S1110 Sykam, Eresing, Germany

Column Superdex 200 10/300 GL  GE Healthcare GmbH, Solingen,
Germany

Degaser DEGAS Shodex Europe, Munich, Germany

6-port  3-channel - Knauer, Berlin, Germany

injection valve
Flow-Through
absorption cell

Software DHGenesysLogger

178.010-QS, d = 10 mm

Hellma GmbH & Co. KG, Miillheim,
Germany

(own work)

Table 8.3: Components of the High Performance Liquid Chromatography (HPLC) system.

Manufacturer, location

Equipment Name / Code

HPLC Agilent 1000 Series
Quat. Pump DE14918242
Autosampler DE14918655
A/D-Converter CN 00003423
Degasser JP05033450
RI-Detector 1200 Series G1362A
UV-Detector S 3300

Column Aminex HPX-87H

Guard HPLC Cation H Refill,
30*4.6MM

Software A.05.01 + Rev E.01.02

Agilent Technologies, Santa Clara, CA, USA
Agilent Technologies, Santa Clara, CA, USA
Agilent Technologies, Santa Clara, CA, USA
Agilent Technologies, Santa Clara, CA, USA
Agilent Technologies, Santa Clara, CA, USA
Agilent Technologies, Santa Clara, CA, USA
Knauer, Berlin, Germany

Bio-rad Laboratories, Inc., Hercules, USA

Bio-rad Laboratories, Inc., Hercules, USA

Agilent Technologies, Santa Clara, CA, USA
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Table 8.4: Components of the Cross-flow filtration system A.

Equipment Name / Code Manufacturer, location

Crossflow system Sartoflow Slice 200 Sartorius Stedim, Gottingen
Benchtop System

PESU membrane PESU-5kD, 0.1 m2 filter Sartorius Stedim, Gottingen
area

Scale Talent TE 4100 Sartorius Stedim, Gottingen

Peristaltic pump Tandem 1082

Sartorius Stedim, Gottingen

Table 8.5: Components of the Cross-flow filtration system B.

Equipment Name / Code Manufacturer, location
Pump Sarto]et HSE-U-72 Sartorius Stedim, Gottingen
Filter holder Sartocon Slice Sartorius Stedim, Gottingen

PESU membrane PESU-5kD; 0.1 m? filter

area

Analog pressure EN 837-1/0-4 bar

gages

Digital pressure 20100-100853-04

gage
Capacitative sensor KQ6004
Diaphragm valves ~ GEMU 601

Sartorius Stedim, Gottingen

WIKA Alexander Wiegand SE & Co.
KG, Klingenberg

ifm electronic GmbH, Essen

ifm electronic GmbH, Essen
GEMU GmbH & Co. KG, Ingelfingen-

Criesbach

Table 8.6: Components of the Zeiss microscopy system.

Equipment Name / Code Manufacturer, location

Microscope Axioplan Carl Zeiss Microscopy GmbH, Jena

Lens A Plan-Neofluar 10x/0.30; Carl Zeiss Microscopy GmbH, Jena
No. 440331

Lens B Plan-Neofluar 2.5x/0.075;  Carl Zeiss Microscopy GmbH, Jena
No. 440310

Camera AxioCam ICc3 Carl Zeiss Microscopy GmbH, Jena

Software AxioVision Carl Zeiss Microscopy GmbH, Jena
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Table 8.7: Components of the Nikon microscopy system.

Equipment Name / Code Manufacturer, location
Microscope Eclipse 50i; Nikon Instruments Eurpoe BV,
No. MBA85020 Amsterdam, The Netherlands
Lens A Plan Chromat 4x/0.10; Nikon Instruments Eurpoe BV,
No. MRL00042 Amsterdam, The Netherlands
Lens B Plan Fluor 10x/0.3; Nikon Instruments Eurpoe BV,
No. MRH00101 Amsterdam, The Netherlands
Camera DS-2Myv; Nikon Instruments Eurpoe BV,
No. MQA12000 Amsterdam, The Netherlands
Dual video port Y-IDP; Nikon Instruments Eurpoe BV,
module No. MBB74105 Amsterdam, The Netherlands
Software NIS Elements Nikon Instruments Eurpoe BV,

(version: AR 3.2 64-bit) Amsterdam, The Netherlands

Table 8.8: Components of the 1 L-scale crystallization system.

Equipment Name / Code Manufacturer, location

Reaction vessel 107036314/2L Rettberg GmbH, Gottingen, Germany
Pitched-bladed Z81315R007 [UL Instruments GmbH,

impeller Konigswinter, Germany

Stepping motor AS4118L1804-E Nanotec Electronic GmbH & Co. KG,

Feldkirchen, Germany
Motor control SMCI33-1 Nanotec Electronic GmbH & Co. KG,
Feldkirchen, Germany
Refrigerating 1157P VWR, Darmstadt, Germany
circulator

Software DHCrystalControl (own work)
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Table 8.9: Components of the 100 mL-scale crystallization system.

Equipment Name / Code Manufacturer, location
Reaction vessel 112160 136 Schott AG, Mainz, Germany
Stepping motor ST2818L1006-B Nanotec Electronic GmbH & Co. KG,

Feldkirchen, Germany
Motor control SMCI33-1 Nanotec Electronic GmbH & Co. KG,

Feldkirchen, Germany

Refrigerating 1157P VWR, Darmstadt, Germany
circulator
Software DHCrystalControl (own work)

Table 8.10: Components of the 5 mL-scale crystallization system.

Equipment Name / Code Manufacturer, location
Reaction vessel 216011407 Schott AG, Mainz, Germany
Stepping motor ST2019S0604-B Nanotec Electronic GmbH & Co. KG,

Feldkirchen, Germany
Motor control SMCI33-1 Nanotec Electronic GmbH & Co. KG,
Feldkirchen, Germany
Refrigerating circulator 1157P VWR, Darmstadt, Germany

Software DHCrystalControl (own work)

8.3.2 Chemicals

Table 8.11: General chemicals.

Chemical Purity Manucafturer No.
Acetic acid 100 % Roth 3738
Acrylamide (aqueous 40 % acrylamide and Roth A516
bisacrylamide stock solution)

Ammonium peroxydisulphate >98 % Roth 9592
Ammonium sulfate 299.5 % Roth 3746
Bismuth(III) subnitrate 98 % Sigma-Aldrich 310646
Bromphenol blue Merck 108122

Choline chloride 298 % Sigma-Aldrich C7527
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Table 8.11: General chemicals (continued).

Chemical

Purity Manucafturer No.

Coomassie staining solution (Roti®-Blue)
L-Cysteine chloride monohydrate

di-Sodium hydrogen phosphate dodecahydrate
EDTA

Ethanol

Glycerol

Guanidine hydrochloride

Gum arabic

Hydrochloric acid

B-Mercaptoethanol

4-nitrophenyl palmitate

PEG 200

PEG 3 000

PEG 10 000

PEG 20 000

PEG 35 000

Potassium dihydrogen phosphate, anhydrous
Potassium iodide

SDS-PAGE running buffer (10x)

Sodium acetate trihydrate

Sodium chloride

Sodium dihydrogenphosphate monohydrate
Sodium dodecyl sulfate

Sodium hydroxide

Sodium tetraborate decahydrate

TEMED

tri-Sodium citrate dihydrate
Tris(hydroxymethyl)amonimethane (TRIS)
Triton X-100

299 %
299 %
299 %
99.9 %
99.5 %
299.5%

\%

\%

37 %
>99 Y,

>99 %
>99.5 %

>99.5 %

>99 Y,

>98 %

>99 %,

>99 %,
>99.9 %

Roth

Roth

Roth

Roth

Roth

Roth

Roth

Roth

Roth

Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Clariant
Sigma-Aldrich
Clariant

Roth
Sigma-Aldrich
Roth

Roth

Roth

Roth

Merck

Roth
Sigma-Aldrich
Roth

Roth
Sigma-Aldrich
Roth

A152
1694
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Table 8.12: Proteins which were not crystallized. cooperation partner*: Merck KGaA,

Darmstadt, Germany.

Protein Manufacturer No.

Albumin Sigma-Aldrich, Taufkirchen A3059-50G
Endonuclease prov. by cooperation partner -
Gammanorm Octapharma C909A860A
Papain Sigma-Aldrich, Taufkirchen 76216-50MG

Table 8.13: lonic liquids used in this work and their abbreviations, molecular formulae and

molecular masses.

Ionic liquid Details Manuf. No.
1-butyl-4-(dimethylamino)-pyridinium [bDMAP][CI] Merck  IOLI-JE-1206
chloride C11H19CIN?

214.7 g mol1!
1-ethyl-4-(dimethylamino)-pyridinium [eDMAP][CI] Merck  IOLI-JE-1209
chloride CoH15CIN?

186.7 g mol-1
1-methyl-4-(dimethylamino)-pyridinium [mMDMAP][CI] Merck  IOLI-JE-1210
chloride CsH13CIN?

172.7 g mol-1
2-hydroxyethylammonium formate 2-HEAF /IL1.1  Merck IOLI-JE-1389

C3H9oNO3

107.1 g mol?
4-(2-hydroxyethyl)-morpholinium [(eOH)mmo][Cl]] Merck IOLI-JE-1211
chloride CeH14ClO2N

167.7 g mol!
4-cyanomethylmorpholinium chloride [(mMCN)mmo][Cl]] Merck IOLI-JE-1208

CeH11CION?

162.6 g L1
Bis-(2-methoxyethyl)-ammonium acetate  IL 2 Bionigs 006-102

CgH19NO4

193.2 g mol1
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Table 8.13: lonic liquids used in this work and their abbreviations, molecular formulae and

molecular masses (continued).

Ionic liquid

Details Manuf. No.

Choline dihydrogenphosphate

Ethylammonium nitrate

N,N-dimethylethynolammonium acetate

N,N-dimethylethynolammonium glycolate

CDHP /IL 4 Merck IOLI-JE-1388
CsH16NPOs
201.2 g mol
EAN /1L 1.2
C2HgN203
108.1 g mol-1
IL 3.2
CeH1sNO3
149.2 g mol-1
IL 3.1
CeH15NO4
165.2 g mol1

IoLiTec IL-0043

111-102

Bionigs

Bioniqs 111-112

8.3.3 Buffer compositions

Table 8.14: Solutions for the sodium docecyl sulfate polyacrylamide gel electrophoresis.

Substance

Concentration

Stacking gel buffer (2x)
Sodium dodecyl sulfate (SDS)
Tris-HCI pH 6.8

Separating gel buffer (4x)
Sodium dodecyl sulfate (SDS)
Tris-HCI pH 6.8

Laemmli buffer (5x)
Bromphenol blue
Glycerol
B-Mercaptoethanol
Running buffer (10x)

Sodium dodecyl sulfate (SDS)

0.4 % (w/v)
0.25 M

0.8 % (w/v)
1.5M

0.05% (w/v)
50 % (v/v)
5% (v/v)

10 % (w/v)
10 % (w/v)
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Table 8.15: Solutions for the Coomassie staining.

Substance Concentration
Fairbanks A
Acetic acid 10 % (v/v)
Coomassie Brilliant Blue R-250 0.05 % (w/v)
Isopropanol 25% (v/v)
Fairbanks B
Acetic acid 10 % (v/v)
Coomassie Brilliant Blue R-250 0.005 % (w/v)
Isopropanol 10 % (v/v)
Fairbanks C
Acetic acid 10 % (w/v)

Table 8.16: Solutions for the functional lipase assay.

Substance Concentration
Solution A

4-nitrophenyl palmitate 3 g L-1in n-propanol
Solution B

Gum Arabic 1gL1

Tris-HCl pH 7.5 25 M

Triton X-100 5gL1

Table 8.17: Solutions for the PEG determination using a modified Dragendorff reagent.

Substance Concentration
Solution A

Bismuth(III) subnitrate 16 gL1in 1 M HCI
Solution B

Potassium iodide 400 g L1
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8.4 Papain digestion of cetuximab

The Fab fragment of cetuximab (FAB) was generated by papain digestion of the antibody
cetuximab. The papain digestion was characterized rudimentarily prior to the large-
scale digestion. The results of an SDS-PAGE of samples taken during the papain digestion

of 1 mg cetuximab are shown in Figure 8.1.

kDa
116

97
84

66

55
45

36

29
24

20

Figure 8.1: SDS-PAGE of a preliminary papain digestion of 1 mg cetuximab. A)
Molecular weight marker; digest after B) 0 min, C) 20 min, D) 40 min, E) 60 min,
F) 80 min, G) 100 min, and H) 120 min.

While the heavy chain (= 55 kDa) and intermediates (= 40 kDa) are present in the first

samples, the digestion was complete after 60 min.
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8.5 Quantification of crystallization agents

8.5.1 High Performance Liquid Chromatography (HPLC)
The components of the HPLC system are listed in Table 8.3. The oven temperature was
60 °C, 5 mM sulfuric acid were used as eluent phase and the eluent flow rate was

0.7 mL min-1. The retention times of the substances under study are listed in .

Table 8.18: Retention times of the substances under study.

Substance Retention time, min
Acetate 12.9
Citrate 7.2
Formate 12.0
2-Hydroxyethylammonium 19.2
Phosphate 7.6

8.5.2 PEG determination using a modified Dragendorff reagent method

Dragendorff reagent was prepared by mixing 2.5 mL of each solution A and solution B
and adding ddH20 to a volume 50 mL. 250 pL sample, 200 pL. HCl (50 mM) and 50 pL
Dragendorff reagent were mixed in a cuvette. After incubation at RT for 15 min, the
measurement was performed via VIS-spectroscopy at 510 nm. The calibration curve

recorded for PEG 10000 is shown in Figure 8.2.
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Figure 8.2: Calibration curve fort he determination of PEG 10000 using a

modified Dragendorff reagent method. The line was obtained using linear
regression (MS Excel): cpge =58.6 mg L1 - E+ 1.9 mg L%
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8.5.3 Sodium chloride determination

The concentration of sodium chloride was determined using a modified protocol for a
chloride test kit (Merck, Darmstadt, Germany). 300 pL sample were mixed with 150 pL
reagent A and 30 pL reagent B. The composition of these reagents was not detailed in
the description of the test kit. After incubation at RT for 10 min, the measurement was
performed via VIS-spectroscopy at 492 nm. The calibration curve recorded for

0 - 50 g L-1 sodium chloride is depicted in Figure 8.3.
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Figure 8.3: Calibration curve for the determination of NaCl using the modified
protocol for the commercial chloride test kit. The line was obtained using linear
regression (MS Excel): cnaci = 55.8 mg L1 - E +0.016 mg L.
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8.6 Protein sequences

Lysozyme (LYS)

KVFGRCELAA
TDYGILQINS
DGNGMNAWVA

Lipase (LIP)

MRSSLVLEEV
PAGTNITCTG
SEFRGSRSIEN
EDAVREHPDY
RAFAEFLTVQ
PVTRNDIVKI

AMKRHGLDNY
RWWCNDGRTP
WRNRCKGTDV

SAWTALASPI
NACPEVEKAD
WIGNLNEFDLK
RVVEFTGHSLG
TGGTLYRITH
EGIDATGGNN

Xylanase (XYL)

QTIQPGTGYN
WOPGTKNKVI
GATKLGEVTS
NTANHENAWA

NGYFYSYWND
NESGSYNPNG
DGSVYDIYRT
OOGLTLGTMD

Glucose isomerase (GLU)

MNYQPTPEDR
VTFHDDDLIP
DGGEFTANDRD
VRDALDRMKE
AFIERLERPE
GIKYDQDLRF
ASAAGCMRNY
LDDRSAFEEF

Cetuximab

Heavy chain

QVQLKQSGPG
IWSGGNTDYN
YYDYEFAYWG
YFPEPVTVSW
ICNVNHKPSN
KPKDTLMISR
YNSTYRVVSV
POVYTLPPSR
PVLDADGSEFEF
GKFFFFFF

FTEGLWTVGW
FGSSDSEREE
VRRYALRKTI
AFDLLGEYVT
LYGVNPEVGH
GAGDLRAAFW
LILKERAAAF
DVDAAAARGM

LVOPSQSLST
TPFTSRLSIN
OGTLVTVSAA
NSGALTSGVH
TKVDKRVEPK
TPEVTCVVVD
LTVLHQODWLN
DELTKNQVSL
LYSKLTVDKS

RGYSLGNWVC
GSRNLCNIPC
OAWIRGCRL

RREVSQDLFEN
ATFLYSFEDS
EINDICSGCR
GALATVAGAD
TNDIVPRLPP
QPNIPDIPAH

GHGGVTYTING
NSYLSVYGWS
ORVNQPSIIG
YOIVAVEGYF

EGRDPEFGDAT
HVKRFRQALD
RNIDLAVELG
SQGYDIRFAT
EOMAGLNEFPH
LVDLLESAGY
RADPEVQEAL
AFERLDQLAM

TCTVSGESLT
KDNSKSQVEF
STKGPSVEPL
TEPAVLQSSG
SPKSCDKTHT
VSHEDPEVKEF
GKEYKCKVSN
TCLVKGEFYPS
RWQOGNVESC

AAKFESNENT
SALLSSDITA

OFNLFAQYSA
GVGDVTGFLA
GHDGEFTSSWR
LRGNGYDIDV
REFGYSHSSP
LWYFGLIGTC

PGGQESVNWS
RNPLIEYYIV
TATEYQYWSV
SSGSASITVS

RRALDPVESV
DTGMKVPMAT
AETYVAWGGR
EPKPNEPRGD
GIAQALWAGK
SGPRHEFDFEFKP
RASRLDELAR
DHLLGARG

NYGVHWVRQS
KMNSLQSNDT
APSSKSTSGG
LYSLSSVVTV
CPPCPAPELL
NWYVDGVEVH
KALPAPIEKT
DIAVEWESNG
SVMHEALHNH

QATNRNTDGS
SVNCAKKIVS

AAYCGKNNDA
LDNTNKLIVL
SVADTLROQKV
FSYGAPRVGN
EYWIKSGTLV
L

NSGNEVGGKG
ENFGTYNPST
RRNHRSSGSV

RRLAELGAHG
TNLEFTHPVFK
EGAESGGAKD
ILLPTVGHAL
LFHIDLNGON
PRTEDFDGVW
PTAADGLOQAL

PGKGLEWLGV
ATYYCARALT
TAALGCLVKD
PSSSLGTQTY
GGPSVFELFEPP
NAKTKPREEQ
ISKAKGQPRE
QPENNYKTTP
YTOQKSLSLSP
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Light chain

DILLTQSPVI
ASESISGIPS
GTKLELKRTV
DNALQSGNSQ
LSSPVTKSEN

Fab (FAB)

QVQLKQSGPG
IWSGGNTDYN
YYDYEFAYWG
YFPEPVTVSW
ICNVNHKPSN

LSVSPGERVS
RESGSGSGTD
AAPSVFIFPP
ESVTEQDSKD
RGA

LVOPSQSLSI
TPEFTSRLSIN
QOGTLVTVSAA
NSGALTSGVH
TKVDKRVEPK

FSCRASQSIG
FTLSINSVES
SDEQLKSGTA
STYSLSSTLT

TCTVSGESLT
KDNSKSQVEF
STKGPSVEPL
TEFPAVLOSSG
S

TNIHWYQQORT
EDIADYYCQOQ
SVVCLLNNEY
LSKADYEKHK

NYGVHWVRQS
KMNSLQSNDT
APSSKSTSGG
LYSLSSVVTIV

NGSPRLLIKY
NNNWPTTEGA
PREAKVQWKV
VYACEVTHQG

PGKGLEWLGV
ATYYCARALT
TAALGCLVKD
PSSSLGTQTY
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8.7 Technical drawings of the 5 mL- and 100 mL-crystallizers

8.7.1 Technical drawing of the 5 mL-scale crystallizer

N}

B

A}
Schnitt A-A

Vorderansicht

A

Figure 8.4: Technical drawing of the 5 mL-scale crystallizer.
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8.7.2 Technical drawing of the 100 mL-scale crystallizer

SchnittansichtG-G
MaBstab: 1:2

Detail I
MaBstab: 2:1
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MaBstab: 1:2

Figure 8.5: Technical drawing of the 100 mL-scale crystallizer.
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Figure 8.6: Technical drawing of the pitched-bladed impellers for the 100 mL-scale crystallizer.
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concentrations, 25 mM sodium acetate buffer pH 4.0 at 20 °C. A) 0.5 M (= 29 g L-1) NaCl; B)
0.65M (= 38 gL.1) NaCl; C) 0.95 M (= 56 g L-1) NaCl; D) 1.25 M (= 73 g L'1) NaCl. cccouveereeerecenes 49
Figure 5.2: Crystallization of 25 g L-! lysozyme on a 5 mL-scale using = 0.68 M (40 g L-1) NaCl,
25 mM sodium acetate buffer pH 4.0 and n = 0 min-! at 20 °C. Depicted is the decrease of the
lysozyme concentration in SOIULION. .. s s sssssssans 50
Figure 5.3: Crystallization of 25 g L-! lysozyme on a 5 mL-scale using = 0.68 M (40 g L-1) NaCl,
25 mM sodium acetate buffer pH 4.0 and n = 150 min-! at 20 °C. Depicted is the decrease of
the lysozyme concentration in SOIUTION. .. sssssssssssssssssssssssans 51
Figure 5.4: Tetragonal-like and a few needle-like lysozyme crystals and crystal clusters grown
in the 5 mL-scale reactor using 25 g L1 lysozyme, = 0.68 M (40 g L-1) NaCl, 25 mM sodium
acetate buffer pH 4.0 and n = 150 MINL s ssssssssssssseses 52
Figure 5.5: Crystallization of 25 g L1 lysozyme on a 5 mL-scale using 1.25 M (x 73 g L-1) Na(l,
25 mM sodium acetate buffer pH 4.0 and n = 150 min-L. Depicted are ¢ the decrease of the
lysozyme concentration in solution and the temperature time course (solid line)......c.ccoeuueune. 53
Figure 5.6: Tetragonal-like and needle-like lysozyme crystals and crystal clusters grown in the
5 mL-scale reactor using 25 g L' lysozyme, 1.25 M (= 73 g L'1) NaCl, 25 mM sodium acetate
buffer pH 4.0 and 0 = 150 MINL et sesseiess e sses e s s bbb 53
Figure 5.7: Lipase (LIP) crystals obtained in the microbatch-scale crystallization using 100 g L-!
LIP, 80 mM NaCl, and 25 mM sodium acetate buffer pH 4.0 at 20 °C....ccooeeoreererreenreereerernecereeseeeseens 55
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Figure 5.8: Crystallization of 100 g L-! lipase on the 5 mL-scale using 55 mM NaCl, and 25 mM
sodium acetate buffer pH 4.0 (T = 20 °C, n = 250 min-1). Depicted is the decrease of the lipase
CONCENTIALION TN SOLULIOM . civueteeeetseesseeseese s esseessee e es e s es s bbb e bbb 55

Figure 5.9: Needle-like lipase crystals grown in the 5 mL-scale reactor using 100 g L1 lipase,

55 mM Nac(l, and 25 mM sodium acetate buffer pH 4.0 (T = 20 °C, n = 250 min-1).....ccccourreneee. 56

Figure 5.10: Xylanase (XYL) crystals obtained in the microbatch-scale screening using various
concentrations of Na/K phosphate buffer pH 8.2 (PB) at 20 °C. A) 6.7 g L1 XYL, 0.75 M PB; B)
14.7 g L1 XYL, 0.69 M PB; C) 22 g L1 XYL, 0.6 M PB; D) 29 g L-1 XYL, 0.34 M PB....ccoosevivrrrrrrnnnne. 58

Figure 5.11: Phase diagram for xylanase (XYL) solved in 43 % glycerol obtained from the
qualitative evaluation of microbatch-scale crystallization of 1 - 29 g L1 XYL using 0.1 - 1.1 M
sodium potassium phosphate buffer pH 8.2 at 20 °C. ¢ crystal growth; x precipitate
formation; © no crystallization or precipitation. The crystallization condition used for the
subsequent 5 mL-scale crystallization is marked with a grey square. The lines denote the XYL
solubility (dashed: determined using 29 g L-1 XYL; dotted: determined using 10 g L1 XYL). The
lines are included for visualization and are not the result of a sSimulation.........c.cooeeeneeereereeneene. 58

Figure 5.12: Crystallization of 16 g L1 xylanase on a 5 mL-scale using 0.89 M phosphate buffer
pH 8.2 at 20 °C and n = 115 min-! (marine propellers). Depicted is the decrease of the
xylanase conCeNtration iN SOIULION ..o et ecsseese b ssss e s s p s 60

Figure 5.13: Xylanase crystals grown in the 5 mL-scale reactor using 16 g L-! xylanase, and
0.89 M sodium potassium phosphate buffer pH 8.2 (T = 20 °C, marine propellers,

n =115 min1) after A) 2.5 h, and B) 10.8 d. ....ccvrnmmrnmneninnsnsssnss s ssssssssssssssssesns 60

Figure 5.14: Crystallization of 16 g L1 xylanase on a 5 mL-scale at 20 °Cand n = 115 min-!
(marine propellers). The initial phosphate buffer concentration was 0.82 M. During the
crystallization process, phosphate buffer was added in order to increase the crystallization
yield. Depicted are # the decrease of the xylanase concentration in solution and the time
course of the phosphate buffer concentration (Solid line). ... 61

Figure 5.15: Xylanase crystals grown in the 5 mL-scale reactor using 16 g L-! xylanase, and
0.89 M sodium potassium phosphate buffer pH 8.2 (T = 20 °C, marine propellers,

N =115 MiNT) AFLET 26 Nu vt s s s 62

Figure 5.16: Compact and rod-shaped glucose isomerase (GLU) crystals obtained in the
microbatch-scale screening using varying concentrations of sodium citrate (SC) in sodium
citrate borate buffer pH 8.5 at 20 °C. A) 4 g L-1 GLU, 0.688 M SC; B) 12 g L-1 GLU, 0.675 M SC;
C) 16 g L1 GLU, 0.625 M SC; D) 20 g L-1 GLU, 0.675 M SC. The scale of figure C differs from the

other images due to the large size of the Crystal. ... seeeees 64
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Figure 5.17: Phase diagram for glucose isomerase (GLU) obtained from the qualitative
evaluation of microbatch-scale crystallization using sodium citrate in 47 mM sodium citrate
borate buffer pH 8.5 as crystallization agent. ¢ crystal growth; + rod-shaped crystals;

x precipitate formation; o no crystallization or precipitation. The crystallization condition
used for the subsequent 5 mL-scale crystallization is marked with a grey square. The dashed
line denotes the GLU solubility curve. The line is included for visualization and is not the
TESULE Of @ STMUIATION. .cceveeereeeeceeee et s s es bbb s s s 65

Figure 5.18: Crystallization of 24 g L-1 glucose isomerase on a 5 mL-scale using 0.63 M sodium
citrate, and 47 mM sodium citrate borate buffer pH 8.5 at 20 °C and n = 115 min-! (marine
propellers). Depicted is the decrease of the glucose isomerase concentration in solution......66

Figure 5.19: Glucose isomerase crystals grown in the 5 mL-scale reactor using 24 g L-1 glucose
isomerase, 0.63 M sodium citrate, and 47 mM sodium citrate borate buffer pH 8.5 at 20 °C and
n =115 min?! (marine propellers) after 2.5 N. ...t ssesseens 67

Figure 5.20: Crystallization of 15 g L-1 Fab fragment of cetuximab using 1.8 M ammonium
sulfate, 100 mM sodium citrate buffer pH 6.25, and A) 100 mM NaCl and 10 mM Tris-HCI
pH 8.5; B) N0 NaCl and /o1 TriS-HCL ... ssssssssssssssssssssssssssssssssssssssssssssssssses 68

Figure 5.21: Compact crystals of the Fab fragment of cetuximab (FAB) obtained in the
microbatch-scale screening using varying concentrations of FAB and ammonium sulfate (AS)
at20°C.A) 18.3 g L1 FAB, 1.4 M AS; B) 27.5 g L-1 FAB, 1.2 M AS; C) 73.4 g L' FAB, 0.8 M AS;
D) 73.4 G LT FAB, 1.3 M AS... o eereerseesssesssssssssssssssssssssssssssesssssesssssssssssssse s sssssssssssssessssssssssssssssssssessasenes 69

Figure 5.22: Phase diagram for the Fab fragment of cetuximab (FAB) obtained from the
qualitative evaluation of microbatch-scale crystallization using varying ammonium sulfate
concentrations in 40 mM sodium citrate buffer pH 6.25 at 20 °C. « crystal growth;

x precipitate formation; o no crystallization or precipitation. The crystallization condition
used for the subsequent 5 mL-scale crystallization is marked with a grey square. The dashed
line denotes the FAB solubility curve for ammonium sulfate concentrations over 0.8 M. The
line is included for visualization and is not the result of a simulation. .......ccccomeerneenneenneesseeseenns 69

Figure 5.23: Crystallization of 110 g L- Fab fragment of cetuximab on a 5 mL-scale using 1.1 M
ammonium sulfate, and 40 mM sodium citrate buffer pH 6.25 at 20 °C and n = 150 min-L
Depicted is the decrease of the glucose isomerase concentration in solution. ........oueeeneeenees 70

Figure 5.24: Crystallization of 110 g L-! Fab fragment of cetuximab (FAB) on a 5 mL-scale using
1.1 M ammonium sulfate, and 40 mM sodium citrate buffer pH 6.25 at 20 °C and n = 150 min-
1, The ammonium sulfate concentration was raised to 1.2 M and 1.6 M after 1 hand 1.5 h,
respectively. Depicted are ¢ the decrease of the FAB concentration in solution and the time-

course of the ammonium sulfate concentration (SOlid line).....ccooreeereenreereeseeneeereenseeseeeesseesseeseeeseens 71
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Figure 5.25: Crystals of the Fab fragment of cetuximab (FAB) grown in the 5 mL-scale reactor
using 110 g L1 FAB, 1.1 M ammonium sulfate (initially), and 40 mM sodium citrate buffer
pH 6.25 at 20 °C and n = 150 min-1. The ammonium sulfate concentration was raised to 1.2 M
and 1.6 M after 1 h and 1.5 h, T€SPECHVELY....comnierinn s ssssssssssssses 72
Figure 5.26: Crystals of the Fab fragment of cetuximab (FAB) grown in presence of protein
contaminants using 20 g L1 FAB, 1.2 M ammonium sulfate, 40 mM sodium citrate pH 6.25,
and 1.5 g L't protein contaminant at 20 °C. A: albumin; B: endonuclease; C: lysozyme;
D: xylanase. The scales of figures A and B differ from the other images due to the large size of
EHE CTYSTALS ottt s AR R 73
Figure 5.27: 5 mL-scale crystallization of FAB from a pretreated papain digest containing small
peptides from an overdigestion using 1.6 M ammonium sulfate and 40 mM sodium citrate
buffer pH 6.25 at 20 °C (n = 150 min-1). The total concentration of FAB and peptides at the
beginning was approxXimately 11 @ Lil. . sssssesssssessessssssessssssesssssssasessssssssssssssaseanes 74
Figure 5.28: Chromatograms obtained by size exclusion chromatography (SEC) of crystals (solid
line) and the supernatant (dotted line) from the 5 mL-scale crystallization of FAB from a
pretreated papain digest containing small peptides from an overdigestion using the
crystallization conditions detailed in FiGUIe 5.27 ... eeeeeessesssesssesssesssesssesssessesssesssssssees 75
Figure 5.29: Microphotographs of the microbatch-crystallization of 25 g L-1 LYS using 1.25 M
NaCl, 25 mM sodium acetate buffer pH 4.0, and A) 0.5 M sodium formate, B) 0.5 M
magnesium formate, C) 0.5 M 2-hydroxyethylammonium formate, D) no additive at 20 °C...79
Figure 5.30: Crystallization of 25 g L1 lysozyme on a 5 mL-scale using 1.25 M NaCl, 0.5 M 2-
hydroxyethylammonium formate and 25 mM sodium acetate buffer pH 4.0 (n = 150 min-1).
Depicted are the decrease of the lysozyme concentration in solution ¢ with and ¢ without the
addition of 2-HEAF and the time course of the temperature (with 2-HEAF: solid line; without
2-HEAF: dashed line) which was lowered during the crystallization process in order to
increase the crystallization Yield. ... s 80
Figure 5.31: Lysozyme crystals and crystal clusters grown in the 5 mL-scale reactor using
25 g L-1lysozyme, 1.25 M Na(l, 0.5 M 2-hydroxyethylammonium formate, and 25 mM sodium
acetate buffer pH 4.0 (N = 150 MINL). oo sssssssssssssssssssses 81
Figure 5.32: Microphotographs of the microbatch-crystallization of 100 g L-* LIP using 55 mM
NaCl, 50 mM sodium acetate buffer pH 4.0, and A) 0.275 M choline chloride, B) 0.275 M
sodium dihydrogenphosphate, C) 0.275 M choline dihydrogenphosphate, D) no additive at
20 PC tAKEN AfLET 1 0. coureeieceeeeereeeetseie s et es e s s s a bR bbb e 82
Figure 5.33: Crystallization of 100 g L-! lipase on the 5 mL-scale using 75 mM NacCl, 0.275 M
sodium dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4.0 at 20 °C

(n =250 min-1). Depicted is the decrease of the lipase concentration in solution......... 83
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Figure 5.34: Lipase crystals grown in the 5 mL-scale reactor using 100 g L-! lipase, 75 mM NaCl,
0.275 M sodium dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4.0 at 20 °C
(112 250 TN ettt seeees e s eas et s s £ b s eSS s R s R R R e 83
Figure 5.35: Crystallization of 100 g L-! lipase on a 5 mL-scale using 75 mM Na(Cl, 0.275 M
sodium dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4.0 (T = 20 °C,
n =250 min-1). PEG 10000 was gradually added over 2 h to a final concentration of 50 g L-1.
Depicted are # the decrease of the lipase concentration in solution and the concentration of
PEG 10000 (SOLi HNE). cuieurieeeureereeureieesseessetseessessessesssesse s snssesssssssssssssssssss s ssssssssssss s sassss st sssssssas 85
Figure 5.36: Lipase crystals grown in the 5 mL-scale reactor using 100 g L-! lipase, 75 mM NaCl,
0.275 M sodium dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4.0 at 20 °C
(n =250 min1). PEG 10000 was gradually added over 2 h to a final concentration of 50 g L-1.

Figure 5.37: Microphotographs of the microbatch-crystallization of 15 g L-! GLU using 0.65 M
sodium citrate, 45 mM sodium citrate borate buffer pH 8.5, and 40 g L-! bis-(2-methoxyethyl)-
ammonium acetate (IL2) @t 20 OC. . seeeesseesseessessessssssessesssssss s sesssssessseessssss s s sssssssnsssssas 87

Figure 5.38: Microphotographs of the microbatch-crystallization of 50 g L- FAB using 1.2 M
ammonium sulfate, 40 mM sodium citrate buffer pH 6.25, and 200 mM A) 2-
hydroxyethylammonium formate (2-HEAF), B) ethylammonium nitrate, C) bis-(2-
methoxyethyl)-ammonium acetate, D) 4-cyanomethylmorpho-linium chloride at 20 °C taken
AFEET 1 e ettt ea et s bR R AR R AR AR A R e 88

Figure 5.39: Crystallization of 25 g L-1 lysozyme on a ¢ 100 mL- and a ¢ 1 L-scale using 1.25 M
NaCl, 0.5 M 2-hydroxyethylammonium formate and 25 mM sodium acetate buffer pH 4.0
(n =150 min-1). Depicted are the decrease of the lysozyme concentration in solutionand the
temperature time course (100 mL: solid line; 1 L: dashed line). The temperature was lowered
during the crystallization process in order to increase the crystallization yield........ccccoueneuuneen. 92

Figure 5.40: Lysozyme crystals and crystal clusters grown in the 1 L-scale reactor using 25 g L1
lysozyme, 1.25 M NaCl, 0.5 M 2-hydroxyethylammonium formate, and 25 mM sodium acetate
buffer pH 4.0 (11 = 150 MUNTL). ceiiiiriieeeeeree e iees e ssesssessessses s esse s ssssss bbb s bbb nasnb 93

Figure 5.41: Area density distribution of lysozyme crystals and crystal clusters grown in the
1 L-scale reactor using 25 g L1 lysozyme, 1.25 M Na(l, 0.5 M 2-hydroxyethylammonium
formate, and 25 mM sodium acetate buffer pH 4.0 (n = 150 min-1). The error bars are
equivalent to a measurement error of approximately 15 %0. o 94

Figure 5.42: Crystallization of 100 g L-! lipase on a ¢ 100 mL- and a ¢ 1 L-scale using 75 mM
NaCl, 0.275 M sodium dihydrogenphosphate, and 25 mM sodium acetate buffer pH 4.0 (T =
20 °C, n =250 min't). PEG 10000 was gradually added over 2 h to a final concentration of
50 g L-L. Depicted are the decrease of the lipase concentration in solution and the

concentration of PEG 10000 (100 mL: solid line; 1 L: dashed ling). ....ccouonernenenennesnseseessesnenns 95
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Figure 5.43: Crystals of lipase (LIP) grown on A) the 100 mL-scale and B) the 1 L-scale using
100 g L1 LIP, 75 mM Nac(l, 0.275 M sodium dihydrogenphosphate, and 25 mM sodium acetate
buffer pH 4.0 (T = 20 °C, n = 250 min-!) with gradual addition of PEG 10000 to a final
o0 o Ter=) o n = 1n (o) o o) S LN =0 PPN 95

Figure 5.44: Area density distribution of lipase crystals grown using 100 g L-! lipase, 75 mM
NaCl, 0.275 M sodium dihydrogenphosphate, 50 g L-1 PEG 10000, and 25 mM sodium acetate
buffer pH 4.0 (T = 20 °C, n = 250 min-1). The error bars are equivalent to a measurement error
Of ADPPIOXIMALELY 15 Q0. wuevueeuieseererserssesssessseessssssses s s ssess s ssss s s s R 96

Figure 5.45: Normalized specific activity of lipase (LIP) solutions. A) stock solution provided by
the manufacturer; B) stock solution after ultrafiltration/diafiltration (buffer 25 mM Tris-HCl
pH 9); C) resolubilized LIP crystals from first 100 mL-scale crystallization; D) resolubilized
LIP crystals from first 100 mL-scale crystallization after ultrafiltration/diafiltration for
removal of the crystallization agents (buffer: 25 mM Tris-HCI pH 9); E) resolubilized LIP
crystals from second 100 mL-scale crystallization. The crystallization conditions were:

100 g L1 LIP, 75 mM NaCl, 0.275 M sodium dihydrogenphosphate, and addition of PEG 10000
to a final concentration of 50 g L1 at 20 °C (n = 250 MiNT). .o seseseessseseeens 97

Figure 5.46: Crystallization of 110 g L1 Fab fragment of cetuximab (FAB) on a 100 mL-scale
using 1.1 M ammonium sulfate, and 40 mM sodium citrate buffer pH 6.25 at 20 °C
(n =150 min-1). The ammonium sulfate concentration was raised to 1.2 M and 1.6 M after
1.1 h and 1.5 h, respectively. Depicted are ® the decrease of the FAB concentration in solution
and the time-course of the ammonium sulfate concentration (solid line). ......couvmneseerneesnennenns 98

Figure 5.47: Crystals of the Fab fragment of cetuximab (FAB) grown in the 100 mL-scale reactor
using 110 g L-1 FAB, 1.1 M ammonium sulfate (initially), and 40 mM sodium citrate buffer
pH 6.25 at 20 °C and n = 150 min-1. The ammonium sulfate concentration was raised to 1.2 M
and 1.6 M after 1.1 h and 1.5 h, reSPeCIVELY. ...ttt seaseeas 99

Figure 5.48: Area density distribution of FAB crystals grown in the 100 mL-scale crystallizer
using 110 g L1 FAB, 1.1 M ammonium sulfate (initially), and 40 mM sodium citrate buffer
pH 6.25 at the equilibrium after the increase of the ammonium sulfate concentration to 1.6 M
(T =20 °C,n =150 mint). The error bars are equivalent to a measurement error of
APPTOXIMALELY 15 Q0. corverrereriesiereeriress s ssss s s sess s s s bbb R bR 99

Figure 6.1: Crystallization of 110 g L-! Fab fragment of cetuximab (FAB) on a ¢ 5 mL- and a
¢ 100 mL-scale using 1.1 M ammonium sulfate, and 40 mM sodium citrate buffer pH 6.25 at
20 °C (n = 150 min'!). The ammonium sulfate concentration was raised to 1.2 M and 1.6 M
after 1.1 h and 1.5 h, respectively. Depicted are the decrease of the FAB concentration in
solution, the time-course of the ammonium sulfate concentration (5 mL: solid line; 100 mL:

dashed line), and FAB crystals obtained in the A) 5 mL-scale and the B) 100 mL-scale

CIYSTAlliZAtiON PIOCESS. i b s s 106




APPENDIX 153

Figure 8.1: SDS-PAGE of a preliminary papain digestion of 1 mg cetuximab. A) Molecular weight
marker; digest after B) 0 min, C) 20 min, D) 40 min, E) 60 min, F) 80 min, G) 100 min, and H)
107/ 044 PPN 135

Figure 8.2: Calibration curve fort he determination of PEG 10000 using a modified Dragendorff
reagent method. The line was obtained using linear regression (MS Excel): cprc = 58.6 mg L1
R S TR 4 V= P 136

Figure 8.3: Calibration curve for the determination of NaCl using the modified protocol for the

commercial chloride test kit. The line was obtained using linear regression (MS Excel): cnaci =

558 MG L1 E 4 0.016 MG Lot sesssssseessssss s sssesssssssesssssssssssssssss s sasesssesssssssssens 137
Figure 8.4: Technical drawing of the 5 mL-scale CrystalliZer........cooeenineereenneeseeseeneeseeseeseseesseenes 140
Figure 8.5: Technical drawing of the 100 mL-scale crystallizer. ... neeeenenneeeeeesseeeseeens 141

Figure 8.6: Technical drawing of the pitched-bladed impellers for the 100 mL-scale crystallizer.




