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1 Introduction

Crystallization of proteins was in past decades mostly used to prepare large
and highly pure crystals, to determine the structure of the protein crystals
by X-ray measurements [Desll]. With the increase of industrial applica-
tions of proteins [Bre(08], the desired amount of high purity proteins is
increasing, too. Crystallized proteins offer an improved shelf life with a
very high degree of preservation of the protein enzyme activity. A further
important advantage of protein crystallization is purification at low cost in
industrial mass production [Hun03; Jon14]. A large number of studies on
the crystallization of proteins with the aim to optimize purity, yield, shape
or activity were performed, e.g. by Durbin and Feher [Dur96] or McPher-
son [McP90]. In research papers on protein crystallization, lysozyme is the
most often described protein because it is easily available and it is of fairly
low cost. In most cases, however, only the crystallization processes are in-
vestigated, the dissolution is neglected even though dissolution of crystals
is of most importance for the use of the proteins after storage. Dissolution
with respect to the mechanism is known to be the reverse of the crystal
growth process (see e.g. Ulrich and Stelzer [Ulrll]).

Miiller and Ulrich [Miill12a] described the first time an unusual dissolution
behavior for protein crystals which is different from a conventional dissolu-
tion behavior, and cannot be explained in the same way as the traditionally
known dissolution processes. For a better controlled use of crystallized pro-
teins in future, it is necessary to observe and understand those dissolution
mechanisms. One reason for the importance of an understanding of the
prediction of the dissolution behavior is bioavailability of pharmaceuticals.
Due to the high price most proteins could be examined in only a low quan-
tity. Therefore, new technologies of the examination need to be developed.
Furthermore, the term “protein crystal” is not well understood. Usually it
is assumed that the crystallization of a protein follows the same rules as
a crystallization of conventional crystals. A protein crystal contains, how-
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2 1 Introduction

ever, not only protein but also water, buffer and salt (see e.g. Ulrich and
Pietzsch [Ulrl5]). Also, the molecule size of a protein is much larger than
inorganic and even most of the organic compounds. A protein delivers
many functional groups distributed over the molecule chain length.

All different components in a crystal, when they are a matter of change, can
if big enough change the crystal lattice. Definitely, a change of the amount
of a component in a crystal will change its chemistry. This is very much
like in solvates or hydrates, but it can also be imagined that the change of
the environment (composition of the liquid phase around the crystal) of a
protein crystal might not change its chemistry but just its lattice, then a
classical polymorph would be faced. In both cases (solvate or polymorph)
the physical properties (density, solubility, dissolution rate, color, hardness,
etc.) can be changed. A phase diagram would be extremely helpful in order
to determine the stability ranges (the respective metastable zones). There
are, however, not much of such data known.

It is necessary to know whether a crystal pattern of one crystal modification
stays the same even if there is e.g. a slight deviation in pH value existing
during crystal growth or not. With all of these information’s it should be
possible to present a new understanding in the crystallization of proteins
and on the dissolution mechanism, too, as well as their metastable zone
widths.
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2 State of the art

The number of papers on protein research respectively protein crystalliza-
tion, is large. In this Chapter only the literature is cited which is necessary
to explain and understand the crystallization of the protein lysozyme and
the chemistry to understand structural conditions. This Chapter intro-
duces the fundamentals in order to be able to follow the discussion in this
work. Most of the information can be found in textbooks (e.g. [Wie02;
Jon14; Mul01)).

2.1 Proteins

A protein is a biological macromolecule. Those macromolecules are built
of amino acids connected by peptide bonds. All proteins are built based
on 20 different amino acids (e. g. see Karlson et al. [Kar94]). The resulting
protein is a long peptide chain of amino acids with varying number and
sequence.

The structure of a protein is not only a long straight line. The protein
structure is described by the primary, secondary, ternary and quaternary
structure. The primary structure is the sequence of amino acids. The sec-
ondary structure describes the local substructure due to hydrogen bonds
between CO and NH groups. The ternary structure describes the three-
dimensional structure of a protein molecule. In addition to the hydrogen
bonds of the secondary structures, some more bonds are responsible for the
formation and stabilization of such a structure. Those bonds are hydropho-
bic interactions, disulfide bonds between cysteine groups by dehydration
of HS groups, and some ion bonds due to positive and negative charged
side chains. The quaternary structure is formed by the arrangement of
more than one protein molecule. Existing complexes of two domains as
dimers and of several domains are called multimers. Depending on the
properties of the side chains, e.g. the charges of side chains, the domains
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4 2 State of the art

are organized in a specific order. Many proteins do not build a quaternary
structure, they function as monomers. An overview of the build-up of the
different structure elements of a protein can be seen in Figure 2.1 according
to Karlson et al. [Kar94].

Primary structure
amino acid sequence

beta sheet

Secondary structure
regular sub-structures

hemoglobin

P13 protein

_ Tertiary structure
N |\ three-dimensional structure

Quaternary structure
complex of protein molecules

Figure 2.1: Overview of the structure of proteins according to Karlson et al. [Kar94]

2.1.1 Amino acids

Amino acids consist of a central alpha carbon atom which connects an
amino group, a carboxyl group and a mutable side chain to each other.
This can be seen in the structural Formula 2.1. The residue side chain
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2.1 Proteins 5

is characteristic for different amino acids. There are non-polar aliphatic
and aromatic amino acids, and amino acids with uncharged polar residual
groups available. But there are also amino acids existing with positive and
negative charged side chains.

R
.o
HoaN—C—C_ R=mutable side chain (2. 1)
| OH
H

The charge of this side chains is impressionable by pH value. The equilib-
rium of each charge is defined by the pKa value. The effect of changed
charges by the pH value on the ends of the protein chain is shown in reac-
tion Equation 2.2. Also, the residual is often able to be charged.

; j j
@ O _H® o O _H® O
HN-C—C7  <H— HN-c—c7 B mN—c—c? (22
| OH +H® | 0° +H® o 0°
H H H
positive charged neutral negative charged

2.1.2 Peptide bond

A peptide bond which is used to form the primary structure of a protein is
a strong covalent bond. The formation of a peptide bond is shown in the

reaction Equation 2.3.

R R R O HH

I .0 | _0 [ T T .0
HoN-C-C7 + HeN-C-CZ HoN-C-C-N-C-C? (2.3)

| OH | OH -H20 | | OH

H H H R

2.1.3 Surface charge

Based on the above stated it is possible to assume that if an amino acid
is able to have a point which can be electrostatically charged, the built
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6 2 State of the art

protein molecules have several charges distributed over the whole molecule
chains due to the formation of polypeptide bonds between the amino acids.
In science this is called a polyelectrolyte [Pod06].

The different charges with different polarity, and a formation of disulfide
and hydrogen bonds, form the secondary and ternary structure of the pro-
tein molecules. Some of the charges of different polarity neutralize each
other already, other charges are located at the exterior of the protein
molecule. Those have to be neutralized by the solvent molecules in the
liquid phase, or so called "counter ions“ in the solid state.

2.1.4 Isoelectric point

The pl (isoelectric point) describes the pH value at which the positive and
negative charges will balance and the net charge will be zero. Usually in
literature the protein solubility is minimal at the protein’s isoelectric point
[Ric92]. If there is a charge at the protein surface, the protein prefers to
interact with water, rather than with other protein molecules. The charge
makes the protein more soluble.

2.1.5 Active site

In chemistry, an active site is called the point at which the catalyzed re-
action of a catalyst occurs. In the field of enzymes, it describes the area
of the enzyme which is responsible for the catalyzed reaction. Catalytic
residues of the site interact with the substrate to lower the activation en-
ergy of a reaction and therefore to make it proceed faster. There are two
models of binding the substrate to the enzyme, the ”lock and key hypothe-
sis“ and the ”induced fit“ [Sul08]. Due to this property, a protein molecule
is able to increase the reaction rate of a specific reaction. This is called
the “activity of a protein” which can be measured by methods depending
on the chosen protein. If the structure of a protein is influenced by the
pH, the activity of a protein is affected, too. Here are still some open
questions. If there are different modifications existing which are crystal-
lized at different pH regions, is also the enzymatic activity influenced by
the modification? Will the modification have an influence on the shelf life
of the activity? Furthermore, there are no reasonable information about
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2.2 Buffersystems in protein crystallization 7

the shelf life of crystallized proteins by means of activity preservation with
changing humidity and temperature conditions in literature given yet.

2.1.6 UV/Vis activity

UV /Vis activity describes a phenomenon of a substrate, which will be il-
luminated by light with a wavelength in region of UV up to visible light,
is able to decrease the light emission at a small wavelength region. This is
due to movement of electrons from a lower energy level to a higher level.
The wavelength can be calculated by use of the plank constant and the
energy difference between both levels. Different energy levels exist for or-
ganic molecules which are unsaturated. Depending on the concentration of
those substrate the absorbance is changed. With use of several substrate
concentration a calibration curve can be plotted, to subsequently measure
the concentration of any substrate with a UV /Vis spectrophotometer. In
1969, Aune and Tanford [Aun69] described this phenomenon for the first
time for the protein lysozyme. In 1989, Gill and von Hippel [Gil89] pre-
sented a method to calculate the extinction coefficient of any protein by the
known amino acid sequence. This is possible due to the fact that many of
the known amino acids are able to be UV active depending on the residual
chain. A protein is a combination of those amino acids (see above) and by
formation of the peptide bond between amino acids and therefore also UV

active.

2.2 Buffersystems in protein crystallization

2.2.1 pH buffer

Per definition a buffer is a mixture of substances with a pH which changes
very little when a small amount of strong acid or base is added to it, and
thus it is used to prevent changes in the pH of a solution. A buffer solution
(also called pH buffer) is an aqueous solution consisting of a mixture of
weak acid and its conjugated base, or vice versa.

With use of the Handerson-Hasselbalch equation, the context between the
pH value and the point of the equilibrium of the acid-base-reaction of an
acid and its corresponding base is described. With this equation, it is
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8 2 State of the art

possible to calculate the pH value out of the concentration of buffer com-
ponents. More information on the concept of acid and base can be found
in textbooks (e.g. see Holleman and Wiberg [Hol07] or Riedel [Rie04]).

2.2.2 Precipitants

With precipitants, the solubility of proteins can be affected in different ways
depending on the used ions. Hofmeister ranked the efficiency of a variety
of electrolyte types to salt-in and salt-out of proteins in 1888 [Hof88]. Due
to this effect, a new solvent system is created and thus has a different
solubility on the solved protein and other substances.

Salting-in

The salting-in can be explained by the Debye-Huckel theory. The elec-
trolyte concentration affects the value k, the inverse Debye length. An
increase of the electrolyte concentration causes an increase in the ionic
strength, which increases x and thus, protein solubility. This theory is
working with low ionic strength but fails for moderate and high electrolyte
concentrations. Also, it fails to predict the commonly observed salting-out
behavior of proteins [Wie02].

Salting-out

A popular explanation for this effect relies on the relative hydration of the
protein versus bulk electrolyte. The electrolyte is assumed to bind bulk
water, as water of hydration near the ions surface. The bulk electrolyte and
the protein molecules compete for bulk water to hydrate their respective
surfaces. The dehydrated protein molecules fill such exposed dehydrated
surface with other protein molecules. Thus, the solubility of the protein is
reduced [Wie02].

2.2.3 Anti-solvent

An anti-solvent is the addition of a small polar organic solvent, as an
example methanol or ethanol. It works in a similar manner as electrolytes
do and competes with the protein for water molecules. Furthermore, the
solvent tends to lower the dielectric constant of the water and enhances
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2.3 Crystallization 9

electrostatic interactions between protein molecules, which reduces their
solubility. The lower dielectric constant tends to solubilize the hydrophobic
core of the protein molecule. This results in unfolding and denaturation of
the protein. (see e.g. Wiencek [Wie02])

2.2.4 Polymers

Polymers are also often used to lower the solubility. Especially polyethy-
lene glycols (PEGs) of different molecular weight are used. The molecular
weight must be optimized for each protein. At the moment it is not clear
how it is working, but it tends to be a similar way as an anti-solvent. It
will hydrate and change the dielectric constant of the solvent also. (see e.g.
Wiencek [Wie02])

2.3 Crystallization

2.3.1 Metastable zone

The metastable zone covers the region between two lines in the plot of
concentration versus temperature. The first line in this plot is the solubility
line. The solubility line is a thermodynamic value, it covers the maximum
amount of a substance which can be dissolved in the used solvent. The
second line is the nucleation line. This is a kinetic value. This means the
position of the nucleation line is influenced by the method which is used
to determine this value, and it is depending on process parameters.

The first major investigation on solubility of proteins was presented by
Howard et al. [How88|. It covers the temperature dependence over a
range of pH values between 4 and 7.5, and also the amount of salt was
investigated. The data show that the solubility of lysozyme is strongly
dependent upon the sodium chloride concentration. This behavior is con-
sistent with the inverse Hofmeister series behavior (e. g. see Riés-Kautt and
Ducruix [Rie91] and Zhang and Cremer [Zha09]) as expected for a basic
protein [Jonl4].

A more comprehensive study of lysozyme chloride solubility was carried
out by Pusey’s group [Pus88; Cac9la; Cac91b; For96; For99a| using the
column method presented in 1988 [Pus88]. The results show clearly that
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10 2 State of the art

protein solubility behaves in a similar manner when compared to the ma-
jority of small molecule organic compounds, in that the solubility increases
with temperature [Jonl4]. The behavior of the solubility as function of the
precipitant concentration decreases with increasing salt concentration. For
the acetate buffer concentration in the range of 0.01 up to 0.5M the sol-
ubility appears to have a minimum for an acetate concentration of 0.1 M.
Already Cacioppo and Pusey [Cac91b] in 1991 showed in their 3D plots
the influence by the pH value at a higher solubility at certain pH values.
The influence by the pH value is not straight-forward as oscillations were
observed within the small observed pH intervals. The overall data show,
however, the expected trend for a solubility decrease as the pH value ap-
proach the pl (see Chapter 2.1.4). In the paper of Forsythe et al. [For99a,
the following sentence is written: “The effect of pH is not clearly seen and
varies unpredictably with pH“. There is a lack of information on the influ-
ence of the pH value on the solubility of protein crystals, since there is no
mechanism known to explain the results based on a scientific background.
An overview of the effects of the pH value in the field of crystallization
(except protein crystals) can be found in the work of Mohameed [Moh96b]

2.3.2 Kinetics

The growth rates of protein crystals are typically measured via a micro-
scope with controlled image capturing systems. The crystals grow in a
temperature controlled cell. A capturing system takes images and from
the length difference of a growing crystal over a period of time. Therefrom,
the growth rate is calculated [Dur86]. Due to the limited amount of mother
liquor in such a cell and the small space the microscope system is able to
capture, only a small portion of crystals can be measured at the same
time. But there is GRD (growth rate dispersion) existing, which means
each crystal is different from each other, some crystals are growing fast,
others are growing slow. An automated computer supported growth rate
measurement system is presented by Pusey [Pus93]. This system is able
to measure 40 crystals at the same time within one cycle. If 40 crystals
can be placed and measured at the same time in such a system, still it is
not clear if these are fast or slow growers? To determine the average rates,
much more crystals must observed. An overview about this phenomenon
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2.3 Crystallization 11

is given in the review of Ulrich [Ulr89]. But not only the growth rate, also
the dissolution rate is affected by a dispersion [Fab93]. It is clear at this
moment that the average growth and dissolution rates are of extremely
high interest for an industrial protein crystallizer design. Other techniques
have to be used for their determination. At this point the fluidized bed
technique delivers a quite good method for the measurement of an aver-
age growth rate in crystallization. Information on this technique can be
found e.g. in the work of Ulrich and Stepanski [Ulr87] or Mohameed and
Ulrich [Moh96a].

2.3.3 Protein crystals

The research and definition process of "what is a protein crystal® is still in
progress. It is known that a protein crystal consists of several components.
To crystallize a protein, the components needed are:

the protein itself

the solvent to form a hydrate, e.g. water

the precipitant, e. g. sodium chloride

the buffer substance to control and maintain a fixed pH value

An overview is given by Ulrich and Pietzsch [Ulrl5]. There are several
pieces of information about the water and the salt content in a protein
crystal given, but no quantification of the ingredients yet. Also, a protein
is able to be crystallized in a wide range of pH values (for the lysozyme
chloride e.g. 4 to 10), but only some modifications (for lysozyme LTO
[Low Temperature Orthorhombic], HTO [High Temperature Orthorhom-
bic], tetragonal, monoclinic and triclinic) are known [Nad96; Saz99; Oki99;
Art82; Wie02; Ald09b; Wan07]. Here some structural information would
be useful. By the end there is a big field of unknown information, which are
of fundamental interest in the field of protein crystallization. Especially
an accurate naming of protein crystals with information on the substances
that were incorporated in the crystal during crystallization.
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2.3.4 Dissolution of crystals

The dissolution of crystals is widely neglected in research. This is due
to the assumption that the dissolution of a crystal is exactly the reverse
of crystal growth [Ulrll]. Somasundaran and Hubbard [SomO6] stated:
“Generally, there is no conceptional difference between crystal growth and
crystal dissolution in the crystal-solution system... These processes are be-
lteved to be reverse process, although, in many cases, different elementary
steps control the rate of the two processes. Crystal dissolution can be con-
stdered to be crystal growth in undersaturated solution, involving the same
elementary processes, with net flures of ions or molecules in the opposite

direction.”

. Miller and Ulrich [Mill2a] described an unusual dissolution
behavior for protein crystals, which is different from a conventional disso-
lution behavior, and cannot be explained in the same way as the known
dissolution processes. In literature, [Mat88; Bei0l; Pau07] describe a simi-
lar “falling apart” mechanism as shown by Miiller and Ulrich [Miill2a] for
proteins. This behavior appears in the case of binary systems at conditions
when only one of the components will dissolved, or will partially be molten.
Still the question remains, is it possible that the dissolution is the same
process as the reverse of crystal growth? By Miiller [Miil12b] the dissolu-
tion experiments where conducted in a non-systematic way since the focus
of her work was on different topics. Often more than one parameter was
changed during a measurement series. There is also no information given
on the crystallization and harvesting process of the protein crystals, which
afterwards will be dissolved. No information on wet or dried crystals is
given. Based on her work it is not possible to understand the dissolution
behavior of the protein crystals, and to determine a mechanism or to show
reasons for different dissolution phenomena.
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3 Aim of the work

In Chapter 2, an overview of some fundamentals, and the state of the art
in the field on the crystallization of proteins are given.

Based on that information it is possible to conclude that the following
questions remain open:

e The solubility line of the protein lysozyme with sodium chloride as
precipitant is well examined for some pH values. The nucleation line
is still not so clear due to the influence of the used detection methods.
Both lines are plotted versus several parameters (e.g. concentration
and substance of precipitant or buffer, temperature etc.) with quite
good explanations on the shape of the curve, and the order of the
curves with respect to each other. But there is still the effect of
the pH value which is not completely understood. As it is said by
Forsythe et al. [For99al: ”"The effect of pH is not clearly seen and
varies unpredictably with pH.“

e Since proteins are mostly expensive, only small amounts can be used
in microscope cells to determine the crystallization kinetics. The
phenomena of growth and dissolution rate dispersion are, however,
present. New methods must be developed, for an easy measurement
of the average growth and dissolution rates considering the dispersion.

e An interesting dissolution mechanism of protein crystals exists be-
sides the classical dissolution mechanism (rounding and shrinking
homogeneously) [Miil12b]. However, there is no explanation of this
behavior given yet.

e The conditions of humidity and temperature where the crystallized
proteins remain stable, concerning the enzymatic activity during stor-
age, should be determined.
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14 3 Aim of the work

e Protein crystals are known to be multi component systems in lit-
erature [Ulrl5]. But a lack of several fundamental information on
protein crystals is still remaining. This is also true for their names.
To identify their chemical composition and their chemical modifica-
tion, the naming needs more information than just to be named by
the proteins name (e.g. “lysozyme” crystal).
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4 Materials and methods

4.1 Crystallization conditions for lysozyme

Lysozyme is often used as model substance in fundamental protein crys-
tallization research. It is easy to crystallize compared to other proteins,
and has fairly low cost if it is purchased by professionals at high purity.
Lysozyme crystals can be produced in six different crystal modifications
(tetragonal, HTO [High Temperature Orthorhombic|, LTO [Low Tempera-
ture Orthorhombic], monoclinic, triclinic, hexagonal [Nad96; Saz99; Oki99;
Art82; Wie02; Ald09b; Wan07; Bri06]). The conditions of the crystalliza-
tion for the three different modifications used in this work are shown in
Table 4.1. The table shows the conditions after mixing two kinds of solu-
tions. The first solution is the buffer with a defined pH value, and double
the concentration of the salt sodium chloride than shown in Table 4.1.
The second solution is the same buffer, however, containing no salt, but it
contains the double concentration of the protein lysozyme than shown in
Table 4.1. The salt which acts as precipitant is lowering the solubility of
the lysozyme. Nucleation will occur and crystals will grow within one day
to a reasonable size. This procedure in crystallization is called ”salting-out”
[Wie02] and is explained in Chapter 2.2.2.

Table 4.1: Lysozyme crystallization conditions according to Miiller [Mul12b] and Ald-
abaibeh [Ald09a]

tetragonal ~ HTO LTO
lysozyme concentration 50mgml~" 100mgml~' 50mgml~’
buffer type (components) | acetate acetate glycine
buffer concentration 0.1M 0.1M 0.06 M
pH 5.0 5.0 9.8
salt type NaCl NaCl NaCl
salt concentration 4wt% 6 wt% 4 wt%
temperature 4°C 40°C 20°C

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



16 4 Materials and methods

4.2 Width of the metastable zone

For the determination of the metastable zone width, the "Incentive” paral-
lel reaction station from ITA Instruments KG Hettenleidelheim was used.
The connected computer system is able to control the speed of the stirrer,
and the management of temperature profiles in each of the reaction ves-
sels. The "Vision” probe combines the known turbidity measurement (in
the field of protein crystallization see e.g. Maosoongnern et al. [Maol2])
which is carried out at narrow IR wavelengths, with additional wavelengths
for inline measurements. In the field of protein crystallization, the wave-
length 280 nm is of interest to calculate the concentration by the method
published by Gill [Gil89]. This is already described in Chapter 2.1. The
"Vision” probe has summarized the function of an inline UV /Vis photome-

ter.

To measure a cloud point (nucleation) and a point of the solubility line,
volumes of approximately 1 mL are necessary. An insert (see Figure 4.2)
is used to measure in small HPLC tubes as sample vessel. The infrared
light goes directly through the HPLC tube and the containing sample (see
scheme in Figure 4.1).

——

o AN

; temp.
B Y | L—T sensor
/
magnetic| (|- B O
- —

stirrer .-b‘~"‘-—-'--.._ -

Figure 4.1: Scheme of turbidity measure- Figure 4.2: Image of turbidity measure-
ment insert for HPLC tubes ment insert for HPLC tubes
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4.2 Width of the metastable zone 17

With the turbidity technique it is possible to determine the width of me-
tastable zone. A solution with known concentration will be placed in one
of the reaction seats. A program with a temperature profile as shown in
Figure 4.3 is executed. During the cooling, the turbidity shows the point
of nucleation by a decrease in intensity. After cooling to a given point
the solution is heated up again. At the temperature where the intensity
increases again is the point of solubility, the crystals are dissolved. The
intensity versus time of one of those cycles is shown in Figure 4.4. The
Figure 4.4 shows also the used curve area for the calculation of the tem-
perature of nucleation and solubility. The first point is the start of the
turbidity decrease which is the point where nucleation occurs. The start of
the turbidity increase locates the point where the crystals starts to dissolve.
The point at which the crystals are completely dissolved, is not used for
the calculations. The heating rate allows to calculate a higher temperature
for the solubility. In the case of an infinitely slow heating rate both points
have the same temperature, since the crystals will dissolve already at the
point where the turbidity signal starts to increase!

Exact points, which means the right temperature of the intensity versus
time plot is determined by the numerical second derivation. The first
derivative shows several peaks which correspond to the reversal points and
are shown in Figure 4.5. The second derivative shows the desired points.
This points were found by a "peak search” function in the software ”Ori-
gin”.  The second derivative is shown in Figure 4.6. The time found by
the function ”peak search” of Origin software is used to read the mea-
sured temperature of nucleation and solubility line out of the temperature
versus time plot. This method is used for each concentration to plot the
thermodynamic diagram of solubility including the nucleation line.
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4.3 Kinetic measurements

To determine the crystallization kinetics of protein crystals, three different
methods were developed in this work. Not all of these methods were verified
to work as measures for the growth and dissolution rate determination. The
major points to be considered in the development of this methods were:

e Only low amounts of substances should be required to determine the

kinetics due to the high price of the proteins.

e Kinetic measurements considering growth and dissolution rate disper-

sion should be possible.
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e The method should be reasonably fast to determine each point in less
than two days.

4.3.1 Modified solubility measurement set-up

To measure crystal growth rates, one of the best-known methods is a flu-
idized bed technique. In comparison to a measurement in a microscope
cell, an average growth rate of many crystals is measured in a fluidized
bed. Also, a continuous stirred reactor can be used to measure kinetic
rates with respect to the rate dispersions, but the stirrer might grind the
crystals which distorts the measurement. A perfect mixing (temperature
and concentration) in a stirred tank is also a problem. In a fluidized bed,
the crystals in a suspension are mixed automatically. The crystals will
be suspended by the flow rate of the supersaturated liquid and not by a
stirrer. The supersaturation in such a conventional fluidized bed is real-
ized by lowering the temperature of saturated solution (see e.g. Omar et
al. [Omal0]). However, due to the high amount of solution necessary to
use such an equipment in its conventional design, and due to the high price
of the protein, such a technique can unfortunately not be used unchanged
here. A modified measuring technique is therefore required.

From Chapter 2.2.2 the salting-out technique is known and already used in
the preparation of the lysozyme crystals (see Chapter 4.1). By mixing two
components it is possible to produce a supersaturated solution. A dosing
unit with two separate channels is required. By such an unit, the same
amount of buffer containing salt, and buffer containing the protein, can
be mixed to form a supersaturated solution. The level of supersaturation
can be measured on-line with a spectrophotometer at the wavelength of
280nm. The flow inside the new type fluidized bed circuit is driven by a
peristaltic pump. The diameter of fluidized bed is 6.6 mm. A mixer to
feed the supersaturated solution in the circuit is realized by a small batch
reactor with stirrer. The whole circuit contains approximately 3mL of
liquid and is temperature controlled. In Figure 4.7 the flow chart of the
new type of fluidized bed is shown. At the start of the experiment the
measurement system is in equilibrium. The solubility concentration of a
fixed temperature can be calculated by the photometer data at 280 nm. A
fixed amount of crystals (200 mg, larger amounts for a bigger accuracy)
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Figure 4.7: Modified solubility measurement circuit to determine kinetic studies

will be placed inside the column and the dosing unit will be started. After
a period of time, the photometric measurement at 280 nm will settle to a
steady state. The difference between solubility concentration (equilibrium)
and the new achieved steady state is the calculated level of supersaturation
during crystal growth. By different dosing rates different equilibria, for
values of different levels of supersaturation (see e.g. Figure 4.8) can be set.
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Figure 4.8: Example diagram of modifyed kinetic measure-
ment

g?"OUJth rate(t) = dlrn%ytﬁ(t) - mcrysto +Vdos (t) * (Bdos _Bcircuit (t)> (41)
gTO'lUth rate = % = Mecryst, + Vdos * (ﬂdos - /Bcircuit) (42)
growth ratenormalized = M (4.3)
At * mcrysto
Vdos(t) volume rate of dosing in relation to time
Vios constant volume rate of dosing
Bdos protein mass conc. of dosing liquid
Beircuit(t) protein mass conc. of circuit in relation to time
Beircuit protein mass conc. of circuit at steady state in relation to time
Merystq mass of crystals at time zero (weighted crystals for measurement)
AMeryst mass increase of crystals in column
At measurement time interval
dMeryst infinitesimal mass increase of crystals in column
dt infinitesimal measurement time

The limit is the point at which nucleation occurs where the mixing of both
channels takes place. By the volume rate and the concentration of dosing,
the increase of the crystals inside the column in mass versus time can be
calculated by Equation 4.1. Due to the steady state (volume rate kept
constant and thus the mass concentration of circuit remains the same), the
Equation 4.1 can be simplified to Equation 4.2. Due to mass tolerances of
weighting of crystals, the crystal mass in the column has to be included in
the growth rate following Equation 4.3 to compare the measurements, and

calculate a value independent from the appointed crystal mass.
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4.3.2 Vision probe

This technique using a “Vision” probe was already introduced in Chap-
ter 4.2. The probe acts in this technique as a photometer, and detects the
absorbance at 280 nm in wavelength. A vessel is used as batch crystallizer.
Crystals with known mass (here 20 mg) were placed inside the vessel. The
undersaturated solution (without any content of protein) was added into
the vessel as fast as possible, and the “Vision” probe detects the concen-
tration of the protein in the solution in the volume above the sieve and the
stirrer. A grinding of the crystals by a stirrer must be avoided since it will
influence the results. Also, the crystals have to be shielded from the probe
window of the “Vision” probe. The crystals will block the pathway of light
and will act as turbidity and again the results will be distorted. Some
tests were done in 2 mL Eppendorf tube without stirrer. Experiments with
stirrer were tried with two different mesh sizes of metal sieves to prevent
problems by separating probe or stirrer on the one hand and the crystals
on the other hand (Figure 4.9). Some problems with gas bubbles under-

Vision

stirrer

sieve

place for the crystals

Figure 4.9: Picture of the vessel to deter-
mine crystallization kinetics by a Vision
probe.

neath the sieve might occur. Furthermore, a measurement without sieve
but with a prevention of crystals being grinded by the stirrer through a
“nose” in the glass vessel (same used in Figure 4.9 without the sieve) gives
the best results. The stirrer will sit on this “nose” and cannot come in

contact to the crystals.
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4.3.3 UV /Vis photometer

A UV/Vis photometer was also used to determine kinetic values of the
dissolution of protein crystals. The beam of the photometer has its pathway
approximately 10 mm above the bottom of the cuvettes. Again, the crystals
were placed on the bottom of the cuvettes. No stirrer was used in these
experiments to prevent the crystals from being grinded. The solution to
dissolve the crystals were instantly added, and the photometer detects
the absorbance at 280 nm to calculate the concentration of solution in the
upper part of the cuvettes. As photometer the analytikjena SPECORD 40
UV/VIS was used.

4.3.4 Calculation example of dissolution rate measurements

The measurement with both devices gives diagrams (if the absorbance is
already calculated into concentration) of concentration plotted versus time
(shown in Figure 4.10). The concentration should start with a value of
zero at time zero, and increase with time depending on dissolution rate
and amount of crystals. For data preparation, in the first step the mass
loss of protein crystals versus time is calculated according to Equation 4.4.

dweryst (T Merysty — Vsolution * Bsolution (T
dissolution rate(t) = Weryst (1) = ysto but Bsotution (1)

dt Meryst
(4.4)
Weryst(t)  mass fraction of crystals in relation to time
Merystg mass of crystals at time zero (weighted crystals for measurement)

Vsolution volume of solution to dissolve crystals
Bsolution mass conc. of solution to dissolve crystals (measured versus time)
dt infinitesimal measurement time

From this calculation, a plot of the remaining crystal mass versus time is
possible (shown in Figure 4.11). Compared to the growth rate measure-
ment in Chapter 4.3.1, the mass concentration is not constant and thus a
calculation of the first derivative of dw%y;t(t)

time) is necessary since the dissolution rate changes with time respectively

(crystal mass fraction versus

mass concentration. The plot of this first derivative versus time and the
measured mass concentration (the mass concentration increases with time),
results from the dissolution rates measurement of a big range of mass con-
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Figure 4.12: First derivative (dissolution Figure 4.13: First derivative (dissolution
rate) versus time rate) versus concentration

centrations, is shown in Figures 4.12 and 4.13. The constant zone of the
start concentration is due to the photometer needs some time to give the
first data point. Due to the derivative versus concentration calculations,

some smoothing of the data during calculation is needed.

4.4 X-ray measurement

X-ray measurement is used to determine the structure of substances which
have an ordered structure. A crystal has an ordered structure, the so called
“unit cell”. With the X-ray analysis, it is possible to calculate the lattice
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constants of the unit cell. It gives information on the atom arrangement of
a crystal. A monochromatic X-ray radiation beam is directed towards the
crystalline sample. The crystal layers will reflect the X-ray, which can cause
interferences. These interferences can be described by Bragg’s law equation
which is shown in Equation 4.5. In Figure 4.14 an example diagram of
Bragg law equation is shown. More information on X-ray measurements
can be found in textbooks, for example: Rudolf Allmann [Rud02] or Walter
Borchardt-Ott [Wall3].

Figure 4.14: Example diagram of Bragg Figure 4.15: Image of XRPD sample

law equation preparation
n* A = 2d * sinf (4.5)
d distance between lattice planes
A wavelength of X-ray radiation
0 bragg angle
n  order of diffraction

The angle of 20 between 10 and 50° were measured by Bruker D4 X-ray
powder diffraction (XRPD) device (Figure 4.15). The samples were slightly
grinded and placed on PMMA sample holders, covered by a special X-ray
foil. The background from the sample holder was substracted. In the 260
angle between 1 and 12° a capillary optics X-ray device was used to measure
the tetragonal modification of the lysozyme crystals of the pH values 4.70,
4.85, 5.00, 5.15, 5.30 with an area detector.
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4.5 Microscopy

Present images of the different crystal morphology’s and dissolution exper-
iments are carried out using a Keyence VHX 500F digital microscope, and
an Olympus BH2 light microscope. Both types of microscope have a “coor-
dinates table” to move the microscope cell (Figure 4.16) or the microscope
slide.

4.5.1 Olympus BH2

The Olympus BH2 is a classical light microscope (Figure 4.17). An Olym-
pus ocular NFK 3.3x LD 125 and the lens MDPlan5 / 0.1 is used. Due to
a crop factor of the USB camera ”Altra 20” and due to a malfunction of
this camera type, later the USB camera ”SC30”, the total magnification
of this microscope is: 53 times. This microscope can take images in short
time cycles and also take videos, but time critical measurements to observe
the beginning of the reaction are hard to handle. The first captured image
of the instantly on the screen displayed images have a delay, which detains
the location of crystals in the cell or the microscope slide.

Figure 4.16: Vessel and lid (microscope Figure 4.17: Olympus BH2 microscope
cell) with static inner volume, heat ex- with video camera and evaluation system
changer temperature controlled by thermo-

stat
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4.5.2 Keyence VHX 500F

The Keyence VHX 500F microscope (Figure 4.18) uses a lens with an
optical magnification factor of 100 to 1000 times. The images are displayed
instantly on the screen. The software is able to capture images in time steps
over 15s. With this microscope, it is more easy to find the crystal location

by microscope slide in time.

Figure 4.18: Keyence VHX 500F digital Figure 4.19: Keyence VHX 500F control
microscope unit with screen

4.6 Enzymatic activity measurement

The enzymatic activity test was carried out according to Shugar [Shu52] by
UV /Vis photometer. The photometer detects the turbidity of the sample
Micrococcus luteus at a light wavelength of 450 nm. The protein lysozyme
will break up the cell walls (lysis, see reaction Equation 4.6) of Micrococcus
lysodeicticus which can be detected by a decrease of the turbidity intensity
with time.

Micrococcus luteus Cells (Intact) LWSORM™E Micrococcus luteus Cells (Lysed) (4.6)
The enzymatic activity is given by UmL ™" (Units per mL). After some
steps, the specific activity related to the protein concentration is calculated
in Umg ™" (Units per mg). One unit of lysozyme will produce a AA450 of
0.001 per minute at pH 7.00 and 25 °C using a suspension of Micrococcus
luteus as substrate in a 1.0 mL reaction mixture in a photometric cell with
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1cm path length. A short overview of these procedure is shown in Fig-
ure 4.20. To measure the activity the photometer analytikjena SPECORD
40 UV /VIS was used.

|Test buffer

Substrate Solution Lysozyme Sample Solution

Blank Measurement | |yicrococcus luteus| | Lysozyme dilluted to

with Test buffer 0D,5,=0.7-0.8 approximately 0.1 mg mL™*
950 pL 50 pL
Mix both Solutions in
Photometercuvettes
Measurement versus Measurement versus
Time without Enzyme Time with Enzyme

Calculation of Enzymatic Activity

Figure 4.20: Scheme of enzymatic activity test according to Shugar [Shu52]

4.7 Water content measurements

4.7.1 TGA coupled MS

Thermogravimetric analysis

Thermogravimetric analysis (TGA) means the continuous registration of
the mass of a substance during the heating up by a profile. These measure-
ments gives a mass loss in substance of a gas which is evaporated out of
the sample. The sensitivity of the balance is given for 5ng [Mill2b]. The
balance is located inside an oven. The atmosphere in the oven is purged by
an inert gas (helium). For the experiments as an TGA coupled MS system,

1

helium with a flow rate of 30 mL min™ " is chosen. The pre-dried crystals
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were placed in alloy crucibles for measurements with a Netzsch STA-409
thermogravimetry measurement device. The temperature profile starts at
50 °C with a 30 min isothermal step, followed by a heating up to 400 °C at a
rate of 2K min~'. The TGA is coupled with a mass spectrometer (MS) to
determine the released components and calculate the mass of water inside
the crystals.

Mass spectrometry

A mass spectrometer is assembled of an ion source, an analyzer and a de-
tector. Each of the parts exist in several different implementations. The
task of the ion source is the ionization of the sample. The analyzer sepa-
rates the ionized particle by size versus charge. The detector determines
the ionized particles after separation. The mass spectrometer was adjusted
to gather the ion mass of: 16 (oxygen or amines), 17 (carboxylic acid or
amines), 18 (water), 28 (nitrogen), 32 (oxygen, sulfur of sulfides) and 44
(carbon dioxide of carboxylic acid). The main task of the MS coupled to
a TGA in this works was, the detection of the decomposition of protein
crystals to calculate the amount of bounded water. Further information
on mass spectrometry can be found in textbooks, see e.g. Gross [Grol2]
or Budzikiewicz and Schéfe [Bud12].

4.7.2 Karl-Fischer-Titration

The principle of the Karl-Fischer-Titration to determine the water content
of a sample is the ability that iodine and sulfur dioxide will only combine
to iodide and sulfate if water is present (see reaction Equation 4.7).

2H,0 + SO, + I, 222 80,2 + 21" +4H" (4.7)
The water comes from the sample and the reaction is carried out in dry
methanol as solvent. The device Mettler Toledo DL-35 Karl-Fischer Titra-
tor realizes an automatic titration and calculation of the resulting water
content of the sample. The point of change will be detected by a biamper-
ometric method with use of two platinum electrodes. This is called Dead-
stop End-point [Cli39]. More informations about this method can be found
e.g. in the textbook of Scholz [Sch84].
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4.8 Fundamental analysis

A fundamental analysis was carried out for the elements carbon, hydrogen,
nitrogen and sulfur by a LECO CHNS-932 device. This device analyses an
aliquot of 0.6 to 1.6 mg of the sample inside a capsule. During the measure-
ment, a capsule is dropped inside a furnace with a temperature of 1000 °C.
At the same time the sample drops into the furnace, a dose of oxygen is
added. The sample combusts and forms CO,, H,O, Ny and SO,. The de-
vice is able to calculate the weight percentage by the infrared detection of
CO,, Hy,0O and SO,, and by conductivity measurement of N,. The element
chloride was determined by the “Schéniger oxidation” [Sch55]. The ele-
ment sodium was determined by optical emission spectrometry coupled by
inductive plasma (ICP-OES). The ICP forms a stable high temperature ar-
gon plasma of about 7000 K. The sample will be ionized in the plasma and
the optical emission will be detected to measure, and afterwards calculate
the amount of several atoms, in this work sodium. More information about
this analyze techniques can be found e. g. in the books of Nélte [N6102] and
Harris [Har14].

4.9 Particle size distribution

The LALLS (low angle laser light scattering) can determine the particle size
distribution of particles between 0.02 and 2000 pm in size [Kec12]. The de-
termination uses an approximation process and assumes that the particles
are spherical. The laser light of different wavelengths (lower wavelengths
are able to detect particles with a smaller size) goes through the sample
and creates a diffraction pattern which will be detected by an optoelectri-
cal sensor (see Figure 4.21). The diffraction pattern is correlated to the
particle size (see Figure 4.22 and Figure 4.23). A transformation during
calculation results the size of the particles in the form of a size distribution.
In this work, a Mastersizer-Hydro2000S was used to determine the particle
size distribution after the batch crystallization presented in Chapter 4.1.
Approximately 10 mg of the lysozyme crystals were suspended in a buffer
solution of pH 5.0 containing 12wt% sodium chloride, to prevent crystals

from dissolving.
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1 2 4 5

Figure 4.21: Particle size analysis by laser diffraction, 1=laser 2,5=lenses, 4 disper-
sion of particles flowing through 6=photo detector, semi-circular 7=photo detector,
601 =angle of first Airy ring around the central spot, x; =distance thereof on the detec-
tor [Sunl4].

| L] ‘ | ‘
Figure 4.22: Particle size analysis by Figure 4.23: Particle size analysis by
laser diffraction, single round small laser diffraction, single big round par-

particle making fewer rings (than big ticle making more rings (than small
ones) [Sunl4]. ones) [Sunl4].
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4.10 Coloration experiment

During the work, some of the results gave the opportunity to use the col-
oration of protein crystals. The coloration and discoloration was already
described and tested by Miiller [Miill2b]. In this work, a pH active col-
orant was chosen to see if crystals placed inside a solution with different
pH conditions will also diffuse into the crystals. Several colorants were
chosen and are listed in Table 4.2. The colorants were chosen according to
their estimated steric size (estimated by images of structure printed in the
book of Sabnis [Sab]), pH value, of color shift reaction and a significant
changing color. An amount of 30 mg of desired colorant to the already in
Chapter 4.1 described method of crystallization of lysozyme crystals were
added to the solutions. The resulting colorized crystals were observed by
the methods presented in Chapter 4.5.

Table 4.2: Indicators used as colorants [PhIl], [PhI2], [Sab]

colorant color pH
calmagite red to blue 8.1-10.2
resazurin sodium salt | orange to dark violett | 3.8-6.4
alazarin red s yellow to red 4.6-6.0
bromecresol green yellow to blue 3.8-5.4
methyl red red to yellow 4.4-6.2
neutral red red to amber 6.8-8.0
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5 Results

5.1 Dissolution experiments

Prior to dissolution experiments shown in the following Chapter, a test
sequence to find the best operation techniques to dissolve crystals were
carried out. The pre-dried crystals were dissolved. Here the first prob-
lem occurs, the dried crystals will swim on the surface of the liquid (e.g.
buffer). A swimming crystal cannot be observed by a microscope, since its
position will change permanently. The dissolution experiments were there-
fore carried out by harvested crystals. The edge of a spatula was used
to gather crystals out of the mother liquor. The crystallization procedure
was already presented in Chapter 4.1. The crystals were tipped on, when
swimming on the surface of the solution and will sink to the ground. This
solution is already temperature controlled inside the microscope cell (see
Chapter 4.5). With the "coordinate table” the crystals will be found and
the automatically working capturing process of the image analysis system
was started.

5.1.1 Dissolution in pure water

The starting point for all the dissolution experiments was the dissolution
of crystals in pure water at a constant temperature. The dissolution was
fast responding. The crystals of the tetragonal and HTO modification
disintegrate into small particles very fast who will swim away from the
center of the crystal as in an explosion. This is shown in Figures 5.1a
to 5.1f and Figures 5.2a to 5.2f. The LTO modification showed a different
dissolution behavior. It seems the crystals disintegrate after a long period
of time into small needles with the orientation of the initial crystal habit.
The ends of the elongated needle-like crystals seem to have peaks. The
crystals look like a comb on each of the elongated sides. The rate at which
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the LTO form of lysozyme chloride crystals dissolved was much slower
compared to the tetragonal and HTO form.

d) At 86s e) At 88s f) At 89s
Figure 5.1: Tetragonal lysozyme chloride crystals dissolving in pure water (scale-bar
in Figure 5.1a is applicable for all images in this Figure)

A

d) At 625 e) At 635 f) At 64s
Figure 5.2: HTO lysozyme chloride crystals dissolving in pure water (scale-bar in
Figure 5.2a is applicable for all images in this Figure)
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’

d) At 360s e) At 480s f) At 1800s

Figure 5.3: LTO lysozyme chloride crystals dissolving in pure water (scale-bar in
Figure 5.3a is applicable for all images in this Figure)

5.1.2 Influence of the pH value

In order to maintain a pH value of a solution, a buffer substance is needed,
see Chapter 2.2.1. To control the dissolution rate, the undersaturation
level must be controlled. The dissolution conditions were first observed at
a constant temperature of 20 °C, and at the same pH value that was used
for the crystallization of the observed crystal modification. The images of
these results are shown in Figures 5.4a to 5.4c for the HTO, Figures 5.5p
to 5.5r for the LTO and Figures 5.6d to 5.6f for the tetragonal lysozyme
crystals. The crystals dissolved just as expected. As known, e.g. from
inorganic salts, the edges were rounded and the crystals shrunk in size by
time (see Figures 5.6a to 5.6¢ for the tetragonal lysozyme crystals). Some-
times, it looked like HTO lysozyme crystals are “falling into pieces” (see
Figures 5.4a to 5.4c). This is only due to the non-perfect generation of
these crystals from agglomerates. If agglomerated crystals dissolve, at one
point they fall apart into separate crystals. The LTO lysozyme crystals
shown in Figures 5.5p to 5.5r shrunk homogeneously. On the elongated
ends the LTO crystals looked like a comb with its teeth aligned in the
direction away from the elongated crystal ends.
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Some seconds after the start of a dissolution experiment where the pH value
has been changed strongly, the transparent HTO and tetragonal crystals
had already changed to be opaque as to be seen e.g. in Figure 5.4h or
5.6n. The microscope showed black shades and the time until these shady
state was reached depends on the rate of dissolution and the change of
pH value. When the crystals are falling apart into small particles, those
dissolved separately. Then due to the created high surface area, the overall
rate of dissolution was increased. The LTO crystals showed fasciated bars
after a few seconds (see Figure 5.5g), thereafter those crystals were falling
apart (Figure 5.51). It seems the dissolution started at several points at
the same time, which created separated particles if the starting points were
enlarged during the dissolution process. The amount of fasciated bars were
increased if the pH value was changed stronger. The gap between these
bars were decreased but the gap had no constant size. A number of the
gaps related to the pH of the solution is shown in Table 5.1. The dissolution
mechanism was suddenly changed at a certain pH value. For crystals grown
at pH value of 5.0 (HTO and tetragonal lysozyme crystals), a change in
pH to approximately 7.0 was required to see that change in the dissolution
mechanism from shrinking homogeneously to “falling into pieces”. LTO
crystals crystallized at pH 9.8 needed a lower pH value than approximately
pH 7.8 in order to show a change in the dissolution mechanism.

Table 5.1: Measurement gap of fasciated bars

abs. pH pH change minimal gap maximal gap average gap

9.80 0.00 0.00 pm 0.00 pm 0.00 pm
8.40 1.40 0.00 pm 0.00 pm 0.00 pm
8.05 1.75 29.72 pm 230.98 pm 94.49 pm
7.70 2.10 16.10 pm 102.93 pm 43.83 pm
7.20 2.60 3.42um 12.68 pm 6.41 pm
5.00 4.80 1.66 pm 6.68 pm 4.32 pm
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a) pH 5.0 - At Omin
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d) pH 5.9 - At Omin e) pH 5.9 - At 120 min f) pH 5.9 - At 240 min
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g) pH 7.2 - At Omin h) pH 7.2 - At 120 min i) pH 7.2 - At 240 min
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p) pH 9.8 - At Omin q) pH 9.8 - At 120 min r) pH 9.8 - At 240 min
Figure 5.4: Dissolving of HTO modification of lysozyme, crystallized at a pH of 5.0
(scale-bar in Figure 5.4a is applicable for all images in this Figure)
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Figure 5.5: Dissolving of LTO modification of lysozyme, crystallized at a pH of 9.8
(scale-bar in Figure 5.5p is applicable for all images in this Figure)
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Figure 5.6: Dissolving of tetragonal modification of lysozyme, crystallized at a pH
of 5.0 (scale-bar in Figure 5.6a is applicable for all images in this Figure)
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5.1.3 Influence of the buffer components and concentration

As already known from Chapter 2.2.1, each buffer substance has only a
small pH value range where it is working as buffer of acceptable capacity.
By definition a buffer substance is able to act as a buffer composition in
the range of 1.0 pH around the pKa value. In Chapter 5.1.2 of this work
a pH range of 5.0 up to 9.8 was used. This means there were several buffer
compositions used. To predict that the pH influence (Chapter 5.1.2) was
only affected by the pH and not by the buffer components nor concentra-
tion, measurements with constant pH value but changed components and
concentration were investigated in a microscope cell (Chapter 4.5).

To observe the dissolution influence by the buffer, the method presented
in Chapter 4.1 for the teragonal modification was modified by the use of
propionate, pyridine and citrate prior to acetate buffer. With a citrate
buffer it was not able to form crystals. The other buffers formed good
shaped crystals with a size of up to 250 pm in length of reasonable quality.
Furthermore, the influence of the buffer concentration was investigated.
Lysozyme crystals with use of an acetate buffer of the concentrations of
0.05, 0.1 and 0.5 M were crystallized. Also different concentrations of the
same buffer substance were afterwards dissolved.

The different buffer components and concentrations of the buffers had no
influence on the dissolution mechanism. The images are not shown. Due
to the normal rounding of edges and shrinking with time mechanism which
was already shown by other images in this work, no new information can
be given.

Due to the different buffer components with the same pH value it can be as-
sumed, that the changed dissolution mechanism presented in Chapter 5.1.2
result only from the changed pH value. There is no influence by the buffer

components or buffer concentrations at all.
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H 5.0- At Omin b) tetra, pH 5.0 - At 60 min c)tetra, pH 5.0 - At 120 min

g)LTO, pH 9.8 - At Omin h)LTO, pH 9.8 - At 240min i) LTO, pH 9.8 - At 480 min

Figure 5.7: Dissolving in 2wt% sodium bromide solution (scale-bar in Figure 5.7a is
applicable for all images in this Figure)

a) tetra, pH 5.0 - At Omin b) tetra, pH 5.0 - At 30 mln c) tetra, pH 5.0 - At 60 min

71
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g) LTO, pH 9.8 - At O min h) LTO, pH 9.8~ At 240 min i) LTO pH 9.8 - At 480 min
Figure 5.8: Dissolving in 0.2M sodium nitrate solution (scale-bar in Figure 5.8a is
applicable for all images in this Figure)

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



42 5 Results

-.‘
w e

= 5

b) te.ztra, pH 5.0 - At 2min c¢)tetra, pH 5.0 - At 4min
{ i 17

STre § L0 L < e . i

g)LTO, pH 9.8 - At Omin h)LTO, pH 9.8 - At 10min i) LTO, pH 9.8 - At 20min
Figure 5.9: Dissolving in 2wt% ammonium sulfate solution (scale-bar in Figure 5.9a
is applicable for all images in this Figure)

b) tetra, pH 5.0 - At 2min c)tetra, pH 5.0 - At 4 min

pH 5.0 - At 120 min

g)LTO, pH 9.8 - At Omin h)LTO, pH 9.8 - At 40min i) LTO, pH 9.8 - At 120 min
Figure 5.10: Dissolving in 20wt% PEGgooo solution (scale-bar in Figure 5.10a is
applicable for all images in this Figure)
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.H 56‘ t Omin_ b) tetra, pH 5 O . At 2 min
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g) LTO, pH 9.8 - At Omin h)LTO, pH 9.8 - At 40min i) LTO, pH 9.8 - At 80 min
Figure 5.11: Dissolving in 2wt% acetone solution (scale-bar in Figure 5.11a is appli-
cable for all images in this Figure)

b) tetra, pH 5.0 - At 5min ter, pH 5.0 - At 10min

g) LTO pH 9 8 - AtOmln h) LTO pH 9 8- At 15 min 1) LTO pH 98 At 30 min
Figure 5.12: Dissolving in 2wt% ethanol solution (scale-bar in Figure 5.12a is appli-
cable for all images in this Figure)
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5.1.4 Influence of the precipitant substance

In literature (e.g. Wiencek [Wie02], Lim et al. [Lim98], Harata and Ak-
iba [Har06] and Forsythe et al. [For99b)), there are different precipitants for
the crystallization of lysozyme crystals described. In this work sodium bro-
mide, sodium nitrate, ammonium sulfate, polyethylene glycol (PEGegooo),
ethanol and acetone were used. All of these precipitants are used in crystal-
lization and purification of protein crystals of the different modifications.

Sodium bromide is used for the crystallization of tetragonal lysozyme crys-
tals [Lim98]. The dissolution of the tetragonal lysozyme chloride crystals in
a sodium bromide solution was not anymore rounding and shrinking with
time (see Figures 5.7a to 5.7c). The crystals “falling into pieces” when dis-
solving at the pH values where they were crystallized. Sodium nitrate and
ammonium sulfate will be used for the crystallization of lysozyme to achieve
the modifications triclinic and monoclinic [Har06; For99b]. Both precipi-
tants had also changed the dissolution mechanism to a “falling into pieces”
(see Figures 5.8a to 5.8c and Figures 5.9a to 5.9c). PEGeooo, ethanol and
acetone are generally used for protein crystallization and again the tetra-
gonal crystals showed a “falling into pieces” dissolution mechanism for the
three precipitants (see Figures 5.10a to 5.10c, Figures 5.12a to 5.12c and
Figures 5.11a to 5.11c¢).

The High Temperature Orthorhombic (HTO) crystals showed for all of the
six used precipitation agents the same dissolution behavior as the tetrag-
onal crystals do. The images are shown in Figures 5.7d to 5.7f for NaBr,
Figures 5.8d to 5.8f for NaNOj, Figures 5.9d to 5.9f for (NH,),SO,, Fig-
ures 5.10d to 5.10f for PEGegpoo, Figures 5.12d to 5.12f for ethanol and
Figures 5.11d to 5.11f for acetone.

The Low Temperature Orthorhombic modification (LTO) showed a differ-
ent behavior. Except for the ammonium sulfate (see Figures 5.9g to 5.9i),
the crystals dissolved in the conventional way, they are rounding and
shrinking homogeneously (Figures 5.7g to 5.7i for NaBr, Figures 5.8g to 5.8i
for NaNOj, Figures 5.10g to 5.10i for PEGseooo, Figures 5.12g to 5.12i for
ethanol and Figures 5.11g to 5.11i for acetone. Especially, in the case of
ammonium sulfate the LTO crystals showed sometimes lengthwise stripes
(Figure 5.9h). The direction of the fascinated bars in case of other precipi-
tants differs from the direction found by the change of the pH value.
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5.1.5 Influence of the precipitant concentration

The precipitant concentration had no influence on the dissolution mech-
anism. It only affected the dissolution rate. An increase of precipitant
concentration in the case of salting-out (see Chapter 2.2.2) for the protein
lysozyme lowers the solubility. The decrease in solubility will afterwards
decrease the dissolution rate, the crystals dissolve slower. This effect is
huge, with low concentration of 1 wt% of sodium chloride the crystals dis-
solved within approximately 6 hours, with a concentration of 4wt% the
dissolving process already needed several days.

5.1.6 Influence of the temperature

The temperature level is another parameter enabling the control of the
dissolution rate of protein crystals. With increasing temperature the dis-
solution rate was increasing. With a lowered temperature, the rate was
slowed down. Due to the existence of the dissolution rate dispersion (al-
ready examined in Chapter 2.3.2), it was not possible to give a mean value
for the dissolution rate using the microscope cell method. The number of
examined crystals was not high enough to achieve a reliable mean value.
Furthermore, the “falling into pieces” mechanism prevents the use of mea-
surements of one characteristic length. The determination of the dissolu-
tion rate by microscope cell is not possible since the crystals do not shrink

during dissolution.

5.1.7 Phase transition test

To check if there was a phase transition during the dissolution of one crystal
modification, the following method was used. From the crystallization pro-
cess (see Chapter 4.1) the mother liquor of the LTO modification was filled
in the microscope cell. This liquid was chosen, according to the same tem-
perature as other dissolution experiments 20 °C and the lower solubility of
lysozyme at this pH range. The crystals were placed in the microscope cell
prior the dissolution experiments. The images show the crystals changed
and became opaque after some minutes (Figure 5.13b). This was already
seen in dissolution experiments (Figures 5.6p to 5.6r). The crystal seems
to be porous (Figure 5.13h) like a sponge. This means some parts of the
crystals dissolved already! After certain time some needles are to be found
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Figure 5.13: Long time phase transition test of tetragonal crystals inside pH 9.8 with
LTO crystals saturated solution at Teonst 20 °C (scale-bar in Figure 5.13a is applicable
for all images in this Figure)

in the cell (see Figure 5.13i) but not on the surface or around the dissolving
crystal, everywhere inside the cell (see Figure 5.13h).

5.1.8 Coloration experiment

Previous work (Miiller [Miil12b]) gave some information on the colorization
of lysozyme crystals. Afterwards the crystals were decolorized in some
liquids without colorant. In this work, a pH active indicator colorant was
chosen to see if a changed pH value is able to diffuse into the inside of
a protein crystal. Calmagite is the substance which was able to colorize
the crystals and gave some valuable results. The Figures 5.14a to 5.14f
show this captured image series. It was shown that more than one process
is running at the same time. The conditions will dissolve the crystals
and from Chapter 5.1.2 it is known that the crystals become opaque after
some minutes. From Miller [Mill2b] it is known that the crystals were
decolorized with time. Furthermore, in these images the red color changed
to blue from the outside to the inside of each crystal.
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d) At 6 min . . f) At 10 min
Figure 5.14: Discoloring of calmagite colorized tetragonal crystals in pH 9.8 (scale-
bar in Figure 5.14a is applicable for all images in this Figure)

5.1.9 Summary of dissolution experiments

To sum up, Table 5.2 shows the dissolution phenomena of the different
components of the mother liquor. In Chapter 5.1.2 it was shown that a
changed pH condition from that of the crystallization condition will change
the dissolution mechanism. A further test confirmed that there is no phase
transition on the crystals surface to be found. The indicator colorization
test showed that the liquid with the modified pH can diffuse into the crys-
tals (where the non-bounded water, the buffer, is to be found).

Table 5.2: Summary of dissolution mechanisms

tetragonal HTO LTO
water fall apart fall apart  ideal/individual lengthwise needles
NaCl - 5.0 ideal ideal fasciated bars/falling apart
NaCl - 9.8 fall apart fall apart  ideal/individual lengthwise needles
NaBr - 5.0 fall apart fall apart -
NaBr - 9.8 - - ideal/individual lengthwise needles
NaNOQO; - 5.0 fall apart fall apart -
NaNO; - 9.8 - - ideal/individual lengthwise needles
(NH4),S0, - 5.0 fall apart fall apart/big particle -
(NH4),S0,4 - 9.8 - - ideal/individual lengthwise needles
PEGggoo - 5.0 fall apart  fall apart/big particle -
PEGgogo - 9.8 - - ideal/individual lengthwise needles
acetone - 5.0 fall apart fall apart/big particle -
acetone - 9.8 - - ideal/individual lengthwise needles
ethanol - 5.0 fall apart fall apart -
ethanol - 9.8 - - ideal/individual lengthwise needles
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5.2 Metastable zone

5.2.1 Influence of the pH value

The solubility line of lysozyme chloride was measured with 0.1 M acetate
buffer and 4 wt% of sodium chloride as precipitant. The highest solubility
by means of lowest temperature measured was at pH 5.0 (Figure 5.15). The
nucleation line in Figure 5.16 shows a similar result. Here the nucleation
occurred at the lowest temperature during the measurement of different
pH values at pH 5.0. Additionally, the solubility line shows a step around
27 to 30 °C respectively 18 mgmL™".
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Temperature [°C] Temperature [°C]

Figure 5.15: Solubility line of lysozyme Figure 5.16: Nucleation line of lysozyme
chloride in the region of pHb5 chloride in the region of pHb5

The metastable zone in the region of pH 7.0 was measured with use of
a phosphate buffer at a concentration of 0.1 M. As precipitant sodium
chloride with a concentration of 4wt% was chosen. The solubility line
(Figure 5.17) shows a significant split into two regions. Solutions with
pH values 7.7 and 8.2 had a much higher solubility than those with the
pH values in the range of 6.2 to 7.2. The nucleation lines are plotted in
Figure 5.18 and show the lowest temperatures for the pH values of 6.7 and
7.2.

The metastable zone was measured in the region of pH 9.0 with use of a
glycine buffer in a concentration of 0.05 M and sodium chloride as precipi-
tant with a concentration of 4 wt%. The solubility line in Figure 5.19 shows
a split into two regions. The lower solubility region for the pH values in
range of 9.0 to 10.5 and the higher solubility for the pH range of 8.25 up to
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Figure 5.17: Solubility line of lysozyme Figure 5.18: Nucleation line of lysozyme
chloride in the region of pH7 chloride in the region of pH7

8.75. The nucleation line in Figure 5.20 shows also a split in two regions
with the same pH values as the solubility line. As already shown in the
solubility and nucleation line diagrams, the metastable zone width plot is
a calculation of both diagrams. The resulting diagram of the metastable
zone width versus concentration is shown in Figures 5.21, 5.22 and 5.23.
As already expected in the region of pH 5 there is only one area where
the points are pooled. In the diagram of pH 7 there is a split-up into two
pooled regions and the curves of pH 9 are pooled into two to three regions.
In Figure 5.24 a 3D plot is shown in order to see the highest local solubil-
ities which can be found at certain pH values. The plane shape is like a
wave with certain hills (maxima of solubility) versus pH value.
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Figure 5.19: Solubility line of lysozyme Figure 5.20: Nucleation line of lysozyme
chloride in the region of pH9 chloride in the region of pH9
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Figure 5.21: Metastable zone width of ly- Figure 5.22: Metastable zone width of ly-
sozyme chloride in the region of pH 5 sozyme chloride in the region of pH 7
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Figure 5.23: Metastable zone width of ly- Figure 5.24: 3D plot of solubility of lyso-
sozyme chloride in the region of pH 9 zyme chloride against the pH

5.2.2 Influence of the buffer components and buffer
concentrations

In Chapter 5.1.3 the possibility to crystallize tetragonal lysozyme chloride
crystals with the use of changed buffer components and concentrations was
already introduced. Now the influence on the metastable zone width was in-
vestigated. Figures 5.25, 5.26 and 5.29 shows the solubility line, nucleation
line and respectively the width of the metastable zone, if different buffer
components (acetate, propionate and pyridine) were used. Figures 5.27,
5.28 and 5.30 shows the plots, if the concentration of the equal buffer

composition (acetate) is changed.
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It was shown that the buffer composition has almost no influence on the

plots of the metastable zone, if compared to the deviation of the used

method. The buffer concentration had a bigger influence on nucleation

and solubility line.
affected at all.

= 0,1 M acetate
40+ e 0,1 M propionate
35+ 4 0,1 M pyridine

Concentration [mg mL"]

15 20 25 30 35 40 45 50
Temperature [°C]

0 5 10

Figure 5.25: Nucleation line of lysozyme
chloride at pH 5.0 and different buffer sub-
stance
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0 5 10

Figure 5.27: Nucleation line of lysozyme
chloride at pH 5.0 acetate buffer of differ-
ent concentration

The width of the metastable zone was almost not
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Figure 5.26: Solubility line of lysozyme
chloride at pH 5.0 and different buffer sub-
stance
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Figure 5.28: Solubility line of lysozyme
chloride at pH 5.0 acetate buffer of differ-
ent concentration
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Figure 5.29: Metastable zone width of ly- Figure 5.30: Metastable zone width of ly-
sozyme chloride at pH 5.0 and different sozyme chloride at pH 5.0 acetate buffer of
buffer substance different concentration

5.2.3 Influence by repeated dissolving and crystallizing cycles

The influence of repeated crystallizing and dissolving of crystals was ob-
served in this Chapter. Here the pH values 5.0 (0.1 M acetate buffer with
4wt% sodium chloride), 7.0 (0.1 M phosphate buffer with 4 wt% sodium
chloride) and 9.0 (0.1 M glycin buffer with 4 wt% sodium chloride) were
chosen as systems for long-time crystallization tests. At pH 5.0 two long-
time tests were examined with different temperature profiles. The tem-

perature profiles are shown and confronted in Figure 5.31. The first is a

—— w/o hold time
45 - w/ hold time

Temperature [°C]

0 60 120 180 240 300 360 420 480 540 600 660 720 780
Time [min]

Figure 5.31: Comparison of temperature profile with and without hold time
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temperature profile without retention time, and the second one uses some
retention time at the end point of the heating and cooling curves. The ap-
propriate buffer and lysozyme were weighed into the HPLC vessel and the
crystallization cycles keep running until no further nucleation or solubility
was detected by turbidity probe, or after a long period of time (several
weeks!). It is shown in Figure 5.32 that the temperature of the solubility
line at pH 5.0 remains constant while the nucleation line increases with
time. In a comparison of Figures 5.32 and 5.33 a similar slope for the lines
of the crystallization cycle count was found. The slope of the lines plotted
versus time differs to each other. The measurement at pH 7.0 shown in
Figure 5.34 shows a similar slope with increase of temperature versus time
for the nucleation line. The last points of the pH 7.0 measurement shows
a much lower temperature which ends with the state that the turbidity
cannot dissolved anymore, and the measurement had to be stopped. The
long-time measurement at pH 9.0 shown in Figure 5.35 gave a different
and complex result. At the beginning the nucleation line versus time with
respect to temperature was very close to the solubility line. This behav-
ior was shown again after several points, after the nucleation occurs at a
higher temperature than the solubility line is. Also, sometimes the nucle-
ation line shows a much lower temperature than the solubility. It seems
that the nucleation had varying points, but also the solubility line was
sometimes slightly affected. Altogether, the temperature decreased with
time for solubility and the nucleation line.
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Figure 5.32: Metastable zone temperatures of lysozyme chloride at pH 5.0 plotted
versus crystallization cycle counts

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



54 5 Results

50+
45-
40-
°L._). 35| == M B Al e o e e e e e e T
o 304
. o aasssmsmageeSEs el
% 251 .__-_._._._L-—i—i—.A son=febatagt = e s e
—
8 204
€ 15- = nucleation temp. (w/o hold time)
ﬁ 10 * solubility temp. (w/o hold time)
5 + nucleation temp. (w/ hold time)
v solubility temp. (w/ hold time)
0 T T T T T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Time [min]

Figure 5.33: Metastable zone temperatures of lysozyme chloride at pH 5.0 plotted
versus crystallization time
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Figure 5.34: Metastable zone temperatures of lysozyme chloride at pH 7.0 plotted
versus crystallization time
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Figure 5.35: Metastable zone temperatures of lysozyme chloride at pH 9.0 plotted
versus crystallization time
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5.3 Kinetic measurements

5.3.1 Validation of methods

Prior to the results of the kinetic experiments, two new measurement set-
ups were developed (presented in Chapter 4.3). For those measurements
two prototype devices (“micro drop dispenser” and “Vision” probe) were
used for a limited time. The measurements were rather used to validate
these new measurement methods, than to measure the complete sets of
data. The measured data with the use of those prototype devices is in-
corporated in the next Chapters. The modified solubility measurement
set-up (shown in Chapter 4.3.1) gave reliable data within some days. After
a long time, a white precipitate occurred and prevented the photometer to
measure the protein concentration. The precipitate will block the light as
used in the turbidity measurement. The “Vision” probe (shown in Chap-
ter 4.3.2) delivered quite high-quality data. Due to the fact that the probe
measures several wavelengths at the same time, the wavelengths will influ-
ence each other. One of the light sources varied in intensity after a short
measurement time. The measurement was not possible anymore after this
malfunction. Also gas bubbles under the sieve in the probe vessel had
influenced the measurement and should be avoided by a modification in
future experiments. The photometer method (shown in Chapter 4.3.3) was
used for most of the data in this Chapter. A certain error in data due to
the absence of stirring during the measurements is accepted since all mass
transport distances are very short.

5.3.2 Influence of the dissolution mechanism (shrink
homogeneous or fall into pieces) induced by pH

The measured data of the dissolution rate versus the pH value (the rele-
vant for different dissolution mechanisms) are shown in Figures 5.36 to 5.38.
The left axis are the direct measured data, the right side are calculations
with the assumption that the crystals have an average size of 250 pm. The
size is measured in a later Chapter in this work. All the three measured
modifications showed a slower dissolution rate if dissolved at the pH condi-
tion used for crystallization of each modification. At higher concentrations
at a certain point, the rate of dissolution of the “falling into pieces” pH
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value was decreasing. The rate of dissolution after this concentration has
then almost the rate of the shrink homogeneously pH value. This behavior
is clearly to be seen in Figure 5.37.
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Figure 5.36: Dissolution rate of tetragonal lysozyme chloride crystals at varied pH
(photometric method)

‘T(I)

= 00 N 1 00  —
€ J ‘»
o ; £
E. 2 0x10% . °
Qo - 4-5.0x10” ©
@©

c o 5
S -4.0x10° S
S 3
5 1-1.0x10° ©
o 0
@ -6.0x10° 2
= o HTO - pH 5.0 4-1.5x10° ;
800 HTO - pH 9.8 3
o T T T T T A =
) 0.0 0.2 0.4 0.6 0.8 10 24 2.5 O

Concentration [mg mL™"]

Figure 5.37: Dissolution rate of HTO lysozyme chloride crystals at varied pH (pho-
tometric method)
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Figure 5.38: Dissolution rate of LTO lysozyme chloride crystals at varied pH (photo-
metric method)
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5.3.3 Influence of temperature

In Figure 5.39 the growth rate plot of the micro fluidized bed method is
shown. The curve was created by B-spline, since no known fit is working
for the kinetic measurement, to pass the growth rate of zero at a super-
saturation level of zero. The data show a faster growth rate at 5 than at
10°C. In Figure 5.40 the dissolution rate versus temperature was plotted.
This data was measured by the photometric method. The highest dissolu-
tion rate was shown at 30 followed by 35 °C. Except of a later decrease of
dissolution rate, the temperatures 15, 20 and 25 °C seems to had almost
the same dissolution rate.
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Figure 5.39: Growth rate of tetragonal lysozyme chloride crystals at varied tempera-
ture (micro fluidized bed method)
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Figure 5.40: Dissolution rate of tetragonal lysozyme chloride crystals at varied tem-
perature (photometric method)
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5.3.4 Influence of the precipitant concentration

Figure 5.41 shows the data measured by the “Vision” probe. It shows that
compared to data from the photometric method (see Figure 5.42) the data
had a higher fluctuation. To make it easier to see the curve shape, linear
fits were plotted into the diagram at data measured by “Vision” probe
(Figure 5.41). A linear fit is not the right method to fit, since at zero con-
centration (the maximum in undersaturation), the dissolution rate should
be as fast as possible. Between 0.5 wt% and 1.0 wt% there are no differences
in dissolution rate. The dissolution rate with precipitate concentration of
2.0wt% is faster at the beginning with a bigger slope to lower rates. In
Figure 5.42, the data measured by photometric method look more clear.
With an increase of the precipitant concentration, the dissolution rate de-
creased. This is the same behavior as found by the optical (not quantified)
results in the microscope cell (shown in Chapter 5.1.5) measurements.

"o 0.0 0.0 _
2-5.0x10° 1-1.0x10° 2
2-1.0x10* 2.0x10° @
;-1 5x10+ s 2
21 -3.0x10° £
— 4 9
s -2.0x10 -4.0x10° 5
= 4 o
% -2.5x10™4 -5.0x10° @
@ .3.0x10* i s O
a ) 0.5 wt% Linear Fit"6-0x107
Z -3.5x10" < 1.0 wt% Linear Fit] _ 5 g

! .7.0x10° 2
S -4.0x10° L 2.0 wt% Lipear Fit <
5 00 0.5 1.0 15 4.9 5.0 O
(O] Concentration [mg mL"]

Figure 5.41: Dissolution rate of tetragonal lysozyme chloride crystals at varied pre-
cipitation concentration (Vision probe method)
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Figure 5.42: Dissolution rate of tetragonal lysozyme chloride crystals at varied pre-
cipitant concentration (photometric method)
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5.4 Enzymatic activity measurements

5.4.1 Influence of the pH value

As already described in Chapter 2.1.5, the activity of a protein is affected by
the pH value. For further discussions, it is helpful to quantify this behavior.
In Chapter 4.6 the method of Shugar [Shu52] was described to measure the
activity of the protein lysozyme. The standard operation procedure uses a
pH value of 7.0. The pH influence on the enzymatic activity in this work
was observed between pH of 5.0 to 8.0, to ensure that the same buffer
substance for the whole measurement was used. The data are shown in
Figure 5.43. The crystallized protein of different modifications were also
dissolved in buffers with different pH values and are shown in Figure 5.44.
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Figure 5.43: Plot of the starting product Figure 5.44: Plot of different crystal mod-
measured at different pH values with same ification versus pH value
buffer substance

5.4.2 Influence of the dissolution mechanism

After observing the influence of the pH, the influence of the dissolution
mechanism on the enzymatic activity was observed in the pH range of 5.0
up to 8.0. In Chapter 5.1.2 it was shown that there are different dissolu-
tion mechanisms in different ranges of pH values. The HTO and tetragonal
modification dissolve by “falling into pieces” at higher pH values (approxi-
mately 7.0 to 8.0), and the LTO crystals at lower pH values of <7.0. The
pH value of 5.0 was the crystallization condition of the tetragonal and HTO
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modifications, and will result in the conventional rounding and shrinking
homogeneous mechanism of dissolution. The LTO crystals, crystallized at
pH 9.8 have this dissolution mechanism at the pH value of 8.0, too. The pH
8.0 lies in the region (£2.0 pH units) near to the crystallization conditions,
which results in the rounding and shrinking homogeneous mechanism. In
Figures 5.45 and 5.46 a factor was calculated between the crystal modifica-
tion and the starting powder. It shows the differences between the curves.
The standard deviation of both curves was calculated and is shown in the
diagrams. An interesting fact is that the minima of the LTO modification
are the maxima of the HTO/tetragonal modification and vice versa! The
standard deviation compared to the factor is big, due to the method and
mathematically division of two measurements. No significant change in the

activity can be seen by this method to the different dissolution behavior.
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Figure 5.45: Plot of the factor between Figure 5.46: Plot of the factor between
starting powder and crystallized product starting powder and crystallized product
versus pH value versus pH value

5.4.3 Influence of the buffer composition and buffer
concentration

Due to the influence of the buffer concentration on the solubility of the
metastable zone (see Chapter 5.2.2), the activity had to be observed for
these influences. This measurement will give some information about the
conformation in the liquid phase. In Figure 5.47 the plot of the enzymatic
activity versus the acetate buffer concentration is shown. The pH value in
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this measurement was kept constant, only the buffer capacity was changed.
Due to the method, the standard deviation is giving no significant difference
of enzymatic activity between the different buffer substance concentrations.
In Figure 5.48 the concentration and pH value was kept constant, the buffer
substance itself, however, was changed. Also in this measurement, there
was no influence of the enzymatic activity on the buffer substance to be

seen.
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Figure 5.47: Enzymatic activity of lyso- Figure 5.48: Enzymatic activity of ly-
zyme chloride at pH 5.0 acetate buffer of sozyme chloride at pH 5.0 and different
different concentration buffer substance

5.4.4 Influence of repeated dissolving and crystallizing cycle

In Chapter 5.2.3 the influence of repeated crystallizing and dissolving of
a protein on the metastable zone was observed. There are different states
during the measurement. There is the dissolved protein in the liquid phase
of different temperatures following the temperature profile and also the
crystalline phase of the protein at different temperatures. In Figure 5.49
the loss in enzymatic activity in the liquid phase versus time was shown.
Since the different crystal modifications were dissolved (in the liquid phase),
there should be no differences between them. Between tetragonal/HTO
(5.0) and LTO (9.8) the pH value is different. In Figure 5.50 the decrease
of enzymatic activity versus time by repeated crystallizing and dissolving
is plotted. The decrease in enzymatic activity with time was lower than in

the measurement in the liquid phase.
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Figure 5.49: Enzymatic activity of ly- Figure 5.50: Enzymatic activity of lyso-
sozyme chloride crystal modifications dis- zyme chloride out of the repeated crystal-
solved in buffer lization cycles

5.4.5 Shelf life test in climate chamber

The enzymatic activity shelf life test was realized in a climate chamber.
After every 7 days the conditions were changed and this is shown in the Fig-
ure 5.51 with varying results. Especially, the conditions at the end by this
measurement method (80 % humidity and 50 °C) brought the dried crystals
out of the save zone and thus the enzymatic activity decreased drastically.
The enzymatic activity of the tetragonal modification decreased by —50 %,
the HTO modification by —40 % and the LTO modification by —15 %.
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Figure 5.51: Enzymatic activity test of dryed powder
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5.5 Fundamental measurements concerning structure and
chemical composition

5.5.1 X-ray analysis

From the X-ray measurements in the range of 10 up to 50° 26 (see Fig-
ure 5.52), only a broad peak around an angle of 31° was given. This peak
correlates to sodium chloride which was used as precipitant. In the range
of 1 up to 12° one significant peak was found at 2.77° and a smaller peak
at 4.48°. There is no significant change in crystal lattice parameters by a
changed pH value during the crystallization of the tetragonal crystals, at
the pH value range of 4.70 and 5.30 (see Figure 5.53) by this method.
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Figure 5.52: Comparison of lysozyme Figure 5.53: X-ray measurement in range
crystals and sodium chloride in range of of 1 to 12° 2theta
5 to 35° 2theta

5.5.2 Water content

The amount of water evaporated from the different modification is shown
in Table 5.3.

Table 5.3: Amount of the different “waters” in the lysozyme crystal modifications

Tetra pH 4.0 Tetra pH 5.0 HTO LTO
35°C drying on air (48 h) 33.6 % 33.6% 33.3% 33.3%
30°C to 155°C TGA/MS drying 1.25% 1.11% 1.94% 0.28%
155°C to 225°C TGA/MS drying 1.70 % 1.50 % 1.63% 0.92%
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During the TGA/MS measurements, a correlation (linearity) between the
mass of 28 (nitrogen) and 32 (oxygen) was observed. At the start of the
measurements some air inside the device was detected, and the composition
of air is known to have a ratio of approximately 20 : 80 (oxygen : nitro-
gen). During the heating, the gases will expanded but the ratio remains
constant. No further nitrogen or oxygen was shown from decomposition
of the protein sample. The decomposition of lysozyme crystals started at
a temperature of around 220°C. This temperature was defined by the
first signals in mass spectrometer diagrams with a mass of 44, which is
correlated to carbon dioxide by the decomposition of carbonic acid. This
behavior is shown in Figure 5.55. The amount of the different “waters”
can be seen and calculated from data of Figure 5.54 (TGA data) between
the start temperature and the point of decomposition. It is possible to
assume the two different waters (bound and free) as described by Ulrich
and Pietzsch [Ulrl5] by two broad peaks in the MS mass 18. In tempera-
ture, the range of 30 °C to 155 °C (drying on air and TGA/MS) correlates
to the “non-bound water” (“free water”). The water which was released
in the temperature range 155 °C to 225 °C correlates to the crystal water
(“bounded”).
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Figure 5.54: Temperature profile and Figure 5.55: Mass spectrometer plot ver-

mass loss of crystals during TGA measure- sus time, with notes on interpretation
ment
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5.5.3 Fundamental analysis

The fundamental analysis (Table 5.4) gives information on the composition

of the protein crystals.

Table 5.4: Data in percent of mass given by the fundamental analysis

(%] C H N Cl Na S O

Raw product 45.64 6.60 17.10 2.77 0.02 1.75 26.12
HTO 43.09 6.64 15.73 2.17 0.69 1.69 29.98
LTO 45.24 6.69 16.46 3.05 047 1.72 26.38
Tetragonal pH 4.0 | 42.94 6.73 15.54 3.59 0.92 1.62 28.66
Tetragonal pH 5.0 | 44.69 6.50 16.67 3.41 1.25 1.67 25.80

The crystallization was induced by sodium chloride as precipitant. A con-
centration of 4 and 6 wt% of sodium chloride was used for the crystallization
of different crystals. During the filtration, some of the mother liquor will
attach on the crystal surface. Due to the extreme high solubility of the
protein lysozyme in pure water, it is not possible to rinse the crystals to
remove the salt! Depending on the size of the crystals (surface area) the
amount of adhering sodium chloride will change. With the known molecu-
lar mass of sodium and chloride, the amount of chloride can be subtracted
if assumed that all the measured sodium will be bound to the appropriate
stoichiometric amount of chloride. The amount of chloride after stoichio-
metric combination of sodium and chloride is shown in Table 5.5. Only
one up to three percent in mass of a protein crystal is chloride as “counter
»

ion”. A calculation with molecular mass results in a range of 0.62 up to

1.55 chloride atoms, to each lysozyme molecule in a crystal.

Table 5.5: Recalculated chloride data after stoichiometric sodium chloride recombi-

nation
(%] Raw product HTO LTO Tetra pH 4.0 Tetra pH 5.0
Cl content w/o NaCl | 2.74 2.32 1.11  1.48 2.17

5.5.4 Particle size analysis

The particle size distribution of the tetragonal lysozyme chloride crystals
showed a trimodal distribution. The distribution is shown in Figure 5.56
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and shows maxima at 70, 300 and 1200 pm in size. The Figures 5.57
and 5.58 show the corresponding particles. The 70 pm particles are broken-
off parts. The particles 300 pm in size correspond to the appropriate grown
crystals of the tetragonal modification and the size of 1200 pm corresponds
to some agglomerates. If the particle size is compared to the particle
volume, the 300 pm in size particles are the most frequent. The particle size
distribution of the HTO lysozyme chloride crystals also showed a trimodal
distribution. In Figure 5.59 the particle sizes are given as 70, 300 and
1200 pm. The volume amount of the distribution was different from the
distribution of tetragonal crystals. The highest volume belongs to the
1200 pm sized particles. The HTO crystals are generally bigger in size
and have often in one length an elongated shape. This was shown in the
Figures 5.60 and 5.61. The particle size distribution of the LTO lysozyme
chloride crystals is shown in Figure 5.62. Again a trimodal distribution
was measured. The mean particle sizes are 70, 300 and 1200 pm. The
LTO modification are needle shaped crystals. The measurement showed
the size of 70 pm for the width of the needles and 1200 pm for the length.
The 300 pm correspond to the average value if the crystals are spherical.

Paricle Size Distribution

Yolume (%)

o O e O = e

01 0.1 1 10 100 1004 3000
Particle Size (urm)

Figure 5.56: Average particle size distribution of tetragonal lysozyme chloride crystals
by Mastersizer 2000
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Figure 5.57: Tetragonal lysozyme chlo- Figure 5.58: Tetragonal lysozyme chlo-
ride crystals from Mastersizer measure- ride crystals from Mastersizer measure-

ment ment
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Figure 5.59: Average particle size distribution of HTO lysozyme chloride crystals by
Mastersizer 2000

Figure 5.60: HTO lysozyme chloride crys- Figure 5.61: HTO lysozyme chloride crys-
tals from Mastersizer measurement tals from Mastersizer measurement
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Padicle Size Distribution
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Figure 5.62: Average particle size distribution of LTO lysozyme chloride crystals by
Mastersizer 2000

Figure 5.63: LTO lysozyme chloride crys- Figure 5.64: LTO lysozyme chloride crys-
tals from Mastersizer measurement tals from Mastersizer measurement
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6 Discussion

6.1 Fundamentals of protein crystals

For a better understanding the discussion of the measured fundamentals
will be presented first. The discussion of dissolution mechanism, metastable
zone and the dissolution rates will build up on the fundamentals discussed
in the following.

6.1.1 Water content of protein crystals

It is important to have a clear idea of the nature of a protein crystal at
this stage of the discussion. Many authors, especially, Jones [Jonl4] as
well as Ulrich and Pietzsch [Ulrl5] clarified that protein crystals contain
besides the protein itself, water, buffer and salt. This is different from
conventionally known crystals which are, when pure, 100 % of the one ma-
terial unless they are solvates (hydrates) or cocrystals. Matthews [Mat68]
described that protein crystals contain between 27 and 65 % of water. The
so-called “water”, however, is not only pure water! There are two kinds
of “water”, a bounded water as known from hydrates (lattice water), and
the so called “free water”, which is actually the mother liquor without the
protein that means buffer which contains dissolved precipitant agents (of-
ten salts). Due to this, buffer and the precipitant are included inside the
protein crystal. In Chapter 5.5.2 the water contents of the crystals used
in this work are given. As to be seen in Table 5.3 the lysozyme chloride
crystals contain approximately 35 % of “free water” and one to two percent
of “bound” lattice water.

6.1.2 Diffusional potential inside the water of protein crystals

Some experiments using coloration of the protein crystals support these
statements as shown earlier by Miiller [Miil12b]. The colorant is an im-
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purity, but it will not disturb crystal growth. The experiments confirmed
that diffusion into the crystals is possible, and that there is a “free water”
inside the protein crystals. In this work a pH sensitive colorant was used,
to colorize the protein crystals (see Chapter 5.1.8). It was shown by these
experiments that the color inside of the protein crystals can change, due
to a pH change in the solution. Also, the “free water” inside the protein
crystals has clearly a diffusible exchange of protons, with the solution out-
side the crystals, in which the crystals are dispersed. The pH value inside
the crystals, distributed due to the “free water” content will be changed.

6.1.3 “Counter ions” in protein crystals

The amount of chloride as “counter ions” (see Chapter 5.5.3) gives the
certainty that a protein crystal is build up from ion bonds by coulomb
interactions. In the liquid phase with hydration of ions by the solvent,
the amount of chloride to neutralize protein molecules must increase with
decreasing pH value, since all pKa values of the residues of amino acids
(see Chapter 2.1) reacts in the same direction. Each functional group (each
amino acid in the protein molecule chain) will increase or decrease their
charges by a different value. Each functional group has a different pKa
value and gives a different response to changes in pH value, since the pKa
value is a value which marks the equilibrium. Some more information about
the charges of lysozyme versus pH can be found in the paper of Spassov
and Yan [Spa0O§]

The solid state, a crystal, is different compared to the same molecule in the
liquid phase. Here, the charges of protein molecule surfaces must arranged
in cooperation with “counter ions”. The attraction and repulsion forces be-
tween molecules need to reach an ideal value [Mat03]. Those “counter ions”
will be statistically distributed and fixed in the crystal lattice [Lim98]. In
simple ion crystals like sodium chloride, the coulomb attraction forces be-
tween positive and negative charged ions start with a value of zero, at a dis-
tance of zero. The repulsion forces increase if the electron shell of the ions
starts to overlap. With protein crystals it is more complicated, since there
is not only one charge on the molecule to generate an ion (which is assumed
if the molecule is hydrated by solvent molecules in liquid phase), there are
charges distributed over the whole surface of the large protein molecules.
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The known type of modification exists, due to several ideal arrangements
of molecules and “counter ions” to form a stable crystal [Mat03].

6.1.4 Structural justification in protein crystals

From X-ray measurements shown in Chapter 5.5.1 it is known that with
only slightly changed pH values the lattice parameter remain the same. The
same arrangement of molecules will still exist in a protein crystal within
a certain small pH range. Due to the changed pH value, the charges of
surfaces are changed, too. The amount of “counter ions” is also changed
(to be seen in Table 5.5) but in opposite direction than in the liquid phase.
This is possible due to the arrangement of protein molecules in the protein
crystal, which have already some positive and negative charges. These
charges are often able to compensate each other, so that a lower amount
of “counter ions” is needed, to form a neutral crystal than calculated by
pl in the liquid phase. The bound lattice water now acts as dipole-ion
interactions, it is necessary to build up a neutral and stable crystal lattice
(like hydrates). The amount of lattice water to form tetragonal crystals
at e.g. pH 4.0 is higher than at pH 5.0 (see Chapter 5.5.2). This can
also be seen by microscope images. If the outer shape of the crystals is
the quality criteria, the tetragonal crystals crystallized at pH 4.0 is not as
good as at pH 5.0. The not ideal surface charges, need more lattice water
to form stable crystals. The amount of lattice water of other modifications
cannot be compared, due to different lattice modification. This will also
give a different X-ray pattern for the different modifications. Chapter 5.4.1
shows an influence of the pH value on the activity. It also shows a change in
protein molecule conformation (see Chapter 2.1.5), due to slightly changed
pH values. This results from a conformation change of the molecules in
the liquid phase, during the change of the pH there.

6.1.5 Chemical composition of protein crystals

Besides the “counter ions”, other components can be found by a fundamen-
tal analysis (see Chapter 5.5.3) and need to be discussed, too. If nitrogen
will be used as a reference value for the calculation, according to the molec-

ular composition of a lysozyme crystal with sodium chloride as precipitant

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



72 6 Discussion

by amino acid sequence, probably all components can be explained in their
amounts with respect to the fundamental analysis. Looking at the com-
ponents used to crystallize the lysozyme proteins (see Chapter 4.1), the
components forming the buffer can be neglected, since their concentration
is negligible low. The main substances from the used components, if the
concentration is considered (see Chapter 4.1), and also those substances
found in the fundamental analysis, are three: lysozyme, sodium chloride
(dissolved in “free water”) and water (free and bound).

6.1.6 Particle size distribution after batch crystallization

In Chapter 5.5.4 the particle size distribution is observed. This measure-
ment was chosen in order to get some information on the average size of
lysozyme protein crystals from the batch crystallization process as shown in
Chapter 4.1. This data is needed for the calculations in Chapter 5.3. The
kinetic data are measured as increase of mass, and should be converted into
values of a characteristic crystal length, which are more common in crystal-
lization. The sizes of the trimodal distributions were already assigned to
the crystals, broken parts of crystals, and agglomerates in Chapter 5.5.4.

6.2 Dissolution mechanism of lysozyme chloride

In literature (e.g. Matsuoka and Sumitani [Mat88], Beilles et al. [BeiOl]
and Pauchet and Coquerel [Pau07]), the “falling into pieces” mechanism
of dissolution is only described in a similar way in case of binary systems,
at conditions when only one of the components will be dissolved or will
partially be molten. This situation is not faced here.

The point that there is a possibility to have a phase transition on the
surface of crystals, while the dissolution takes place assumed due to the
opacity prior the dissolution, is not valid. In Chapter 5.1.7 a test of induced
phase transition due to optimal aligned parameters shows that crystals of
the other modification would start to nucleate, and afterwards grow on the
surface of the old modification. But this will not occur on the surface of
the dissolving crystals. In the discussion of fundamentals (Chapter 6.1), a
protein is a macromolecule built of different amino acids by polypeptide
bonds. Distributed over these molecule chains, some functional groups
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from different amino acids exist (see Chapter 2.1). These functional groups
can hold charges [Wie02]. By protonation or deprotonation these charges,
which depend on the pH value, can be changed (see Chapter 2.1). From
those charges, also the protein molecules have an overall charge distribution
on their total surface [Pus02], which results in attractive and repulsive
forces between the protein molecules in a crystal lattice. The crystallization
step incorporates some “counter ions”, and alignment of the molecules to
reach the lowest repulsion forces within the neutral crystal. From X-ray
experiments, it is known that slightly changed pH values will result, in
most cases, in the same lattice parameters. It needs a larger change in pH
values until the modification will changes. Due to the large solvent content
(the “free water”) and the low binding energy, protein crystals are soft and
sensitive to small changes in external conditions [Kam?78].

6.2.1 Influence of the pH value

A driving force (a non-equilibrium situation) which is more than two units
of pH value (see Chapter 5.1.2) is needed, before the crystals dissolve, and
the repulsion forces between all molecules in a crystal will be increased
enough, to push the protein molecules in case of a dissolution apart. This
is also seen in the phase transition test in Chapter 5.1.7 for a saturated
solution. The crystals become opaque, but a dissolution is not to be seen
anymore. Only low forces are necessary to destroy a crystal lattice of a
protein crystal, fixed during crystallization. Supported by the experimen-
tally found results, the hypothesis is therefore that the repulsion forces
generated by a pH value difference of more than two units, compared to
the growth conditions of the crystals, delivers enough energy to disrupt the
lattice so that the crystals can fall into smaller pieces. This holds, however,
only for the case of the same precipitation agent.

6.2.2 Influence of the precipitant substance

The effect of the precipitant substances is more complex. The dissolution
mechanisms of the HTO and tetragonal modification give a different re-
sult, compared to crystals of the LTO modification. For all dissolution
experiments only the precipitant is changed. The pH values of the under-
saturated solution is kept constant by the buffer. The pH value is kept on
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the level of the solution used to crystallize the crystals, which are there-
after examined in the dissolution experiments. The first result is that
the salts sodium bromide, sodium nitrate and ammonium sulfate change
(substitute) the “counter ions” inside (the “free water”), and on the outer
surface of the protein crystals. The “counter ions” are necessary to neu-
tralize the protein molecules inside the crystal. Chapter 5.5.3 discusses on
the incorporation of “counter ions”. The “counter ions” can be changed for
example from Cl™ to Br~ or NOs . The “counter ions” do not have the
same size. In the case that the new “counter ions” are sterically larger, this
will result in a “falling into pieces” dissolution mechanism, in case of the
dissolution of the lysozyme crystals. Due to the larger sterically size, the
charged electron clouds will overlap, which results in changed attraction
and repulsion forces in the crystal lattice. This is the second parameter
to change the dissolution mechanism. The exchange of C1~ by SO,?  will
result additionally in a different charge of the single ion, which results in
different amounts of needed “counter ions”. If NO;  and SO,*  will be
used for the crystallization of lysozyme, it will result in a different crystal
morphology, the triclinic and monoclinic form [Har06; For99b]. The usage
of organic compounds or solvents shows the same dissolution mechanism,
the “falling into pieces” of the crystals. These substances change the di-
electric constant and react as anti-solvent, which lowers the solubility of
proteins. These substances are not able to exchange “counter ion”, but
the use of all these substances will result in an undersaturation against the
“counter ion”, since the new solvent in its composition contains no chloride
anymore. It seems the extraction of the “counter ions” by undersaturation
generates again, the “falling into pieces” dissolution mechanism.

The LTO modification shows except ammonium sulfate, no “falling into
pieces” dissolution behavior by an exchange of the incorporated “counter
ions”. An explanation is the position of the system with respect to the pl,
the isoelectric point (see Chapter 2.1.4). At this point the charge of the
protein molecule in its total, is neutral. At the pl, theoretically no “counter
ions” are needed. As an example, in solutions with a pH value more acid
than the pl, the molecules get a positive overall charge. In the liquid phase,
there are several ions which result in a neutral charged solution. For the
solid state, the protein crystal, it is necessary to incorporate some “counter
ions” inside the crystal lattice to reach a neutral crystal. The gap between
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the crystallization pH, and the pH equivalent to the amount of “counter
ions” needed, make the difference between the different modifications. The
pl for lysozyme is located between pH values of 9.3 and 11.3 units [Mor05;
Tan72]. That means, for the LTO modification less “counter ions” are
needed to create a neutral charge of the crystals. If a protein crystal needs
only a reasonable small amount of included “counter ions” for the neutral-
ization, the dissolution mechanism does not change, and the dissolution
mechanism for HTO and tetragonal crystals on the one hand, and LTO ly-
sozyme crystals on the other hand, differs from each other. It is the same
effect which was observed for different pH values, which needs a difference
in pH of about two pH units to change the dissolution mechanism.

6.2.3 Influence of other parameters

The temperature has its influence on the kinetics, but only in the sense of
the Arrhenius correlation. The temperature has no influence on the disso-
lution mechanisms of lysozyme chloride. The precipitant again affects the
thermodynamics, and by the resulting different driving forces, the kinetics
of the dissolution due to the influence on the solubility line (see salting-
in/out in Chapter 2.2.2). The buffer substance and concentration are to
be neglected values since the concentration is very low (see the frame condi-
tions of lysozyme crystallization in Chapter 4.1). The buffer substance and
concentrations have no effect on the dissolution mechanism. Furthermore,
the fundamental data give no information on the incorporation of buffer
molecules into the protein crystals. No incorporation of buffer molecules
into the protein crystals can be seen, and no effects from the change due
to the different buffer can be seen either. But there is the “free water” and
the ability of diffusion of the solvent molecules into this water. Therefore,
the buffer substance is not proven by the fundamental analysis since the
concentration is low.

6.3 Metastable zone width of lysozyme chloride

6.3.1 Influence of the pH value

As already presented in Chapter 5.2.1, the plot of concentration versus time
shows a ranking of the curves (Figures 5.15, 5.17 and 5.19). This means for
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each concentration, there is one pH value which gives the lowest tempera-
ture for the solubility. But what does it mean, if the lowest temperature is
needed for the solubility line of one pH value? From Chapter 6.1.4 it can
be seen that for slightly modified pH values the crystal lattice parameter
remain the same. The effects of the pH value on the solubility line is to be
found in the liquid phase, since the lattice is fixed in case of only slightly
modified pH values. The lowest temperature is needed for the solubility,
this means the driving force (Gibbs free energy) is the highest! The data
can be seen in Chapter 5.2.1, especially, in the 3D plot in Figure 5.24. If
a constant concentration will be observed, there are some pH values which
need the lowest temperature. The values of pH 5.0, pH 6.7, pH 7.7 and
pH 9.0 show those lowest temperatures.

The pH value 5.0 will fit best to the crystallization conditions of tetragonal
and HTO modifications of lysozyme, see e.g. [Mil12b; Jud99]. Also, the
quality of the prepared crystals in relation to the outer habit at pH 5.0 is
the best. By a step like behavior in the solubility curve around 18 mgmL ™"
respectively 27 to 30°C at pH 5.0 (Figure 5.15) is possible, to mark the
transition point of the different modifications. For lower temperatures
the tetragonal modification will exist, and for higher temperatures the
HTO modification. Closest to pH 7 (Figure 5.17) the lowest solubility is
at pH 6.7 and 7.7. Harata [Har94] used a pH value of 7.6 in his works
for the monoclinic modification of lysozyme crystals. In the pH range
of 9 (Figure 5.19) there is a local minimum in temperature around pH
of 9.0 and 8.25 to 8.5. The pH of 9.0 correlates with the crystallization
conditions for the LTO modification. Here to be seen e.g. in the work
of Aldabaibeh et al. [Ald0O9b] which gives a pH value between 8.6 and
10 for LTO modification of lysozyme. A pH value of 8.4 was used by
Brinkmann et al. [Bri06] for the crystallization of hexagonal lysozyme, but
in the presence of sodium nitrate as precipitant, and not sodium chloride
which was used for solubility measurement in this work. At the minima
in the saturation temperature at a pH range of 4.0 to 10.5, respectively,
the ideal crystallization conditions (correlated to literature data) can be
found.

Figure 5.17 also shows a split in two regions of the solubility curve. Two
modifications will exist with different values of solubility (except one point).
But the point of nucleation stays almost the same according to Figure 5.18.
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That means during the measurement process a phase transition occurs.
This is a disadvantage for a fast turbidity measuring method when used
to determine the metastable zone width. Because it is possible that the
nuclei will be dissolved again and the new nuclei for a different modification
will be crystallized. Or it is possible that the crystal itself fulfills a phase
transition. In both cases the turbidity technique is not able to give any
reliable information during measurements since in case an opaque media
occurs, no further information can be gathered. For a value of pH near
to pH 9, two modifications will exist with their nucleation and solubility
curves.

The width of the metastable zone is plotted in Figures 5.21 to 5.23, re-
spectively. Except of the lower concentrations next to pH 9 (pH 9.0 to
10.5), all of the domains (pH 4.0 to 5.0, pH 6.2 to 7.7, pH 7.7 to 8.2, pH
8.25 to 8.75 and pH 9.0 to 10.5), respectively modifications, have the same
sequence. The width of metastable zone increases with increasing pH. The
inversed order for the lower concentration and beyond pH 9 (pH 9.0 to
10.5) is not understood yet. The pl for lysozyme is located between pH
values of 9.3 and 11.3 [Mor05; Tan72], which could explain the behavior.
The sequence of metastable zone width is inversed, if the pH value is higher
than 9.0. But therefore, the pl has then to have the value of 9.3 or lower,
and not other values as given by Moritz and Simpson [Mor05] with pH 9.3
and Tanford and Roxby [Tan72] with pH 10.20!

6.3.2 Influence of other parameters

As written in Chapter 5.2.2, there is no influence of the buffer substance
on the metastable zone. The buffer concentration, especially, at a higher
concentration, has an influence on the nucleation and solubility line. If
compared to the discussion of the chemical composition of protein crystals
(Chapter 6.1.5), the buffer itself is not to be found in the protein crystals.
Due to the coloration experiments in Chapter 4.10, the buffer substance is
sterically not too big that it is impossible to incorporated in the “free water”.
But the concentration of the used buffer substance is almost too low to be
recognized in the data. If the buffer concentration for the same buffer
substance is changed, the nucleation and solubility line will be changed.
The width of metastable zone remains almost the same. It can be assumed
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that the buffer itself is also able to act as precipitant (see e. g. Chapter 2.2.2)
if the concentration is high enough.

The precipitant substance is not changed in this work in the metastable
zone measurements, since if the precipitant is changed, also a different
crystal will be crystallized. The concentration of the precipitant concen-

tration is already well explained in literature (see e.g. Maosoongnern et
al. [Maol2], Forsythe et al. [For99a] and Howard et al. [How88]).

6.4 Growth and dissolution rate

6.4.1 New methods for kinetic measurement

Due to the fact that in protein crystallization only low amounts of mate-
rial is available for testing, and growth and dissolution rate dispersion is
existing, new methods for the determination of the growth and dissolution
rates have to be developed. This is possible by the use of some new de-
vices. One of such devices is a “micro drop dispenser” with a very high
accuracy (approximately +1nl) to dispense volumes from 7 pl. down to
intervals of 1 pL. It is possible to mix a supersaturated solution, if salting-
out (see Chapter 2.2.2) is possible for the measured substance. With this
technique, it is possible to reduce big equipment (in substance hold up) by
an small (3mL in volume) circuit only. The second device is a new probe
which is able to detect concentrations in small volumes starting from 2 mL.
The measurements make use of the possibility of concentration calculation
for proteins in solvents at a wavelength of 280nm. Here a deviation of
concentration occurs, due to the extinction coefficient. Especially, from
Chapter 5.5.2 it is known that protein crystals contain not only protein.
A big portion of mass of a protein crystal is water (approximately 30 % in
mass!) and some salt. Here is a big calculation error possible from the
calculation of the absorbency to the concentration. It is not known, if
the extinction coeflicients are measured by weight of the “protein crystals”
(which contain beside the protein itself e. g. water and salt in big amounts),
or if those calculations are of pure protein? Since the concentration mea-
surement at wavelength of 280 nm is also used for solubility measurement
in the micro column method, here the same error can be expected! It is
better, however, to measure some data with a systematic error than to
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have no usable data at all. Furthermore, the calculation of the measured

1s71), into more common in crystallization, is not free

data units (mgmg~
of some deviations. Is the crystal composition at the start and the end
of growth rate measurements the same, or will it change during crystal
growth? Due to only limited amounts of available protein crystals (high
costs), it is not possible to use sieving to get a small size fraction. The
particle size distribution measurement (Chapter 5.5.4) shows that there
are crystals of different sizes. Only the average value of size is used to
calculate the more common units (mgs™ ).

The “Vision” probe was in an early stage of development. The measured
data contain a deviation due to electrical noise. The deviation of the
measured points is bigger than from the measurements with a standard

UV /Vis photometer.

6.4.2 Growth and dissolution rates versus temperature

The growth rate of lysozyme chloride at pH 5.0 of the tetragonal modifica-
tion shows a faster growth rate at 5 than at 10 °C. Following the Arrhenius
equation, the growth rate should increase with an increase in temperature.
Here it is different. Comparing the data of Chapter 5.2.1, there is a step
in the solubility curve (see Figure 5.15) around 27 to 30 °C. Therefore, the
existing of two modifications at pH 5.0, the tetragonal for temperatures
lower than 27 to 30 °C, and the HT'O for higher temperatures must be as-
sumed. The concentration in both measurements are the same, and so are
the level of supersaturation. Both temperatures are in the ideal range of
crystallizing the tetragonal modification. The data show, however, that the
driving force (Gibbs free energy) is bigger for lower temperatures and thus
the growth rate increases for the modification of the lower temperatures.

The dissolution rates show similar results. There is no linear ranking of
the curves by temperature. The fastest dissolution occurs at 30 °C. This
is the transition point of the modifications tetragonal and HTO as shown
in Chapter 5.2.1. Temperatures lower or higher than this will decrease the
dissolution rate. This is due to the fact that the tetragonal modification
is crystallized best at 4 °C and the HTO modification at 40 °C (see Chap-
ter 4.1). This is the same behavior as discussed in Chapter 6.3.1 for the
influence of the pH on the metastable zone. There are temperatures, at
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which the influence by temperature is ideal to form the desired modifica-
tion by means of biggest Gibbs free energy. An increase in temperature
for the tetragonal modification means an decrease of the Gibbs free energy,
and thus a decrease in growth and increase of dissolution rate. The same
occurs for the HTO modification starting from 40°C. A lowering of the
temperature decreases the Gibbs free energy and thus the stability to form
stable crystals. The crystals will dissolve faster at lower temperatures. The
fastest dissolution rate is approximately at 30 °C. There is the transition
point between the tetragonal and HTO modification.

6.4.3 Dissolution rate versus dissolution mechanism (induced by
pH)

In Chapter 5.3.2 the influences of the dissolution mechanisms, which are
influenced by the pH value, are shown for the dissolution rate. As already
known from Chapter 5.1.2, the pH value is a parameter to control the re-
sulting dissolution mechanism. For the tetragonal and HTO modification
at pH 9.8 the crystals will “fall into pieces”. At a pH 5.0 the crystals will
shrink homogeneously. For the LTO modification at pH 5.0 the crystals
“fall into pieces”. At a pH 9.8 the crystals shrink homogeneously. The
resulting data show that the “falling into pieces” mechanism increases the
dissolution rate significantly. For the HTO modification it starts from a
concentration of 0.4mgmL™" on, the dissolution rate is slower than the
homogeneous shrinking crystals. This effect is explainable by a diffusion
problem of the “falling into pieces” mechanism. The small particles will
increase the available surface area and therefore the dissolution rate. How-
ever, around the small crystals with respect to time, the concentration
reaches the solubility concentration quite fast. This will decrease the disso-
lution rate (unless there is some mixing or stronger convection), until the
diffusion of molecules has reached a state of homogeneous mixing in the
full volume of the solution. Here, an error in the measured results with the
photometric method without stirring can be found.
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6.4.4 Dissolution rate versus precipitant concentration

In Chapter 5.3.4, the measured dissolution rates are plotted versus pre-
cipitant concentration. Due to the increase of precipitant concentration
in the liquid phase, the solubility of lysozyme will be lowered, and due to
this the solubility curve will be moved to lower concentrations. Therefore,
the absolute level of undersaturation is lower, and thus the driving force
(Gibbs free energy) is lower. The resulting dissolution rate is slower if the

precipitant concentration will be increased.

6.5 Enzymatic activity measurements

6.5.1 Measurement versus pH value

The shown results (see Chapter 5.4.1), give the biggest enzymatic activity
at pH 6.5. At this pH value the conformation of the protein molecules in
the liquid phase seems to be ideal, to catalyze the specific reaction which
is used to determine the enzymatic activity (see Chapters 2.1.5 and 4.6).
With a different pH value the conformation changes, and thus the complex
mechanism which is used to perform such specific catalytic reactions are
inhibited.

6.5.2 Measurement versus dissolution mechanism

There is no significant influence of the chosen dissolution mechanism to be
seen on the remaining enzymatic activity of proteins after dissolution of
the crystals (see Chapter 5.4.2). This opens the ability to choose the dis-
solution mechanism, with the desired properties depending on the wanted

application of protein crystals.

6.5.3 Measurement versus buffer substance and concentration

In Chapter 5.4.3 the conditions of crystallized lysozyme chloride crystals
were varied. The buffer substance and concentration were changed dur-
ing the crystallization process, to observe the potential influences on the
enzymatic activity. As to be seen by the results, the crystals stay “the
same”. This means as already seen in the measurements of the metastable
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zone (Chapter 5.2.2), and the discussion about the fundamentals in protein
crystallization (Chapter 6.1), the buffer substances and concentrations are
neglectable in the protein crystals. The enzymatic activity is, therefore,
the same for lysozyme crystals prepared from different buffer substances
or concentrations.

6.6 Shelf life of protein crystals

6.6.1 Shift in the nucleation and solubility curve during
crystallization

As to be seen in Chapter 5.2.3, the slope of the solubility and nucleation
curves at pH 5.0 (the measurement with retention time compared to the
measurement without retention time, see the temperature profiles in Fig-
ure 5.31), shows a similar slope in Figure 5.32, if the retention time is
subtracted and only the absolute crystallization cycle counts are plotted
on the x axis. The plot in Figure 5.33 shows a changed slope. The re-
tention time is now included in the x axis that the measured points are
plotted versus time. This means that each crystallization cycle will change
the metastable zone, and not the absolute time of the crystals inside the
mother liquor, the running time. The average temperature and time for the
dissolved protein and crystallized protein in the mother liquor is the same
in both temperature profiles, shown in Chapter 5.2.3. The temperature
of solubility remains constant during the measurements, the nucleation
temperature shifts towards higher temperatures with time/cycle counts.

At pH 7.0 again, the solubility temperature during the measurement re-
mains constant. The nucleation temperature will shift towards higher tem-
peratures, too. There are two points which might change during the mea-
surements. The first, is a loss of water in the measurement sample. This
will also affect the solubility temperature, and is not to be seen in these
results. The second, is the protein will denaturized due to the continuous
crystallizing and dissolving. But in this case, the denaturation process has
no effect on the protein concentration, and thus the solubility temperature.
Those denaturized protein molecules are only be able to promote primary
heterogeneous nucleation! This will support the temperature of nucleation.
At the end of the measurement run (pH 7.0), there is a nucleation at
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much lower temperature than in the previous cycles of this measurements.
If there is no solubility seen anymore due to the change in modification,
and the solubility is out of the temperature range used in this measure-
ment, the substance in the measurement vessel remains opaque. At pH
9.0 some more processes occur during the measurements. The nucleation
temperature seems to shift unpredictably between two or three temper-
atures. Obviously, here is a problem in the IR measurement technique
which is already discussed in Chapter 6.3.1. The problem results from the
fact, that when the probe is detecting opaque, no further nucleation or
phase transition can be detected anymore! It is, however, possible that
nucleation occurs at approximately 32 °C (temperature in the plot of Fig-
ure 5.35, where nucleation and solubility line have the same temperature)
due to the fact that the temperature profile, the cooling, keeps running
towards much lower temperaturwerees. If there is a further modification
present, it is possible that there is also a second point of nucleation which
is not to be seen by this technique. Or, the nucleated and growing crystals
will undergo a phase transition into another modification. In both cases
the turbidity devices will not detect any change in the IR signall When
heated up again, then the new (transformed) modification will dissolve ac-
cording to the changed solubility temperature. This solubility temperature
can have the same value as well as the nucleation temperature!

From the data in Chapter 5.2.1 it can be seen that for the pH values 9.0
to 10.5 the concentration range is chosen in a very close range. With a
greater concentration range, often no nucleation appeared, or the crystals
would not dissolve in a comparable temperature profile. It is shown that
there are, especially at the measurement at pH 9.0, some unpredictable
phase transitions which make problems during crystallization.

6.6.2 Enzymatic activity during crystallization

There is a loss of enzymatic activity in the liquid phase with time (see Chap-
ter 5.4.4). Due to this, the work on the crystallization is under development.
The crystallization is a method of storage of proteins with preservation of
the enzymatic activity. The metastable zone width measured, is therefore

increasing with cycle counts e. g. time.
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6.6.3 Enzymatic activity under changing storage conditions

Chapter 5.4.5 shows the data of the enzymatic activity long-time stability
tests. There are some small changes in the measured enzymatic activities
after every week (e.g. changed humidity and temperature conditions), but
those changes are not significant. No storability problems can be detected,
except in the case of the most extreme conditions tested, 80 % humidity
and 50°C. In the range of the tested conditions of 40 to 60 % humidity
and 20 to 40 °C temperature, the enzymatic activity can be defined “sta-
ble” for storage. The small changes are more to be seen at different levels
of “free water” (see e.g. Chapter 5.5.2), and thus a different weight por-
tion of the pure protein, which is able to catalyze the enzymatic activity
test. Also between the three measured modifications there are no signif-
icant differences to be seen in enzymatic activity while being stored. At
the above-mentioned extreme conditions, the enzymatic activity decreases
significantly. At those conditions, protein crystals get a yellowish color
which shows the denaturation.
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6.7 Conclusions

Some points identified as not clear in literature up to today with respect to
growth and dissolution of protein crystals, are clearer after the discussion
in the last Chapters. The results are related to Chapter 3 the following

points:

e There is an optimal pH value for the crystallization of each different

protein modification (here presented based on the protein lysozyme).

There is an influence of the pH value on the solubility line. There is
a maximum in solubility at certain pH values. This can, especially,
be seen in a 3D plot (Figure 5.24). Those pH values, at which the
maximum occurs, correlate to those conditions named in literature,
which lead to be the best crystals of each lysozyme crystal modifi-
cation. From X-ray analyses in this work (see Chapter 5.5.1), it is
known that slightly modified pH values will still lead to the same
crystal lattice of the protein, until at certain deviation in pH will
lead to a change in modification. The influence of the pH value on
the solubility is to be found in the liquid phase, e.g. forces between
molecules. With a maximum solubility, the released Gibbs free en-
ergy is on the highest level, and therefore the driving force to form
stable crystals the biggest. At the end, the pH value will change
the proton concentration. The protons are part of the equilibrium

constant of the proteins.

e New methods to determine the protein crystal growth and dissolution

kinetics, taking the necessity of the availability of only low amount
of substances, and the dispersions into account are presented.

The first method is a micro fluidized bed using a “micro drop dis-
penser” to measure crystal growth rates. Very small dosing’s of two
equivalent volumes of salt and protein solutions are mixed. Due to
the salting-out effect a supersaturated solution is created. The crys-
tals inside the fluidized bed will be floated by the supersaturated
solvent. The level of supersaturation will be detected by an UV /Vis
photometer at 280 nm wavelength. From the volume flow rate, and
the known concentrations in the dosing unit, as well as the measured
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concentrations in the measurement circuit, the growth rate with re-
spect to the growth rate dispersion can be calculated. The volume of
the circuit is approximately 3 mL, and crystal masses of 10 to 200 mg
have to be used in the flow cell.

The dissolution rate will be measured by a second method (set-up).
A batch vessel is filled with some crystals of fixed mass, and the ap-
propriate dissolution solvent will be added as fast as possible. The
concentration in the dissolving liquid will be detected by a new mea-
surement probe (“Vision” probe), or a UV /Vis photometer at 280 nm.
From these measurements versus time, the concentration versus time
can be calculated. By some calculations, the first deviation creates
a plot of dissolution rate versus concentration. All the three set-ups,
use a mass of crystals (10 to 200 mg) and not only one crystal. Due to
this, the growth and dissolution rates will be measured not forgetting
the dispersion rates.

e The “falling into pieces” dissolution mechanism as discovered and
described by Miiller [Miil12b] has been explained. The two different
dissolution mechanisms (the new and the conventionally) for the lyso-

zyme crystals, can be explained by repulsion forces between the pro-
tein molecules in the crystal lattice. Due to this new knowledge,
it is possible to tailor the dissolution mechanism for protein
crystals with respect to fast or slow dissolution. For phar-
maceutical use, this is of key importance! A protein molecule
contains of several amino acids, and thus functional groups which
are loadable. If some of the conditions in the liquid phase, where the
crystals will be dissolved are changed differently than compared to
the crystallization conditions, the charges will be changed. Changed
charges will change the interactions between molecules in the crys-
tal lattice. If the interactions will be changed that the Gibbs free
energy is big enough, the crystal lattice is not stable anymore, and
thus the crystals will “fall into pieces”. The parameter to induce the
modified mechanism are determined as the pH value. A change of
the pH value of two units compared to the crystallization conditions
is enough, to leave the metastable zone and change the dissolution
mechanism. The precipitant substance, and solvent effects from ad-
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ditives and different solvents, can also be the source of the changed
charges in a protein crystal. Due to “falling into pieces”, rather than
just shrinking and rounding, the dissolution rate will be increased. If
the dissolution conditions are kept the same as used for crystalliza-
tion except of course of the saturation level, the lysozyme crystals
dissolve in the conventionally form, known as rounding of the edges
and afterwards shrinking homogeneous mechanism.

e The enzymatic activity in the protein crystals remains constant for

normal ambient temperatures and humidity’s (20 to 40°C and 40
to 60 %) according to the measured data. Between different crystal
modifications, there seems to be no differences in the preservation
of their enzymatic activity. Extreme conditions (80 % of humidity
and 50 °C of temperature) will decrease the enzymatic activity dras-
tically, and will results in a yellowish color of the crystals due to
denaturation. Especially, the enzymatic activity of the tetragonal
modification decreased by 50 %.

e Protein crystals need to be named much more precisely with much

more information in their name, in order not to lead to problems in
their usage with respect to their chemical and physical composition
behavior. Based on X-ray measurements it could be shown that the
crystal lattice parameters for slightly changed pH values in the liquid,
where the crystals were grown from, did not change. In the pH range
of 4.7 to 5.3, the X-ray data give no indication that the crystal lattice
is changed. This means, it is the same lattice (the same crystal mod-
ification), with the same lattice parameters, found within a certain
small pH range. The water content of lysozyme chloride crystals is
confirmed to be approximately 35 %.

From the fundamental analysis, it could be shown that there are
some “counter ions” incorporated in the lysozyme crystals, but with
varying content different from the calculated content which could be
given by the pl in the liquid phase.

Furthermore, the chemical composition of a protein crystal is ex-
plained. It can be confirmed that a protein crystal contains two
kinds of “water” (the bounded and the “free water”, the last is a
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buffer rather than pure water), the protein itself with the appropri-
ate amount of “counter ions”, and salt as precipitant in the “free
water”. The buffer substance in the “free water” within the protein
crystal is neglectable in a composition of a protein crystal, due to the
low concentration in mother liquor.

As a result of this work the naming of protein crystals as e. g. lysozyme
crystal has to be modified due to the fact that several parameters
will affect the produced crystals (pH value, modification, precipitant
as “counter ions” etc.), and as to be seen by the different dissolu-
tion mechanisms. According to the protein crystal growth process
respectively their growth conditions, these can be different crystals,
too. To be able to describe a protein crystal precisely enough, the
following information must be included: pH value of the solution
at which the protein crystals are grown, the generated modification,
the kind of protein, the precipitant substance and its concentration.
The pH value and the modification belong together, and the precip-
itant substance and concentration belong together. The “counter
ion” substance is already described by the precipitant concentration.
As an example for a naming of a lysozyme crystal as used in this
work: “HTO(5.0)-lysozyme-(6 wt%)sodium chloride” or “LT0O(9.8)-
lysozyme-(4 wt%)sodium chloride”
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7 Outlook

As an outlook it is possible to suggest that there is a big potential in
the field of molecular modeling in the field of protein crystallization. With
modeling, it should be possible to calculate the electrostatic forces between
the protein molecules in the crystal lattice. With such a technique, the
assumptions presented in this work could be verified or improved. As an
example, in the case of an approval of all the assumptions, the needed
pH value difference can be calculated to induce the “falling into pieces”
mechanism of the crystals for a desired application. A key problem in
the field of pharmaceutical application. Also, the ideal pH value could be
predicted, if the surface charges can be calculated from the pKa values of
the amino acid residuals.

There is a need of much more measurements of the kinetics of protein
crystals. In this work, some new techniques to determine the dissolution
and growth rate with respect to the dispersion were presented, but the
measurement range is still very small. After the measurements of the
protein lysozyme of this work, other proteins have to be measured with
this technique to bring the crystallization of proteins one step closer to
industrial mass production.

Dissolution phenomena should be examined for other proteins, than the
ones examined here. Do the assumptions and findings of this work hold in
other fields? Will other protein crystals also dissolve with a “falling into
pieces” mechanism? Of special interest is here, the lattice energy of the
protein crystals. If this energy is much higher than of the lysozyme chloride
crystals, it might be possible that no “falling into pieces” mechanism is to
be seen with those protein crystals.

The shelf life tests started in this work of the lysozyme chloride crystals
must be carried on over a much longer period of time, since the results in
this work of maximum two months is short for industrial needs.
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8 Summary

The partly unusual dissolution behavior of lysozyme crystals as presented
by Miiller [Miill2b] were systematically investigated. Two dissolution
mechanisms were found. The first dissolution mechanism is, the conven-
tionally known rounding of the edges and homogeneous shrinking. The
second mechanism is a “falling into pieces” mechanism, where new much
smaller particles dissolve afterwards independently, and therefore a much
faster dissolution rate can be achieved. The dissolution mechanisms can
be transferred via a pH adjustment, change of “counter ions” or solvent
parameters (influenced by added polymers and solvents). The two different
dissolution mechanisms can be explained by repulsion forces between the
protein molecules in the crystal lattice. If the dissolution conditions are
kept the same as used for crystallization except of course of the saturation
level, the lysozyme dissolve in the conventionally form. A change of only
one parameter is enough, to induce the “falling into pieces” mechanism.
With this new knowledge, it is possible to tailor the dissolution mecha-
nism for protein crystals, with respect to fast (“falling into pieces”) or slow
(rounding and shrinking homogeneously) dissolution. For pharmaceutical
use, e.g. this is of key importance! Several fundamental measurements,
like water content, structural X-ray analysis, amount of “counter ions” etc.
promote the given explanation of these mechanisms.

The effect of the pH on the metastable zone (solubility line and nucle-
ation line) was investigated. In literature (see e.g. [Gol04; McNO7; Wie02;
Car92]), and from amino acids it is known that the lowest solubility occurs
at the pl value. This is due to, at pH values lower than pl the molecules are
positively charged, at pH values higher than pl they are negatively charged.
In either case, the molecules push each other away (by Colombian repul-
sion), and therefore they wont to stick together. The substance is then
more soluble. However, no prediction how the solubility curve shape pro-
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ceeds at other points is known. Forsythe et al. [For99a] wrote: “The effect
of pH is not clearly seen and varies unpredictably with pH”. The presented
data show a decrease in solubility of higher pH values to the direction of
pl. But there are also points with a local maximum of solubility at a cer-
tain pH value. The results of the X-ray analyses show that only slightly
modified pH values still make the crystals crystallize with the same lattice
parameters. The pH value has then, obviously, only an influence on the
forces (Colombian repulsion) between molecules in the liquid phase. The
molecules in solid state define lattice parameters and are fixed for each
modification. If the solubilities at certain pH values show a maximum, the
released Gibbs free energy at this pH is also on the maximum level. This
means here are the best conditions for crystallization, and therefore for
the best crystals concerning perfectness. The found pH values are exact
those used in literature to crystallize the different known modifications
(tetragonal and HTO at pH 5.0 [Miill2b] and [Jud99], monoclinic at pH
7.6 [Har94], LTO at pH 8.6-10.0 [Ald09b] and hexagonal at pH 8.4 [Bri06]).

Furthermore, new methods (techniques) to determine the growth and dis-
solution rates keeping in mind the low availability of substance, as well as
the growth and dissolution rate dispersion, are developed. An average rate
of growth and dissolution, which is important for industrial applications,

needs to be determined.

A micro fluidized bed with a substance consumption of less than 3 mL and
10 to 200 mg of crystals in the column was developed, for the growth rate
measurements. For measuring the dissolution rates, a new probe which
is able to determine the concentration of protein in liquids, was used. A
method using a conventional UV /Vis photometer is added to increase the
amount of measured data. As a result, it was possible to show that in the
case of crystals “falling into pieces”, during dissolution the rate is higher.

It is clear that in case the pH value and the used “counter ions” have
an influence on the dissolution mechanism, then a naming like “lysozyme
crystal” is definitely not precise enough. Nobody knows from the currently
used name the crystallization conditions (e.g. incorporated “counter ions”,
pH value, modification etc.) which, however, are essential for a predic-
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tion of the dissolution mechanism of those crystals. Those parameters
describe automatically the properties of the protein crystals, and a lyso-
zyme grown in sodium chloride solution is different from a lysozyme grown
e.g. in sodium bromide! A new example to give protein crystals systematic
and better clarifying names is presented. In this work used crystals can
be named: “HTO(5.0)-lysozyme-(6 wt%)sodium chloride” or “LTO(9.8)-
lysozyme-(4 wt%)sodium chloride”

The influence of the dissolution mechanism on the enzymatic activity was
investigated. There is no significant influence of the dissolution mechanism
on the remaining enzymatic activity. It should be therefore possible, to
tailor protein crystals with respect to their dissolution mechanism for the
desired applications (fast or slow dissolution).

The enzymatic activity in the liquid phase measured in this work is expo-
nentially decreasing with time. Therefore, a crystalline form is necessary to
store and at the same time to preserve the activity. All shelf life tests in a
climate chamber, with changing conditions in the range of 20 to 40 °C and
40 to 60 % humidity, show no change in enzymatic activity. Except the ex-
treme conditions (80 % humidity and 50 °C), where the enzymatic activity
of all measured modifications decrease significant (by up to 50 %) within
one week, and the crystals get a yellowish in color. At this conditions the
crystals will be decomposed.
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9 Zusammenfassung

Das erstmals von Miiller [Miil12b] prasentierte ungewthnliche Auflosungs-
verhalten von Lysozym Kristallen wurden systematisch untersucht. Es
wurden zwei voneinander unterschiedliche Auflésungsverhalten gefunden.
Der bereits bekannte Auflésungsmechanismus verlduft iiber ein Verrunden
der Ecken, gefolgt von einem Schrumpfen der Kristalle mit der Zeit. Beim
zweiten Auflosungsmechanismus zerfallen die Kristalle in kleinere Frag-
mente, welche sich danach separat weiter auflosen. Durch die Erhéhung
der Oberfliche wird die Auflésungsgeschwindigkeit beim zweiten Auflo-
sungsmechanismus erhoht. Das Auflosungsverhalten hangt ab von der
Anderung des pH-Wertes, Anderung der im Kristall eingebauten Gegen-
ionen oder Anderung von Lésungsmittelparametern (durch Zugabe von
Polymeren oder mischbaren organischen Loésungsmitteln). Das Auftreten
der unterschiedlichen Auflésungsmechanismen lasst sich damit erklaren,
dass AbstoBungskrafte zwischen den Proteinmolekiilen im Kristallgitter
sich unter gewissen Bedingungen voneinander abstoflen. Werden also die
Bedingungen (natiirlich muss die Loslichkeit entsprechend angepasst wer-
den) entsprechend denen wéahrend der Kristallisation der Kristalle ver-
wendet, 16sen sich die Kristalle unter abrunden der Ecken und folgendem
Schrumpfen auf. Bereits die Anderung eines Parameters geniigt um ein Zer-
fallen der Proteinkristalle zu initiieren. Es ist somit moglich, maf3geschnei-
derte Kristalle fiir die entsprechenden Anwendungen (schnelles oder lang-
sames Auflésen) zu erzeugen. Fir z. B. pharmazeutische Anwendungsge-
biete nimmt diese Moglichkeit eine Schliisselrolle ein! Zuséatzlich wurden
viele fiir das weitere Verstandnis wichtige Grundlagenmessungen durchge-
fihrt, wie z. B. die Rontgenbeugung, Wassergehalte im Kristall, sowie die
Menge der im Kristall eingebauten Gegenionen.

Der Einfluss des pH-Wertes auf den metastabilen Bereich (Loslichkeits-
und Keimbildungskonzentration) wurde untersucht. Entsprechend der Lit-

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



96 9 Zusammenfassung

eratur (z. B. [Gol04], [McNO7], [Wie02] und [Car92]) ist: Die niedrigste Los-
lichkeit dort zu finden, wo der IEP-Wert dem pH-Wert entspricht. Vom
Isoelektrischen Punkt (IEP-Wert) aus in Richtung niedrigen pH-Werten
erfolgt eine positive Ladung der Molekiile, in Richtung zu hoéheren pH-
Werten erfolgt eine negative Ladung der Molekiile. In beiden Fallen fiihrt
dies zu einer abstoflenden Wechselwirkung untereinander (Coulomb Wech-
selwirkungen), die Molekiile wollen sich nicht gegenseitig anndhern (einen
Kristall bilden) und die Loslichkeit ist daher hoher. Jedoch gibt es in
der Literatur keine Angaben dazu, wie die Kurven vom Isoelektrischen
Punkt in beiden Richtungen weiter verlaufen. Forsythe et al. [For99a]
schrieb dazu, dass der Einfluss des pH-Wertes nicht klar zu bestimmen
war bzw. die Kurve unvorhersehbar verlduft. Die in dieser Arbeit ermittel-
ten Messwerte zeigen, dass die Loslichkeit vom isoelektrischen Punkt aus
in beide Richtungen abfallt. Es gibt aber zusétzlich diverse lokale Los-
lichkeitsmaxima verteilt iiber die gesamte Kurve. Von der Messung der
Rontgenbeugung zur Kristallstrukturaufklarung ist bekannt, dass kleine
Anderungen im pH-Wert nicht dazu fithren, dass sich die Gitterparameter
fiir das Kristallisieren der entsprechenden Modifikation dndern. Daraus
lasst sich schlussfolgern, dass der Einfluss des pH-Wertes auf den metasta-
bilen Bereich in Eigenschaften der fliissigen Phase zu finden sind, denn die
Gitterparameter im Kristall bleiben dabei konstant. Die durch lokale Ma-
xima gefundenen pH-Werte korrelieren beziiglich der Bedingungen fiir die
perfektesten Kristalle groftenteils mit den in der Literatur zu findenden
bekannten Kristallmodifikationen, hier fiir den Fall des Proteins Lysozym
(tetragonal und HTO beim pH-Wert 5.0 [Miil12b] und [Jud99], monoklin
beim pH-Wert 7.6 [Har94], LTO beim pH-Wert 8.6 bis 10.0 [Ald09b] und
hexagonal beim pH-Wert 8.4 [Bri06]).

Es wurden neue Methoden (Versuchstechniken) entwickelt um die Wachs-
tums- und Auflésungsgeschwindigkeit von Proteinkristallen zu vermessen.
Dies ist notwendig um die fiir industrielle Anwendungen so wichtigen mitt-
leren Werte fiir das Wachstum und das Auflésen zu ermitteln. Dabei ist
die Verfiigharkeit von nur kleinen Mengen an Substanz und die Berticksich-

tigung der Wachstums- und Auflésedispersion zu beachten.
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Es wurde eine kleine FlieSbettapparatur entwickelt, welche mit einem Pro-
duktvolumen von 3mL und nur 10 bis 200 mg an Kristallen in der Saule
zur Messung der Wachstumsraten auskommt. Fiir die Messung der Auflo-
sungsgeschwindigkeit wurde eine neue Messsonde verwendet, welche eine
Konzentrationsbestimmung der Proteine innerhalb der Losung ermoglicht.
Diese Methode wurde unter Verwendung eines UV /Vis Photometers erwei-
tert um auch Messwerte ohne Prototypmesssonde zu generieren. Der Zer-
fallmechanismus der Proteinkristalle fithrt zu einer signifikanten Beschleu-
nigung der Auflosungsgeschwindigkeit.

Da der pH-Wert und die im Kristall verbauten Gegenionen einen Einfluss
auf den resultierenden Auflésungsmechanismus ausiiben wird klar, dass
die Bezeichnung z. B. eines ”"Lysozym Kristalls” nicht die nétigen Informa-
tionen enthalt um diesen prézise beschreiben zu koénnen. Die verwende-
ten Kristallisationsbedingungen (pH-Wert, eingebaute Gegenionen, Modi-
fikation etc.) werden nicht ersichtlich. Diese werden allerdings benotigt
um den Auflésungsmechanismus voraussagen zu kénnen. Diese Parame-
ter beschreiben automatisch bestimmte Eigenschaften der Kristalle, denn
ein Lysozym Kristall gewachsen in einer Natriumchlorid Lésung ist ein an-
deres Kristall, als ein in Natriumbromid gewachsener. Als Beispiel kénnte
die zukiinftige Beschreibung lauten: “HTO(5.0)-Lysozym-(6 wt%)Natrium-
chlorid” oder “LTO(9.8)-Lysozyme-(4 wt%)Natriumchlorid”

Es wurde iiberpriift, ob das erzwungene ”Zerfallen” der Proteinkristalle in
kleine Fragmente zu einer Verringerung der resultierenden enzymatischen
Aktivitat fithrt. Die Ergebnisse zeigen keine signifikanten Unterschiede
in der resultierenden enzymatischen Aktivitdt zwischen den untersuchten
Auflésungsmechanismen. Somit ist es moglich durch gezielte Wahl der
Kristallisations- bzw. Auflésebedingungen der Proteinkristalle, den Auf-
l6sungsmechanismus und somit die Auflésungsraten gezielt maf3zuschnei-
dern.

Die gemessene enzymatische Aktivitdat iiber die Zeit nimmt in fliissigen
Medien exponentiell ab. Aus diesem Grund findet die Kristallisation An-
wendung um die Lagerstabilitdt (enzymatische Aktivitat) zu erhéhen. Die
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Lagerungsstabilitdtsmessungen (enzymatische Aktivitat unter wechselnden
Umweltbedingungen in einer Klimakammer zwischen 20 und 40°C und
40 bis 60 % Luftfeuchtigkeit) der Lysozymchlorid Kristalle verschiedener
Modifikationen zeigen, dass sich die Aktivitdt der Kristalle iiber die Mess-
dauer von zwei Monaten nicht verandert. Erst unter extremen Bedingun-
gen (80 % Luftfeuchtigkeit und 50 °C Temperatur) zeigt sich innerhalb einer
Woche eine signifikante Verringerung der enzymatischen Aktivitéit aller ver-
messener Modifikationen. Besonders stark fallt diese Verringerung fiir die

tetragonale Modifikation mit 50 % aus. Die Kristalle verfarben sich gelb
und zersetzen sich.
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List of symbols and abbreviations

A A450 — absorbance at 450 nm

AK — temperature difference in kelvin
AMeryst — mass increase of crystals

At — measurement time interval

°C — degree celsius

3D — third dimension

A — ampere

a.u. — atomar unit

Beircuit — mass concentration of circuit
Bsolution — mass concentration of solution
cm — centi meter

conc. — concentration

d — distance between lattice planes
e.g. — exempli gratia

et al. — et alii - and others

GRD — growth rate dispersion

h — hour

HPLC — high pressure liquid chromatography
HTO — High Temperature Orthorhombic
ICP — inductive coupled plasma

IEP — Isoelektrischer Punkt, german translation of pl
IR — infrared

K — Debye length

KG — Kommanditgesellschaft

LALLS — low angle laser light scattering
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LTO
pL

mcrysto

tetra
TGA

0

USB
[OAY

Vidos
Vsolution
Vis

wt%

List of symbols and abbreviations

wavelength

Low Temperature Orthorhombic
micro liter

mass of crystals at time zero
milli gramm

minute

milli liter

milli meter

mass spectometer

order of diffraction

nano meter

optical density at wavelenght 450 nm
optical emission spectroscopy
polyethylen glycol

polyethylen glycol mass number 6000
potential of hydrogen

isoelectric point

dissociation constant

organic residue

tetragonal

thermogravimetric analyse
theta, bragg angle

universal serial bus

ultra violett

volume rate of dosing

volume of solution

visible

weight percent

with

without

mass fraction of crystals
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