“How to describe protein crystals correctly?

-case study of lysozyme crystals-*

Dissertation

zur Erlangung des akademischen Grades

Doktoringenieur (Dr.-Ing.)
vorgelegt dem

Zentrum fir Ingenieurswissenschaften

der Martin-Luther Universitat Halle-Wittenberg
als organisatorische Grundeinheit fiir Forschung und Lehre im Range einer Fakultat
(8 75 Abs. 1 HSG LSA, 8§ 19 Abs. 1 Grundordnung)

von
Dipl. Ernéhrungswissenschaftlerin
Claudia Mduller
Geb. am 12.03.1982 in Anklam

Gutachter:
1. Prof. Dr. Dr. h.c. J. Ulrich
2. Prof. Dr.Ing. G. Schulte

Tag der Verteidigung: 18.04.2012



Acknowledgement

Present research work would not have been possible without the support of many people. |
would like to express my gratitude to my supervisor, Prof. Dr. Dr. h.c. J. Ulrich who offered
invaluable chances, support and guidance. Deepest gratitude are also due to my second
reviewer, Prof. Dr. G. Schulte, to the professional help of Prof. Dr. M. Pietzsch and Prof. Dr.
M. Stubbs, as well as to the practical support of Weissbarth, Schitze, Rudolf, Cismak
(Frauenhofer, Institut Werkstoffmechanik Halle) and Héser, without their knowledge and
assistance this study would not have been successful.

Special thanks to N. Aldabaibeh and to all TVT members e.g. C. Kirchner, T. Stelzer, P.
Frohberg, V. Diaz Borbon, L. Helmdach, K. Lee, Y. Liu, D. Pertig, S. Petersen, C. Schmidt,
A. Schuster, |. Stolte, A. Wachsmut, J. Igbal, E. Abohamra, R. Buchfink, K. Chaleepa, C.
Yaradd, E. Rombach, K. Jager, J. Heinrich, N. Pachulski, S. Dette, I. Trimper, A. Szepes
and A. Migge for the caring, sharing valuable thoughts and supporting assistance. All
mentioned team members made my time as a PhD student very enjoyable and
unforgettable.

I would also like to convey special thanks and gratitude to my best friends Sandra W.,
Michaela K., Maria C.P., Katrein O., Inken E., Katja R., Britta L., Susanne R., Levi T.,
Christoph S., Sebastian W., Janine W., Varsha J., Ingeborg F.B., Kesarin C., Younghye K.,
Sebastian H., Janine & Luke W., Sven & Katrin V., who always been there.

Finally, my particular gratitude refers to my beloved family, for their understanding, endless
support through the duration of my studies. | would like to accentuate my parents, my
brother and my grandparents, my grand aunt as well as my relatives in Halle for their never-
ending encouragement.



Selbststandigkeitserklarung

Ich versichere hiermit ehrenwdrtlich, dass ich die vorliegende Arbeit selbststédndig und nur
unter Benutzung der angegebenen Literatur und Hilfsmittel angefertigt habe. Die aus
fremden Quellen direkt oder indirekt GUbernommenen Stellen sind als solche kenntlich
gemacht und werden in der Arbeit aufgefihrt.

Die Arbeit hat in gleicher oder ahnlicher Form noch keiner Priifungsbehérde vorgelegen.

Halle (Saale), 19.04.2012 Unterschrift



Table of content

L. INErOAUCTION Lo e e e as 3
2. State Of @rt — ProteINS ... 5
2.1 SHUCIUIE Of PrOtEINS ....ceieiiiii i e e e e et e e et e e e e e e e e e ee e e e e e e e eeeannnnns 7
2.2 Physical and chemical properties of proteins, solubility ................ccccceeennnns 10
2.3 Crystallization Of ProteiNS ........ccoviiiiiiiiiiiee et eeeaeaes 14
2.4 Nucleation and growth mechaniSms ...........ccocouuiiiiiii e 20
2.5 DISSOIULION. ... 24
2.6 Enzymes, model substance lySOzyme ...........cooooiiiiiiiiiiiieii 27
3. Materials and mMethods ..........uuuiiiiiiii e 33
.l MAEEHIAIS. . 33
3.2 Experimental Methods ........ccoooiiiiiii 36

3.2.1 Frame conditions for the crystallization of lysozyme ...........ccccccviiiiien. 36

3.2.2  Analytics for lySOzyme CrystalS.............ueeiiiiiiiiiiiiiiiiieeee e 38

3.2.3  Solubility and dissolution equipmMeNt ..., 46
A, RESUILS .. e aaaaaaa 50
4.1 LYSOZYME CIYSLAIS ...euuuuiiii ittt e e e e 50
4.2  Analytics of lySozyme CrystalS........ccoooe oo 53
4.3  Solubility and dissolution of lysozyme crystals...........cccccceeieeiiieeiieieiiin. 78

431 SOIUDIIIY ... 78

432 [ 135 ] 111 To ] o P 82
5. DISCUSSION ..ottt sttt s et s e s st se s e st sesnens 93
5.1  LYSOZYME CIYSTAIS ... 93
5.2 Analytics of lyS0zyme CrystalS............ooieiiiiiiiiiiiiiie e 94
5.3  Solubility and dissolution behavior of lysozyme crystals ...............cccceeee. 106



5.3.1  SOIUDILY e 106

5.3.2 Dissolution behavior of lysozyme crystalS...........ccccvvviieiii e 108
5.4 OULIOOK. ... a e aaaaa 118
B. SUIMIMAIY ..ottt ettt e e e e et e ee e e e eneeneeeeenenes 121
7. ZUSAMMENTASSUNG c.oviviiiiiicieeeie ettt er s 123
8. List of abbreviations and symbolS .........cc.ccooiiiicicccecee 125
9. REFEIBNCES ...t 128
APPENAIX ottt 152



How to describe protein crystals correctly?

-case study of lysozyme crystals-

1. Introduction

Protein crystallization is mostly used as a technique to obtain large and high in quality
crystals suitable for structure determination using X-ray diffraction. Nowadays, protein
crystallization also becomes an industrial crystallization technique in order to produce high
gquantities of protein crystals. Industrial protein crystallization is becoming more popular and
it can be a gentle way to improve the purity and storability of proteins and to preserve protein
activity while purifying [MCP98]. Numerous studies on crystallization procedures were
performed to ensure the quality of the protein crystals which are described in literature, e.g.
by Durbin [DUR96], Feher [FEH86], McPherson [MCP90, MCP98] and Pusey [PUS91]. With
respect to industrial crystallization, protein crystallization has to be understood differently
due to its complexity and its multi-component system. Clear differences and similarities
between “classic crystals” and “protein crystals” have to be respected.

Industrial crystallization, in classical understanding, is used to purify substances by phase
transfer mainly from the liquid (solution, melt) or gaseous phase into the crystalline state.
The known understanding can in principle be used when working with proteins [MYEOL].
Kinetics, meaning nucleation, crystal growth and dissolution, and thermodynamics,
described by the phase diagram, of industrial crystallization processes are very well studied
and “unlimited” literature is available which is not the case, however, in the field of protein
crystallization. Protein crystallization in the last years has developed an incredible large and
active field of research, not only focusing on kinetics and thermodynamics, molecular
interactions as well as the mechanism behind the complex process of macromolecular
(protein) crystallization need a better understanding. Understanding the aspects of protein
crystallization can finally lead to the prediction of high quality protein crystals.

A searching of literature available for macromolecular and protein crystallization gives only
limited data and information about the kinetic and thermodynamic. Investigations and
discussions of phase diagrams, nucleation, crystal growth and their mechanisms provide first
approaches, explanations and theories [MCP90, MCP98, JON10, LIU10, SHIO6, RETO2,
WEB97, ASHO04, GIL02, BLO94], but the state of art is still far away from a complete
understanding. Furthermore, special papers concerning the size distribution, the crystals
hardness, the seeding and the dissolution of protein crystals are extremely rare or totally
missing in literature. These topics open an additional field of interest when integrating and
transforming protein crystallization into a standard industrial crystallization process.
Successful protein crystallization demands proper handling and understanding of proteins
and protein crystals, hence, knowing what a protein crystal consists of and how it is build. It
is the aim to contribute to this rising field of technology and science. Lysozyme from hen egg
white serves as model substance. Working with lysozyme brings advantages if compared to
most other proteins are e.g. its availability, low price, its ease of crystallization and its useful
and assisting literature.



Moreover, in pharmaceutical science, the dissolution of tablet bodies always has been of
extremely high importance. A protein or a protein drug, stabilized either by crystallization or
lyophilization, has to provide optimal bioavailability, meaning controlled dissolution, to
function as a therapeutic agent. Therefore, to control the drug release / protein crystal
dissolution to assure bioavailability and activity is an additional challenge. A promising
approach for controlled protein (e.g. enzyme) drug release is the use of protein crystals in
suspension. One common example is the human insulin that is already available on the
market as a crystal containing suspension [HOO03, LIL97]. It becomes clear, that
bioavailability and therefore the dissolution of protein crystals are crucial important for
biopharmaceutical / therapeutic applications.

In most conventional industrial crystallization processes, the dissolution was and still is
ignored and underestimated. The dissolution of inorganic crystals such as crystalline sodium
chloride, which is a pure and one component crystal, basically depends on the
undersaturation of the solvent, e.g. water. In presence of impurities, its dissolution can be
influenced and might become more complicated. In contrast, the dissolution of protein
crystals is generally much more complicated, because protein crystals are assumed to
consist of more than one component, and its dissolution does not only depend on the
undersaturation of the solvent. Already the crystallization of proteins is indeed comparable
but much more difficult than conventional crystallization, because of its enormous complexity
and diversity. The complexity arises among others from the huge variability of the proteins
polypeptide chain and its dynamic / flexible character. A dynamic / flexible character means
the native conformation can vary. Already small energy changes (e.g. changes of the buffer
environment) can cause an extensive number of different conformations. Furthermore, the
poly-ionic character of the proteins and the solutions they exist in are of great importance.
There are almost unlimited variations of aqueous or physiological environments possible,
including a large diversity of applied crystallizing agents. The environment and its
composition are highly relevant for the protein crystallization and in the same way for the
protein crystal dissolution.

Mentioned importance of controlling the crystallization and dissolution of protein crystals, the
lack of related information and observed lysozyme crystal dissolution phenomenon induced
extensive studies on different lysozyme crystal morphologies.



2. State of art — proteins

Proteins are macromolecules and show a very high complexity in composition and structure.
Detailed information on proteins, their composition and their structure as well as their
function and properties can be found for example in the Protein Data Bank [PDBal10, WEIO5,
BRA99]. The basic knowledge and the most common methods of protein crystallization are
described in books such as “Crystallization of biological macromolecules” by McPherson
[MCP98] and “Crystallization of nucleic acids and proteins; a practical approach” by Ducruix
[DUC92]. The important parts of theory, which are helpful to understand following chapters,
will be given and shortly explained by the “state of art”.

Commonly used terms and definitions used in industrial and protein crystallization will be
defined first. It is important to define terms such as polymorphisms, hydrates, solvates,
complexity as well as purity and mosaicity used in present thesis to create a uniform
understanding.

» polymorphism, hydrates, solvates

In the wide field of protein crystallization, commonly used terms such as polymorphism,
hydrates and solvates have to be clearly defined. Grant [GRA99] defines polymorphism as:
“Polymorphism is often characterized as the ability of a drug substance (chemical
compound) to exist in two or more crystalline phases that have different arrangements
and/or conformations of the molecules in the crystal lattice”. “Amorphous solids consist of
disordered arrangements of molecules and do not possess a distinguishable crystal lattice.
Solvates are crystalline solid adducts containing either stoichiometric or nonstoichometric
amounts of a solvent incorporated within the crystal structure. If the incorporated solvent is
water, the solvates are also commonly known as hydrates.

= purity

Conventional (solution) crystallization of inorganic materials (e.g. sodium chloride, potassium
or magnesium sulfate etc.) focuses on the purification of raw materials. Unwanted impurities
in the crystallization process can be disadvantageous for the crystal outcome e.g. quality
(purity), crystal size distribution, crystal shape etc. as well as for the following down-stream
processes. Occasionally, additives are used to optimize the crystalline product, but additives
are used in very low concentration. In protein crystallization, the term purification by
crystallization has to be understood slightly different. In first place, protein crystallization can
be used to selectively crystallize the protein of interest out of a protein mixture, which is the
same as for industrial crystallization. The difference is that protein crystallization demands
the addition of a crystallizing agent (e.g. salts, PEG etc.). In this case, the salt can be
understood as an “additive” or as part of the solvent. “Salting-out” takes place because the
salt is added in very high concentrations in order to influence the solubility [MCP99]. Another
difference is that interactions between the "additive”, the solvent and the protein occur.
These interactions result in bonds between the crystallizing agent, solvent and the protein
molecule [MCP99]. Therefore, the "additive” (crystallizing agent) and the solvent are part of
the generated protein crystal product. The protein crystal is only pure with respect to the
unique protein fraction, but it is not pure if considering the crystallizing agent and the solvent
fraction incorporated.



» mosaicity

Mosaicity, according to Rossiter [ROS90], is generally understood as: “a construct to explain
diffraction effects, and it is not to be taken as a literal description of crystalline character
(although it frequently is), we should not expect to see in a real crystal any arrangement of
closely aligned mosaic blocks.”. The aspect that mosaicity is related to crystal lattice defects
and that crystal examples exist which show high similarities to the theoretical “mosaic block”
formations, a “mosaic block” structure theory could seem realistic.

Apart from above, the mosaic structure in crystals is theoretically described by the presence
of “mosaic blocks” which are usually not in perfect alignment [ROS90]. The mosaic blocks
for many substances are about 10° to 10* Angstrém (100 to 1000 nm). The orientation (long-
range order) of the unit cells within a crystal represents the average orientation [ROS90].
The orientation leads to several diffraction effects, e.g lower mosaicity indicates better
ordered crystals and hence better diffraction.

Mosaic structures have been discussed whether their formation is linked to impurity-induced
defects and strains (tensions) in the crystal lattice. Strains caused by impurity incorporation,
which were not explicit defined, are assumed to accumulate up to a certain level. If this level
is exceeded, strains have to be relieved. The relief occurs through deformation and thus the
formation of “mosaic blocks” [CHE98]. The mosaicity can be reduced or avoided if impurity
incorporation during crystallization is minimal.

Protein crystals may show a mosaic structure when grown quite large. The onset of
mosaicity is suggested to be size dependent [CARO03]. That means, large crystal size leads
to higher impurity incorporation during growth, and thus an increase density of defect within
the lattice. An example for existing mosaic structure can be given by ferritin and apoferritin
crystals if larger than 300 um. These crystals showed visible boundaries which separated
the crystals into two or three etc. The mosaic blocks observed here were found to be about
20 to 100 um [CARO03].

An estimate of mosaicity of lysozyme crystals has been described in literature, too, but rare.
However, one exemplary reference describes the mosaic structures for a Tetragonal
lysozyme crystal (larger than 170 um) and illustrates its dissolution (on page 187, [CARO03]).
Demonstrated dissolution is characterized by “fast” dissolution along the block boundaries
which leads to a “hairy” morphology [CARO03]. Same reference also shows a lysozyme
crystal of smaller size (less than 170 um) that dissolves slowly and uniform which indicates a
lack of block boundaries [CARO3]; unfortunately no dissolution conditions are described.
Again a correlation of size and crystal defects is postulated.



2.1  Structure of proteins

In nature, protein molecules (proteins) are the building blocks of living organism and exist in
a huge variety. In principle, all proteins have the same basic backbone of 20 different amino
acids connected to each other to form a polypeptide chain. In general, proteins are long
peptide chains of amino acids in different number and sequence. Each amino acid consists
of a central C-alpha-atom that has an amino group, a carboxyl group, and a mutable side
chain connected. The amino acids are bind together by a covalent bond that is known as a
peptide bond between the amino and the carboxyl group (Figure 2.1.1a and b) [STRO7].
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Figure 2.1.1: Built up of proteins.

a) General amino acid.

b) Two amino acids linked by a covalent peptide bond after splitting of a water
molecule.



The side chain (residue) of an amino acid determines its properties. There are non-polar and
aliphatic amino acids (for example Alanine, Leucine and Valine), aromatic amino acids
(Phenylalanine, Tyrosine and Tryptophan), polar and uncharged amino acids (Serine,
Cysteine, Proline), positively (Lysine, Arginine and Histidine) and negatively (Aspartate and
Glutamate) charged amino acids (Figure 2.1.2) [STR07, KOOO083].
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To understand the nature of proteins, a short and simple insight of the protein structure will
be given. The protein structure is described by the primary, secondary, ternary and
quaternary structure [ATK90]. The primary structure is determined by the sequence of amino
acids which are the building units of a polypeptide chain. The polypeptide chain is the
backbone and gives all main structural information on a protein. The secondary structure
refers to regular local sub-structures that are e.g. hydrogen bonds in between the peptides of
the polypeptide chain. If all hydrogen bond donors and acceptors of the polypeptide chain
are saturated an alpha-helix or a beta-sheet formation occurs. Either the alpha-helix or the
beta-sheet formation determines the ternary structure. The ternary structure can be taken as
the three-dimensional structure of a single protein molecule. In addition to hydrogen bonds,
the hydrophobic interactions and the disulfide bonds are responsible for its stability as well.
Therefore, non-polar side chains of the amino acids, which are hydrophobic, are hidden
inside of the folded protein (globular). Charged, polar, and neutral side chains are hydrophilic
and mainly expose on the surface of the protein. This arrangement of the ternary structure is
important to understand the process of protein crystallization. However, several polypeptide
chains organize a protein and each polypeptide chain represents a domain or subunit.
Complexes of two domains are dimers and of several domains are called multimers.
Depending on the properties of the polypeptide chains, the domains are organized in a
specific order that leads to the quaternary structure but the quaternary structure is not a
must. Many proteins don’t build a quaternary structure so that they function as monomers
[BANO6, DAV96].



2.2  Physical and chemical properties of proteins, solubility

The physical and chemical as well as biological properties (e.g. solubility, stability and
activity) of a protein molecule arise from its structure meaning its polypeptide chain, their
three-dimensional folding or coiling, the number of residues of the amino acids and the linear
arrangement of these residues. The protein size, shape, hydration and charge have to be
considered as well. Furthermore, the properties can depend on non-protein portions that are
more or less strong attached to the polypeptide chain within the protein molecule. Working
with proteins can already cause slight changes in the protein molecule structure which may
change its properties. The risk of denaturation should be eliminated. Denaturation is an
extreme case of structure alternation and can arise from too high temperatures, too high or
low pH or too high salt concentrations. To avoid such alternation and to preserve its native
state is of great importance [DAV96].

Most proteins are soluble in water, in aqueous solutions of salts, and in some cases even in
polar, organic solvents like ethanol. Proteins which are very soluble in water or water-salt
solutions are not or just little soluble in organic or water-organic solvent mixtures [BANO6].

The solubility is one of the most important properties of either organic or inorganic
substances. The phase diagram which contains the solubility data is the most important tool
in order to control crystallization processes. In literature, only few protein phase diagrams
are available due to its high complexity. Its complexity is caused by many parameters like
temperature, buffer concentration, pH, ionic strength and pressure that affect the solubility
[ASHO4]. Available solubility data of protein crystals were achieved by different techniques,
e.g. the hanging-drop or the sitting-drop method [MCP98]. Another way to determine the
solubility of proteins in a more accurate way can be carried out in batch scale with a static
column method by Ataka and Asai [ATA88]. The solubility is then determined starting with a
supersaturated protein solution. After crystallization occurred and the system reaches an
equilibrium state, the protein concentration in the mother liquor is measured. Obtained
solubility data are accurate, but very time consuming and last several weeks. Therefore,
Pusey et al. [PUS91] developed a similar but faster method, a “micro-apparatus”. This static
method can reduce the equilibrium time to a few hours. Consequently, lysozyme was
intensive studied. Ewing [EWI194], Judge [JUD99], Pusey [PUS88, PUS91] and Aldabaibeh
[ALDO09] described the solubility of the Tetragonal and the Orthorhombic lysozyme crystal
morphology in buffer solution at various temperatures, pH and sodium chloride
concentrations. Among others, Ries Kautt et al. [RIE89, BEN02] worked on the influence of
the ionic strength and the pH. Due to the fact that most available solubility data for lysozyme
crystals in literature are reported for only limited and specific conditions, more investigations
have to be carried out, and achieving data need to be added to the lysozyme phase
diagram.

In general, one main factor that controls and leads of protein solubility is the electrostatic
surface charge. Proteins consist of amino acids in a specific sequence. These amino acids
carry the mentioned charged residues. The charged hydrophilic residues are arranged on
the surface of the globular protein molecule because of the protein folding. Hydrophobic
residues are facing the inside of the protein. Hydrophobic interactions are important within
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the physiological protein — protein interactions, hence for their biological function. They
develop with high affinity and very high biological specificity. The hydrophilic surface
residues interact with polar molecules and ions of the solvent. The pH of the solvent
determines the charge of the residues or functional groups, respectively, of the amino acids
and hence the protein charge. To give an example, at neutral pH the glutamic and aspartic
acid carry a negative charge whereas arginine and lysine a positive. Depending on the
sequence, the number, the density of the charge carrying amino acids and the solvent (pH) a
protein can be low or high in net charges. Therefore, total protein net charge is the arithmetic
average of all surface charges. At a specific pH, the total net charge will be balanced, thus
zero, this means the protein has the lowest solubility. This pH is called isoelectric point (pl).
If the pH becomes basic, e.g. the lysine charge will change from positive to neutral. For
further understanding, the overall protein net charge is responsible for the interactions with
polar e.g. water molecules and electrolytes because they have a dipole nature. Due to this,
an electrostatic double layer and hydration layer builds up. This causes electrostatic
repulsion and attraction. Highly charged proteins generally tend to remain soluble because
the polar and charged residues interact with the water and ions in the solvent. Proteins with
little / no net charges or hydrophobic residues prefer to aggregate or crystallize in aqueous
solvents. However, there are many parameters that influence the protein solubility whereby
temperature, pressure, pH, ionic strength, ionic composition and concentration of the
solution show the main impact [DAV96].

The following excurse explains the electrostatic forces between the amino acid — amino acid,
the ion (salt) — amino acid and the water — amino acid molecules that play a key role for the
solubility, in more detail. In solution, depending on the solvent pH and salt concentration,
functional groups (amino acid residues) are either saturated or ionized. These functional
groups direct the surface charges and the resulting electrostatic interactions, repulsion or
attraction. As a consequence, variations in the width of the electrostatic double-layer (cations
and anions) as well as in the hydration layer occur. Talking about repulsion and attraction
forces, the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory should be mentioned. This
theory is characterized basically by the van der Waals attraction (in solution short-range
forces) and the electrostatic double layer repulsion (long-range forces) [PEKO08]. Both are
always present, but if the repulsion forces between the lysozyme molecules are stronger
than the attraction forces, solubility is promoted. The opposite supports the crystallization
[ISR11, EVAT76].

An increased salt concentration can lower the solubility. The decrease of solubility can be
explicit reasoned by reducing the density of the protein surface charges. This limits the
electrostatic double-layer [BOSO03], it reduces the repulsion forces (electrostatic interactions)
are reduced [GUI92, BENO2, RET02, RETOQ7], and as a consequence, the attractive forces
(van der Waals forces) and therefore the approach of two protein surfaces are supported
[BRIO1]. If the electrolyte concentration is high enough, the repulsion force will be dominated
by the van der Waals attraction. Simply, dominating van der Waals forces can enable
coagulation and therefore nucleation / crystallization or precipitation [PEKO08]. DLVO forces
have limits in explaining all solubility phenomena [BOS01, NIN99, PEKO08]. However, the
DLVO theory can be generally applied. At high salt concentrations when Debye-length and
the distance between two lysozyme surfaces becomes extremely small, less than 1 nm, the
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DLVO forces cannot be taken into account anymore. They are replaced by other strong
short-range forces [MCB97]. At this point, forces such as solvation/hydration forces, thermal
fluctuation forces etc. become dominant [LEC01, CHR83, BOS01, PEKO08].

An increased pH has similar effects on the protein surface and reduces the all-over surface
net charge in a comparable way. If the all-over surface net charge is zero, attractive van der
Waals forces as well as e.g. hydration/solvation forces dominate and the solubility becomes
minimal (pl). This means, the higher the pH of the environment (solvent), the closer to the pl
(p! 11 [MYEO1]), the lower the solubility of lysozyme crystals [MCP98, GUI92, BENO2,
RETO02, RETO7].

In addition, the hydration layer is important to mention because it exists around the protein
molecules as well as on the protein crystal surface. As already mentioned, the charged
surface interacts not only with the ions of the solvent but also with the dipolar water
molecules. Polar interactions occur and hydrogen bonds build that stabilizes the hydration
layer. The hydration layer developed is called “biological” hydration layer. The hydration
layer consists of water molecules that are bound directly to the lysozyme surface and “free”
ones whereas the two types of water are in equilibrium. A second equilibrium exists between
this “biological” hydration layer and the bulk solution and forms an additional layer as well.
This layer is important for the protein — protein interaction and therefore for the crystallization
process [DER06, VEKO7, NANO8, FRE94, SAL85].

As known, an increase in pH and/or salt concentration leads to less surface charges of the
protein molecule causing existing hydration forces to change. Due to less surface charge,
the hydration layer becomes “thinner”, the repulsive hydration forces become weaker and
the solubility is reduced [RET97, VALO5, SAL85].

The natural globular lysozyme molecule in aqueous solution always builds up a hydration
and electrostatic double layer because of hydrophilic amino acid residues located at the
molecule surface. The same is assumed for lysozyme incorporated in a crystal lattice
(crystallized lysozyme), too, because it also constructs various interactions with the solvent.
Lysozyme during crystallization forms many intermolecular contacts and finally the crystal
lattice. Each contact, called “macrobond”, includes several bonds between charged and
polar groups of atoms (so called “patches” or residues of the amino acids) of the lysozyme
surface. Water molecules, electrolytes and/or other polar molecules present in the solvent
bind often to these groups or patches through different kinds of intermolecular interactions /
forces such as hydrogen bonds (including ionic bonds) or van der Waals forces. Therefore,
they become incorporated in the crystal lattice as well. The contacts (macrobonds) in the
crystal lattice use specific areas of the lysozyme surface and can vary in strength. The
strength of the macrobonds depends on the number of involved interactions, the interaction
“partners” (amino acids, ions, polar molecules and/or water) and the crystal lattice
(morphology).

A macrobond (contact) is the sum of different types of hydrogen bonds and non-hydrogen
bonds that finally lead to strong attraction. Hydrogen bonds include interactions between
amino acids of different lysozyme molecules, amino acid — water, ion (salt) — amino acid (salt
bridges) [MATO3]. Supplementary interactions e.g. water — water (hydrogen bond) and non-
hydrogen bonds based on van der Waals forces (vdW) are assumed on the crystal / solvent
interface, which means the crystal surface including the surface of the interior crystal pores.
From the mentioned bonds, the amino acid — amino acid and the ion (e.g. CI) — amino acid
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interactions are the strongest (12.6 kJ/ mol), followed by the water — amino acid (6.3
kJ7mol), water — water (2.9 kJ/mol) and the lowest vdW (1.3 kJ/mol) [MATO03]. Marcobonds
exists in all three dimensions, but the arrangement varies depending on the unit cell. The
Tetragonal lysozyme crystal morphology has an unit cell of 8 lysozyme molecules and forms
4 kinds of macrobonds (A,B,C,D) whereas the HTO morphology contains half the number of
lysozyme molecules per unit cell and forms only three macrobond types (A,B,C); references
illustrate the macrobonds [MATO03, OKI99]. It is interesting, that only one chloride ion per
lysozyme molecule binds, but it can bind to different amino acid groups, depending on the
lysozyme crystal morphology. To give an example, only the C macrobond in Tetragonal
lysozyme crystals is associated with a chloride ion. The chloride is bond to an asparagine
residue. In HTO lysozyme crystals, the chloride ion binds, too, but to a different amino acid,
to the argine which belongs to the A macrobond.
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2.3 Crystallization of proteins

Protein crystallization is a very complex and difficult process, but follows the basic principles
of crystallization of small molecules in industrial crystallization which is described e.g. by
Hoffmann [HOF04], Sangwal [SANOQ7], Mullin [MULO1], Myerson [MYEOQ1], or Ulrich [ULRO3].
The solubility is very important, but limited solubility data are available, mostly due to the
huge variety in proteins, in possible solvents and solution conditions. Solubility data are the
base for the phase diagram that contains information to allow successful, optimized and time
reduced protein crystallization. Optimized protein crystallization can represent a gentle
purification method and is able to remove even traces of other proteins or contaminants.
Protein crystallization is also used to stabilize the protein structure and to preserve its
activity. However, protein storage in high concentrated solutions or by fast water removal
can retain protein stability and activity. Therefore special caution is required to avoid
denaturation. Common methods to reduce the water are evaporation (and / or air drying)
through a membrane to avoid contaminants, freezing followed by ice removal, or
lyophilization, meaning drying from a frozen state, whereby the latter is preferred due to no
or very little loss of protein activity [DAV96].

The following list will briefly answer the given question “What makes protein crystallization so
difficult?” and summarize the main characteristics of protein crystallization:

- protein crystallization occurs in a multi-component system [MCP98, DUR96, PUS02]

- limited crystallization conditions due to the risk of the protein activity loss and denaturation /
degradation [WIE99, PCP98, BANO6, DAV96]

- high supersaturation required, because of slow nucleation due to the large molecule size
with respect to small intermolecular distances [MCP98, WIE99, DUR96]

- large molecule size, complexity and diversity of macromolecules and their chemical groups
(residues); slight changes in pH, ionic strength, temperature or in concentration of the
crystallizing agent can influence the crystallization [ROS96, DUR96]

- growth kinetics dominated by surface kinetics (asymmetry of the macromolecule) when
working in small batch volume and stagnant solution [MCP98]

- strong intermolecular interactions meaning hydrophobic and hydrophilic forces, hydrogen-
bonds, salt-bridges, van der Waals forces [ROS96, MCP90, PUS02]

- protein crystal lattice contains large number of protein - protein contacts [PUS02, MATO03]

- high water / solvent content (30 to 90 % to keep the protein in its native conformation)
resulting from water molecules bonded to the protein structure (crystal lattice) and “free”
bulk water (solvent) molecules incorporated in the protein crystal channels / voids [MCP98,
MCP90, WIE99, ROS96]

- limited solubility data listed in the Protein Data Bank [MCP98]

14



Furthermore, the high costs of the equipment necessary to obtain proteins from biomass and
the related high impurity intake have to be considered as well.

An additional consideration that explains the difficulties of protein crystallization is the
crystallization entropy. Derewenda and Vekilov [DERO06] intensively studied the
thermodynamics of protein crystallizing systems and state that the crystallization of dissolved
protein molecules is enabled by changes of the Gibb’'s free-energy, AGocryst which is
described by the Gibb’s-Helmholtz equation (2.3.1):

AGOcryst = AHocryst - TAsocryst [MULO:L]. (2.3. 1)

Crystallization is only possible if AGocryst is negative. Among others, sodium chloride shows a
high negative AGOC.yst value of -384 KJ/mol [HYP11, CHE11] that cause the crystallization to
be “easy” if compared to protein crystallization. The AG’y of protein crystallization is just
minimal negative, e.g. HTO at pH8.6, 2 wt% sodium chloride, 12 °C results in -21 KJ/mol
calculated by Aldabaihbeh [ALD09a], see Table Al: “Variation of the enthalpy and entropy of
crystallization for HTO lysozyme”. Therefore, already small variations of crystallization
conditions, e.g. in temperature, can easily alter AGOC.W. Positive values  will
thermodynamically make crystallization impossible [DEROG].

Most of the protein crystallization methods were developed out of “trial and error”
experiments. Therefore, crystallization parameters such as temperature, pH-value, protein
concentration, type and concentration of crystallizing agent had to be investigated and
analyzed to determine their influence on the crystallization process. Among others, detailed
information on the history, techniques, and difficulties of the protein crystallization are
summarized and illustrated by e.g. McPherson [MCP91, MCP98], Durchix [DUC92] and
Wiencek [WIE99].

In case of protein crystallization as well as of solution or melt crystallization, supersaturation
or undercooling is the driving force. Supersaturation can be reached by different methods
such as changes in temperature, concentration (e.g. by dialysis, ultracentrifugation) and pH
or pressure whereas pressure changes are not common for protein crystallization [GIL02,
WIE99]. Unfortunately, the methods just mentioned are often not able to create a high
enough supersaturation. Adding a crystallizing agent, e.g. salts, polyethylene glycol etc.
which changes the solubility of the desired protein, called salting-in or salting-out, can induce
higher chances of successful protein crystallization. Using low salt concentration leads to an
increase in solubility, called salting-in. To crystallize e.g. lysozyme, higher salt
concentrations are required to lower the solubility again, salting-out, of the dissolved protein.
The decrease in solubility simply comes from the water competing interactions of the protein
molecules and the salt ions. Both, the electrolytes (salt ions) as well as the protein molecules
need to be hydrated on their respective surface [JONO5]. A lack of water causes the protein
molecules to be partially dehydrated. As a result, other protein molecules fill in the
dehydrated surface, protein-protein interactions increase and crystal contacts start to form
[WIEQ9, CHA12, JONO5, MYEO1]. The effectiveness of electrolytes, in respect to cation or
anion and the type of salt ions, were investigated and documented by Hofmeister [HOF88].
He developed the “Hofmeister Series” which points out that the effectiveness of salt anions
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also depend on the proteins isoelectric point, pl. Proteins with an acidic pl follow the anion
Hofmeister series. Proteins with a basic pl follow the reverse order [HOF88, CHA12]. If
required high superstation is reached, crystallization or precipitation occurs [WIE99]. The
important step to obtain good quality, well-ordered protein crystals is to avoid precipitation
because precipitated proteins form unspecific aggregates. Precipitation can occur if
supersaturation is increased to fast. Therefore, the supersaturation has to be increased
controlled in order to control the nucleation and the crystal growth. To do so, a phase
diagram is helpful. Figure 2.3.1 gives an overview on a general protein phase diagram which
illustrates the important information of protein crystallization. After controlled merging of the
solution containing the crystallizing agent, Ceystaiizing agents INtO the protein solution, Cprotein,
supersaturation should gradually reach the labile zone of the system so that nucleation can
occur. After nucleation that means after the formation of stable nuclei which follows the
Gibbs’s free energy model [MULO1], see Figure 2.3.2, the crystals will continue to grow until
leaving the metastable zone and reaching the equilibrium state.
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Figure 2.3.1. Phase diagram of protein crystallization.

The phase diagram is divided in the undersaturation and the supersaturation
region. The equilibrium line, also called solubility line, separates both regions.
The supersaturation is split in the metastable zone for crystal growth and the
labile zone.

In the past decay, a more detailed the phase diagram, the generic phase diagram of
proteins, becomes established. The generic phase diagram was introduced by Muschol and
Rosenberger [MUS97] which additionally describes a zone of fast liquid — liquid phase
separation. In this zone, protein crystals occur very fast, but of poor quality. Furthermore, a
gel formation zone is introduced which seems to be very suitable for the crystal growth
process. Myerson [MYEQ1] shortly summarized the basics of such generic phase diagram.
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Figure 2.3.2: Gibb’s fee energy model [MULO1].

Protein crystals, when grown for structure investigations by e.g. X-ray diffraction, are
produced at low supersaturation to have a low nucleation rate, hence, to forms high quality
crystals, same principle than for “classic” crystals. For batch protein crystallization in
industrial applications, very high supersaturation is required [LUOZ2]. Therefore, during batch
crystallization the nucleation and its nucleation rate are hard to control. Precipitation easily
takes place and the outcome shows marginal crystal quality. A suggestion for an explanation
was given by Lu [LUO2] who extensively studied the crystallization and its influencing
parameters. Lu [LUO2] explained, crystallization strongly depends on many parameters e.g.
the buffer solution and its pH, the temperature, stirring or seeding, if used, etc. Therefore,
resulting crystal formation, meaning nucleation and crystal growth, and crystal quality,
meaning physical, chemical and mechanical properties, cannot be predicted and causes any
batch crystallization to be different [DAV96, LUO2]. Approaches to predict and control the
protein crystallization lead to the introduction of the second osmotic viral coefficient
parameter, Bj,. This parameter was first established by Zimm and McQuarrie [ZIM46,
MCQ76, WANO6]. By, demonstrates a mathematical connection between the osmotic
pressure and the protein-protein interactions. Crystallization conditions, which stabilize the
protein in solution so that no crystallization can occur, show a large positive B,, value. In
contrast, large negative B,, values are common for solution conditions producing amorphous
precipitates [WIE99]. Further detailed description for B,, and its calculations are given e.g.
by Wanka [WANO06, WIE99].

Another promising method to obtain protein crystals that are of high and reproducible quality

was first performed by Ryu and optimized by Diaz-Borbon [RYUQ9, DIA10]. They developed
a novel freeze out protein crystallization technology which was successful proven for
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Tetragonal lysozyme crystals without enzymatic activity loss. With Diaz-Borbon’s own words:
“The key of the novel method is to control the concentration of a protein solution by use of
freezing out the solvent (melt crystallization techinque), reaching the supersaturation and
controlling crystal growth as a suspension crystallization process.” [DIA10].
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2.4  Nucleation and growth mechanisms

Crystallization starts with nucleation. Its control and the control of crystal growth are
important to predict crystal quality. In general, nucleation is base for the protein crystal
outcome with respect to the number of crystals, crystal size, crystal quality, meaning
perfection or imperfection. Literature on nucleation and the growth of protein crystals is e.g.
[MCP98, DUR86, FEH86, ALD46, WEB97, ASH04, DUR96, DRE98, ATA93, CHEO03,
VEKO04, WIE99]. In the following section, models of nucleation and crystal growth will shortly
be introduced.

One of the existing nucleation models for protein crystals is the “self-associated-based
model”. It describes the formation of self-assembled aggregates in the solution [PUS02,
ATA90, DURSS6]. In addition, Chernov [CHEO3] briefly defines the nucleation process as a
result of a random aggregation of single molecules (monomers) or oligomers in
supersaturated solution.

The self-assembled aggregates are the building blocks of a defined crystal lattice to obtain
stable nuclei. Such building blocks are n-mers of the protein molecules. In case of
Tetragonal lysozyme crystals, the building blocks are first dimers [PUS02], then tetramers
and/or octamers [FOR94, NAD95]. Attachment and detachment of building blocks to n-mers
occurs until a critical size is reached and a stable nucleus is formed.

|:| dlmer|zat|on H n-merization
I:I I:I |:| H weak ]

strong

interaction .
interaction

monomers (protein molecules) dimer unit cell of a protein crystal

Figure 2.4.1: Self-associated reaction of lysozyme molecules in solution to form a
Tetragonal lysozyme crystal.

Once a stable nucleus is formed, the detachment of building blocks minimizes. At the same
time, the attachment of growth units is promoted due to the Gibbs-Thomson relation
[MULO1]. Afterwards, crystal growth occurs by diffusive transport of building blocks (growth
units) to the nuclei surfaces, followed by their attachment. To imagine the nucleation process
according to the “self-associated-based model” see Figure 2.4.1.

One unit cell of a Tetragonal lysozyme crystal contains 8 lysozyme molecules [MAL11,
MATO03, VANO1, FOR94, NAD95, PUS02] which could be determined by the height of the
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growth steps. Orthorhombic lysozyme crystals consider 4 lysozyme molecules within a unit
cell [MAL11, MATO3]. At the beginning of the nucleation process, a dimerization steps
occurs that means linking of two protein monomers (one monomer equals one protein
molecule) to a dimer; continuing the linking process will lead to tetramers and n-mers; the
formation of dimers, tetra-mers and octa-mers occur fast due to strong interaction
(electrostatic repulsion, salt bridges, van der Waals). The n-merization continues until a
stable unit cell and finally a stable nucleus is formed. Afterwards, the attachment of the
formed growth units to the surface of the growing protein nucleus and crystal occurs much
slower then compared to the unit cell formation during the n-merization. Reasons are
expected to relate to reduced (repulsive) interactions [PUS02]. Hence, the attachment of the
growth unit to the crystal becomes the growth rate determining step.

The nucleation depends on the interaction of the protein molecules with the solvent including
the crystallizing agent. For example, the ions of the crystallizing agent can bind to the
surface of the protein molecule if the protein is dissolved in a solution unlike its isoelectric
point (pl). The ions attached cause a reduction in the number of charged residues of the
protein molecule which leads to less protein-solvent interaction. At the same time, the
protein-protein interaction will be supported and promotes the aggregation in solution.

step one: dense liquid step two: nucleation within the cluster of the dense liquid
" o

i ® i " 1j-- I...
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Figure 2.4.2: The macroscopic two-step mechanism of nucleation of crystals by
Vekilov [VEKO04].

Vekilov [VEKO4] energetically describes the nucleation as a two-step mechanism. Basically,
while supersaturation increases, step one describes the formation of dense liquid in which a
cluster is generated. Step two is characterized by ordering of the cluster and its protein
molecules that lead to nucleation and crystal formation (see Figure 2.4.2) [VEKO4]. Below
the drawing, Vekilov et al. [VEKO4] introduces a model to describe the two step nucleation
process. The standard free energy needed to form a dense liquid is given as AG®_.,, whereas
the free-energy for the cluster formation is AG’: . He explains that a mesoscopic cluster,
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which could allow nucleation to take place, can form when AG°,_ of the dense liquid reaches
a positive value, therefore it becomes AG’ and the free-energy required to form a nuclei will
be accordingly smaller. In contrast, if AG® | remains negative, the dense liquid also remains
in its stable state. To that effect, the barrier for cluster as well as nucleus formation is too
high and no nucleation can occur. For better imagination of the two step nucleation
mechanism, a brief description can be seen in Figure 2.4.2.

After nucleation, further supersaturation is the driving force for the crystals to continue their
growth until the equilibrium between solution and crystal is reached. The mechanism of the
growth process has been of great interests already in early 19" century. Starting from that
time, several growth theories for industrial crystallization, meaning solution or melt
crystallization, were developed and published, but none was able to explain all growth
phenomena in full. First published theory of the crystal growth was the “surface energy
theory” developed by Gibbs [MULO1]. Noyes-Whitney presented the “diffusion theory”.
Scientists like Kossel, Volmer or Frank worked on the “adsorption layer theory” [MULO1,
SANO7]. Later in the mid 20" century, Borton, Cabrera and Frank introduced the “BCF-
theory” [BUR51, MULO1]. Their theory was further defined by Eerden, Bennema and
Cherepanara [OHA73, MYEO1] and became well known and widely used. Furthermore, the
theory of the “growth rate dispersion”, GRD, was established (see e.g. [MYEO1, ULR89]) and
it was demonstrated that a size-dependent growth does not exist.

To describe the growth mechanism more detailed Mullin [MULO1] developed a 7-step model
which demonstrates the complexity during crystallization of inorganic compounds. Here, the
heat flow at phase transfer was neglected. All steps of the 7-step model listed below occur
simultaneously:

- (1) bulk diffusion of hydrated ions through the diffusion boundary layer

- (2) bulk diffusion of hydrated ions through the adsorption layer

- (3) partial or total dehydration of ions

- (4) surface diffusion of hydrated or dehydrated ions

- (5) integration of the ions into the lattice

- (6) counter diffusion of released water through the adsorption layer to the bulk solution

- (7) counter diffusion of released water through the boundary layer to the bulk solution
[MULO1].

Due to simplification, the multi-step process was reduced to a two-step or a three-step
process and became widely accepted. The older two-step model limits the growth process to
a) the transportation process of the solute to the crystal surface and b) the surface
integration process of the growth units on the rough crystal surface. The more new three-
step model takes the heat of phase transfer in consideration [GAR71, GAR81, KRU93,
ULR94, MULO1].
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The 7-step model by Mullin [MULO1] or the simplified models of Garside [GAR71] and Kruse
[KRU93] can be basically applied to the protein crystal growth but the multi-component
character of the protein crystals complicates the description of the growth process
enormously. The complexity in the protein growth process also becomes clear when
considering that the protein macromolecule has to diffuse through the multi-component bulk
solution and through the boundary layer. The diffusion easily is effected by the protein-ion
interaction, meaning ions of the crystallizing agent and the buffer, by the protein-protein
interaction and/or the protein-solution interaction (see chapter 2.2 solubility).

The two widely used and most common growth mechanism models for protein crystals are
“birth and spread” (screw dislocation) and the “two-D-nucleation” (layer growth), described in
literature [DUR86, CHEO3, ROS96, MCP98, MYEO1]. Both models are either limited by
transportation processes of the solute (protein growth units) to the crystal surface or by the
attachment step of the growth units on the rough crystal surface, surface integration. A clear
description is given by Durbin and Feher [DUR86]. Chernov [CHEO3] expressed: “Normal
crystal growth will occur on the so-called rough, disordered, crystal-solution interface which
will be generated by two-D-nucleation.”. His statement describes crystal growth from only
this one perspective. Discussing crystal perfection / imperfection leads to the other growth
mechanism, “screw dislocation”, which bases on defects in the crystal lattice. The screw-
dislocation mechanism is also known from the BCF theory. Furthermore, the defects of the
crystals lattice are e.g. stacking faults, dislocations or point-defects that can be generated by
incorporated impurities, vacancies, amorphous protein or their own agglomerates [MCP98].
These lattice or surface defects function similar as kink sites. Growth units adsorbed on the
crystal surface diffuse to the point of defect and start the screw “step” formation [DUR96,
MULO1, MYEO1].

The “layer by layer” growth provides three attachment possibilities such as on a flat surface,
on step or on kink sites. The mentioned incorporation sites are ordered according their
energy requirements. Thus, the kink site is the most favorable one [MULO1, MYEOL1]. The
building blocks are 2-D nuclei which have to overcome to critical size to be stable. The nuclei
can be generated at the crystal surface directly, but also in the bulk solution from where they
have to diffuse to the crystal surface.

The growth of Tetragonal lysozyme crystals was already well studied by Nadarajah et al.
[NAD96, NAD97]. It occurs in two steps as described earlier. First, aggregated protein
growth units form in the crystallization buffer. Within the aggregated growth units, very strong
intermolecular bonds exist. Lysozyme crystals grow by surface attachment of those
aggregated protein growth units, kink sites are favoured. The aggregated protein growth
units are generally tetramers, octamers or n-mers [NAD96, NAD97, CUIO06]. It depends on
the crystallization conditions and the crystal face where the growth units attach to.
Michinomae et al. [MIC99] described the growth mechanism different but similar. In his view
point, during the crystallization process protein molecules will associate to form first short
protein molecule “threads” followed by the formation of larger spherical structures. These
threads can be taken as growth units. His described growth process did not achieve high
popularity [MIC99].
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25 Dissolution

Dissolution can be defined by molecule or ion transfer processes from a crystal / solid into
an adjacent bulk solution. Three main steps, the surface disintegration, the diffusion step
and the heat transfer control the dissolution that will be explained later when dissolution
mechanisms are described. The dissolution rate, one important parameter for bioavailability,
considers the unit time and the surface area that is needed for a certain amount of dissolved
substance to diffuse into the bulk solution.

The field of dissolution is an important field of research, especially for pharmacy, medicine,
nutrition-food, geology, geophysics and similar research groups. In industry, the dissolution
as one of the basic and starting process steps is known, but its importance was and is often
underestimated [FAB96]. In past decays, the field of dissolution received more attention due
to the pharmaceutical, nutrition and fertilizer industry. Therefore, the bioavailability of e.g.
API's (active pharmaceutical ingredient), aromatics, sugars, dietary supplements or
fertilizers, which is related and based on dissolution, increased its meaning. Up to now, it is
stil a major challenge to control the bioavailability, to understand the dissolution
mechanisms completely and to apply the knowledge to organic substances, e.g. proteins.
The known basic models to describe the dissolution mechanisms in the pharmaceuticals are:

1) the diffusion layer model with respect to the Fick's law [THOO04, PHI05, DOKO06],
2) the interfacial barrier model [DOK06, PHA11].

In early 19 century, Noyes and Whitney [DOKO06] published first correlation between time
and dissolving substance of a solid particle. They established an equation which is the basis
of today’s diffusion layer model of dissolution (see Figure 2.5.1). The diffusion layer model
describes a stagnant liquid layer (stagnant film) on the crystal surface. Resulting reaction
between the solid — liquid interface causes immediately local steady saturated solution
conditions (very fast). The liquid of the bulk solution passes that stagnant liquid layer with a
certain velocity. The arising dissolution takes place only by diffusion processes of the solid
molecules / ions from the stagnant liquid layer into the bulk solution (much slower). This
diffusion process determines the dissolution rate (dM / dt) (see equation 2.5.1) [THOO04
PHA11]:

dM/dt=DA (cs—¢Cp) /h (2.5.1)
The diffusion occurs according to Fick’s law [PHIO5]:
J=-Dsdc / dx. (2.5.2)

Summarizing Fick’s law, at time t, when the solid molecules diffused into the bulk solution, it
is assumed that the concentration gradient (dc / dx) decreases until no gradient exists
anymore (see equation 2.5.2).
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Figure 2.5.1: Dissolution scheme according to the diffusion layer model [THOO04,
PHA11].

The dissolution according to model 2) the interfacial barrier model is basically the same as
the layer diffusion model. Additionally, a high activation free energy barrier is taken into
account (see red dashed line of Figure 2.5.1). This energy barrier causes the solid — liquid
interface disintegration kinetic to be delayed.

Furthermore, research was carried out to determine the solvent structure and their influence
on the dissolution. The dissolution-limiting factor, the influence of impurities on the crystal
lattice during growth and dissolution or the dissolution rate dispersion also became of
interest and received some attention [FAB96, VAL24, IVE60, IVE63, AND87, FRASS,
LAC74].

So far in research, the dissolution behavior of protein crystals, if not used in pharmaceutical
applications, seem to play no major role, missing literature gives evidence. Interesting
observations of dissolving lysozyme crystals could show otherwise and enhance the
relevance of the dissolution. In discussions with biologists or biochemists, the observed
dissolution behavior was known and explained simply by existing mosaic structure, but the
dissolution mechanism, its correlation to the protein crystal composition and structure is
apparently ignored.

Taking a closer look to Figure 2.3.1, on the left side of the phase diagram the dissolution
region is located. This region is defined by undersaturation, which is the driving force for
crystals to dissolve. The basic principles of organic and inorganic dissolution are comparable
as well [FAB96].

Tuladhar et al. [TUL83] describes a dominating influence of the solid-liquid interface
meaning the moistening or wettability of the crystal surface during dissolution. Therefore,
moistening depends on the polymorphic structure of the compound and/or the presence of
additives. Buckton [BUC90] in particular pointed out that the dissolution is a complex
process which can be limited by wettability of the crystal surface, solubility of the substance
and the additive as well as the disintegration into small units. For this complex process, he
differentiates that existing crystal surface, due to surface exposed functional groups of the
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compound molecules, influences the wettability. Moreover, the molecular structure and the
binding energies within the crystal strongly influence the dissolution of the crystals.
Numerous studies proved the importance and the large impact of the surface disintegration
which also becomes clear when reviewing e.g. equation 2.5.1. Other parameters which
influence the dissolution kinetics e.g. surface-active additives that can promote or inhibit
dissolution, agglomeration or even the ration of crystalline / amorphous fractions within a
crystal were also discussed [DOKO06, VAI24, IVEGO, IVE63, FRA58, LAC74, HEI75, HORO1].
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2.6 Enzymes, model substance lysozyme

Enzymes are proteins that can be generally understood as biocatalysts. They share common
properties with chemical catalyst e.g. the acceleration of chemical reaction without
influencing the reaction equilibrium constant, and no consumption or de novo synthesis of
the enzyme during the reaction. Differences exist as well. To mention a few, active enzymes
are always proteins (one exception: RNS-molecules which show enzymatic activity), highly
specific to one reaction and show, in most cases, strong substrate specificity for only one
substrate [DAV96]. During the reaction, the expected product will be generated without any
side products. The main characteristic of enzymes is their substrate specific enzymatic
activity which is limited to a specific temperature and pH range. However, if activity is
present and detectable, the protein is in its native state. The native state represents the
natural conformation that assures the catalytic function and allows the protein to crystallize.
Therefore, the activity of an enzyme can be taken as an indicator for purity and crystallinity.
So far, no denatured protein has been crystallized [NEU53, DAV96].

Additional information and explanations on the enzyme classification, enzymatic
mechanisms and kinetics are given e.g. by Davidson [DAV96] and Koolman [KOQ98].

Lysozyme from hen egg white, an enzyme also known as Muramidase, is chosen as a
model substance to investigate the nature of protein crystals and to advice further protein
crystal classification.

The history of lysozyme and its discovery is described in literature, see [WEIO5, FLE22,
WOR10]. Lysozyme is not only present in the hen egg white, but in milk, in mushrooms or in
plant fluids. It is also a component of human body fluids such as salvia, tears fluid, blood
plasma and plays an important role for the immune defense in the human body [HEI99]. The
function of the lysozyme is important for living organism because it fights the ever-present
danger of bacterial infection. Additional information can be found e.g. in [LYS10, WOR10,
PDB10a, PDB11b-d].

The native and active hen egg white lysozyme molecule consists of 129 amino acids (Figure
2.6.1c) and has a molecular weight of approximately 14.6 kDa [MAL11, SCH89, BRO96].
The amino acid sequences of other types of lysozyme are homologous, but differ in 4 to 20
amino acids. Lysozyme belongs to the globular proteins. Due to hydrophobic amino acids,
the lysozyme achieves an ellipsoidal shape. The allover net charge is dependent on the pH
of the solvent, e.g. at pH4.6 lysozyme carries 10 to 12 positive charges [ROS96]. Lysozyme
is also a “zwitterionic” protein which has positive and negative charges. However, lysozyme
becomes bipolar, a dipole character exists [APGO8]. The isoelectric point, pl, of lysozyme is
in the range of 11 to 11.5, depending on literature [BER05, MYEQ1, BRO96]. The surface
net charges are responsible for the two main protein — protein interactions:

1) the long-range repulsion (electrostatic forces)
2) the short-range (van der Waals forces) [APGO08].
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Following Figures 2.6.1.1a to 2.6.1.1e demonstrate the lysozyme molecule in different
structure models. Taking a closer look to Figure 2.6.1.1e, primary and secondary structure of
the lysozyme chain within a Tetragonal lysozyme crystal is shown. The black dots above the
capital letters that stand for amino acids point out where the ions of sodium chloride can
bind. In the following, the capital letters are explained [NCB11, STRO7]:

- Y = Tyrosine, S = Serine, C = Cysteine, N = Asparagine, R = Arginine

a) b)

active site
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Figure 2.6.1: Lysozyme structure models.

a) Structure of lysozyme in ball-and-stick stereo picture [LYS10].

All protein atoms are shown as balls and the connecting bonds as sticks. The
carbon atoms are grey, nitrogen atoms are blue, oxygen atoms are red and the
sulphur atoms are yellow.

b) Structure of Tetragonal lysozyme crystallized with NaCl at pH4.3 [PDB10a].

c) Structure of Orthorhombic lysozyme crystallized at high temperature
[PDB11b].

d) Structure of Orthorhombic lysozyme crystallized at low temperature
[PDB11c].

e) Primary and secondary structure of Tetragonal 193L lysozyme chain A
[PDB11d]. Primary structure with its amino acid sequence is shown as capital
letters, secondary structure is represented by the symbols above the amino
acid sequence, four disulfide bonds are shown green, small black dots (pointed
out by black arrows) mark the amino acids where the sodium or the chloride
ions can bind [WEIO5].

Many studies were performed on lysozyme and lysozyme crystals. Numerous solubility
studies build base for a phase diagram and phase transformation which shows the existence
of different solvates (in literature often called polymorphs) [BERO5, PUS91, PUS88, HOWS88,
ATAB88, GUI92, FOR99, SAZ96, EWI94, ALD09, ANNOS].

Among others, Ries-Kautt et al. [RIE89] described the solubility of lysozyme which is in
reverse order of the Hofmeister series due to the fact that lysozyme belongs to the basic
proteins with a pl of 11 - 11.5 [RIE89, BER05, SAK68, LIM98, VANO1]. Cacioppo et al.
[CAC91] summarized the solubility behavior of lysozyme crystals dependent on the salt
concentrations in the solvent. They demonstrated that at low salt concentration the solubility
decreases with increasing pH.
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The crystallization of lysozyme is well described in literature (see chapter 2.3). Therefore,
basic information of the production condition to obtain reproducible lysozyme crystals exists.
Up to now, six different lysozyme morphologies are known, such as the Tetragonal, the
Monoclinic, the Triclinic, two differently produced Orthorhombic and the Needle morphology
[LEG02, PETO7, JUD99, EWI94, ALDO09].

Here the focus is on the Tetragonal, the high temperature Orthorhombic (short HTO) and the
low temperature Orthorhombic (short LTO) that are produced by batch crystallization.
Crystallographic studies on the Tetragonal, HTO and LTO lysozyme crystals produced under
identical conditions as described in this work were carried out by Aldabaibeh [ALD09a]. He
[ALDO09a] collected data which were obtained by a one beamline 14-BM-C at BioCARS,
Advanced Photon Source, Argonne National Laboratory, Argonne IL USA. The space groups
and the lattice parameters of the lysozyme crystals investigated could be calculated by the
data processing software XGEN [ALDO09a]. Crystallographic data are summarized in the
Table 2.6.1.

Table 2.6.1: Crystallographic data for the Tetragonal, HTO and LTO lysozyme crystal
morphologies obtained from single crystal XRD [ALDO09a].

Crystal, pH Space group a (A) b (A) c (A)
Tetragonal, pH5 P452.2 7.7 7.7 37.1
HTO, pH5 P2,2:2, 29.9 55.8 72.3
LTO, pH9 P2,212, 30.4 57.5 67.6
LTO, pH10 P2,2:2, 30.5 57.5 67.7
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2.7 Motivation and objectives

Originally, before protein structure analyses became of interest, protein crystallization was
already used for purification purposes. First purification studies were carried out on jack
bean urease, [SUM26], and on ovalbumin from chicken egg white [JUD95]. The yield and
efficiency was very high and protein crystallization became established. With time, the
meaning of crystallizing proteins changed. The new interest why studying the protein
crystallization in more detail was then to investigate the structure of proteins, trying to
understand and explain their biological function. This understanding gives crucial
background and enables pharmacist and/or medical scientists to develop special drugs or
API's, in general biopharmaceuticals, for specific diseases. To give examples,
biopharmaceutical API's can fight various types of viruses, cancer, leukemia, or metabolism
dysfunctions (lactose intolerance, diabetes mellitus) or allergies. However, the medicament
design became very specialized to protein causing diseases. Basically, the API (e.qg.
proteins, mostly enzymes or hormones) binds to a receptor / target protein which is
responsible for the disease via “key and lock principle” and limits or inhibits its function so
that the disease pathway will be interrupted [MYEO1].

Being aware of the role of proteins, their function and the necessity to their crystallization, a
wide field of crystallization challenges became established [DER06]. On the one hand side,
crystallographer intensively worked on protein crystallization procedures to obtain high
quality and suitable size single crystals. It is the first and basic step for X-ray diffraction and
therefore protein structure analysis. As mentioned in chapter 2.3, even up to now, obtaining
adequate protein crystals is mainly done due to “trial and error”. Still some fundamentals are
missing. Anyhow, extensively protein structure studies were carried out. Current available
protein structure data is collected and can be reviewed in the Protein Data Bank, short PDB,
(PDB: http://wwwbmcd.nist.gov:8080/bmcd.html). On the other hand side, protein
crystallization gained importance and is essential for the production of therapeutic
macromolecules and/or industrial enzymes. It brings advantages if compared to other
purification methods, e.g. chromatography which is very expensive. Protein crystallization is
easier to scale-up, reduces downstream processes and, if done under proper conditions, is
gentle to the protein structure, lowers the risk of unfolding and the loss of activity. In general,
protein crystallization is very attractive, even when some protein loss still has to be taken
into account.

Detailed protein (or biopharmaceutical macromolecule) crystallization conditions are rare,
hard to get and if they exist mostly patented-registered. Previous section indicates already,
that the main reason why proteins (enzymes) gain so great attention, especially for the
pharmaceutical industry, is mostly due to their therapeutic properties. To preserve the
therapeutic (biological) function of proteins, stabilizing and converting them into an easy
handling state is also a major challenge. Most common methods to stabilize proteins for
long-term storage are drying and lyophilization whereas crystallization is a promising, but still
not totally accepted method. Drying proteins at elevated temperatures always carries the risk
of degradation, denaturation and activity loss which is not given for crystallization. Therefore,
crystallization may replace the drying in future.

With respect to the protein crystallization, still fundamentals about controlling the nucleation,
crystal growth and the protein crystal properties are missing or incomplete for detailed
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understanding. The lack of understanding mainly comes from the complexity and diversity of
protein crystals due to their multi-component character which is often neglected. Limited
available solubility data and incomplete phase diagrams make it hard and difficult to define
efficient crystallization conditions to control the process, to minimize “trial and error”
experiments and therefore to lower costs.

The main objective and aim of the work is to contribute the understanding in the field of
protein crystallization by partly filling and answering several “gaps” of knowledge and
guestions which are introduced in the chapter “state of art”. Among others, these “gaps” /
guestions refer to:

- A clear definition of what protein crystals are. Here, the hypothesis that protein crystal are
multi-component crystals, which means they consist of at least the protein, crystal lattice
water, buffer solution and the crystallizing agent, is posted. The multi-component character
has to be proven by different analytical methods. Consequences e.g. for a correct and
complete protein crystal classification and definition should derived from that.

- Adding missing data to the complex and incomplete protein phase diagrams which
improves the control of the protein crystallization process, and thus the protein crystal
product (properties, quality), e.g. diffraction quality, storability, purity, activity etc.

- The neglected or even ignored dissolution of protein crystals, its mechanism and impact

factors.

The investigations presented are carried out on the model protein lysozyme, thus on three of
the six known lysozyme crystal morphologies (Tetragonal, high temperature Orthorhombic
and low temperature Orthorhombic). Several “simple” analytics on lysozyme crystals
produced by batch crystallization, a time efficient method for solubility measurements and
the dissolution phenomenon of lysozyme crystals asked for main attention. The huge
complexity and diversity of protein crystallization becomes clear.
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3. Materials and methods

3.1 Materials

Studies on lysozyme crystals are carried out using chemicals and equipment listed below.
Equipment, analytical devices and experimental set-up will be explained more deeply in
chapter 3.2.

Hen egg white lysozyme from Fluka is stabilized by converting it into a lyophilized powder.
According to Fluka company, the lyophilized lysozyme powder has a minimum protein
content of 90 % and a specific activity of 75759 U/mg lysozyme; traces of buffer salts like
acetate and sodium chloride have to be considered.

Chemicals

Lysozyme Fluka (Sigma Aldrich Chemie), 75759 U/mg, M=14600
g/mol (kDa)

Micrococcus luteus Sigma, ATCC4698, lyophilized cells

(lysodeikticus)

Di sodium hydrogen phosphate  Roth, Na,HPO,, 99 % p.a., M=141.96 g/mol

Sodium di hydrogen phosphate Roth, NaH,PO,*H,0 , 98 % p.a., M=137.99 g/mol

monohydrate

Sodium acetate tri hydrate Roth, C,H3;Na0,*3H,0, 99.5 % p.a., M=136.08 g/mol
Acetate acid Roth, C,H,0,, 100 % p.a. Rotipuran, M=60.05 g/mol
Glycine Merck, C,HsNO,, 99 % zur Analyse, M=75.07 g/mol
Sodium hydroxide Roth, NaOH, 99 % p.a., M=40.01 g/mol

Sodium chloride Fluka, NaCl, 99.5 % p.a., M=58.44 g/mol

Potassium chloride Roth, KCI, 99.5 % p.a., M=74.56 g/mol

Mono potassium di hydrate Roth, KH,PO,4 95.5 % p.a., M=136.086 g/mol
phosphate
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Di potassium mono hydrate Roth, K,HPO,4 95.5 % p.a., M=174.2 g/mol
phosphate

Calcium chloride Merck, CaCl,*2H,0, zur Analyse, M=147.02 g/mol

Coomassie blue Roth, Brillant blue R250, CssHaN3NaO;S,, M=825.99
g/mol

Methylene blue Roth, fur Mikroskopie, C1sH1sCINsS, M=319.9 g/mol

Phenolphthalein Germed, VEB Feinchemie Sebnitz, CyH1404, p.a.,

M=318.30 g/mol

Silver nitrate Roth, AgNO3, 99.9 % p.a., M=169.87 g/mol
Equipment
Analytical weight Satorius BA210S Basic

Mettler Toledo AX205 Delta Range
pH-meter WTW microprocessor pH-meter pH539

WTW pH-meter pH532

Thermostat Julabo FP50; Julabo F12; Julabo 12

Peristaltic pump Ismatec Reglo

Light microscope Olympus BH2

Digital microscope Keyence VHX 500F

REM Raster-Electron-Microscope by REM Jeol SM 7401 F
Device for analysis of elements Leco CHNS-932 and O—Analysator VTF—900

EDX Energy-Dispersive X-ray Spectroscopy by REM Jeol

SM 7401 F with the EDX System genesis of EDAX

XRPD X'Pert Pro PANanalytical GmbH/ the Netherlands

34



Raman

DSC

TGA

Karl-Fischer Titration
Photometer

Spectrophotometer

Bruker Raman-spectrometer RFT 100/S (Bruker Optik
Ettlingen) with a NdYac-laser of 1064nm

Netzsch DSC 204, Netzsch TASC 414/4 controller
Netzsch TG — DSC/DTA (STA) +Netzsch STA 4009 cell
Mettler DL35 Karl-Fischer

Analysis Jena Zeiz

Varian Cary — UV Visible
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3.2 Experimental methods

3.2.1 Frame conditions for the crystallization of lysozyme

Lysozyme is a protein that can be easily crystallized if compared to other proteins.
Therefore, it is often used as a model substance in fundamental protein crystallization
research. Parameters which show the strongest impact on crystallization, on solubility and
morphology of lysozyme crystals are the pH of the buffer solution, the temperature, the
protein concentration, the concentration and type of the crystallization agent (for example
salt), the ionic strength and the supersaturation [NAD96, VEK96, MCP98]. By changing
crystallization conditions, one can produce various lysozyme crystal morphologies. Six
different lysozyme crystal morphologies (Monoclinic, Triclinic, Tetragonal, High Temperature
Orthorhombic, Low Temperature Orthorhombic and Needle) are known and more or less
investigated in details [ALD09, EWI94, JUD99, LEG02, PETO07].

Following Table 3.2.1.1 gives a short overview on the lysozyme crystallization conditions,
how to produce various lysozyme crystal morphologies. In this work, the Tetragonal, high
temperature Orthorhombic (short HTO) and low temperature orthorhombic (short LTO)
morphologies are of main interest and investigated in detail.

Additionally, a screening using different crystallization agents is carried out. Therefore, the
crystallization conditions of lysozyme with sodium chloride are transferred to different salts.
Among others, potassium and calcium chloride di hydrate, Tables 3.2.1.2 and 3.2.1.4, as
well as di sodium carbonate and barium di chloride, Table 3.2.1.3, are chosen and replaced
sodium chloride. Besides varied salt, the crystallization conditions remain the same as
described before for Tetragonal and LTO lysozyme crystals.

Table 3.2.1.1: Production conditions of Tetragonal, High Temperature Orthorhombic
and Low Temperature Orthorhombic lysozyme crystals using NacCl.

Tetragonal HighTempergture LowTempergture
Orthorhombic (HTO) Orthorhombic (LTO)

acetate buffer 0.1 M acetate buffer 0.1 M glycine buffer 0.05 M

pH5; 4 °C pH5; 4 °C pH9.6; 20 °C

100 mg lys*/mL (5 mL) 230 mg lys*/mL (5 mL) 100 mg lys*/mL (5 mL)

8 wt% NacCl (5 mL) 12 wt% NacCl (5 mL) 8 wt% NaCl (5 mL)

final crystallization conditions in the total volume of 10 mL
50 mg lys*/mL 115 mg lys*/mL 50 mg lys*/mL

+ 4 wt% NacCl + 6 wt% NaCl + 4 wt% NacCl

lys* = lysozyme
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Table 3.2.1.2: Production conditions of Tetragonal and low temperature Orthorhombic
lysozyme crystals using KCI and CaCl,;*2H,0.

Tetragonal k¢

Tetragonal cacizonzo  Orthorhombic ke

Orthorhombic cacizxon20

acetate buffer
0.1 M

pH5; 4 °C

50 mg lys*/mL

4 wt% KClI

acetate buffer glycine buffer
0.1 M 0.05 M

pH5; 4 °C pH9.6; 20 °C
50 mg lys/*mL 50 mg lys*/mL
4 wt% CacCl, 4 wt% KCI

glycine buffer
0.05M

pH9.6; 20 °C
50 mg lys*/mL

4 wt% CacCl,

lys* = lysozyme

Table 3.2.1.3: Production conditions of lysozyme Tetragonal crystals using Na,CO;
and BaCl, and varied salt concentration.

Tetragonal gaci2

acetate buffer
0.1 M
pH5; 4 °C

50 mg lys*/mL

Tetragonal nazcos Tetragonal nazcos Tetragonal gaci2
acetate buffer acetate buffer
0.1 M 0.1 M
pH5; 4 °C pH5; 4 °C
50 mg lys*/mL 50 mg lys/*mL
2 wt% Na,CO3 4 wt% BacCl,

4 wt% Na,CO3

acetate buffer
0.1 M

pH5; 4 °C

50 mg lys*/mL
6 wt% BacCl,

lys* =lysozyme

Table 3.2.1.4: Production conditions of high temperature Orthorhombic lysozyme

crystals using CaCl,*2H,0 and CaCl,*2H,0.

Orthorhombic

Orthorhombic

CaCl2*2H20

KCI

acetate buffer
0.1 M

pH5; 37 °C

50 mg lys*/mL
4 wt% KCl

acetate buffer

0.1 M

pH5; 37 °C

50 mg lys/*mL

4 wt% CaCl,*2H,0

37



3.2.2 Analytics for lysozyme crystals

= Light / Digital microscope

= Enzymatic activity test by Shugar
»DSC

" TGA

» SEM

= Conductivity

» EDX

= XRPD

» Raman spectroscopy

» Infrared spectroscopy

= Light / Digital microscope

Present protein crystal morphology studies are carried out using a digital microscope of
Keyence VHX 500F with an optical magnification range of 100 to 1000 times, Figure 3.2.2.2.
For dissolution studies, a traditional light microscope (magnification is 50 times) connected
with an ALTRA 20- CCD-camera is used, see Figure 3.2.2.1. The AnalySIS-software is used
to analyze the images of the samples.

Figure 3.2.2.1: Light microscope Olympus BH2, an Olympus ocular NFK 2.5x LD 125
and an objective of IC 5 (MDPlan5/0.1), digital camera ALTRA 20.
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Figure 3.2.2.2: Digital microscope Keyence VHX 500F.

» Enzymatic activity test by Shugar

The enzymatic activity test is planned and carried out prior to Shugar [SHU52]. Chapter
2.5.1 explains the lyses function of the lysozyme which is the base for the activity test.
Lysozyme shows extremely high sensitivity to the Micrococcus luteus which is a gram-
positive bacterium. Parameters influencing the activity are the enzyme (protein) and the
substrate concentration, the pH, the buffer solution, the temperature and/or added activators
or inhibitors [SMO52, GOR71]. The enzymatic activity is given by U/mL (Unit per mL)
whereas the specific activity is related to the protein concentration U/mg protein (Units per
mg of protein).

Accuracy of enzymatic activity measurements

The solution preparations for the activity test (see appendix A.1) have to be done very
precisely, but some pipetting error has to be considered. To some extent, a fault occurs
when mixing the lysozyme sample solution into the substrate solution because the
enzymatic reaction proceeds immediately. A delay of time until starting the extinction
measurements is unpreventable, therefore it needs practical experience to perform the
activity test fast enough to obtain reproducible results.

» Thermal analysis by Differential Scanning Calorimetry, DSC

Thermal analysis is an important analytical tool to study physical or chemical properties of a
substance as they may change with temperature. Among others, there are several methods
often used such as: Differential thermal analysis (DTA) for temperature differences,
Differential scanning calorimetry (DSC) for heat differences, Thermo gravimetric analysis
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(TGA) for mass differences, Thermo mechanical analysis (TMA) for dimension changes,
Dynamic mechanical analysis (DMA) for mechanical stiffness and damping, or Simultaneous
thermal analysis (STA) which refers to the combination of TGA and DSC measurement to
the same sample in the same device at the same time [HOH10].

Thermal analysis studies are carried using a DSC and a STA device and will be shortly
introduced for better understanding. Differential scanning calorimetry (DSC) is a common
method to determine the amount of heat required to change / increase the temperature of a
sample and reference. The heat flow is measured as a function of temperature. The sample
and the reference are placed on a holder in a specific DSC oven so that both are maintained
at the same conditions throughout the whole measurement. The computer controlled
temperature program allows the sample holder and therefore the sample to increase its
temperature linearly as a function of time. Differences in the heat flow between the sample
and the reference are detectable. However, the DSC can measure the amount of heat
released or absorbed by a sample together with the defined profile which gives information
about thermal transitions. Expected thermal transition-effects can be e.g. phase transition
(crystallization, melting) or glass transition. The heat flow is directed by whether the thermal
effect is exothermic or endothermic. To give an example, melting of a substance would give
an endothermic signal whereas crystallization gives an exothermic signal. Figure 3.2.2.4
shows possible thermal effects during DSC measurements [HOH10].

+
crystallization
— exotherm
g melting
> endotherm
=
2
= glass transition
©
()
<
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Figure 3.2.2.4: Theoretical DSC curve exemplifying thermal effects.

DSC measurments on crystalline lysozyme performed using Netzsch DSC 204 (see Figure
3.2.2.5) can detect melting, crystallization and/or decomposition (denaturation) as
demonstrated in Figure 3.2.2.4. Two series of experiments are carried out. The crystalline
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lysozyme, meaning Tetragonal, HTO and LTO, are either taken fresh or dried. Fresh
lysozyme crystals are placed on filter paper to remove excess buffer solution before
weighing in an aluminum crucible. The drying of lysozyme crystals is done in an oven at 30
°C for 3 h. Afterwards, dried crystals are weighed in the crucible for the measurements. The
same procedure is carried out for the TGA sample preparation. The weight taken of each
lysozyme sample is 10 mg with an accuracy of 0.05 mg, at room temperature. The crucible
is covered, sealed and pierced shortly before placing into the DSC oven. The temperature
profile is set first to an isothermal phase (3 h at 30 °C), followed by a dynamic phase up to
250 °C with a heating rate of 10 K/min. The software program Origin8.5 is used to plot
obtained data.

Figure 3.2.2.5: Differential Scanning Calorimeter (DSC) Netzsch DSC 204, Netzsch
TASC 414/4 controller.

» Thermalgravimetric analysis, TGA

Thermalgravimetric analysis, TGA, is commonly used to observe the loss of weight in
dependence on temperature, meaning e.g. the loss of water or other evaporable solvents of
a substance. In addition, TGA can be used to determine the degradation temperature, hence
indirectly the composition (e.g. organic or inorganic components) and/or the decomposition
of substances. This device has to be highly precise for the weight, temperature and
temperature changes. Therefore, the analyzer of this device is a high-precision balance with
a pan in which the sample will be placed. The sensitivity is given for 5 pug [STA11]. The
balance with the sample is located in an electrically heated and atmosphere controlled oven
that contains a thermocouple to precisely measure the temperature. The atmosphere in the
oven is purged with an inert gas to prevent unwanted reactions.
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Simultaneous TGA-DTA/DSC by Netzsch, STA, with a Netzsch 409 cell is used for present
studies on lysozyme crystals (see Figure 3.2.2.6). The STA instrument combines the
detection of the heat flow and the weight changes in a material as a function of temperature
and/or time. Two series of experiments are carried out under a controlled nitrogen
atmosphere with a flow rate of 30 mL/min. The lysozyme crystals, meaning Tetragonal, HTO
and LTO, are either taken fresh or air-dried and treated in the same way as described for
DSC investigations (see above section DSC). According to Petrova et al. [PETO7],
temperature profile is chosen and starts with an isothermal phase of 30, followed by a
dynamic phase. During the dynamic phase, the temperature increases up to 250C with a
heating rate of 10 K/min. Results obtained are plotted using the software program Origin8.5.

Figure 3.2.2.6: Coupling system of Netzsch TG-DSC/DTA (STA) with Netzsch STA 409
cell.

» Scanning-Electron-Microscopy, SEM

A Scanning-electron-microscope, SEM, is used to obtain very high-resolution almost 3-D
images of the lysozyme crystal surface topography, revealing details less than 5 nm,
meaning an optical magnification up to 25000 times. The 3-D appearance of the lysozyme
crystal is helpful to understand the surface structure [GOL03]. Especially the edges and
broken corners are important because it provides a sight in the inner crystal.
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= Conductivity

Conductivity represents a physical property, is measured by a conductivity meter and
describes how an electrolyte solution is able to conduct electricity. The conductivity (anions
and cations) given in S/m (Siemens per meter) can be converted into the total dissolved
ionic solid. For the conversion, it is assumed that the dissolved ionic solid is sodium chloride.
This means that 1 uS/cm is equivalent to 0.6 mg NaCl per kg H,O [DOWO09].

A conductivity meter: Knick Konduktometer 703 is used to detect the presence of ions or
changes in the ion concentration of different solutions during the crystallization or during the
dissolution process of lysozyme crystals.

Accuracy of conductivity measurements

In general, conductivity measurements are a very precise technique to indirectly determine
the ion concentration of electrolyte enriched solutions. In present studies, the conductivity
meter was not able to work as precise as given by the manufacturer, < 1.00 uS/cm to 1000
mS/cm. The measuring cell was not in optimum condition, but obtained accuracy is high
enough to approve the expected trend. Calculations using the correlation of 1 uS/cm are
equivalent to 0.6 mg NaCl per L (kg) H,O give results within an error of 10 %. This error also
included variations in room temperature at which the conductivity is measured.

» Energy-Dispersive-X-Ray Spectroscopy, EDX

The Energy-dispersive X-ray spectroscopy, EDS or EDX, is an analytical device for
elemental analysis or chemical characterization which relies on interactions between the
electromagnetic radiation and the substance of interest. The electromagnetic radiation is a
high-energy beam of charged particles and causes the substance of interest to emit X-rays
as a response of being hit by charged particles. X-rays emitted are detected by the energy-
dispersive spectrometer. The difference in energy of the emitted X-rays between the pre-
and after radiation treated state of the elements in the sample being studied is characteristic.
Due to the fact that each element has its own unique atomic structure, the X-rays emitted by
EDX clearly identify the elemental compaosition of the analyzed sample [GOLO03].

For the EDX investigations, Tetragonal lysozyme crystals are shortly dried on filter paper to
remove attached buffer solution and afterwards carbon steamed. Two samples are taken
from the same Tetragonal crystal but from different positions to evaluate its composition
which gives information about the homogeneity.

= X-ray Powder Diffraction, XRPD

Among other, one analytical technique for phase identification of crystalline substances is X-
ray powder diffraction, short XRPD. The XRPD delivers information about the arrangement
of atoms within a crystal and about the unit cell dimension (atomic spacing) that is important
for crystal structure studies. The principle of X-ray diffractions relies on interference of
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monochromatic X-rays and a crystalline sample. The X-rays generated by a cathode ray
tube, filtered to generate monochromatic radiation and finally concentrated will hit the
crystalline sample. The crystal layers reflect the X-rays and this can cause interference,
which can be described by Bragg'’s law equation 3.2.2.4.

n* A = 2d sin 8 [GOB9Y8, PAN11]. (3.2.2.4)

X-ray powder diffraction is mostly used for the characterization of crystalline or polymorphic
materials. In general, for XRPD investigations the sample of interest has to be finely ground
and homogenized. XRPD studies on air-dried Tetragonal, HTO and LTO lysozyme crystals
are acquired on a XRPD device of X'Pert Pro PANanalytical GmbH/The Netherlands. The
fresh or air-dried lysozyme crystals were fine ground and placed on the sample holder. The
XRPD device works with CuKgpna-radiation, an X'Celerator detector, in a width range of 3 —
50 ° and a step width of 0.0167 * 2theta. The acquisition time is 200 s per step.

Accuracy of XRPD measurements

Sample preparations for XRPD means to grind the crystalline sample, a powder is achieved.
The lysozyme crystal powder investigated by XRPD contains randomly oriented particles
which demand several measurements to minimize possible errors. The XRPD is carried out
only one time for any of the three lysozyme crystal morphologies. An existing error should be
estimated but mentioned possible error loses its sight of importance, because in present
studies the peak information generated by the sodium chloride is of main interest.

* Raman spectroscopy

Raman spectroscopy is a contact-free analytical spectroscopic method that uses laser
technology to characterize a substance of interest. A Raman spectrometer consists of a
monochromatic light source, a sample holder with collection optics, a light dispersing unit
and a detector [RAM11, GARS89].

The Raman effect is observed by an interaction of the material and the monochromatic light.
Therefore, the molecules of the sample start to vibrate or rotate. The vibrating molecules (or
the lattice) will collide with photons and a change in energy may or may not occur. The
describe situation can generate three possible outcomes (see Figure 3.2.2.7) which are
[RAM11]:

1) Rayleigh scattering will be generated by elastic collision. It means if the molecule hits the
photon, no change in energy, neither of the vibrating molecule nor of the photon, occurs.

2) Stokes-lines are inelastic collisions and can be generated if the energy of the molecule
after collision with a photon is increase. At the same time, the energy of the scattered
photon is decreased for the same amount. Longer wavelength (= Stokes- lines) will be
detected.

3) Anti-Stokes-lines are inelastic collisions as well but the energy distribution is the opposite.

44



In this case, the molecule has to be already excited before the collision with the photon.

Therefore, the resulting wavelength (=anti-Stokes-lines) is shorter.
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Figure 3.2.2.7: Comparison of the Raman scattering: Stokes-lines, Rayleigh scatter
and anti-Stokes-lines [RAM11].

Raman spectroscopy for lysozyme crystals is done using a Bruker Raman-spectrometer
RFT 100/S (Bruker Optik Ettlingen) with a NdYac-laser of 1064 nm to obtain the Raman
pattern. The HTO and LTO lysozyme crystals are investigated using two different
techniques.

For technique one, each lysozyme crystal morphology is produced separately in a centrifuge
tube. The crystals are taken out of the buffer solution and air-dried on filter paper and then
transferred into a small aluminum pan.

The second technique used lysozyme crystals that are produced inside of glass tube of very
small diameter. Before Raman investigation, the buffer solution inside of the glass tube is
removed and crystals become air-dried.

» Infrared spectroscopy

Infrared spectroscopy belongs to the spectroscopic methods that identify and investigate
organic and inorganic substances. It uses the infrared region of the light spectrum. The
infrared light can be roughly classified into three sub-regions, near- (14000—4000 cm™ / 0.8—
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2.5 ym wavelength), mid- (4000-400 cm™" / 2.5-25 pm) and far-infrared (400-10 cm™ / 25—
1000 ym). Due to the fact that molecules can absorb specific wavelength (resonant
frequencies) a morphology characteristic pattern of their structure is obtained, similar as for
Raman spectroscopy. The obtained IR- spectrum of a sample comes from an infrared beam
passing through the sample and scanned by a monochromator. Absorption of the IR-
wavelength by the sample can occur when the sample contains bonds of same wavelength.
Details about the molecular composition of the substance are achieved by analyzing the
position, the shape and the intensities of the spectrum peaks.

The IR- method is highly sensitive to covalent bonds, this means samples with a simple IR-
spectrum have only a few active bonds and are very pure. Samples containing a complex
composition show more absorption peaks (bands) and therefore a more complex spectrum.
The IR- spectrum for HTO and LTO lysozyme crystals is produced by a Bruker FTIR-
spectrometer IFS 28. The crystalline sample is placed on a measurement module (Pike
Technologies) and measured using the ATR technique on a ZnSe-crystal (1.3 mm). No
specific sample preparation is required. The lysozyme crystal is pressed and fixed directly on
the ZnSe-crystal.

3.2.3 Solubility and dissolution equipment

3.2.3.1 Solubility

Here, solubility measurements and solubility data should be added to the partially existing
lysozyme phase diagram. Therefore, solubility is measured using the optimized technique
which allows solubility measurement of lysozyme crystals within a short time. The technique,
introduced and described in detail by Weber [WEBO08] and Aldabaibeh [ALD09a] is based on
a closed system with small liquid volume of total 1mL to maximum 2 mL. PTEF tubes with a
diameter of 1.0 mm and a peristaltic pump were applied to ensure the circulation in the
system. The peristaltic pump drives the liquid through a packed bed of protein crystals (flow
column) and through a flow cuvette which is placed in a UV / Vis spectrophotometer. The
extinction was taken at 280 nm. The flow column has a diameter of 6.6 mm, a maximum
volume of 1 mL and a filter with a pore size of 2.5 um to avoid lysozyme crystals passing the
column and entering the tube system. For temperature control, the column was kept in the
water bath of a thermostat. As a consequence, phase equilibrium is reached much faster in
comparison to the static column method, mentioned in chapter 2.2. In favorable cases,
equilibrium is achieved within 20 to 40 minutes. Figure 3.2.3.1 gives a schematic overview of
the micro-apparatus set up for solubility determination.
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Figure 3.2.3.1: Schematic set-up of the micro-apparatus solubility measurement.

Accuracy of solubility measurements

The spectrophotometer used for present solubility studies has a preciseness of about 0.005
extinction units given by the manufacturer. Measuring the extinction at certain conditions for
several times demonstrates the reproducibility. Reproducibility is ensured with an accuracy
comparable with the one from the manufacturer. A resulting and expected concentration
deviation of 0.1 to 0.2 mg/mL, depending on the cuvette used and conditions investigated,
has to be taken into account.

Errors that have to be considered are mainly due to the personal handling of preparing the
solutions required e.g. pH (+/- 0.1) or salt concentration (+/- 0. 01 to 0.05 mg), deciding
whether the equilibrium of current conditions is reached, some temperature fault of the
thermostat which is assumed to be about +/- 0.1 to 0.3 °C, and pipetting errors. All in all, the
errors are minor because obtained solubility data for the HTO morphology was compared
with previous studies done by Aldabaibeh [ALD09a] and showed good agreement.
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3.2.3.2 Dissolution

In Figure 3.2.3.2, shown dissolution experiments are carried out in undersaturated solution,
which is placed into a microscope cell. This cell is tempered by a thermostat. A digital
camera is installed above the cell. The AnalySIS software was used to observe the
dissolution of the lysozyme crystals with time.

Accuracy of dissolution measurements

Dissolution experiments using a microscope cell shown in Figure 3.2.3.2 are carried to
observe the dissolution behavior of lysozyme crystals under different dissolution conditions.
Main error refers to the microscope cell itself used in present studies. The microscopy cell
cover cannot guarantee complete sealing. Different types of covers are tested, but none of
them vyield in complete satisfaction. Depending on the dissolution conditions, some
dissolution observations are long-term experiments, meaning two to ten days, that gives a
potential risk of concentration changes within the microscope cell, if not sealed correctly.
Due to this important error, dissolution rates cannot be measured precisely enough for
meaningful interpretation. Reproducible dissolution rates cannot be assured. In addition, the
temperature control of the microscope cell by a thermostat using none-isolated tubes also
carries the risk of errors. This risk is neglected because for all experiments the temperature
is kept constant at 16 °C. Additionally errors are only due to personal handling such as
pipetting the liquid into the microscope cell, separating the lysozyme crystals from each
other which often stick together when stored over time, removing of adherent buffer solution
by filter paper before placing them in the microscopy cell filled with the solution. The time
delay of approximately 10 s between placing the crystal into the solution and starting the
observation program has to be included, too.

48



Figure 3.2.3.2: Schematic set-up of the dissolution experiments.

49



4. Results

The first part of the results demonstrates the successful crystallization of lysozyme using
sodium chloride and other salts. The second part studies the Tetragonal, HTO and LTO
lysozyme crystals and its crystal characteristics in more detail. Several different analysis
methods are used to determine the crystal composition and physical-chemical properties.
The third part shows the results of solubility measurements and dissolution experiments.
Interesting results of preliminary dissolution observation studies of lysozyme crystals are
pictured. This dissolution phenomenon of lysozyme crystals introduced has not been explicit
reported.

4.1 Lysozyme crystals

Basis for present lysozyme crystal investigations is the reproducible protein crystallization
using lysozyme as a model substance. Previous in house crystallization screening and
literature research directed the design of lysozyme crystallization conditions used in present
thesis. The lysozyme crystal outcome observed by digital microscope is given in the Tables
4.1.1to4.1.6.

Table 4.1.1: Crystallization of lysozyme using NaCl: Tetragonal, High Temperature
Orthorhombic and Low Temperature Orthorhombic modification after
24 h.

High Temperature Low Temperature
Tetragonal Orthorhombic (HTO) Orthorhombic (LTO)

L

lys* = lysozyme

Among others, successful crystallization screening results can be seen in Tables 4.1.2 to
4.1.6. Shown lysozyme crystals are produced using potassium, calcium or barium di chloride
and di sodium carbonate under described conditions for Tetragonal, HTO and LTO crystals.
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Executing the same crystallization procedure for the Tetragonal morphology, see first two
columns of Tables 4.1.2 and 4.1.3, results in a stable Tetragonal shape, whereas the
crystals obtained under conditions where the low temperature Orthorhombic are stable vary.
The LTO condition with potassium chloride generates first an unstable mixture of Tetragonal
and extremely small crystals of not detectable shape (see Table 4.1.2 third column). After 14
days, all lysozyme crystals transformed into a needle like morphology (see Table 4.1.3 third
column). The same LTO conditions but using calcium chloride resulted again in a stable
Tetragonal crystal morphology (seeTables 4.1.2 and 4.1.3 fourth column).

Table 4.1.2: Crystallization of lysozyme using KCI and CaCl,*2H,0 under conditions of
the Tetragonal and low temperature Orthorhombic modification after 24 h.

Orthorhombic

CaCl2*2H20

Tetragonal k¢ Tetragonal cacizonzo  Orthorhombic g

o

4

lys* = lysozyme

Table 4.1.3: Crystallization of lysozyme using KCI and CaCl,*2H,0 under conditions of
the Tetragonal and low temperature Orthorhombic morphology after 18 d
(Tetragonal), 14 d (Orthorhombic).

. Orthorhombic
Tetragonal k¢ Tetragonal cacizeoreo  Orthorhombic kg

CaCl2*2H20

lys* = lysozyme

Similar crystal outcome is observed for the lysozyme crystallization by di sodium carbonate
or barium di chloride. In all crystallization experiments, a stable Tetragonal morphology,
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except for 4 wt% Na,COsg, is obtained (see Table 4.1.4). Checking the samples after two
month, same crystal morphology is recognized.

Cystallization of lysozyme under conditions of the low temperature Orthorhombic
morphology with di sodium carbonate is different. Adding di sodium carbonate-buffer solution
into the lysozyme-buffer solution results in a gel-like turbid solution (see first column of Table
4.1.5). After 24 h, no crystal could be discovered. Storing the sample at temperatures of 4 °C
for several days leads to nucleation. The formation of small crystals is observed after 14
days (see second column of Table 4.1.5). Further storage of the crystallization sample at
mentioned conditions results finally in the orthorhombic lysozyme crystal morphology,
observed after 42 days (see third column of Table 4.1.5).

Table 4.1.4: Crystallization of lysozyme using Na,CO3; and BaCl, under conditions of
the Tetragonal morphology and varied salt concentration after 24 h.

Tetragonal nazcos Tetragonal nazcos Tetragonal gaci2 Tetragonal gaci2

4 wt% Na2C03 2 wt% Na2C03 4 wt% BaC|2 6 wt% Ba.Clz

lys* = lysozyme

Table 4.1.5: Crystallization of lysozyme using Na,CO3z under conditions of the low
temperature Orthorhombic morphology after 24 h (first column), 14 d
(second column), 42 d (third column).

Orthorhombic yascos Orthorhombic nazcos Orthorhombic yascos

lys* = lysozyme
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Furthermore, the crystallization of lysozyme under conditions of the high temperature
Orthorhombic crystals using potassium and calcium di chloride again succeed. Table 4.1.6
clearly shows the orthorhombic morphology.

Lysozyme crystallization using different salts under different conditions, which are successful
for the crystallization with sodium chloride, is reproducible whether using potassium, calcium
and barium di chloride or di sodium carbonate. The most effective and favored morphology
of the lysozyme crystal outcome for studied salts is the Tetragonal morphology.

Table 4.1.6: Crystallization of lysozyme using Na,COz and BaCl, under conditions of
the high temperature Orthorhombic morphology after 24 h.

Orthorhombic ¢ Orthorhombic cacizoon20

lys* = lysozyme

4.2  Analytics of lysozyme crystals

The results of the analytics done for the lysozyme crystals produced by already described
method (chapter 3.2.2) using sodium chloride as crystallizing agent are summarized.

= Enzymatic activity

The enzymatic activity of the lysozyme after crystallization was determined using the
reaction of the lysozyme with the micrococcus luteus bacterium. Before testing the
enzymatic activity, according to Shugar [SHU52] (see chapter 3.2.2 and appendix A.1), the
protein content, meaning lysozyme concentration within the lysozyme crystals, has to be
determined.

Lysozyme concentration

The lysozyme concentration of the Tetragonal, HTO and LTO lysozyme crystals is
determined in two steps. First a calibration curve has to be developed (see Figure 4.2.1) by
dissolving pure lysozyme of different concentration (1.25, 0.625 and 0.3125 mg/mL) in the
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test buffer solution and measuring the extinction at 280 nm. Second step follows by
dissolving 1 mg of 24 h air-dried lysozyme crystals in the test buffer solution (see appendix
Al), extinction at 280 nm is taken again. The lysozyme concentration can be calculated with
the help of the extinction coefficient which is taken from literature 2.64 mL/mg*cm [SOP62],
because it is in good agreement with the slope of 2.6464 obtained by the calibration curve
(see Figure 4.2.1) and with the Lambert-Beer's law [UAA1l, AJE11] (see equation 4.3.1) in
next chapter.

While measuring the lysozyme enzymatic activity, the temperature of the spectrophotometer
has to be constant at 25 °C. The wavelength used is set to 450 nm. The activity then can be
measured indirectly by an extinction decrease with time. To obtain the activity data, the
“zero”-extinction also known as blank is determined first. Then, preliminary activity tests
concerning different lysozyme concentrations have to be performed to estimate convenient
lysozyme concentration. Knowing practical conditions, the actual enzymatic activity test due
to the reaction between lysozyme and the Micrococcus luteus can be carried out. Activity
calculations using the extinction values achieved follow the equation 4.2.1. The specific
enzymatic activities are calculated by the equation 4.2.2.

Enzymatic activity (U/mL) = - (AE Blank /min * DF) / (0,001 * Venzyme) (4.2.2)

Specific enzymatic activity (U/mg) = - (AE Blank /min * DF) / (0,001 * Venzyme * Cprotein) (4.2.2)

3,54
! Equation y=a+ b*x
Weight No Weighting
Residual Sum of 0,00192
Squares
310 =1 |Pearson'sr 0,9997
Adj. R-Square 0,9988
Value Standard Error
~—~ extinction Intercept -0,0447 0,05362
g 2,5 — |extinction Slope 2,6464 0,06485
o
[ee}
AN
N—r
c 2,0 5
o
g
[&]
S
& 15-
1,0
0,5 . : . : : : : : : , , I
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Figure 4.2.1: Calibration curve of protein (pure lysozyme) concentration versus
extinction of 280 nm; linear fit visualized by red line, slope is 2.6464.
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Figure 4.2.2a displays the average lysozyme concentration of the Tetragonal, HTO and LTO
lysozyme crystals that derived from 15 to 20 batches.

Comparing the protein concentration of the lysozyme crystals, differences are detected.
Deviations of about 3 wt% have to be considered. Calculating the average, the HTO crystals
have the highest protein concentration with 0.842 mg/mgcysw*mL, followed by the
Tetragonal (0.822 mg/mgcrysw*mL) and the LTO (0.816 mg/mQcrsta*mL) crystals.

1,0+ 70000
65000
0,9 60000
55000

0,8 50000

specific activity (U/mg)

45000

protein concentration (mg/mL)

0,7 . 40000
Tetragonal HTO LTO pure lysozyme Tetragonal HTO LTO

Lysozyme crystal morophology Lysozyme crystal morphology

Figure 4.2.2a: Protein (lysozyme) con- Figure 4.2.2b: Specific activity of the Tetra-

centration of 1 mg air- gonal, HTO and LTO lyso-
dried Tetragonal, HTO zyme crystal morphology.
and LTO Iysozyme

crystals.

Specific activity

Knowing the protein content of the lysozyme crystals, the specific enzymatic activity that
refers to the protein concentration within the lysozyme crystals can be measured and
calculated (equation 4.2.1 and 4.2.2). Figure 4.2.2b summarizes the average specific activity
data which are obtained from same batches used for protein concentration determination.
The specific enzymatic activity of the pure lyophilized lysozyme, 70000 U/mg +/- 1500 U/mg,
matches the given activity by the manufacturer. (Some activity loss occurs due to air
exposure.)

The specific activity of the crystallized lysozyme decreases, including a 2 % fault. Comparing
the specific activities of the different lysozyme crystal morphologies, the LTO crystals are
most active, followed by the Tetragonal and the HTO crystals. In comparison to lyophilized
lysozyme before crystallization, the average activity loss for crystallized lysozyme of the LTO
morphology is about 23 %, of the Tetragonal is 26 %, and of the HTO is 29 %.
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* SEM

For higher resolution and more detailed images of the lysozyme crystals and their surface,
SEM pictures are taken. The lysozyme crystal edges (see in Table 4.2.1) and their crack
behavior are of great interest. The SEM pictures obtained for lysozyme crystals show
“classic” broken crystal edges which are comparable even with fractured edges of highly
crystalline sodium chloride, investigated by Ulrich [ULR81].

Table 4.2.1: SEM images for a detailed picture of the Tetragonal, HTO and LTO
lysozyme crystal surface.

Lysozyme  Optical magnification  Optical magnification  Optical magnification

of of of
crystal

Tetragonal: 500 x Tetragonal: 5000 x Tetragonal: 10000 x
sample

HTO: 500 x HTO: 5000 x HTO: 25000 x

LTO: 2500 x LTO: 5000 x LTO: 25000 x
Tetragonal
fresh
HTO fresh
LTO fresh
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= Dye - experiments

In general, protein crystals have high water content [MCP98]. The same applies for
lysozyme crystals. The water content has to be defined, because two types of water exist in
the crystal. It is assumed that there is water fixed in the crystal lattice and “flexible” or “free”
water as component of the buffer solution in which lysozyme is crystallized and stored. The
buffer including the “free” water is expected to be enclosed in the cavities / crystal pores of
the lysozyme crystals.

Dye experiments are carried out to prove the existence of buffer solution (and “free” water)
inside of the crystal, and the diffusion processes between the interior and the environment.
Therefore, three series of experiments are developed. First series of experiments is carried
out with dye colored buffer solution whereby two different dyes become tested. To produce
colored lysozyme crystals (see Table 4.2.2) fresh and clear lysozyme crystals are placed
into the blue colored buffer solution. After 24 h, the lysozyme crystals are taken out of the
blue buffer and studied by microscope. The second series of experiment uses blue colored
salt-buffer solution during lysozyme crystallization (see Table 4.2.4). The third type of
experiment is set up to bleach / discolor obtained blue lysozyme crystals. Therefore, the
methylene blue colored lysozyme crystals are placed into colorless buffer solution and
observed by microscope (see Table 4.2.5). Pictures of the lysozyme crystals during the
coloring and discoloring experiments document the results.

Table 4.2.2: Dye (Coomassie blue, Methylene blue) solution preparation; pipetting
scheme of coloring of lysozyme crystals using different dyes.

Lysozyme crystal

o Coomassie blue Methylene blue
modification

60 mg/L in acetate

Tetragonal buffer pH5 0.4 g/L in acetate buffer pH5
60 mg/L in acetate .
HTO buffer pH5 0.4 g/L in acetate buffer pH5
60 mg/L in glycine .
LTO buffer pH9.6 0.4 g/L in acetate buffer pH9.6
Pipetting scheme
1 mL buffer solution: 1 mL buffer solution:
Tetragonal crystals +
1 mL dye solution 1 mL dye solution
HTO crystals + ImL:1mL ImL:1mL
LTO crystals + ImL:1mL ImL:1mL
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In addition to the dye experiments just mentioned, a different method trying to color the LTO
lysozyme crystal modification is developed. Therefore, a solution containing phenolphthalein
is prepared and added to an acetate buffer solution in which LTO crystals were placed (see
Table 4.2.3). Base for this method is a pH dependent indicator (phenolphthalein) reaction
because phenolphthalein switches its color from colorless (in acidic pH) into a red / pink if
basic pH is present.

As assumed, the basic glycine buffer, used to prepare LTO crystals, is present within the
LTO crystal, and if diffusion processes between the crystal inside and the buffer environment
occur, the crystal should receive a red color. 24 hours after the transfer of LTO crystals into
the phenolphthalein containing buffer solution, the LTO crystals are checked for its red color.

Table 4.2.3: Pipetting scheme of the coloring of LTO lysozyme crystals by indicator
reaction of phenolphthalein.

Lysozyme
crystal Indicator: Phenolphthalein
morphology
Solution: 0.092 mg phenolphthalein/L distilled H,O
LTO

1 mL acetate buffer solution : 20 uL phenolphthalein solution
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Table 4.2.4: Crystallization conditions to produce Tetragonal, HTO and LTO lysozyme
crystals in methylene blue colored buffer solution.

Lysozyme
crystal Methylene blue
morphology

+100 pL methylene blue solution pH5 (see Table 2.2.3)
+ 0.9 mL pure acetate buffer solution pH5
+ 8 wt% NacCl (Tetragonal) / +12 wt% NaCl (HTO)

Tetragonal / HTO = (Tetragonal / HTO) for each a volume of 1 mL

crystals _ _
+ (Tetragonal / HTO) each 1 mL pure acetate buffer solution pH5 with
100 mg dissolved lysozyme

= total volume of 2 mL

- Tetragonal at 2-4 °C/HTO at 37 °C

+100 pL methylene blue solution pH9.6
(see Table 2.2.3)
+ 0.9 mL pure glycine buffer solution pH9.6
+ 8 wt% NaCl

LTO crystals

= volume of 1 mL

+ 1 mL pure glycine buffer solution pH9.6 with 100 mg dissolved
lysozyme

= total volume of 2 mL

- 20 °C (room temperature)
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Table 4.2.5: Conditions for the discoloring of methylene blue dyed lysozyme crystals
in clear buffer solution.

Lysozyme crystal

Discoloring conditions
morphology

+ 1 mL pure acetate buffer solution pH5 + 8 wt% (Tetragonal) / 12
Tetragonal / HTO wt% (HTO) NacCl
crystals

- Tetragonal at 2-4 °*C/HTO at 37 °C

+ 1 mL pure glycine buffer solution pH9.6 + 8 wt% NaCl
LTO crystals
- 20°C (room temperature)

Do to the sensitivity of protein crystals to their environment, possible influence of the dye on
the pH of the buffer solution has to be tested. The effect of coomassie and methylene blue
on the pH of the buffer solution is shown in Table 4.2.6. No dramatic changes in pH occur.

Table 4.2.6: Effect of coomassie and methylene blue on the pH of acetate and glycine

buffer.
Buffer solution + dye pH-value
Acetate buffer 0.1 M, pH5 + Coomassie blue 5.1
Acetate buffer 0.1 M, pH5 + Methylene blue 5.1
Glycine buffer 0.05 M, pH9.6 + Coomassie blue 9.8
Glycine buffer 0.05 M, pH9.6 + Methylene blue 9.8

Coloring experiments using coomassie or methylene blue give different results, shown in first
part 1) of Table 4.2.7. Dyeing lysozyme crystals using coomassie blue is not successful for
all three lysozyme crystal morphologies, whereas using methylene blue causes the
Tetragonal and HTO lysozyme crystals to turn blue. Blue LTO crystals could not be
obtained.

Coloring experiments carried out by coloring the buffer solution in which the lysozyme
crystallization takes place, here only methylene blue is used, generate blue Tetragonal and
HTO crystals (see second part 2) of Table 4.2.7), but the LTO crystals behave different.

As demonstrated in Table 4.2.7, using coomassie or methylene blue to dye LTO crystals is
not successful. Another effective method using phenolphthalein is introduced in Table 4.2.3.
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Phenolphthalein is colorless at low pH values but changes its color to red at basic pH. The
LTO crystals after placing them in a acetate-phenolphthalein buffer solution change their
colorless look to red (see Table 4.2.8).

Table 4.2.7: Coloring of lysozyme crystal using different dyes, coomassie and
methylene blue, pictures taken after 24 h.

1) Buffer solution + Tetragonal

dye lysozyme HTO lysozyme LTO lysozyme

+ Coomassie blue

+ Methylene blue

2) Buffer solution +
salt + dye >
crystallization

Tetragonal
lysozyme

+ Methylene blue
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Table 4.2.8: Coloring of LTO lysozyme crystals by phenolphthalein, pictures taken
after 24 h.

Buffer solution + dye LTO lysozyme crystals

Dye solution of 0.092 mg
Phenolphthalein/L distilled H,O

1 mL buffer solution : 20 pL dye
solution

Discoloring experiments with blue Tetragonal (methylene blue), HTO (methylene blue) and
red LTO (phenolphthalein) resulted in clear crystals after placeing them into pure
crystallization buffer solution. The discoloring process observed is illustrated in Table 4.2.9.
The investigated Tetragonal crystals show very slow discoloring. After 120 min only
disoloring of the crystal edge regions is observed, shown in first row of Table 4.2.9.
Checking the sample after 24 hours results in complete discolored Tetragonal crystals, not
illustrated in the Table 4.2.9. Observations for the HTO crystals are slightly different. The
discoloring of the HTO crystals (see second row of Table 4.2.9) is faster. After 70 min the
HTO crystals are clearly lighter in blue color. The LTO lysozyme crystals again show a very
slow discoloring process, last row of Table 4.2.9. As mentioned for the Tetragonal crystal,
after 20 to 24 hours the HTO and LTO crystals turn back to their original colorless look.
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Table 4.2.9: Discoloring of methylene blue dyed Tetragonal and HTO lysozyme
crystals as well as the phenolphthalein red dyed LTO crystals in clear
buffer solution, pictures taken with time.

Lysozyme
crystal
morphology

Tetragonal crystal

1) start
2) after 120 min

HTO crystal

1) start
2) after 70 min

LTO crystal

1) start
2) after24 h

Discoloring of lysozyme crystals with time

» Thermal analysis by DSC

Thermal analysis done for fresh and air-dried Tetragonal, HTO and LTO crystals are
examined as shown in Figures 4.2.3 and 4.2.4.

DSC data obtained is plotted by DSC [uV/mg] versus time [min], black line. The temperature
profile used is shown as the red line. For all measurements, the same trend is observed.
First, two small endothermic peaks can be recognized and show heat absorption. They are
more clearly for air-dried lysozyme crystals than for the fresh ones (see Figure 4.2.4).
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A strong exothermic peak (strong heat release), a decomposition peak respectively, at 251 +
2 °C is observed for fresh and air-dried lysozyme crystals (see Figures 4.2.3, 4.2.4 and
Table 4.2.10).
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Figure 4.2.3: DSC curves of fresh Tetragonal, HTO and LTO lysozyme crystals;

temperature profile starts with an isothermal phase (at 30 °C for 3 h),

followed by a dynamic phase (10 K/min up to 250 °C).
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Figure 4.2.4: DSC curves of air-dried Tetragonal, HTO and LTO lysozyme crystals;
temperature profile starts with an isothermal phase (at 3G for 3 h),
followed by a dynamic phase (10 K/min up to 250 °C).
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Table 4.2.10: Average decomposition temperature of fresh and air-dried Tetragonal,
HTO and LTO lysozyme crystals.

Lysozyme

Decomposition temperature Decomposition temperature [°C]
crystal ['C] for fresh lysozyme crystals for air-dried lysozyme crystals
morphology ysozy Y ysozy y
Tetragonal 251 251
HTO 253.3 251
LTO 252.6 252.3

» Thermal analysis by TGA

A common technique to determine thermal effects such as the loss of weight (e.g. the
solvent water) and the stability of a compound when exposed to heat is TGA, thermo
gravimetric analysis. TGA curves achieved for fresh and air-dried lysozyme crystals are
plotted by the black line versus time, Figures 4.2.5 and 4.2.6. Same trend is observed for all
samples. The red line displays the temperature profile. The TGA curves of fresh and air-
dried lysozyme crystals form three clear steps. The steps are pointed out by the Tetragonal
sample. The shown steps refer to the loss of weight during the first isothermal phase and the
second dynamic heating phase. The steps of weight loss arise from evaporation during
heating and represent the loss of water (buffer / solvent).

In Figure 4.2.5, first step, the isothermal phase, refers to the loss of “loose associated” /
“free” water, whereas second steps, the heating phase, to the loss of “bonded” / “fixed” water
of the crystal lattice. Further heating with temperatures above ‘ZD0eads to some
additional loss of weight during decomposition.

Figure 4.2.6 demonstrates mentioned three steps of weight loss, too, but obtained only from
air-dried lysozyme crystals. Results presented show a smaller weight loss during the starting
isothermal phase (first step) than observed for fresh lysozyme crystals. In the following,
again a second step and the decomposition appear.
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Figure 4.2.5: TGA curves of fresh Tetragonal, HTO and LTO lysozyme crystals;
temperature profile starts with an isothermal phase (at 30°C for 3 h),
followed by a dynamic phase (10 K/min up to 250 °C).
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Figure 4.2.6: TGA curves of air-dried Tetragonal, HTO and LTO lysozyme crystals;
temperature profile starts with an isothermal phase (at 30 °C for 3 h),
followed by a dynamic phase (10 K/min up to 250 °C).

Summarized data of the loss of weight (loss of water) done for fresh and air-dried lysozyme
crystals are illustrated in Figure 4.2.7. Figure 4.2.7 a) shows the total loss of weight which is
equal to the total water content. Obviously, the fresh LTO morphology has the highest water
content of about 41 %, whereas the fresh Tetragonal (30 %) and HTO morphology (26 %)
have a much lower one. In contrast to the differences in the total water contents observed for
fresh lysozyme crystals, the bound water content, which is part of the crystal lattice and
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determined from air-dried lysozyme, crystals gives minor only differences (see Figure 4.2.7
b). For all three morphologies, the boned water content is in between 6.5 and 7 wt%.

a)

b)

Figure 4.2.7: Determination of the total water content of fresh (a) and air-dried (b)
Tetragonal, HTO and LTO lysozyme crystals by the TGA method.

= Chloride detection test, conductivity and pH

A common method to analyze the chemical composition of substances, e.g. salt, is to
determine the type of ions by ion specific detection / reaction tests. Among others, the ion
specific reaction is based on precipitation that means very fast solid formation because of
extremely low solubility.
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Tetragonal, HTO and LTO lysozyme crystals produced using sodium chloride (see section
3.2.1) are tested for chloride ions using silver nitrate. To perform the chloride detection test,
fresh lysozyme crystals are washed with sodium chloride free buffer and air-dried for 24 h.
Afterwards, 0.16 g of dried lysozyme crystals are dissolved in 20 mL distilled water at room
temperature. To initialize the chloride precipitation (see equation 4.2.1), a silver nitrate
solution of 0.2 M is prepared and added by 1:1. If chloride ions are component of the
lysozyme crystals, the chloride ions will be released in the distilled water during dissolution.
The adding of silver nitrate should result in a white solid, silver chloride.

(lysozyme)*” + 2Na* + (CHsCOO) + CI + Ag" + (NO3) > AgCl + (lysozyme)*” + 2Na" +
(CH3;COO) + (NO3) (4.2.1)

As mentioned before, the lysozyme is crystallized by sodium chloride. Therefore, sodium
chloride is dissolved in the buffer solution (before crystallization) and its conductivity is
measured. Then, lysozyme is dissolved separately in the same buffer (without salt, before
crystallization) and conductivity is measured as well. Afterwards, the salt-buffer solution
becomes transferred into the lysozyme-buffer solution to initialize the crystallization process,
the same procedure as described in Table 3.2.1.1. The conductivity of the mixture at
morphology specific crystallization conditions and temperatures is taken after 24 h when
lysozyme crystals developed. Comparing the conductivity before and after the crystallization
process gives information whether the ions of the salt-buffer solution bind and/or are
incorporate somehow in the lysozyme crystal after crystallization.

Experimental data of the conductivity measurements, which includes the pH control, are
given for the crystallization of the Tetragonal and the LTO morphology generated by sodium,
potassium and calcium chloride, and for the HTO morphology obtained from only sodium
chloride. Chloride detection tests using silver nitrate and dissolved lysozyme crystals always
resulted in a white solid (precipitate).

Table 4.2.7 summarizes first the conductivity and the pH of distilled water, pure lysozyme
powder dissolved in distilled water and acidic acetate buffer. Data obtained show that pure
lysozyme powder has no significant conductivity in distilled water. It also does not change
the pH of distilled water. The pure acidic acetate buffer has a very low conductivity at pH5.
Section 1) of Table 4.2.7 shows the conductivity and pH values of the buffer-salt solutions
before lysozyme is added, hence before crystallization of lysozyme. The conductivity varies
depending on the buffer, the type of salt and the salt concentration. Adding the crystallizing
agent (here the different salts) to the buffer solution did not change the pH of the buffer
solutions.

Assuming that the influence of the buffer ions on the conductivity is insignificant, the
conductivity of 1 pS/cm can be equivalent to 0.6 mg NaCl per L (kg) H,O, mentioned in
chapter 3.2.2. Sodium chloride concentration could be calculated with an error of less than
12 % using described correlation and conductivity data measured (see 1) in Table 4.2.7).
The calculations show a trend which is in good agreement with the production conditions.
Two calculation examples are given below:
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Assumed correlation: 1 uS/cm = 0.6 mg NacCl /L H,O
1 mS/cm equivalent to 0.0006 g NaCl / mL

X ((NaCl in g/mL) equivalent 1 mS/cm * 0.0006 g NaCl /mL

First example:

= example for acetic acetate buffer pH5 + 8 % NaCl which means 0.08 g NacCl
/mL

= X =118 *0.0006 = 0.0708

= X = 0.0708 g NaCl /mL calculated shows a comparable trend to the
production conditions that uses 0.08 g NaCl /mL; error of 11.5 %.

Second example:

= example for acetic acetate buffer pH5 + 12 % NaCl which means 0.12 g NacCl
/mL

= X =186 *0.0006 =0.1116

= X = 0.1116 g NaCl /mL calculated shows a comparable trend to the
production conditions that uses 0.12 g NaCl /mL; error of 7 %.

Section 2) of Table 4.2.7 shows the conductivity after lysozyme is added, hence after
crystallization is completed. Comparing the conductivities before (first section of Table 4.2.7)
and after the lysozyme crystallization, an explicit decrease in conductivity is observed when
crystallization finished. Changes in pH are neglectable small.

The last 3) part of Table 4.2.7 summarizes the investigations of the produced lysozyme
crystals. The lysozyme crystals are air-dried and dissolved in distilled water. Before carrying
out the chloride detection test, the solution pH of dissolved lysozyme crystals is determined.
In the case of the lysozyme crystals produced using sodium chloride, the pH value of the
distilled water, in which the crystals are dissolved, changed to a value comparable with the
original buffer solution. If considering the pH change of distilled water for dissolved lysozyme
crystals produced by potassium and calcium chloride, the pH values show similar trend but
with a larger fault.

The chloride detection test using silver nitrate is positive for all lysozyme crystals
investigated. White precipitate could be observed after transferring the silver nitrate solution
into the lysozyme crystal containing solution.
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Table 4.2.11: Experimental detection of chloride ions by AgNO; (0.2M), conductivity
(of anions and cations) and pH at room temperature.

Chloride
Sample detection by
AgNO; (0.2M)

Conductivity pH-
[mS*cm™] value

dist. water pure i 0-1.7 5.75-6
20 mg lysozyme (HEWL) /mL distilled water - 1.35 5.9-6
Acetic Acetate buffer 0.1 M, pH5 - 4.88 5
1) Before crystallization
Acetic Acetate buffer 0.1 M, pH5, - 118 5
8 % NaCl
Acetic Acetate buffer 0.1 M, pH5, 12 % NaCl 186 5
Glycine buffer 0.05 M, pH9.6-10,
8 % NaCl - 117 9.6
Acetic Acetate buffer 0.1 M, pH5,
8 % KClI ) 17 >
Acetic Acetate buffer 0.1 M, pH5, i 77 5
8 % CacCl,-2H,0
Glycine buffer 0.05 M, pH9.6-10,
8 % KCI - 111 9.6
Glycine buffer 0.05 M, pH9.6-10,
8 % CacCl,-2H,0 - 75.3 9.6
2) After crystallization

Tetragonal (NaCl)+ 100 mg HEWL /mL, after - 65.5 -
24 hat1-4°C
HTO (NaCl)+ 100 mg HEWL /mL, after 24 h

o - 78.1 -
at37°C
LTO (NaCl)+ 100 mg HEWL /mL, after 24 h
at 20-24 °C - 62.7 -
(KCI)+ 100 mg HEWL /mL, after 24 h at 1-4
°C - 59.5 -
(CaCly2H,0) 100 mg HEWL /mL, after 24 h

. - 42.3 -
at1-4°C
(KCDH+ 100 mg HEWL /mL, after 24 h at 20-
24 °C - 53.4 -
(CaCly2H,0)+ 100 mg HEWL /mL, after 24 h i 39.1 )

at 20-24 °C
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3) Crystalline sample

Tetragonal (NaCl) washed, air-dried and
dissolved in dist. H,O
- 0.16 g/ 20 mL

HTO (NaCl) washed, air-dried and dissolved
in dest. H,O
- 0.16 g/ 20 mL

LTO (NaCl) washed, dried and dissolved in
dist. H,O
- 0.16 g/ 20 mL

Tetragonal (KCI) washed, air-dried and
dissolved in deist. H,O
- 0.16 g/ 20 mL

Tetragonal (CaCl»2H,0 ) washed, air-dried
and dissolved in dist. H,O - 0.16 g/ 20 mL

LTO (KCI) washed, air-dried and dissolved in
dist. Hzo
- 0.16 g/ 20 mL

LTO (CaCl2H,0) washed, air-dried and
dissolved in dist. H,O
- 0.16 g/ 20 mL

positive, white
precipitate

positive, white
precipitate

positive, white
precipitate

positive, white
precipitate

positive, white
precipitate

positive, white
precipitate

positive, white
precipitate

4.9

5.1

8.7

4.4

4.4

8.1

7.4

= EDX

Energy Dispersive X-ray analyses deliver results of detailed lysozyme crystal composition
studies (see Figure 4.2.8). Two samples from the same Tetragonal crystal are taken, first of
the crystal surface (left) and second of the interior (right) which is shown at the top of Figure
4.2.8. The two EDX patterns of the two samples are illustrating the data which are also

summarized in the small tables of elements.

The EDX data obtained show differences in the crystal composition depending on where the
sample is taken from. The sodium and the chloride concentration is considerably higher for
the crystal interior than for the crystal surface (see tables of elements at the bottom of Figure
4.2.8). Same trend for inhomogeneous sodium and chloride distribution is expected for the

HTO and the LTO morphologies.
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Tetragonal crystal surface (1. sample) Tetragonal crystal interior (2. sample)

Lysozym 5 kV 250x &mm — 90 pm — Lysazym Pos.2 10 KV 500 8mm —50um—

EDAX ZAF QUANTIFICATION STANDARDLESS SEC TABLE : DEFAULT EDAX ZAF QUANTIFICATION STANDARDLESS SEC TABLE : DEFAULT

B —

6.5 — 8.0

FE 6.8 -

kN 4.5 —f

[i]
1.6 -ﬂ 2.3 -
Al
& Mg
Ha (=] Ca
F P c1 Cs =] Ca
e 100 zad  5.00  4ge  5pa 600 oY ™Y RNy P PRy
Firsar ns - Rl Ernerad - kel

Element wt% at wt% Element wt% at wt%
CK 63.90 70.16 CK 63.53 70.54
N K 15.50 14.59 N K 14.88 14.17
OK 16.40 13.51 OK 15.12 12.60
FK 00.07 00.05 FK 00.09 00.06
NaK 00.39 00.22 NaK 00.58 00.34
MgK 00.00 00.00 MgK 00.03 00.02
AIK 00.11 00.05 AIK 00.03 00.01
P K 00.00 00.00 P K 00.02 00.01
SK 01.53 00.63 SK 02.38 00.99
CIK 02.00 00.74 CIK 03.28 01.23
CaK 00.11 00.04 CaK 00.06 00.02

Figure 4.2.8: Elemental composition of the Tetragonal crystal surface and interior by
EDX.
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= X-ray Powder Diffraction

In present studies, structure information can be obtained from the peaks which are
characteristically for the lysozyme. The location and the height / intensity of outstanding
peaks give evidence for crystal components and their mass fraction. Generated XRPD
pattern for air-dried Tetragonal, HTO and LTO crystals are presented in Figure 4.2.9.

The XRPD patterns of air-dried Tetragonal, HTO and LTO lysozyme crystals are noticable
different. All three morphologies show a crystalline fraction which reaches approximately up
to 10° theta, followed by an amorphous “hill”. The lysozyme crystals also show three clear
peaks at 27 31° and 46°. Mentioned peaks are characteristically for sodium chloride
(visualized by black lines) that was used as crystallizing agent. The LTO crystal pattern gives
the most intensive peaks, whereas the Tetragonal crystals the lowest.

Tetragonal

9000 - b) HTO

8000 ) LTO

7000
6000 - d) NaCl

5000

intensity (counts)

3000

2000

b)

1000 ‘
| d)

0 I T I T I T I T I
0 10 20 30 40
2 theta (°)

Figure 4.2.9: X-Ray pattern of air-dried lysozyme crystals.
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» Raman spectroscopy

Present Raman-spectroscopy investigations study only the two different orthorhombic
lysozyme crystals; the HTO and the LTO orthorhombic morphology (see Figures 4.2.10 to
4.2.11).
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Figure 4.2.10: Raman pattern of fresh HTO (a) and LTO (b) crystals in aluminum pan
(sample holder).

The Raman pattern (see Figure 4.2.10) of fresh HTO (a) and LTO (b) crystals displays few
minor differences. Three regions named by 1), 2) and 3) show variations only in the peaks
intensity. Peak intensities are higher for LTO than for HTO crystals. Figure 4.2.11 shows the
Raman patterns of fresh HTO and LTO crystals when freeze-dried. Raman measurements in
Figure 4.2.11 focus on the wave number range 400 to 1800 cm™ where most peaks are
observed. The Raman pattern of the freeze-dried HTO and LTO crystals again show minor
differences, but two clear exceptions occur. Main difference is the extra peak located at
wave number 1512 cm™, pointed out by the black line, which is not noticeable in Figure
4.2.10. The black line for wave number 1154 cm-1 marks a significant change of the peaks
intensity than observed in Figure 4.2.10.
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Figure 4.2.11: Raman pattern of freeze-dried HTO (a) and LTO (b) crystals in aluminum
pan (sample holder).

= |R spectroscopy

Additional IR-spectroscopy could also detect differences between the HTO and the LTO
morphology (see Figure 4.2.12). IR- spectra are plotted by ATR Units (intensity) versus wave
number. Again, the HTO crystal morphology has an extra peak in the range of 1500 to 1520
cm™, similar as seen in Figure 4.2.11. The strong peak observed between the 3000 cm™ and
3600 cm™ also exists in Figure 4.2.10 but it is shifted towards lower wave numbers 2800 —
3000 cm™.
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Figure 4.2.12: IR-spectroscopy pattern of fresh HTO (a) and LTO (b) crystals.
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4.3  Solubility and dissolution of lysozyme crystals

4.3.1 Solubility

Solubility measurements are carried out under various conditions. Buffer solutions with
different pH values and salt concentrations are prepared and placed into the tube system. A
peristaltic pump ensures continuous circulation of the buffer solution through the tubes, the
column and the flow cuvette. The extinction can be measured continuously using a UV / Vis

photometer and recorded by computer.

Before starting the solubility measurement, lysozyme crystals are washed by pumping buffer
solution through the column containing the crystals. Washing the crystals removes any
adhering mother liquid which possible could change experimental conditions. Conditions for
solubility measurements shown in chapter 4 results are marked with (*). Solubility data left

out is summarized in the appendix A.2.

- *pH5.7 + *2, 3, 5 and *7 wt% NaCl
- *pH7 +*2, 3, 5 and *7 wt% NacCl
- *pH8 + *2, 3, 5 and *7 wt% NaCl.

0.20

0.16

0.12

0.08

0.04

extinction at 280nm

Figure 4.3.1.1:

T:16 OC ‘.“...
| T=2ec o
| T=8 oC ...9001"‘“.-..'.
0 20 40 60 80 100 120

time (min)

Exemplary solubility curve; extinction increases with increasing
temperature.
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For all solubility experiments, the measurement starts at low temperature. Temperature
increase is arranged mostly in 4 K increments by a temperature controlled water bath.
Increasing temperature causes the lysozyme crystals to dissolve. Protein concentration
within the tubes changes with time until reaching a constant level, which demonstrates the
equilibrium at current conditions. The time required to achieve the equilibrium depends on
the present temperature, the size and the amount of crystals placed into the column.
Experimental data is monitored as shown exemplary in Figure 4.3.1.1.

Working with proteins in such continuously running system carries the risk of denaturation
because of mechanical stress and possible high temperatures. However, a test performed
by Aldabaibeh shows that the solubility measurement technique is safe and reproducible
results can be obtained [ALD09a].

The solubility measurement occurs via flow cuvette inside a UV / Vis photometer. The
photometer is not able to detect protein concentration directly, but it detects the extinction /
absorbance of the protein containing liquid. Two flow cuvettes are taken with different path
length of either 0.05 or 0.2 cm. Choosing the cuvette depends on the extinction and protein
concentration expected. Dissolved proteins are able to absorb UV light at a maximum of 280
nm which is due to amino acids with an aromatic ring such as Tryptophan, Tyrosine, and
Phenylalanine (see chapter 2.1). Therefore, extinction of lysozyme solutions is always
measured at wavelength 280 nm. The obtained extinction values and the extinction
coefficient (2.64 mL/mg*cm [SOP62]) build base for protein concentration calculations
according to Lambert-Beer’s law (see equation 4.3.1):

E =&* ¢ * L [MYEO1, AJE11]. (4.3.1)

For correct protein concentration calculations, a calibration curve has to be prepared. The
calibration curve (see Figure 3.2.2.3) gives information about the linear relation between the
extinction and protein concentration. Additionally, the linear part of the curve shows the
validity of the extinction coefficient. If protein concentration gets to high, the deviation of the
extinction coefficient becomes too large and protein concentration calculations loose in
accuracy.

Results of the solubility measurements in this chapter are shown for following conditions:
sodium acetate buffer of pH5.7 + 2 wt% and 7 wt% NaCl (see Figure 4.3.1.2), sodium
phosphate buffer of pH7 + 2 wt% and 7 wt% NaCl (see Figure 4.3.1.3), and pH8 + 2 wt%
and 7 wt% NacCl (see Figure 4.3.1.4). Solubility data given for Tetragonal lysozyme crystals
were measured in previous studies by Aldabaibeh [ALD09a] and used to complete the clarity
and understanding of lysozyme crystal solubility.

In Figures 4.3.1.2 to 4.3.1.4, the effect of temperature as well as the influence of an
increasing salt concentration on the solubility of the Tetragonal, the HTO and the LTO
lysozyme crystals is illustrated. The solubility of all three morphologies and at all buffer
conditions increases with increasing temperature. The effect of temperature is less strong
when salt concentration is increased to 7 wt%. Significant changes in the solubility of the
lysozyme crystals are observed when salt concentration is increased, comparing the left (2
wt% NacCl) to the right (7 wt%) diagram of e.g. Figure 4.3.1.2. Same trend is observes for
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higher pH conditions. Furthermore, comparing Figure 4.3.1.2 with Figures 4.3.1.3 and
4.3.1.4, shows the effect of an increased pH which also results in solubility decrease.

In general, the HTO morphology shows higher solubility values at low temperature than the
Tetragonal morphology, whereas the Tetragonal has higher solubilities at higher
temperatures. Both solubility curves (of Tetragonal and HTO crystals) cross each other at a
certain temperature. The cross point demonstrates a theoretical possible transition or
transformation point, which is at pH5.7 + 2 wt% approximately 16 °C, at pH7 + 2 wt% 17 °C
and at pH8 + 2 wt% 18 °C. The cross or transition point is shifted to higher temperatures
when pH and/or salt concentration is increased. More results on the transformation of
lysozyme crystals are illustrated by Aldabaibeh [ALD09a].

The same solubility trend is recognized for the LTO morphology (see Figure 4.3.1.2 to
4.3.1.4). The solubility of the LTO morphology cannot be compared with the Tetragonal and
HTO morphology, reasons will be given in the discussion chapter 5.2. LTO solubility shows
an outstanding solubility decrease at temperatures between 15 and 16 °C, which again
becomes constant with further temperature increase.

solubility at pH5.7 + 2 wt% NacCl solubility at pH5.7 + 7 wt% NacCl
---- Tetragonal
20 20+
---- HTO
15 15
o) ) ----LTO
g g
g 104 g\ 104
’ 5 K 5
//
0 T T | 0 T T T 1

0 10 2 0 40 0 10 20 30 40
temperature (°C) temperature (°C)

Figure 4.3.1.2: Solubility of lysozyme crystals at pH5.7 + 2 wt% (left) and 7 wt% (right)
NacCl.
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Figure 4.3.1.3: Solubility of lysozyme crystals at pH7 + 2 wt% (left) and 7 wt% (right)

NacCl.
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Figure 4.3.1.4: Solubility of lysozyme crystals at pH8 + 2 wt% (left) and 7 wt% (right)
NaCl.
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4.3.2 Dissolution

The dissolution observed for lysozyme crystals show an unusual dissolution behavior for
Tetragonal, HTO and LTO lysozyme crystals. Pictures (see Figure 4.3.2.2 to 4.3.2.9)
document the dissolution process over time.

For dissolution observation experiments, solution conditions change, but the temperature
remains constant at 16 °C. One to three lysozyme crystals of the Tetragonal, HTO and LTO
morphology are placed into the covered microscope cell filled with 3 mL solution. Using the
software AnalySIS, photo series of dissolving lysozyme crystals are taken for further
evaluation. A delay time of about 10 seconds before imaging the dissolution has to be taken
into account. The magnification used in all experiments is 50 times. Defining the
undersaturation of most shown experiments is not possible because of incomplete solubility
data, which represents main disadvantage. Only conditions using buffer solution in the pH
range of 5.7 to 8 and a sodium chloride concentration of 2 to 7 wt% solubility is known, see
chapter 4.3.1 of solubility measurements. At these conditions the undersaturation can be
defined. Resulting from this, dissolution times and rates cannot be compared. However, the
lysozyme crystal behavior meaning the appearance of the lysozyme crystals during
dissolution and its changes by altering conditions is focus of this chapter.

The dissolution of a sodium chloride crystal, which is illustrated by Figure 4.3.2.1, shows
known dissolution behavior of inorganic crystals. The sodium chloride crystal dissolves in
distilled water at room temperature. Before dissolution is initiated, the sodium chloride crystal
has sharp and detailed edges. A sodium chloride crystal in distilled water which provides
highly undersaturation conditions has to dissolve. Dissolution can be observed immediately
by a rounding of the crystals edges. This rounding proceeds and the crystal becomes
smaller until it completely disappears.

Os 5s 10 s 15s 20s

25s 30s 35s 40 s 45s

Figure 4.3.2.1: Dissolution behavior of a NaCl crystal at room temperature (20 °C) in
distilled water.
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Placing Tetragonal, HTO or LTO lysozyme crystals into distilled water, either at room
temperature (20 +/- 3 °C) or controlled temperature of 18C, again highly undersaturation
conditions exist, but the crystals dissolve significantly different (Figure 4.3.2.2). The
mentioned lysozyme crystals dissolve by falling apart into small irregular particles / crystal
fragments. The resulting crystal particles, which look different in shape depending on the
lysozyme morphology, dissolve separately. Figure 4.3.2.2 clearly shows how Tetragonal
crystals fall apart into very small compact particles which remain the same at any studied
dissolution conditions. The HTO crystals fall apart in bigger irregular fragments whereas the
LTO crystals in needles.

Changing the dissolution conditions to a buffer solution at pH5.7 and 10 mg dissolved
lysozyme at 16 °C (see Figure 4.3.2.3) has no effect on the dissolution patterns. The
lysozyme crystals observed still fall apart in a skeleton-like crystal body as just described for
conditions in distilled water. Same results are obtained when lysozyme concentration is
increased to 50 mg/mL, not shown.
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Tetragonal

10 s 30s

HTO

10 s 30s 20min

LTO

10 s 20 min 120 min

Figure 4.3.2.2: Dissolution behavior of lysozyme crystals at 16 °C in distilled water.
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Tetragonal

10 s 30s 60 s

HTO

10s 50s 120 s

LTO

10 s 30s 60 s

Figure 4.3.2.3: Dissolution behavior of lysozyme crystals in acetate buffer at pH5.7 +
10 mg lysozyme and 16 °C.

In the following, dissolution conditions are modified to the same conditions as used for the
solubility measurements described above. Figure 4.3.2.4 illustrates the dissolution behavior
at pH7 + 2 wt% NaCl and 16 °C). First significant difference in the dissolution pattern of the
LTO morphology is recognized. The LTO crystals fall apart into a skeleton-like pattern with
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many small “bars” arranged next to each other. No needles are noticed anymore. The small
crystal “bars” dissolve again separately.

Tetragonal
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LTO
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Figure 4.3.2.4: Dissolution behavior of lysozyme crystals in phosphate buffer at pH7 +
2 wt% NacCl and 16 °C.
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Further increase of pH from 7 to 8 again causes noticeable changes in the dissolution
behavior of the LTO lysozyme crystals (Figure 4.3.2.5). Contrary to Figure 4.3.2.4, the LTO
crystals seem to dissolve “smooth” and equally. No falling apart is observed anymore but
rounding of the crystal edges.

Tetragonal

100 pm 100 um
i
10 h 40 h

HTO

2h 8h

LTO

10s 10h 18h

Figure 4.3.2.5: Dissolution behavior of lysozyme crystals in phosphate buffer at pH8 +
2 wt% NacCl and 16 °C.
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Tetragonal

48 h 84 h

10 min

-

HTO

10 min 35h 92 h

10 min 5h 15h

Figure 4.3.2.6: Dissolution behavior of lysozyme crystals in glycine buffer at pH10 + 7
wt% NaCl and 16 °C.

More dramatic changes in the dissolution behavior of HTO and LTO crystals are observed in
a glycine buffer at pH10 + 7 wt% NaCl. Comparable with the LTO crystals in Figure 4.3.2.4,
the HTO crystal shows big “bars” lined up but the “bars” also include small irregular particles.
An influence of increased pH and salt concentration becomes very obvious for the LTO and
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the HTO morphology. At the very high pH conditions, the LTO crystal does not show any
dissolution anymore (see Figure 4.3.2.6).

In the Figures 4.3.2.2 to 4.3.2.6 summarized dissolution behavior of the HTO and LTO
crystals give evidence for a significant influence of pH and salt concentration, which seems
to be not the case for the Tetragonal crystals.

Screening “spot-tests” studied the possible effects more detailed. Dissolution test in Figure
4.3.2.7 are carried out for all three lysozyme morphologies with pure buffer solutions at a)
pH5.7 (first column), b) pH7 (second column) and ¢) pH10 (third column). In general, the
pure buffer at pH5.7 results in the same dissolution appearance as seen before in Figure
4.3.2.4. The allover dissolution behavior of Tetragonal lysozyme crystals remain the same
like observed under previous conditions, even at pH10. The HTO morphology shows a
different dissolution pattern when exposed to pure buffer with pH10 than at pH10 with 7 wt%
NaCl. The formation of big “bars” is not recognizable. Again, the same dissolution behavior
of the LTO morphology, which means the “smooth” dissolution behavior, appears at pH8
which is observed in Figure 4.3.2.5, too. At pH10, the LTO dissolution pattern is difficult to
evaluate because a few LTO crystal stacked together are observed. Some parts of the
crystal bundle seem to be rounded.
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a) pH5.7 b) pH8 c) pH10

Tetragonal

20s 4 min 4 h

HTO

20s 6 min 8h

LTO

30s 40 s 1h

Figure 4.3.2.7: Dissolution behavior of lysozyme crystals in pure buffer at a) pH5.7, b)
pH8, c) pH10 and 16 °C.
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Additional “spot-tests” regarding the influence of temperature on the LTO morphology during
dissolution at constant undersaturation are shown in Figure 4.3.2.8. No effect of
temperature, either at 16 or 32 °C, on the dissolution behavior of LTO crystals (the “falling
apart”) is observed. They again dissolve as found in pure buffer pH8 and in buffer pH8 + 2
wt% NaCl.

a) LTO: pH8 + 3 wt% NaCl + 0.68 mg/mL lysozyme at 16 °C > S*=0.5

100 pm 100 pm

20s 20 h 40 h

b) LTO: pH8 + 3 wt% NaCl + 2.99 mg/mL lysozyme at 32 °C - S*=0.5

N

‘ g 'm‘m of 100 Lfm '%'m

10s 3h 6 h

Figure 4.3.2.8: Effect of temperature on the dissolution behavior of LTO lysozyme
crystals in phosphate buffer at pH8 + 3 wt% NaCl + a) 0.68 mg/mL
lysozyme at 16 °C and b) 2.99 mg/mL lysozyme at 32 °C; a relative
undersaturation of 0.5 exists in both cases.

Figure 4.3.2.9 summarizes the effect of varied controlled undersaturations at pH8 + 3 wt%
NaCl on Tetragonal lysozyme crystals. Three undersaturations are adjusted according to
previous measured solubilities. The dissolution behavior is observed at constant temperature
(16 °C). Undersaturations are a) 0.5 (first row), b) 1 (second row) and c) 1.5 (third row). An
increased undersaturation does not affect the dissolution behavior of Tetragonal lysotzyme
crystals.
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a) Tetragonal: pH8 + 3 wt% NaCl + 0.33 mg/mL lysozyme at 16 °C - S*=0.5

*

-~

"

10s 25h 50 h

b) Tetragonal: pH8 + 3 wt% NaCl + 1.33 mg/mL lysozyme at 16 °C > S*=1.5

10s 87 h 275h

c) Tetragonal: pH8 + 3 wt% NaCl + 1.83 mg/mL lysozyme at 16 °C > S* =2

10s 87 h 150 h

Figure 4.3.2.9: Effect of undersaturation on the dissolution behavior of Tetragonal
lysozyme crystals in phosphate buffer at pH8 + 3 wt% NaCl + a) 0.33
mg/mL lysozyme > S* = 0.5; b) 1,33 mg/mL lysozyme = S* = 1,5; c¢)
1,83 mg/mL lysozyme > S* = 2; constant temperature at 16 °C.
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5. Discussion

5.1 Lysozyme crystals

The basic question is how to describe protein crystals correctly. Investigations on the
example of lysozyme crystals of different morphologies regarding their structure and
properties lead to a more detailed insight.

Starting investigations focus on the detailed and clear description of different lysozyme
crystal morphologies. Three lysozyme crystal morphologies that can easily be reproducible
generated are used as representatives for protein crystals.

Crystallization of lysozyme is carried out in a batch using sodium chloride as crystallizing
agent. Crystal morphologies obtained and used for further analytical studies are named
Tetragonal, HTO (high temperature orthorhombic) and LTO (low temperature orthorhombic).
In addition, screening test with different salts also resulted in crystalline lysozyme of either
Tetragonal or orthorhombic shape. It was found that known crystallization conditions to
produce Tetragonal, HTO and LTO lysozyme chloride crystals can only be transferred in
some cases to other crystallizing lysozyme — salt systems. The influence of the cations or
anions and their ionic strength as well as their valences is consistent with literature, e.g.
[BENO2, GUI92, RET02, RET97, MCP99].

The terms polymorphism and solvates, described in chapter 2, have to be discussed in
connection with protein crystals, here lysozyme crystals, too. Polymorphism among protein
crystals has to consider a multi-component system of minimal four components (protein,
crystallizing agent, buffer salt and water), see chapter 5.2. The established four parts of a
protein crystal have consequences for the standard definition of polymorphs and solvates
with respect to protein crystals.

Due to the fact that Tetragonal and HTO are produced by a different solvent than LTO, in
present case a different buffer solution, the resulting chemical composition won't be identical
anymore. This becomes even more clear after the removal of the water (e.g. drying the
lysozyme crystals), because the salts of the buffer will remain inside the crystal.
Consequently, in present work the Tetragonal and the HTO lysozyme crystal morphologies,
produced in same actetate pH5 buffer solution could be first understood as polymorphs or
solvates whereas the LTO crystals (glycine buffer pH9.6) are chemically different and
definetly no polymorph.

Since not only the water content is, however, different within the Tetragonal and the HTO
crystals (see Figure 4.2.7) they are also not polymorphs but still solvates. However, the word
hydrate is only correct, if the “free” water is the same in the amount and only the bonded
water amount is different. This is not the case. Hence the Tetragonal and the HTO crystals
are no “classic” solvates anymore.

The existing differences in morphology of the lysozyme crystals, shown in Table 4.1.1, are
proven by crystallographic data summarized in Table 2.6.1 obtained from Aldabaibeh
[ALDQO9a]. Aldabaibeh did crystallographic studies on the Tetragonal, HTO and LTO
morphologies by single crystals diffraction experiments. The results of Tetragonal and HTO
crystals in Table 2.6.1 are in good agreement with recorded crystallographic data by e.g.
Vaney [VANO1] and Matsuura [MATO03].
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Generally, the Tetragonal, HTO and LTO morphologies show clear differences in the crystal
lattice parameters (crystallographic data). The LTO morphologies produced at pH9 and 10
show almost identical lattice data. This leads to the assumption that the LTO crystals
produced at pH9.6 also show same crystallographic data. At the same time, this
demonstrates that crystallization close to the isoelectric point of lysozyme (pl 11 — 11.5) and
the resulting crystal lattice are less sensitive to minor changes in solution pH +/- 1. However,
this cannot be generalized. A possible effect of even such small changes on the crystal
lattice should not be excluded at current state.

5.2  Analytics of lysozyme crystals

To describe protein (lysozyme) crystals correctly, the assumed main crystal components (the
macromolecule, water, buffer+counterion, precipitant [PUS02]) have to be proven. In the
following, analytics carried out with the example of lysozyme crystals will demonstrate that
the Tetragonal, HTO and LTO morphologies presented consist of four main components
such as:

1) the lysozyme (protein),
2) the acetate or glycine buffer solution (water and buffer salt),
3) the water (crystal lattice), and

4) the salt, in present study sodium chloride (crystallizing agent).

Lysozyme crystal components are explicit detected by simple analytics which will be
described in the following.

1) The lysozyme (protein)

The protein content of lysozyme crystals is first analyzed by lysozyme concentration
determination and lysozyme activity (specific activity). A simple technique for fast protein
concentration measurements is carried with a spectrophotometer. This technique bases on
the fact that lysozyme (generally proteins) contains aromatic amino acids (phenylalanine,
tyrosine, and tryptophan) which absorb ultraviolet light at 280 nm [MCP99]. Salts in the
buffer solution are negligible. Protein solutions e.g. lysozyme solutions have an extinction
coefficient at E 280 nm, which is described in chapter 3.2.2 and for lysozyme estimated to be
2.64 mL/mg*cm [SOP62, BRO96]. The actual protein concentration of the lysozyme crystals
can be calculated with measured extinction at 280 nm, the extinction coefficient and the
Lambert-Beer's law [AJE11, MYEO1l]. The extinction values obtained from the optical
enzymatic activity test using the micrococcus luteus as a substrate, see appendix Al, are
used to estimate first the activity per volume which is given in Units per mL. Knowing the
activity (U/mL) and the lysozyme concentration the specific activity (U/mg) of the lysozyme
crystals is calculated, see equation 3.2.1 and 3.2.2, [MCP99].
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As shown, crystallization of lysozyme is successful using different salts. Proteins without
activity, either in native or crystalline state, are losing their relevance especially when it
comes to biopharmaceutical — therapeutic proteins. Enzymatic activity tests for the
Tetragonal, HTO and LTO lysozyme crystals showed always some activity loss. This is
unpreventable because of the air contact of pure lysozyme powder (before crystallization)
and the used batch crystallization methods. Depending on the crystallization conditions, thus
the resulting morphology, and methods, the loss of activity can vary. Comparing the specific
activities of the three lysozyme crystal morphologies, the LTO morphology shows the highest
whereas the HTO crystals show the lowest specific activity. In contrast to own activity
studies, Diaz-Borbon [DIA10] could prove a possible minimal specific activity loss when
Tetragonal lysozyme crystals are produced by a freeze out protein crystallization technology,
see Figure 5.2.1.

70000
65000
oo ;
55000

50000

specific activity (U/mg)

pure lysozyme Tetragonal (3% NaCl)  Tetragonal

powder crystalline lysozyme crystalline lysozyme

Figure 5.2.1: Specific activity of pure lysozyme powder, Tetragonal lysozyme crystals
produced by a freeze out protein crystallization technology using 3 wt%
NaCl [DIA10] compared with previous presented Tetragonal lysozyme
crystal morphology.

Besides the elaborated influence of the crystallization conditions, the crystallization
methodology and the temperature during long-term storage show an impact on the activity,
too. HTO crystals are stored in a water bath at constant 37 °C, as used for the crystallization
to avoid transformation. In contrast, the LTO (produced at room temperature of 20 °C +/- 3
°C) and the Tetragonal (4 °C) lysozyme crystals are kept in the refrigerator after the
crystallization finished. Determined activities, which are higher for Tetragonal and LTO than
for HTO crystals, show that the storage at low temperature for a long time is more
convenient to preserve the enzymatic activity. Unfortunately, a discrepancy exists for storing
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HTO crystals at low temperatures, because the risk of HTO transformation into a low
temperature polymorph is high. Therefore, storing HTO at higher temperatures which cause
activity loss has to be currently accepted.

2) The acetate or glycine buffer solution ( water and buffer salt)

According to literature, protein crystals contain high amounts of water / solvent, starting from
30 up to 90 wt% [MCP98], same refers to lysozyme crystals.

The protein crystals including the lysozyme crystals are very soft which is expected to be the
result of high water / solvent content and low binding energies [BERO5]. With respect to their
softness, it is even more interesting to observe the fracture behavior of lysozyme crystals by
scanning electronic microscope (SEM) pictures. The broken crystal edges are of great value.
The lysozyme crystals clearly show a fracture behavior which is extremely similar to the
fracture behavior of sodium chloride crystals displayed by Ulrich [ULR81] or saccharose
crystals by Fabian [FAB93]. From demonstrated fracture behavior high crystallinity could be
assumed, but this questions the softness and the high water / high solvent content of the
lysozyme crystals. The crystallinity can be determined and evaluated by powder X-ray
diffraction which will be discussed later. To show and prove the high water / solvent content,
different methods are tested as presented in chapter 4.2.

The solvent content of the lysozyme crystals is expected to come from two different sources.
On the one hand, there is the buffer solution which is kept in crystal cavities (also called
voids, pores or channels). On the other hand, there exists “fixed” water which is bound
directly to the lysozyme molecules and therefore incorporated in the crystal lattice [MCP99]
as known from conventional hydrates.

The existence of the “loose” associated water as part of enclosed solvent will be proven.
Solvent inside of the crystals are located in crystal cavities or pores generated by the
lysozyme molecule arrangement within the crystal lattice. To prove the enclosed solvent, the
existing diffusion between the environmental solution and the lysozyme crystal cavities
(pores) is visualized with the help of dyes. Similar experiments using bromphenol blue and
bromphenol red are described by Nadarajah et al. [LIM98], but used to detect halide ions
within the Tetragonal lysozyme crystal. Lysozyme crystals are stored in blue colored buffer
solvent for minimal 24h. Expected diffusion of the blue dye inside the lysozyme crystal is
supposed to cause a change of the natural colorless look. Using coomassie blue to color
Tetragonal and HTO lysozyme crystals fails, whereas using methylene blue succeeds.
Comparing both blue dyes, Figure 5.2.2 shows significant differences in the molecular
weight, structure and size which give plausible explanation for successful or unsuccessful
diffusion and the coloring.
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Figure 5.2.2: Molecular structure and weight of Coomassie blue [ROM12] and
Methylene [ROM12] blue used for coloring lysozyme crystals.

The Coomassie blue molecule is a very large molecule if compared to Methylene blue and
has an almost three times larger molecular weight. Hence, the Coomassie blue molecule
seems to be too big to diffuse inside and to color the Tetragonal and HTO crystals.
Obviously, the lysozyme crystals only can be colored if molecular weight, molecular structure
meaning form (shape) and size of the dye are adequate to their pore (cavity) size.

More detailed explanation can be given with the help of simulation studies. Simulation
studies on protein crystals, in general, present a crystal pore size (diameter) in the range of
approx. 0.3 to 5 nm [MOR95] or 0.3 to 10 nm [MALO7, MAL11]. The molecule size of
Coomassie blue is 2.66 x 1.62 nm (length x width) and much larger than Methylene blue
which is 1.43 x 0.4 nm (length x width), shown in Figure 5.2.4. Obviously, if Methylene blue
is capable of coloring the Tetragonal and HTO lysozyme crystals, their crystal pore size must
have at least the size of the Methylene blue molecule. Hence, the pore size of Tetragonal
and HTO crystals can be described with a diameter of minimal 0.4 nm and maximal 1.43 nm.
In contrast to Tetragonal and HTO lysozyme crystals, the LTO lysozyme crystals exposed to
same Methylene blue dye could not be colored blue. The proof of existing diffusion by
coloring of the LTO crystals is carried out differently. Therefore, a pH indicator
Phenolphthalein is tested which is colorless in acidic and pink/red in basic conditions. The
LTO crystals are produced in a basic glycine buffer causing inclusions of basic solvent.
Thus, exposing LTO crystals to a Phenolphthalein enriched solution should result in pink
colored crystals. Table 4.2.4 shows pink LTO crystals and delivers proof. Concluding from
this, LTO crystals also contain high amounts of solvent likewise Tetragonal and HTO
crystals. However, it is questionable why Methylene blues does not and Phenolphthalein
does color the LTO lysozyme crystals. Obviously, diffusion and solvent exchange occur in
both cases. The molecular weights of both molecules, Phenolphthalein (318,32 g/mol) and
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Methylene blue (319.85 g/mol), are very similar and cannot be the reason for this
observation.

The reason why LTO crystals could not be colored blue, but pink is explainable, however, by
the pore size of LTO crystals, which obviously does not agree with the size and shape of the
Methylene blue molecule, but with the size and shape of Phenolphthalein. To be more clear,
Figures 5.2.3 and 5.2.4 show a more compact molecular structure of Phenolphthalein, if
compared to Methylene blue. The estimated diameters of the Phenolphthalein molecule are
0.97 and 0.83 nm which is shorter than the length (1.43 nm) of Methylene blue. Thus, the
pore diameter must be at least 0.83 nm. Furthermore, the pore and the channel shape which
leads the solvent to the inside of the lysozyme crystals obviously don’t match with the “long”-
shape of the Methylene blue molecule. The same simulation studies as mentioned above
[MALO7] also described that the pore and channel radius of orthorhombic lysozyme crystals
are not constant. The channels show narrow zones due to the lysozyme molecules residues
that reach inside the channels. This is the reason why the radius can vary from 0.95 nm to
smaller than 0.82 nm [MALO7] and causes the channels to obtain a kind of “zick-zack”
shape. Do to the fact that Methylene blue has a small width, diffusion could be expected.
With respect to its length, Methylene blue is obviously not flexible enough to fit in the crystal
channels, because of such “zick-zack” shape. Therefore, Methylene blue cannot diffuse
inside the LTO crystals whereas Phenolphthalein can.

Phenolphthalein

M =318.32 g/mol

Figure 5.2.3: Molecular structure and weight of Phenolphthalein used for coloring LTO
lysozyme crystals [ROM12].
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Phenolphthalein

=0.83 nm

Figure 5.2.4: Molecular structure model of Coomassie blue, Methylene blue and
Phenolphthalein; the light green dotted lines and the red one,
respectively, represent the distances within the molecule in Angstréom
[ACCO05]; 1 Angstréom = 0.1 nm.

Discoloring experiments of lysozyme crystals are successful carried out and serve as
another proof of existing diffusion processes. Completely colored and discolored lysozyme
crystals are observed after 24 hours.

3) The water (crystal lattice)

The current section will focus on the total water content determination. When talking about
the water content of lysozyme crystals (or in general protein crystals) a differentiation of two
types has to be done. The two types of water are the “free” and the bonded water molecules.
The “free” water is component of the enclosed solvent that is located in the crystal cavities
(see dye experiments Tables 4.2.3 and 4.2.4). The bonded water molecules are understood
as part of the crystal lattice as in “classical” hydrates.

Using the DSC and TGA techniques, it is possible to show and to measure the amount of
both types of water, “free” and bonded. The coupled system of TG-DSC (STA), especially, is
convenient because the changes in heat flow (evidences for structure alternations) and
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weight (evidence for water loss and stability) are detected simultaneously. DSC and TG
curves obtained match well if considering the observed heat flow changes and at the same
time the occurring weight loss steps.

The DSC curves show first two endothermic peaks (melting — heat absorption) and then one
strong exothermic peak (decomposition — heat release). The mentioned peaks appear for all
three lysozyme crystal morphologies, but the intensity of the peaks of fresh and air-dried
crystals vary. However, DSC data achieved from air-dried lysozyme crystals result in a more
detailed curve. Overall, the two small endothermic peaks observed are related to
dehydration. In the following, the strong exothermic effect correlates with the decomposition
of the lysozyme crystals.

The described DSC peaks within the dynamic phase of the temperature profile start to occur
likewise when loss of weight is detected by TGA. Two dehydration steps and one
decomposition step are detected. The first step can be understood as the evaporation of
“loose” or “free” water molecules (solvent). The second step which occurs at higher
temperatures can be taken as the release of bonded water coming from the crystal lattice
(“classical” water of a hydrate). A third step leads to decomposition which causes extra loss
of weight. The decomposition, surprisingly, happens at very high temperatures around to
250 +/- 3 °C. It gives evidence for high lysozyme crystal stabilities which agrees with Drenth
[DRE92]. Drenth concludes from his studies that "protein molecules in the crystalline state
are appreciably more stable and therefore denature less easily than in solution” [DRE92].
However, high stabilities don't assured enzymatic activity demonstrated by the loss of
activity during storage, e.g. HTO.

To measure the crystal lattice water more precisely, additional TGA measurements were
carried out on air-dried lysozyme crystals. The same expected trend of obtained curves as
seen for fresh lysozyme crystals is observed.

Summing up the total loss of water obtained from fresh lysozyme crystals (first and second
dehydration step) differ in the water content for the different morphologies. In detail, the
lowest water content which correlates well with the highest protein concentration is
determined for HTO crystals. Tetragonal crystals show a lower water content than the HTO
morphology. The opposite of HTO is noticed for the LTO crystals which means the highest
water content and the lowest protein concentration. It seems that during crystallization the
LTO morphology generates cavities / pores within the crystal lattice which are either larger in
number or larger in volume, compared to Tetragonal and HTO crystals. This statement is
supported by the TGA results obtained from air-dried lysozyme crystals, specifically the
water loss of second dehydration step. As mentioned earlier, the second dehydration step
refers to the loss of crystal lattice water. The crystal lattice water content is minor different for
all three different morphologies. This does not confirm the results recorded by Matsuura
[MATO3]. He analyzed and listed different amounts of water molecules attached to the
lysozyme molecules within the Tetragonal and HTO crystals. These different notifications
may be explained by different preciseness of the analytical methods or by the fact that the
crystals in Matsuura’s studies are produced differently.

The existing differences in the water content among the Tetragonal, HTO and LTO crystals
of the present work can be explained by the different morphologies which lead to different
sizes (volume) or quantity of the crystal cavities / pores.
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4) The salt, in present study sodium chloride (crystallizing agent)

For the detection of the fourth component, the crystallizing agent, here the sodium chloride,
different methods are used. Hence, the sodium chloride concentration in the solution where
crystallization takes place is expected to decrease while the crystallization proceeds. The
sodium chloride is therefore expected to be a component of the lysozyme crystals.

One method to determine this sodium chloride concentration decrease takes advantage of
the relation between the conductivity and the ionic strength of a solution. This relation is
demonstrated by exemplary conductivity calculations (see chapter 4.2). A significant
conductivity decrease of applied buffer solution is detectable after 24 hours of crystallization
and indicates the reduced ion concentration. At this point, ions of the added salt including
the ions of the buffer solution (solvent) have to be considered as incorporated in the
lysozyme crystal.

Measuring the pH of lysozyme crystals dissolved in distilled water gives also interesting
results. A pH close to 5 could be obtained when air-dried Tetragonal and/or HTO crystals are
dissolved which is very close to the pH of the original crystallization buffer solution. A
comparable trend is observed for the LTO crystals, too. It demonstrates that not only the
sodium chloride is enclosed, but the acetate buffer and/or the glycine buffer, respectively,
too. Obviously, the buffer salts are additional components of the lysozyme crystal. Here, it
becomes clear that different buffers used for the crystallization of diverse lysozyme crystal
morphologies cause different chemical compositions.

Previous conductivity measurements give evidence for the incorporation of sodium chloride
within the lysozyme crystals during crystallization. An explicit poof of chloride is possible by
the reaction with silver nitrate. Silver nitrate reacts in the presence of chloride to silver
chloride which precipitates immediately into a white solid when mixed together, see equation
3.2.2.3. To prove the chloride as component of the lysozyme crystals, crystals are dissolved
in distilled water and mixed with silver nitrate. All three morphologies show a white
precipitate, meaning the Tetragonal, the HTO and the LTO crystals contain chloride. This
allows and justifies the classification of lysozyme crystals in e.g. Tetragonal lysozyme
chloride, but with respect of incompleteness / impreciseness.

In literature, a reaction of silver ions with acetate ions into a white solid is described as well
[ULL64, ULL55]. This reaction is imaginable for the Tetragonal and the HTO morphology,
because of their production in acidic acetate buffer. Comparing the solubilities of both
possibly generated silver salts give answer which salt precipitates preferentially if acetate
and chloride are present. Silver acetate has a solubility of 1 g/ 100 g water at 15 °C [ULL55].
In contrast, the solubility of silver chloride is extremely lower, 1.93 mg/ 1000 g water at 25 °C
[ULL64, CHE11a]. The significant lower solubility of silver chloride and its solubility product
of pK =1.77*10"*° mol?/L? [LID94] definitely confirm that silver chloride precipitates first. In
case of excess silver ions, silver acetate formation cannot be totally excluded, but this is
insignificant. The same reaction test carried out with LTO crystals, no acetate is available,
also results in a white precipitate. On this account, the precipitation of silver chloride and the
chloride ions as component of the lysozyme crystals are proven.
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More detailed information on the crystal composition obtained by EDX support previous
results. Main focus is on the sodium chloride incorporated in the Tetragonal crystal. EDX on
Tetragonal crystals demonstrates the existence of sodium chloride and shows considerable
differences in the crystal composition depending on where the crystal sample is taken from.
The sample taken from the crystal surface contains less ionic sodium and chloride than the
sample of the inner crystal. Consequently, the Tetragonal lysozyme crystal is
inhomogeneous. The crystal cavities / pores give a plausible explanation. Crystal growth
occurs consistent, as described earlier. The crystal lattice develops different forms of
cavities. These cavities or pores are filled with solvent and dissolved sodium chloride which
is demonstrated via dye experiments, conductivity, silver nitrate reaction and literature
[BENO2, RET02, MAL11]. Resulting from this, only few chloride and/or sodium ions are
expected to be incorporated in the lattice due to limited residues where attachment is
possible [MATO03, VANO1]. However, sodium chloride enrichment in the pores coming from
the enclosed solvent is feasible and explains the higher sodium chloride concentration inside
the lysozyme crystals.

Further differences in the amount of enclosed sodium chloride among the different lysozyme
crystal morphologies are detected by X-ray powder diffraction (XRPD). The differences are
displayed through varied intensities of illustrated sodium chloride peaks (see Figure 4.2.9).
Similar results were obtained by Bernardo [BERO5]. The LTO morphology shows the highest
peaks, estimating the highest sodium chloride fraction. Highest sodium chloride
concentration is assumed to correlate with the highest solvent content which is already
proven by TGA measurements (see Figure 4.2.7). Comparing the Tetragonal and HTO
morphologies, the HTO morphology has higher peak intensities. Considering only the
enclosed solvent content, which is lower for HTO than for Tetragonal crystals, then the peak
intensities do not match. If considering the production conditions, specifically the buffer
solution which has 6 wt% sodium chloride for HTO and 4 wt% for Tetragonal, the sodium
chloride peaks are expected and shown to be higher for HTO than for Tetragonal crystals.
Concluding, the sodium chloride fractions of the different lysozyme crystal morphologies
match with the expectations in respect to their solvent content and production conditions.
From EDX and X-ray data, the sodium chloride is assumed to be mainly incorporated in the
crystal pores by the enclosed buffer solution. Only a small fraction of the sodium chloride
can be expected to bind to the charged lysozyme molecule surfaces of the lysozyme crystal
unit cell. Bernardo et al. [BERO5] summarized his data and suggests: "that the salt was in
some way associated with the protein molecules and not only included in void spaces, or
else the voids spaces could vary with processing conditions and accumulate different
quantities of salt.” He also mentioned an interesting aspect of the “low crystallinity” which
refers to the presence of amorphous protein. The same is observed for investigated
Tetragonal, HTO and LTO lysozyme crystals. All three morphologies show a noticeable “hill”
at the beginning of the X-ray pattern, usually coming from an amorphous material. It cannot
be assured whether this “hill” represents amorphous lysozyme or an error due to limitations
of the powder X-ray technigue. In case of amorphous lysozyme being enclosed in the
crystal, already small amorphous fractions would strongly impact the physical and chemical
properties of the crystal like solubility, dissolution rate and chemical stability which are of
great importance especially in pharmaceutical systems.
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Described investigations and results can already describe the different lysozyme crystal
morphologies very detailed. Working with two differently produced orthorhombic lysozyme
crystals still asks for extra explicit distinction. Anyhow, it is still attractive to detect another
significant disagreement, besides the composition, of the HTO and LTO morphology. XRD
data from Aldabaibeh [ALD09a] already demonstrate varied space group parameters of the
two, indicating different crystal lattices. Another attempt to achieve more detailed information
on the differences, the means of fingerprints to identify the one or the other orthorhombic
morphology, is carried out by Raman and Infrared (IR) spectroscopy. Raman pattern
obtained for HTO and LTO considering the main peaks are generally in agreement with Liu
[LIU10]. With regard to the whole wave number scan, from 500 to 3500 cm™, the Raman
pattern of fresh lysozyme crystals could not give considerable evidences for further
lysozyme crystal differentiations. After freeze-drying the HTO and LTO crystals and limiting
the scan range to wave numbers 400 to 1800 cm™, the HTO morphology shows an
additional outstanding peak at 1512 cm™. This peak is evidence for the incorporated chloride
bondings and is significant because additional IR spectroscopy on fresh HTO crystals show
the same peak at almost same wave number, 1520 cm-1. The small shift found is negligible
and should be mostly due to the different technologies and crystal sample preparation.
Concluding, the peak obtained at wave number 1512 to 1520 cm™ can be used for explicit
HTO identification.

Conclusion

Summarizing the results obtained by extensive analytic studies on lysozyme crystals of the
present work leads to the final proof and conclusion that lysozyme crystals are multi-
component systems, specifically solvates of the buffer and salt they are produced from.
Presented analytics prove the four component composition of lysozyme crystals:

1) lysozyme content - analyzed by lysozyme concentration, specific activity

2) solvent - acetate or glycine buffer solution - analyzed by dye experiments using
methylene blue and phenolphthalein, pH

3) water - “free” (enclosed solvent which contains water) and bonded water (crystal lattice)
- analyzed by DSC and TGA

4) salt - in present study sodium chloride (crystallizing agent) > analyzed by conductivity,
silver chloride precipitation, EDX and XRPD; EDX gives evidences that NaCl is enclosed

in the crystal pores as well as captured between lysozyme crystal growth untis.

The composition of the solution (including temperature) in which crystallization takes place
determines the composition of the lysozyme crystals. All solution components have to be
expected being part of the crystal, either by incorporation in the crystal lattice through
attachment to the lysozyme molecule or by embedding in the crystal cavities. At this point,

104



naming the lysozyme crystal according to its crystallization agent is justified, but incomplete
e.g. Tetragonal lysozyme chloride. However, this classification does not represent the entire
crystal composition required. Due to the fact that the crystal outcome is highly sensitive to
the crystallization conditions a correct protein crystal classification also has to include the pH
and the type of the buffer solution, the crystallizing agent and its concentration. An example
for a complete lysozyme crystal name could be:

Table 5.2.1: classification of lysozyme crystals.

5) B
Morpho- Pro- Mol- Cryst. 'Is')ype of | Tempe
o tein pH arit Buffer | agent cryst. rature
gy y [wt%] agent [°C]
Tetragonal | YTetra | Zlys | 5 | 01 | P NaAc 4 % NaCl 4
Tetra-lys-5-0.1-NaAc-4-NaCl-4
High
Tempera- HTO | 2lys | 5 | 01 | ¥NaAc | 6 9 NaCl 32
ture Ortho-
rhombic
HTO-lys-5-0.1-NaAc-6-NaCl-32
Low troom
Tempera- 2) . 2 empe-
wre Ortho- LTO lys 9.6 | 0.05 | Glycine 4 NacCl rature
rhombic =20

LTO-lys-9.6-0.5-glycine-4-20

Y Tetragonal

2 lysozyme

® sodium acetate buffer
* sodium chloride

® crystallizing

The precise classification is important, because already minor changes e.g. in pH or salt
concentration can cause noticeable changes in the crystal lattice, crystal composition and
therefore in the crystal morphology.
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5.3 Solubility and dissolution behavior of lysozyme crystals

The dissolution behavior caught special attention because an interesting dissolution
phenomenon is observed which is not described in literature up to date.

5.3.1 Solubility

The protein solubility is originated by the primary structure of the lysozyme molecule.
However, it is mainly controlled by the proteins electrostatic surface charges and the ever
present interactions with the solvent. The electrostatic interactions with the environment
(including the electrostatic double-layer and hydration layer) are assumed to take place
equally at the lysozyme crystal surface (crystal / solvent interface) and the lysozyme
molecule surface. If protein molecules approach each other, for example during salting-out,
various kinds of bonds with varied strength, e.g. hydrogen bonds, salt bridges etc. can
develop. The sum of these interactions / bonds is responsible for the protein crystal lattice,
and thus for the solubility of lysozyme crystals, for more details (see chapter 2.2.1).

The solubility of the studied system describes the equilibrium concentration of dissolved
lysozyme crystals in a sodium chloride buffer solution at different pH values and
temperatures. Verifying the solubility parameters like the salt concentration, temperature or
pH of the buffer solution (acidic acetate or phosphate buffer), the equilibrium state changes
and has to balance again. The equilibrium (for used solubility “micro-apparatus” method) can
be reached again via lysozyme crystal dissolution, which means by increasing the lysozyme
concentration in the solvent. On an energetic level, the system always “wants” to attain the
equilibrium state, because at this state the system has the lowest free-energy, AG. At certain
conditions, if a “new” crystalline lysozyme morphology may exist with even lower free-
energy, the “new” lysozyme morphology will nucleate and start to grow, simultaneously the
“old” lysozyme morphology will dissolve and a transition into the “new” morphology can take
place.

In this work, solubility investigations on different lysozyme crystal morphologies are carried
out to add some new solubility data of the LTO morphology (which is already published by
Aldabaibeh [ALD09a]) to the already partially existing phase diagram, and to support already
known solubility behavior of the Tetragonal and/or HTO lysozyme crystals [ALD09a].

The phase diagram of present lysozyme crystals demonstrates a multi-component system.
Within the range of investigation, solubility of Tetragonal, HTO and LTO lysozyme crystals
clearly increases with temperature, but decreases with increasing pH and salt concentration.
A strong dependency on the solution conditions (composition e.g. salt concentration, pH,
and temperature) becomes obvious. Observed and presented solubility trends for Tetragonal
and HTO lysozyme crystals (see Figures 4.3.1.1 to 4.3.1.3) are in good agreement with the
data from literature e.g. [ALD09a, EWI94, FOR99, BENOZ2].

The question “Why the solvent environment / solution condition can strongly affect the
lysozyme (globular) protein molecules and their properties such as solubility?” is already
answered and discussed in detail by Aldabaibeh [ALDQ09a], can be studied in following
references e.g. [MCP98, CHR83, SAL85, CAC91, BRI91, GUI92, EWI94, RET97, FOR99,
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MCP99, NIN99, BOSO01, LEG02, BENO2, RET02, VALO5, BANO6, RET07, VEKO7, NANOS,
PEKO08], and is shortly explained in chapter 2.2.1.

Solubility data obtained for Tetragonal, HTO and LTO lysoyzme crystals were added to the
same patrtially existing phase diagram as done in previous studies by Aldabaibeh [ALD09a].
On the base of this phase diagram, solubilities of the different morphologies were compared.
Here, it has to be clearly pointed out that the solubilities of the Tetragonal, HTO and LTO
crystals cannot be presented in the same phase diagram. Doing so is wrong!

Analytics carried out could explicit prove the multi-component character of lysozyme
crystals, basically four main components such as the lysozyme, water in the crystal lattice,
solvent (buffer and water) enclosed in crystal pores and salt(crystallizing agent). This proof
and finding is crucial for the correctness of a phase diagram and has to be considered.
Comparing the solubilities of Tetragonal and HTO crystals is justified only by first sight
because both morphologies crystallize in the same solvent (buffer solution). Tetragonal and
HTO are solvates of the same buffer solution but their composition of the same components
is different as demonstrated from the analytical studies. This means both are not the
“classic” solvates, they are “pseudo” or “quasi” solvates. It is more obvious for the LTO
morpholohy. The LTO morphology is crystallized at totally different conditions (different
buffer and different pH, see chapter 3.2.1). Therefore, especially the LTO crystals have to be
evaluated separately. It becomes obvious that the LTO morphology is not a different
morphology from the same solvent (buffer) as the Tetragonal and HTO. Consequently, the
LTO solubility also cannot be compared with Tetragonal and HTO crystals, and placing them
in the same phase diagram, as illustrated in Figures 4.3.1.1 to 4.3.1.3, is wrong.

Furthermore, the transformation of the Tetragonal into the HTO morphology at high
temperatures (above 25 °C) is well known and has been studied very detailed [ALDO09a,
VASO07, BURO1, BER74, COZ75]. The transformation occurs, because the lysozyme
undergoes temperature induced conformational changes [COZ75, BURO1, SALS85].
According to this known transformation, an unknown transformation of the LTO crystals
might take place at conditions shown in Figure 4.3.1.1 Another transformation of LTO
crystals into a new high temperature Orthorhombic morphology which has not been
described in literature obviously occurs, see Table 5.3.1. Considering the LTO solubility in
Figure 4.3.1.1, however, an interesting observation is noted. The LTO solubility increases
first, but in the range of 15 to 16 °C the solubility starts to decrease again. Here, the phase
transformation could be the explanation. First, the solubility increases with temperature
which is in agreement with the “normal” expected solubility trend. Above 16 °C, solubility
with respect to the lysozyme concentration in the solvent deceases again which can be
explained by nucleation of a new crystalline phase. Simultaneously, the dissolution of the
LTO still proceeds. At a temperature above 20 °C, the solubility becomes constant, which
means that dissolution of LTO occurs equally with the growth of the “new” crystalline phase.
Unfortunately, checking the sample could not clearly show the formation of a new
morphology. Only orthorhombic shaped crystals could be recognized, but they show
differences in size. However, the very small orthorhombic crystals do indicate nucleation.
The formation of a new solvate (polymorph?) can be still considered, because a new solvate
(polymorph?) does not necessarily have to have a different habit / morphology [HILO6].
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Table 5.3.1: Transformation of LTO lysozyme crystals into a new high temperature
Orthorhombic morphology in a sodium phosphate buffer pH7 + 3 wt%
NaCl + 25 mg/mL lysozyme at 40 °C.

Transformation of the LTO into a new high temperature Orthorhombic lysozyme
crystal morphology

--*"..&?a_‘ Hids : P : -~
F \‘ "‘
g N \ \
, : J F I I
15 min 45 min 6 h 15 min 22 h 15 min

5.3.2 Dissolution behavior of lysozyme crystals

The same background as for the solubility (see chapter 2.2.1) helps to understand the
dissolution phenomenon of Tetragonal, HTO and LTO lysozyme crystals. In the following
discussion, approaches to explain the dissolution phenomena that were introduced in
previous publications [MUE11la,b, MUE12] will be presented in more detail.

Tetragonal, HTO and LTO lysozyme crystals dissolve optically via the same dissolution
mechanism. All morphologies show a comparable dissolution behavior, meaning the crystals
become fragmented (skeleton-like) and fall apart in many smaller crystal particles which
dissolve thereafter separately. Another interesting aspect is that a change in the conditions
(e.g. pH, salt concentration) in which the lysozyme crystals dissolve can lead to a different
dissolution behavior (HTO and LTO). When the dissolution behavior changes, the lysozyme
crystals still fall apart in crystal fragments, but the orientation, the size and the shape of the
generated crystal fragments varies. An exception is observed for the LTO lysozyme
crystals. At basic pH values, the LTO crystals do not fall apart in fragments anymore. All
crystal surfaces observed look smooth and edges become round, comparable with known
dissolution observation of inorganic substances, e.g. sodium chloride.

The dissolution behavior observed for lysozyme crystals is not described as for inorganic
substances and is not well-established as for organic crystals, and is only described for a
few examples.

The dissolution of a sodium chloride crystal is used to illustrate expected and known
dissolution behavior for inorganic crystals. The sodium chloride crystal is exposed to distilled
water, Figure 4.3.2.1. Due to high undersaturation (solubility at 16 °C is approx. S = 360 g/L
[MSD11, ULL6Q]), a very fast dissolution is expected and observed. Dissolution can be
recognized immediately when sharp crystal edges become round [MYEOL1]. The crystal
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becomes smaller and smaller and remain rounded while dissolution proceeds, until the
crystal disappears.

Matsuoka [MAT86] demonstrates the melting behavior of crystalline m-chlornitrobezene
(CNB) which looks optically very similar to the dissolution behavior of the lysozyme crystals.
He explains the formation of a fragmented CNB crystal basically by an agglomeration
process while forming of crystals. During dissolution the process will then be reversed.

The agglomeration approach to explain the dissolution phenomenon of lysozyme crystals as
described for the CNB crystal would need certain frame condition: precipitation occurs only
at extremely high supersaturation. If precipitation takes place, it happens extremely fast and
generates numerous nuclei to decrease the supersaturation as fast as possible. Numerous
small crystals (nuclei) could cause agglomerates to develop. Protein agglomerates could
then behave as “single protein particles” that continue to grow until “pseudo”-single crystals
are well developed. Their crystal surface might heal completely while growth proceeds. An
agglomeration of very small lysozyme crystals directly after nucleation is imaginable. If
agglomeration represents the basic mechanism of the lysozyme crystal growth, the same
mechanism could be expected for the dissolution. Hence, crystal growth observation
experiments should give first signs. Crystal growth studies of the Tetragonal lysozyme
morphology by e.g. Buchfink [BUCO08] did not show any evidences of a process just
discussed. Furthermore, protein solutions are very complex systems, because many diverse
interactions, as introduced in the solubility section, are present [LEUO1]. Therefore, these
interactions have to be considered for the dissolution process as well. Therefore, the option
of an agglomeration process as a possible mechanism for the observed dissolution behavior
is a very weak assumption.

Other options and thoughts existing in literature to explain the dissolution phenomenon of
lysozyme crystals will be discussed in the following:

1) Crystal growth and dissolution follow the same basic model, just in different directions.
The dissolution behavior of lysozyme crystals will therefore be discussed on the base of
conventional crystallization aspects, according to Ulrich [KIR11].

1.1) Crystal defects are responsible for the unusual dissolution behavior. Such crystal
defects can cause tensions in the crystal lattice at which dissolution is assumed to start
and cause the crystal body to become fragmented, according to van der Hoek [HOE82]
and Fabian [FAB93].

1.2) An additional “speculative thought” refers to mosaicity (mosaic structure), proposed by
Rossiter [ROS90], possibly present in protein crystals that could also cause the
lysozyme crystals to fall apart during dissolution.

1.3) Complex macrobonds of different strengths, that are assumed to exists in and determine
the crystal lattice, are responsible for the dissolution behavior of lysozyme crystals,
according to Matsuura [MATO03] and Oki [OKI99]. Under dissolution (undersaturation)
conditions, the weakest macrobonds are supposed to break down first, stronger
macrobonds thereatfter.
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1) Lysozyme crystal dissolution as the reverse process of crystal growth.

The main and fundamental dissolution model postulates that dissolution and crystal growth
are the same, but in different directions. Therefore, the dissolution and the crystal growth
have same mechanism just in reverse which was already introduced by several researches
[FAB96, STA94, SANS8S8]. For example, Snyder [SNY07] assumed equal character of growth
and dissolution and manipulated the crystal shape by a cycling mode of growing and
dissolving. If assuming the same mechanism for both, the dissolution and the growth
process of lysozyme crystals, the dissolution can be also limited by 1) the surface
disintegration (formation of a fragmented lysozyme crystal body) and by 2) bulk diffusion. A
third existing step considers the heat flow of the phase transfer [ULR89, ULR94, MULO1,
KRU93, KIR11]. The step of heat flow / transfer has to proceed simultaneous with the
detachment (surface reaction, step 1) and the transport (diffusion, step 2) step of the
dissolution process. If the heat transfer step during crystallization / crystal growth is
exothermic, the same step for the reverse process has to become endothermic. Here, it
should be mentioned that an actual temperature decrease at the protein crystal interface
through dissolution is expected, but it will be too little for detection, and thus it can be
disregarded.

If crystal dissolution (or growth that is not part of current thesis) is observed under non-
stirred conditions, which is the case in present study, the transport of protein molecules to
the surface (growth) / away from the surface (dissolution) has to proceed through diffusion
and natural convection. The required concentration gradient between interface crystal /
solution and the bulk solution develops because of depletion (crystal growth) / enrichment
(dissolution) of protein near the crystal surface [DUR96]. Again, similarities between growth
and dissolution become obvious.

The protein (lysozyme) crystal growth occurs by incorporation of growth units which takes
place according to a “layer by layer” or by a screw-dislocation” mechanism. Which
incorporation mechanism happens is dependent on the supersaturation. This means both
mechanisms are able to proceed [MCP98, DUR86, CHEO03, ROS96]. As an example,
Tetragonal lysozyme crystals at high supersaturation grow via “layer by layer” (2-D
nucleation) and at low supersaturation via the screw-dislocation mechanism [NAD95].
Depending on the undersaturation and lysozyme crystal morphology, obviously the
dissolution behavior can change as well, as observed for the HTO and LTO lysozyme crystal
morphologies. An explanation might be a changing dissolution mechanism, as described for
the crystal growth.

On the base of the basic model (1), additional speculative thoughts which explain the
dissolution phenomenon of lysozyme crystals more detailed follow.

1.1) Crystal defects cause tensions in the crystal lattice which cause the lysozyme crystal to
fall apart during dissolution.

Dissolution experiments in this work show fragmented lysozyme crystal bodies which look

more like “etch-pits” formations [LASO01, LASO03]. The etching can be confirmed by several

references [MCP98, MON93]. Monaco and Rosenberger observed and studied the etching

on Tetragonal lysozyme crystals [MON93]. Their observations, the development of etch-pits

over the lysozyme crystal surface in undersaturated solution, are comparable with own

110



studies. They suggest a theory that lattice defects leads to enhanced local lattice stress. At
these “stress points” (strains) molecules will be promoted to leave the lattice. In other words,
they describe a higher degree of undersaturation locally limited around the defect points. As
a consequence, the dissolution should start at these crystal lattice defects. Other literature
mentions same theory of etch-pits arising from lattice defects, point defects etc. [MULO1,
SANB82].

The batch crystallization, which is used for lysozyme crystal production, represents a fast
crystallization method (less than 24 h) and leads generally in present work to not “perfect”
lysozyme crystals. Other crystallization methods e.g. the vapor diffusion method produces
nearly “perfect” protein crystals. Not “perfect” lysozyme crystals are expected to have a high
density of crystal defects which is assumed.

This speculation, which is still not totally proven, was introduced for inorganic crystals by van
der Hoek [HOES82]. He postulates that crystal defects cause tensions within the crystal
lattice. These tensions are assumed to lower the growth process, but activate and intensify
the dissolution [HOE82, FAB93]. However, the detachment step during dissolution is
generally much faster than the comparable attachment (incorporation) step during crystal
growth (because dissolution does not require surface diffusion). This fact and the theory of
crystal lattice tensions can plausible explain why dissolution generally occurs faster than
growth at same driving forces and temperatures.

According to van der Hoek [HOES82], following “speculative guess” for lysozyme crystals
could be expressed: If dissolution preferentially starts simultaneously at such widely spread
out lattice defects, it seems possible that lysozyme crystals dissolve in a non-uniform way.
The dissolution pictures of the dissolving lysozyme crystals, however, could be interpreted
as follows: “Lysozyme crystal defects cause tensions in the crystal lattice. Due to these
lattice tensions, it can be assumed that less energy is required to break the lattice bonds at
these defect points. As a consequence, the lysozyme crystal starts to dissolve where crystal
defects are located which could cause the crystal body to become first fragmented and then
to fall apart. The crystal areas with less or no lattice defects could be responsible for the
formation of crystal particles (fragments) seen during dissolution”.

1.2) Mosaicity (mosaic structure) as a reason for the falling apart of lysozyme crystals during
dissolution.

With respect to the assumption of a high defect density in lysozyme crystals, another
speculative thought, a concept of mosaicity, can arise. The theory of a mosaic structure (see
chapter 2.2) in crystalline substances is not uncommon, and mentioned for some proteins,
e.g. ferritin, apoferrtin and for lysozyme. Crystal images of mentioned proteins provide
evidences for existing mosaicity because remarkable optical similarities are noticeable, still it
is just speculative.

X-ray crystallography studies on lysozyme crystals were not continued because preliminary
diffraction results were extremely bad. (Good diffraction results would indicate low mosaicity
which means a good crystal “quality” with few lattice defects, see chapter 2.2.) Lysozyme
crystals investigated showed extremely diffuse and non-evaluable diffraction results which is
usually caused by highly disordered (theoretically) “mosaic blocks” and/or by crystals that
contain a large number of lattice defects [ROS90].
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An estimate of mosaicity of lysozyme crystals has been described in literature, too, but rare.
However, one exemplary reference describes the mosaic structures for a lysozyme crystal
(larger than 170 pum) and illustrates its dissolution (on page 187, [CARO03]) which looks
identical with the dissolution observed in this study for Tetragonal crystals. Demonstrated
dissolution is characterized by “fast” dissolution along the block boundaries which leads to a
“hairy” morphology [CARO03]. Same reference also shows a lysozyme crystal of smaller size
(less than 170 pum) that dissolves slowly and uniform which indicates a lack of block
boundaries [CARO03], unfortunately no dissolution conditions are described. Again a
correlation of size and crystal defects is postulated.

Nevertheless, one should consider whether used crystallization method delivers additional
support for a theoretical mosaic structure to develop or not. Own lysozyme crystals produced
by batch crystallization grew quite large. Crystal sizes (length and/or width) above 200 pm
are very common. HTO and LTO crystals could reach sizes larger than 1 mm in length.
According to above assumption that the larger the crystal the higher the density of crystal
defects, lysozyme crystals should be highly disordered and/or draw through numerous
defects. Actually, bad X-ray diffraction results of investigated lysozyme crystals support
above mentioned. Furthermore, it also would strengthen the dissolution behavior on the
base of etch-pits formation, described in the model (1.1). Regarding the screw-dislocation
growth model, which is proved to exist, similarities can be recognized. Mosaicity and screw-
dislocation, both develop either by incorporation of impurities and/or by lattice defects.
Indeed dissolution images show lysozyme crystal to fall apart in fragments, which might be
interpreted as “mosaic blocks”, but these generated crystal particles show a very irregular
shape. From theoretically described mosaic blocks, one could understand a more uniform
particle formation which is not observed. Nevertheless, the mosaic structure is a theoretical
model mostly used in the field of crystallography science. [ROS90]. There are evidences for
the existence of a mosaic structure which seem plausible, but explicit experimental data to
confirm mentioned model are missing.

1.3) Dissolution phenomenon of lysozyme crystals reasoned by the model of macrobonds.

In the following, an additional model, the macrobond model, and reasons for the unusual
dissolution behavior of lysozyme crystals on a microscopic level according to diverse
existing interactions will be discussed. The solvent (water) — lysozyme, salt - lysozyme and
the lysozyme — lysozyme interactions as well as the different types of bonds within the
lysozyme molecules and the crystal have to be taken into account. The interactions and
bonds that have an impact and control the crystal growth and the solubility, respectively, of
protein crystals are assumed to reason the dissolution as well. Therefore, the model (1.3)
involves complex macrobonds of different strengths which are believed to exists in and
determine the crystal lattice, and thus the dissolution. The macrobond analysis was also
used to examine the different crystal habits of cubic insulin crystals and their intermolecular
interactions [OOT09]. Marcobonds vary in strength and hence varied energies are required
for them to be broken. This fact is assumed to be base for the fourth model of the dissolution
behavior of lysozyme crystals. Depending on the dissolution (solvent) condition, dissolution
driving forces alter and the weakest macrobonds break down first which can explain the
lysozyme crystal falling apart while dissolving. The assumed leftover macrobonds within
generated lysozyme crystal fragments need additional “work” / energy to be broken.
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The first step, the formation of a fragmented crystal body, seems to occur “faster” than the
following dissolution of the crystal fragments. Obviously, the remaining undersaturation (after
the first step) provides less strong driving forces for the “left-over” macrobonds to collapse.
In this case, the slower dissolution of generated crystal particles can be explained.

With respect to the different macrobond strengths, the not changing dissolution behavior of
Tetragonal lysozyme crystals can be explained. The macrobond D is by far the weakest
bond, only 63 kJ/mol. The differences from D to the other macrobonds are quite large, from
AE= 439 to 236 kJ/mol. Therefore, D should be always ruptured first which can result in a
non-changing dissolution behavior. Taking a look to the macrobonds of HTO crystals, their
strength does not vary as much as in Tetragonal crystals. In HTO, the macrobonds B (157
kJ/mol) and C (138 kJ/mol) [MATO3] are quite similar. The bond energy differences of B and
C to A (271 kJd/mol) is far less if compared to Tetragonal crystals. Consequently, the solvent
composition might direct which of the two bonds collapses first. Depending on which
macrobond becomes preferentially attacked, certain particle shape formation should result.
Literature does not give explicit macrobond data of the LTO morphology required for
adequate comparison. Nevertheless, HTO and LTO are both orthorhombic. On account of
this, comparable macrobonds for the LTO morphology might be assumed. This assumption
can be supported by the fact that the dissolution behavior of LTO and HTO changes into the
“bar’-formation by increased pH and salt concentration. On the other hand, the “bar’-
formation for the LTO crystals occurs already at pH7 + 2 wt% whereas for HTO at a higher
pH of 10 + 7 wt%. In addition, LTO does not develop the “bar’-like crystal particles at pH >8
anymore. At this point, existing macrobonds might be similar to some extent, but not the
same. Another influence must exist, too. Influencing parameters suggested refer to the
solubility (undersaturation), hydrophilicity of the lysozyme (interactions in the solvent), the
solvent content and/or the pore size (additional surface area, crystal / solvent interface).

Last section in this discussion summarizes the effect of a) pH and sodium chloride, b)
temperature and c) the undersaturation on the dissolution behavior (formation of fragmented
crystal body) of lysozyme crystals.

a) effect of pH and sodium chloride (Figures 4.3.2.3 t0 4.3.2.7)

All investigated lysozyme crystal morphologies generally dissolve by falling apart followed by
a separate dissolution of the small crystalline parts. This behavior is observed in distilled
water (pH5.75-6), pure buffer and buffer + salt solutions for all tested pH values (pH5.7 to
10), except for the LTO crystal morphology at pH8 and > 8. To distinguish between the effect
of pH and salt concentration, the dissolution behavior is observed in pure buffer solutions
with increasing pH from 5.7 to 8 and 10 (Figure 4.3.2.7).

No change in the dissolution behavior is observed for Tetragonal and HTO crystals. LTO at
pH8 behaves exceptional and dissolves by rounding crystal edges, almost uniform. The pH
can obviously influence the dissolution behavior of LTO crystals, but the particle formation
during dissolution of Tetragonal and HTO is not affected in the same way.

An effect already of slightly increased pH and low salt concentration is noticeable for the
LTO morphology. The dissolution fragmentation changes from needle like crystal particles to
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“bar’-shape particles arranged width-wide. Here, which of the parameters, pH or salt
concentration, has a stronger influence is not clear.

The effect of salt becomes obvious only for the HTO morphology. In pure buffer pH10, the
HTO particles formed during dissolution look the same as in pure buffer at pH5.7 or 8 (see
Figure 4.3.2.7). In contrast, in Figure 4.3.2.6 with 7 wt% NaCl, is shown a clear change in
the particle formation. “Bar”-shape particles which contain many smaller particles develop.
Crystal fragments generated by dissolution can obviously change their orientation, size and
shape, but this is dependent on the lysozyme morphology and the sensitivity to pH and salt
concentration. Clear differences among the three morphologies by their different dissolution
behaviors are demonstrated. Reasons are expected to be mainly related to the variations in
the crystal lattice, macrobonds and the lysozyme structure which can alter during
crystallization under different conditions. If dissolution is assumed to be the reverse of
crystallization, given reasons are confirmed by the statement of Nanev. Nanev [NANOS]
concluded that “along with the crystal composition the protein structure, especially at the
crystal lattice contacts is the key to the crystallization behavior”.

Tetragonal, HTO and LTO have in common that in increase of pH and salt (pH > 7 to 8 and
10, 2 to 7 wt%) results in an outstanding slow dissolution process. The higher the pH and
salt concentration the slower the dissolution seems to occur. Indeed, explicit dissolution rate
studies are necessary, but generally a suppressed dissolution can be explained by:

- if pH (close to the pl) and salt concentration increases, see solubility data in the phase
diagram of Figures 4.3.2.1 to 4.3.2.3, the undersaturation reduces (low undersaturation
means weak driving force and dissolution has to become minimal), and/or

- if added salt itself is understood as an impurity (according to conventional crystallization:
the influence of impurities on the crystal growth process is well known [NYV95] and already
described for dissolution as well [FAB96, MUT77]), ions might block or hinder lysozyme
crystals which alters or inhibits the interactions with water molecules. This can lead to
suppressed as well as to an uniform dissolution in case for LTO.

b) effect of temperature (Figure 4.3.2.8)

Under constant solution conditions, a temperature increase can initiate phase
transformation, e.g. Tetragonal to HTO. To study if the parameter temperature alone can
change the dissolution behavior of lysozyme crystals with respect to the formation of crystal
particles, dissolution observation at pH8 + 3 wit% NaCl and constant undersaturation, but at
two different temperatures (16 and 32 °C) are tested. The LTO morphology is used for this
kind of experiment, because its dissolution behavior seems to be more sensitive to
environmental changes than of the HTO or Tetragonal morphology.

No change in the LTO dissolution behavior and no transformation for 16 or 32 °C are
noticed. In this specific case, varied temperatures and same solution conditions (constant
undersaturation) don’t influence the dissolution behavior regarding the formation of a
fragmented crystal body. On the other hand, temperature changes which modify the
undersaturation can change the dissolution behavior.
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c) effect of undersaturation (Figure 4.3.2.9)

The Tetragonal, HTO and LTO lysozyme crystals have in common that the undersaturation
e.g. in distilled water is very high. Therefore, the dissolution driving force is extremely strong
and dissolution can occur extremely fast. As soon as the lysozyme crystals are exposed to
distilled water, the crystals explosively fall apart and crystal fragment widely spread out. The
fragments dissolve thereafter.

To evaluate the role of undersaturation on the dissolution behavior more specifically,
dissolution experiments were set for Tetragonal crystals (pH8 + 3 wt% NacCl, constant
temperature 16 °C) to three different undersaturations (0.5, 1.5 and 2), according their
solubility data (Tetragonal crystals were used, because HTO and LTO crystals showed
already varied dissolution pattern). Different undersaturation means that different dissolution
driving forces exist. The driving force determines the dissolution rate, but the dissolution rate
is not considered at this point. Nevertheless, it can be expected that increasing driving forces
from very high (distilled water) to very low (S* = 0.5) may change the dissolution behavior of
Tetragonal crystals, too, as observed for HTO and LTO crystals.

No change in the dissolution behavior in distilled water, at S*= 2 or S* = 0.5 is observed.
Within the range of investigations, the undersaturation does not change the dissolution
behavior regarding the crystals “falling-apart”.

An approach to explain this not changing dissolution behavior of Tetragonal crystals is
related to described model of macrobonds (4), and that undersaturation causes the weakest
macrobonds to collapse first. According to Matsuura [MATO03], it has to be the macrobond D
(only 63 kJ/mol) for Tetragonal crystals, because the macrobonds A (345 kJ/mol), B (502
kJ/mol) and C (299 kJ/mol) are much stronger. The macrobond D is the weakest, because
fewest bonds are involved. In addition, more water related bonds exist which are half as
strong as non-water related bonds. Due to the big strength differences, the type D
macrobonds should always collapse first, which means the dissolution behavior cannot
change.

Summarizing all facts concerning the dissolution behavior:

- undersaturation is the driving force for the dissolution behavior of Tetragonal, HTO and
LTO lysozyme crystals

- pH approaching the pl reduces the solubility and minimizes the undersaturation which
reduces dissolution driving forces

- every pH which is different from the pl (isoelectric point) causes different surface charges
of the protein (lysozyme) molecules

- changing pH and/or salt concentration of the solvent solution alters the surface charges
(charge density) of the lysozyme and results in changed interactions (protein — protein,
protein — solvent/salt)

- solvent / crystal interface interactions determine the dissolution

- lysozyme / crystal surface is selective and inhomogeneous due to different amino acid

residues sticking out of the lysozyme molecule surface [NAVO0S]
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- selective amino acids form different crystal contacts which leads to different macrobonds of
various strength

- flexibility of amino acids varies and shows an impact; the shorter / smaller the amino acid,
the less flexible amino acid becomes; the less flexible the amino acid group, the stronger
the van der Waals forces [NANOS]

- crystal contact “position” (amino acid) controls crystallization behavior [NANO8] and in
reverse it should direct the dissolution behavior

- different crystal morphologies have different crystal contacts [JAN95]

- sodium chloride ions can only bind to ionisable amino acid residues e.g. to arginine, lysine,
glutamate or aspartate; amino acids that cannot be ionized are e.g. glutamine or
asparagines

- crystallization always follows the aim to shorten the range of repulsive electrostatic
interactions so that attraction becomes dominating; crystal lattice contacts form during
crystallization only to reduce solubility and enhance lysozyme — lysozyme interactions; in
reverse, dissolution needs strong repulsive electrostatic interaction to reduce the attractive
forces; for lysozyme an optimal low pH and low salt concentration is required

- high temperatures (above 25 °C) can cause conformational changes in lysozyme, and thus
transformation

- during transformation, temperature can activate / deactivate different patches (amino acid
residues) for breaking existing and making new crystal lattice contacts; new / different
crystal contacts result in altered interactions and modified crystal properties

Conclusion

Investigation on lysozyme crystals of different morphologies clearly demonstrate how
complex and divers the dissolution is. First main difference to “classic” crystal dissolution
(equally rounded crystal edges) is the fact that lysozyme crystals dissolve by the formation of
skeleton-like crystal bodies which finally falls apart completely. The generated crystal
fragments dissolve thereafter. The described dissolution becomes even more difficult to
understand when studying different lysozyme crystal morphologies, which show different
dissolution behavior, and when changing the dissolution conditions e.g. changing the pH, the
temperature, the salt concentration etc. Changing the solvent composition and
undersaturation modifies the lysozyme fragmentation during dissolution. The particles
generated by dissolution can vary in size, shape and arrangement. The required time for
lysozyme crystals to dissolve completely varies, too. Mentioned observations demonstrate
how special and complicated dissolution can be and how many different factors / parameters
have to be considered.
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On the base of the lysozyme crystal dissolution studies, approaches to explain the
dissolution phenomenon are introduced, but at current state no model of (1.1) to (1.3) can be
totally assured.

The basic model introduced in 1) “Lysozyme crystal dissolution as the reverse process of
crystal growth.”, which includes the two step crystal growth model (the three step model,
respectively, by Ulrich et al., [ULR89, KRU93)), is applicable for the dissolution process and
provides a useful base for the understanding. The “diffusion layer model” with respect to
Fick’s law and the “interfacial barrier model” seem plausible, whereas the latter is more
accurate due to consideration of the energy barrier. Introduced thoughts of (1.1), which
explain the dissolution phenomenon on account on etch-pits formation, crystal defects and
impurity incorporation, are considerable speculations because optical similarities between
etch-pits and the fragmentation of lysozyme crystals might exist. Generally, etch-pit
formation on crystal surfaces is a sign for “pseudo’-single crystals which develop by
agglomeration and impurity incorporation / accumulation. As previously discussed,
agglomeration as a model for observed dissolution behavior was excluded, that at the same
time diminishes the relevance of the model (1.1).

Discussing the model (1.2) of existing mosaic structure brings out aspects which are
plausible for the observed dissolution behavior. Even so, the mosaicity is just a theoretical
model developed by crystallographers to explain a weak diffraction behavior of certain single
crystals. The field of single-crystal lattice analysis by X-ray diffraction has a totally different
focus, and thus a clear differentiation is required. Consequently, the mosaicity is not directly
applicable for the dissolution phenomenon of lysozyme crystals.

The models (1.1) and (1.2) are imaginable explanations for the falling apart of the lysozyme
crystals during dissolution. The main disadvantage of both models is, they cannot explain
the change in the dissolution behavior of the HTO and LTO morphologies.

The third and in present study favored model (1.3) takes the various interactions and
different bonds within the lysoyzme crystals into account. Starting from the crystallization of
lysozyme, specific macrobonds of different strength (the sum of several amino acid —amino
acid, amino acid — solvent (water, buffer) and amino acid — salt (e.g. CI', buffer ions)
interactions / forces) develop and stabilize the crystals lattice. Already small changes e.g. in
pH, ionic strength, salt concentration etc. of the crystallization environment (solution) can
affect the electrostatic field around the protein and the protein crystal. The dissolution is
understood as the reverse process of the crystallization / crystal growth (basic model (1)). As
a consequence, the model of macrobond formation just in opposite “direction” is most
plausible to explain the dissolution behavior of lysozyme crystals. The macrobonds and their
different strengths were precisely calculated for the Tetragonal and HTO morphology by e.g.
Matsuura [MATO03] and Oki [OKI99]. These calculations enable a prediction of which
macrobonds collapse first during dissolution. The weakest macrobonds determine the
dissolution behavior of lysozyme crystals and therefore the way of “falling apart” in many
fragments. In addition, the high sensitivity to the environmental solution conditions, as
mentioned for the lysoyzme crystallization, explains the changes in the dissolution behavior
when observed under modified dissolution conditions. One main disadvantage of present
“macrobond”-model is that no macrobonds calculations that define the LTO morphology exist
yet. Therefore, considering the same model for the LTO morphology as introduced for the
Tetragonal and HTO lysozyme crystal morphology is completely speculative.
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Outlook

Following Table 5.4.1 gives a short overview on the current crystallization research status of
comparing conventional crystallization and protein crystallization. It is obvious that
conventional crystallization is a very well studied field of science, whereas protein
crystallization belongs to the “newer” research areas. An overview on protein crystallization
history is given by McPherson [MCP91]. Protein crystallization still has many unanswered
guestions and asks for lot’s of future work.

Table 5.4.1: Overview of “classic”/conventional crystallization and protein
crystallization.
' known, well studied.
2 demand of research, missing understanding, optimization — control (future

work).

% considered in present work for batch protein crystallization, already studied.
* focus in present work, investigation to give experimental proof, continuous
work required.

Main
characteristics

“Classic” / Conventional

J Protein crystallization
crystallization

optimization
criteria

composition

admixtures
phase diagram
size distribution
nucleation
crystal growth
dissolution

crystal hardness

%activity (enzymes), stability, *

yield

'solubility, purity, yield purity”,

*multi- component crystal (minimal 4
components)

'pure substance (one
component crystal)

variable *common, e.g. salts, PEG
'basis “partially defined
'controlled “not controlled

'controlled (kinetics) “not controlled

controlled (kinetics) Znot controlled
2controlled, but limited kinetics  “undefined, not controlled, kinetics?

defined, e.g. Vickers undefined, too soft

hardness
seeding loften seldom
temperature lvariable, defined 3generally cool, partially defined
time lvariable, defined, controlled  Zlong duration
conclusion controlled not controlled
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Generally, in protein crystallization, still much work has to be done for every protein (see
Table 5.4.1). There are many tasks and challenges e.g. solubility measurements to develop
complete phase diagrams which determine, describe and control crystallization as well as
dissolution conditions and processes. Furthermore, studies on dissolution rates under
controlled and defined conditions, studies of dissolution impact factors and the related
mechanisms, investigations and calculation on dissolution enthalpy and entropy to extend
the dissolution models, optimization studies for time efficient crystallization, activity
preservation and enhancing the protein yield, research to control nucleation (seeding?),
crystal growth and size distribution, as well as to predict crystal hardness, etc. should be in
focus of future work.

In the specific case for lysozyme crystals, some information and data obtained for the
Tetragonal, HTO and LTO morphology are summarized in Table 5.4.2. There are more
interesting aspects and questions which need further attention. To mention a few, aspects of
interests for industrial applications are for example “how to optimize the lysozyme batch
crystallization to minimize activity loss?” and “how to optimize the crystal storage to avoid
activity loss?”. With respect to improve the theoretical understanding, further crystal growth
and dissolution observation studies e.g. by SEM under certain conditions would be of great
value. Comparing the data (pictures and growth/dissolution rates) of both processes can
lead to detailed evidences which again could prove the dissolution as reverse of crystal
growth. In addition, investigations on the lysozyme crystal structures have to be continued of
fresh in comparison to dried crystals, which also may proof assumed existing mosaicity. A
possibly occurring phase transformation of LTO crystals into a “new” orthorhombic
polymorph has to be studied more detailed by microscopy, solubility and by X-ray.
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Table 5.4.2: Overview of lysozyme crystal investigation in present work.

a few references,

Characteristic  Tetragonal HTO LTO e
average: 53100 52000 54000 Tetragonal:
specific activity [DIA10]
(U/mg)
3stability 251 °C 251 °C 252.3°C -
3different salts NaCl, KCI, NaCl, KClI, NacCl, KClI, [ALD46, MCP98,
CaCl,*2H,0, CacCl,*2H,0 CacCl,*2H,0, MCPO09, VANO1,
BaCIz, Na2C03 N32003 BROQG]
3different 4°C 37 °C room [ALD46, MCP98,
temperatures temperature ALDO09a]
industrial yes, but yes, but yes, but e.g. for insulin
applicability optimization optimization optimization [KWOO04]
required required required
*multi- lysozyme lysozyme lysozyme [MCP91, MCP98]
component NaAc buffer NaAc buffer glycine buffer
character water water water
NacCl NacCl NacCl
*partially defined v v 4 [ALD09a, EWI194,
phase diagram FOR99, CAC91]
*undefined no change in change in Change in [CHE98,CARO03,
dissolution dissolution dissolution dissolution FAB96]
behavior behavior at behavior at

pH10+7 wt%
NacCl

pH7+2 wt% NaCl
and pH8 /+2%
NacCl

However, just by taking a look at the dissolution behavior of lysozyme crystals, the
complexity and diversity of the protein crystallization research becomes clear. Hence, it
becomes obvious why protein crystallization is called to be still in the “baby-steps”, meaning
at the beginning of complete understanding.
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6. Summary

Protein crystals in therapeutic (e.g. insulin) as well as in industrial applications (e.g.
detergents, natural food preservatives) are gaining great importance. Protein crystallization
is also important as an industrial process step to purify proteins.

The understanding of protein crystals should be improved, because a wide and detailed
fundamental knowledge on general protein crystallization (kinetics, thermodynamics) and the
protein crystals are increasingly needed in industry.

The protein (lysozyme) batch crystallization was carried out successfully under varied
conditions, but optimization is required to increase the yield and to minimize activity loss.
“Simple” lab experiments were carried out on the Tetragonal, the HTO (high temperature
orthorhombic) and the LTO (low temperature orthorhombic), and provided information to
identify protein (lysozyme) crystals as multi-component systems. All three mentioned
lysozyme crystal morphologies consist of four basic crystal components, but the mass
fraction of each component varies. In general, the main components of protein (lysozyme)
crystals are the protein (lysozyme analyzed e.g. by specific activity tests), bonded water in
the crystal lattice (e.g. by TGA measurements), free water including the bulk solution (e.g. by
diffusion — dyeing tests) and the crystallizing agent (e.g. by silver chloride precipitation or
EDX).

It has to be “highlighted” that with respect to the Tetragonal and the HTO morphology, the
LTO morphology is a totally different lysozyme crystal. It is proven that the crystal
composition of either the LTO or the Tetragonal and HTO lysozyme crystals, which are
produced in different buffer solution, is not the same. As a consequence, the LTO crystals
cannot be compared with Tetragonal and HTO crystals by the mean of polymorphs or
“classic” solvates. The Tetragonal and HTO morphologies can be understood as solvates,
because they are produce at chemically the same buffer conditions. However, they are not
“classic’solvates because the amount of the enclosed solvent content differs. This means,
one has to differentiate among Tetragonal and HTO crystals as a “sub-type” of solvates or
“quasi” / “pseudo” - solvates, too. At this point, obviously merging solubility data of LTO,
Tetragonal and HTO crystals in the same phase diagram is wrong.

It becomes clear how complex the protein crystallization is, and that crystallization conditions
are of great importance. From this, a suggestion of how to precisely classify and name
protein crystal is useful. An example which includes all important protein crystal parameters
for Tetragonal crystals in this study could be: Tetra — lys — 5 - 0.1NaAc — 4 — NacCl - 4.

The solubility and dissolution are major physical properties and play a key role in their
applicability. The determination of the solubility and the control of the dissolution to optimize
the beneficial effect (e.g. therapeutic effect, preservation or cleaning effect) become crucial
and fundamental.

The solubility measurements of lysozyme crystals showed various impact factors e.g.
temperature, pH, salt concentration etc. The same is observed for the dissolution of
lysozyme crystals. At the same time, a very strange dissolution behavior is recognized. The
dissolution occurs via the formation of a fragmented, skeleton-like crystal body. This
dissolution phenomenon has not been precisely described in literature, but with respect to its
complex crystal structure it is not surprisingly. Approaches to explain the dissolution
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phenomenon are introduced. The fundamental hypothesis postulates the dissolution process
as the reverse of the crystal growth. On this base, it is assumed that the dissolution behavior
is mainly controlled by numerous and diverse electrostatic interactions and/or van der Waals
forces. Different arguments finally lead to the conclusion that the model, which takes the
existence of complex macrobonds of different strength into account, explains the observed
dissolution behavior the best. Under dissolution (undersaturation) conditions, the weakest
macrobonds are supposed to break down first, stronger macrobonds thereafter. Two
additional models that explain the unusual dissolution behavior by crystal defects and
mosaicity are also introduced, but evaluated as inadequate.

Mentioned aspects improve the current understanding of protein crystals and protein
crystallization, which helps to develop more efficient crystallization processes and to
optimize the applicability of crystalline products.
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7. Zusammenfassung

Proteinkristalle gewinnen bei therapeutischen (z.B. Insulin) sowie bei industriellen
Anwendungen (Medikamente, Lebensmittelzusatzstoffe, Konservierungsmittel,
Waschmittelzusatze etc.) immer mehr an Bedeutung. Zudem stellt die Proteinkristallisation
auch einen wichtigen Prozessschritt bei der Proteinaufreinigung dar.

Es soll ein Beitrag zum besseren Protein- bzw. Proteinkristall-Verstandnis erbracht werden,
da ein umfangreiches Basiswissen zur Protein-Kristallisation (Kinetik, Thermodynamik) und
den Proteinkristallen fiir die Auslegung industrieller Anlagen notwendig ist.

Die Kiristallisation wurde unter verschiedenen Bedingungen erfolgreich durchgefihrt.
Dennoch bedarf es bei der Batch-Proteinkristallisation einer Optimierung, um die Ausbeute
zu erhéhen und den Aktivitatsverlust des Lysozyms zu minimieren. Proteinkristalle konnten
als ,Multi-Kkomponenten“-Systeme anhand von ,einfachen* Laborexperimenten identifiziert
werden. Hierzu sind die Tetragonalen, die HTO (high temperature orthorhombic) und die
LTO (low temperature orthorhombic) Kristalle des Lysozyms genauer untersucht worden.
Alle drei Lysozymkristall-Morphologien haben vier Hauptbestandteile, jedoch variieren sie in
ihren Massenanteilen. Im Allgemeinen bestehen Proteinkristalle (Lysozymkristalle) aus dem
Protein (Lysozym, nachgewiesen z.B. mittels Aktivitatstests), dem im Kristallgitter
gebundenen Wasser (gemessen z.B. mittels TGA), freiem diffusionsfahigen Wasser
einschlieBlich der Pufferlosung (d.h. dem Puffer aus dem sie kristallisiert wurden, visualisiert
durch z.B. Farbeversuche) aus einem Kristallisationshilfsmittel wie z.B. Salz (hier NaCl,
nachgewiesen mittels Fallungsreaktion als Silberchlorid oder durch EDX).

Hervorzuheben ist, dass im Vergleich zur Tetragonalen und/oder HTO- Morphologie es sich
bei der LTO-Morphologie um ein anderes Lysozymkristall handelt, da gezeigt werden
konnte, dass Tetragonal- und HTO-Kristalle eine unterschiedliche Kristallzusammensetzung
aufweisen als die LTO-Kristalle. Sie weisen den Einschluss einer unterschiedlichen (aus der
sie kristallisiert wurden) Pufferlosung auf. Aufgrund dessen dirfen LTO-Kristalle nicht im
Sinne von Polymorphen oder ,klassischen® Solvaten mit den Tetragonalen oder HTO-
Kristallen verglichen werden. Die Tetragonalen und HTO Kristalle sind Solvate, da sie unter
chemisch gleichen Bedingungen, d.h. aus derselben Pufferlosung, hergestellt werden.
Dennoch kdnnen sie trotzdem nicht als ,klassische* Solvate bezeichnet werden, da sie einen
unterschiedlichen Wassergehalt aufweisen und die in den Kristallporen eingeschlossenen
Puffermengen variieren. Somit muss man erneut differenzieren zwischen den ,klassischen*
Solvaten und sogenannten ,Quasi“- oder ,Pseudo”-Solvaten (Tetragonal, HTO). Demzufolge
ist es falsch, Léslichkeiten der Tetragonalen, der HTO zusammen oder mit den Ldslichkeiten
der LTO-Morphologie in einem Phasendiagram darzustellen.

Die Komplexitat der Proteinkristallisation sowie die Bedeutung und der Einfluss der
Kristallisationsbedingungen auf die Lysozymkristalle sind deutlich, woraufhin ein mogliches
Benennungsschema zur eindeutigen Klassifizierung der Proteinkristalle, das alle
Kristallisationsbedingungen beriicksichtigt, u.a. am Beispiel von Tetragonalen Lysozym-
kristallen vorgestellt wird: Tetra — lys -5 - 0.1 - NaAc — 4 — NaCl - 4.

Die Loslichkeit und auch die Aufldsung sind wichtige physikalische Eigenschaften, die die
industrielle Anwendung bzw. Anwendbarkeit bestimmen. Die Messung von Loéslichkeitsdaten
und auch die Kontrolle der Auflésung sind Grundlage fir die optimale Nutzung der
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Proteineigenschaften (z.B. in der Therapie von Erkrankungen, als Konservierungsmittel oder
Reinigungsmittel). Anhand von durchgefiihrten Ldslichkeitsmessungen konnten bereits viele
Einflussfaktoren festgestellt werden, welche auch bei der Auflosung eine wichtige Rolle
spielen. Zudem wurde ein ungewohnliches Aufléseverhalten beobachtet, was aufgrund der
komplexen Proteinkristallzusammensetzung nicht Uberraschend ist. Das Auflésen von
Lysozymkristallen erfolgt durch die Bildung eines ,skelettartigen“ Kristallkdrpers, der in
einzelne Kristallfragmente zerfallt, die sich anschlieBend auflésen. Solch ein
Aufléseverhalten wurde bisher in der Literatur noch nicht beschrieben. Erklarungsansatze
zum Auflésephdnomen von Lysozymkristallen, welches sich je nach Bedingungen auch
verandern kann, werden diskutiert. Grundlegend wird behauptet, dass die Auflésung der
umgekehrte Prozess zum Kristallwachstum ist. Zusatzlich wird davon ausgegangen, dass
die Auflosung bzw. das Aufloseverhalten von zahlreichen Wechselwirkungen wie z.B. den
elektrostatischen Wechselwirkungen und den van der Waals-Kraften bestimmt wird.
Diesbeziglich liefert das Model, welches auf ,Macro-Bindungen* basiert, die sich aus der
Summe vieler unterschiedlicher Wechselwirkungen zusammensetzen, die plausibelste
Erklarung fir das besondere Auflosemuster. Diese ,Macro-Bindungen“ sind je nach
Zusammensetzung unterschiedlich stark und konnen somit das Aufléseverhalten
unterschiedlich  beeinflussen. Bei entsprechenden Auflésebedingungen, d.h. in
untersattigten Losungen, werden die schwéchsten “Macro-Bindungen” zuerst gespalten, die
starkeren demzufolge im Anschluss. Zwei weitere Modelle, die Kristallgitterdefekte und
Mosaik-Strukturen als Ursache fiir das ungewothnliche Aufléseverhalten in Betracht ziehen,
werden vorgestellt, aber als unzureichend bewertet.

Genannte Aspekte haben die Wissensbasis der Proteinkristalle bzw. der Kristallisation und
Auflésung erweitert, sodass die Prozesse und Produkte (Kristalle) gezielter und effektiver
genutzt werden kénnen.
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8. List of abbreviations and symbols

Abbreviations:
Ag
Al

AgCl

Ca

- COOH

- CH3COO
CNB

DSC

EDX

GRD

HTO

lys
Mg

Na*
- NH>»

NO;

silver

aluminum

Silver chloride

carbon

calcium

carboxyl group

acetate ion

m-chlornitrobezene

Differential Scanning Calorimetry
Energy-Dispersive-X-Ray Spectroscopy
fluoric

growth rate dispersion

hydrogen

high temperature orthorhombic lysozyme crystal
Infra-red

lysozyme

magnesium

nitrogen

sodium ion

amino group

nitrate ion

phosphor

oxygen
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RNS

S

SEM
TGA
UV / Vis
vdwW

XRPD

Symbols:
A

c

Cp

Ccrystallizing agent
Cprotein

Cs

D¢
dc / dx

DF

€\

residue

RNA; Ribose-nucleic acid
sulfur

Scanning Electron microscopy
Thermogravimetric Analysis
Ultraviolet / Visible

van der Waals forces

Powder X-Ray Diffraction

surface area [cm?]

concentration [mg/mL]

concentration of the substance at the surface of the bulk solution (b =
bulk) [mg/mL]

concentration of crystallizing agent
protein concentration of lysozyme sample solution [mg/mL]

concentrations of the substance at the crystal surface (s = surface)
[mg/mL]

constant distance / spacing between the planes in the atomic lattice
angle between the incident ray and the scattering planes

diffusion coefficient of the substance [cm? / s]

diffusion coefficient [m? /s]

concentration gradient [mol /m?]

dilution factor [-]

extinction at 450 nm [-]

extinction (absorbance) at 280 nm [-]

extinction coefficient [2,64 mL/mg*cm]
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AG°
AG°
AG®,
AG;

AG,

Venzyme

Gibbs free energy

energy of a dense liquid

energy of a mesoscopic cluster

energy of the barrier to form a cluster

energy of the barrier to form a nucleus in the dense liquid
thickness of the stagnant liquid layer [cm]

amount of solid molecules through a unit surface area per time [mol /
25
m-*g]

wave length (nm)
path length of the cuvette [cm]

mass of substance dissolved [mg or mmol]
molecular weight [g/mol]

integer

time [s]

volume of enzyme sample solution [mL]
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Appendix

A.1 Lysozyme activity test

1.

10.

11.

test buffer solution

11.7 mL of 0.2 M KH,PO4,

add 18.3 mL of 0.2 M K,HPO,

add 425 pL of 4 M NaCl solution

add 50 mL distilled H,O

check pH value, if needed adjust pH to 7

substrate solution

eppendorf tube of 2 mL volume

30 mg Micrococcus luteus

add 1 mL test buffer solution

mix well by vortex

take 50 puL of Micrococcus solution in 20 mL test buffer solution = substrate
solution and mix well by vortex

check at wavelength 450 nm — 0.8 (take 950 L in a disposable cuvette + 50 L
test buffer sol. and mix)

lysozyme sample solution

dissolve 10 mg lyophilized lysozyme pure or air-dried lysozyme crystals (HTO,
LTO, Tetragonal) in 1mL test buffer solultion
dilute to 1 mg/mL (900 pL test buffer solution + 100 pL lysozyme solution

activity determination

set thermostat which is connected to the spectrophotometer to constant 25 °C
keep substrate solution at all times in water bath at 25C, mix well before each
measurement

pipetting and measuring at 450 nm
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A.2 Solubility of lysozyme crystals

solubility at pH5.7 + 3 wt% NacCl solubility at pH5.7 + 5 wt% NacCl
- .- ---- Tetragonal
. ---- HTO
5 5 - LTO

temperature (°C) temperature (°C)

Figure A.2.1: Solubility of lysozyme crystals at pH7 + 3 wt% (left) and 5 wt% (right)
NacCl.
solubility at pH7 + 3 wt% NacCl solubility at pH7 + 5 wt% NacCl
- " ---- Tetragonal
N ---- HTO
z E}
? E ---LTO
:\_é 104 é 10
0 . / | //
’ B temperaztoure (°O) N ® ’ B B temperazfure (°0) B * B
Figure A.2.2: Solubility of lysozyme crystals at pH7 + 2 wt% (left) and 7 wt% (right)

NacCl.
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solubility at pH8 + 3 wt% NacCl

154

solubility (mg/mL)

104

e

T T T q
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temperature (°C)

solubility (mg/mL)

solubility at pH8 + 5 wt% NacCl

204

---- Tetragonal
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---- LTO
/
—//
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Figure A.2.3: Solubility of lysozyme crystals at pH8 + 3 wt% (left) and 5 wt% (right)

NacCl.
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