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1. Introduction

Crystallization is a well-established unit operation for separation, purification and form-giving
of solid products from a liquid phase and is employed as a matter of routine in those industry
sectors producing such products. The general principles governing the crystallization process
are sufficiently well understood to consider the technology mature (see, for example,
(Myerson 1993, Mullin 2001, Beckmann 2013)). Nonetheless, there are still aspects of
crystallization, concerning both existing gaps in the understanding of the fundamental physics
of the formation of crystalline solids as well as emerging technological application of this unit
operation, that merit continuing research.

One area where crystallization technology is decidedly in its infancy is the application of
crystallization as a unit operation for purification, isolation and form-giving for crystalline
proteins. The main reason for this situation is the absence of a comprehensive body of
knowledge regarding those physical properties of proteins required to design such technology.
Protein crystallization itself has been practiced since the first half of the 19™ century, ever
since haemoglobin was first crystallized from both porcine and human blood (Hiinefeld
1840). Crystallization has since been used as a method for separating proteins from their
natural sources (although chromatographic techniques are currently the methods of choice for
high-performance purification, see, for example, (Walsh 2002)) and presently its predominant
application is firmly rooted in structural science, where the primary task is to generate single
crystals of sufficient quality for diffraction studies towards structure solution. To this date, the
paucity of solubility data for proteins, the absence of techniques capable of generating these
data routinely, in an acceptably short period of time and with a minimum amount of material
has led to a situation where screening a large range of potential crystallization conditions,
more or less at random, is still the preferred approach for generating protein single crystals.
Industrial crystallization of proteins, that is the large scale crystallization of proteins for the
sake of purification and form-giving, is certainly of interest to the relevant industry sectors,
though very little information is made public. For example, glucose isomerase produced by
Genencor International is purified by crystallization and a paper by Visuri (Visuri 2000)
clearly demonstrates the advantage of this unit operation over preparative chromatography
both in terms of the quality of the product obtained and the investment and running costs of
equipment required for the respective operations. Insulin, a therapeutic protein, on the other
hand is purified by chromatography (Barfoed 1987, Kroeft 1989, Hazra 2010), but
crystallization is employed as a finishing operation.

There are only few examples of protein crystallization in industrial use to be found in the
scientific literature. To the best knowledge of this author, prior to the year 2000 the
publication of Visuri cited above, together with an investigation of ovalbumin purification by
Judge et al. (Judge 1995) were the only recent academic publications in this field since those
concerning ‘large scale’ crystallization of proteins for the purpose of isolating and



characterising these components in selected natural resources published in the late 19™ and
first half of the 20™ century (see for example (Hofmeister 1890, Sumner 1919, Abel 1927,
Young 1937)). However, in the years since there has been a noticeable increase in interest in
large scale protein crystallization in the academic community.

As the market for protein products grows (Braun 2006), it is not unlikely that the demand for
cost effective unit operations will increase in the long term. Although it is not always the case
that preparative chromatography is more cost intensive than crystallization and given the
likelihood that crystallization will not always be able to satisfy purity requirements for
products such as therapeutic proteins, it is nonetheless imperative to build a better
understanding of this unit operation as applied to protein products. First and foremost this
means establishing a better body of knowledge of the physical properties of proteins
governing the crystallization process, as well as gaining an understanding of the type of
crystallization equipment that is most suitable for achieving a given product quality for
defined quality criteria. Even if crystallization is employed merely for form-giving, a solid
body of knowledge is essential to guarantee good process control and to avoid unexpected
results with respect to crystal modification or size distribution obtained.

The major obstacle towards obtaining this improved knowledge is the availability and cost of
the materials to be investigated. The availability is currently limited either by the source of a
given protein, or the cost of manufacturing a protein using suitable biotechnological
approaches. In the case of proteins obtained from natural resources, the protein itself might be
present in minute quantities representing merely a fraction of a percent of the total biomass
available. This is certainly the case for urease, one of the model proteins used in the studies
presented herein, which accounts for less than 0.1 % of the mass of the jack bean meal it is
extracted from. For other proteins frequently used as model systems for the investigation of
crystallization behaviour, the natural abundance in their respective sources is generally
greater. Ovalbumin for example, a storage protein found in egg white, has a much greater
abundance (> 60 % of total protein content (Longsworth 1940, Forsythe 1950, Warner 1954)).
Lysozyme, a bacteriolytic enzyme found in egg white (amongst other sources) is the classic
and best understood protein in terms of crystallization; its abundance is an order of magnitude
lower than that of ovalbumin (Longsworth 1940, Forsythe 1950, Warner 1954), which is still
high compared to urease. Manufactured proteins are expensive since the prerequisite research
essential to establish and modify microorganisms suitable for production is involved and time
consuming and the manufacturing technology required is inherently inefficient in terms of
yield. Moreover, the quantities required are small compared to commodity and speciality
chemicals, and price prohibits any more than the essential research required to develop a
workable manufacturing process.

In addition to these limitations, the amounts of material necessary to obtain the fundamental
data required for the rational design of manufacturing processes is comparatively large when
considering methodologies routinely employed in the small-molecule manufacturing
industries. The complexity of the phase behaviour of proteins, discussed in detail in chapter 2
below, together with the size of the molecules, means that more experiments are required to



fully map phase space and evaluate kinetics of nucleation and crystal growth as a function of
the relevant physical parameters, and that the individual experiments require a greater amount
of time.

In this work a number of these issues are addressed. A novel method for measuring solubility
data is presented, which significantly reduces the time required to establish the phase diagram
of a protein. As a result of this improvement, it was possible for the first time to establish the
regions of stability of different crystal modification of the model protein lysozyme. In
addition, crystallization technologies have been investigated and two case studies are
presented and discussed. The first is concerned with the crystallization of urease, an enzyme
found in jack beans, with the focus upon understanding the interplay between crystallization
and conditions product quality criteria such as purity, crystal size and enzymatic activity. The
second case study demonstrates the utility of freezing out the solvent as a means of generating
supersaturation as opposed to the more established salting-out. Here, product quality criteria
are evaluated as a function of the processing conditions and are considered together with the

potential environmental advantages afforded by reduced use of crystallizing agents.



2. Thermodynamics of Protein Solutions - Solubility

For the purpose of designing a large-scale crystallization process for a protein, the primary
thermodynamic property of interest is the solubility of this protein. In general, the solubility
defines the operating range for any crystallization process. In order to crystallize a solid from
a liquid the system has to be driven to a state of disequilibrium where the route to regaining a
state of equilibrium is via a decomposition of the liquid into two components, one of which is
the desired solid material. The latter qualification is important, as a second pathway breaking
disequilibrium via a liquid-liquid phase separation exists, commonly called oiling-out. These
spontaneous liquid-liquid phase separations are undesirable in the context of industrial
process development, as the composition of the two new phases often remains unknown and
control over processes is therefore lost.

The solubility of a crystalline solid is the maximum amount of that solid that can be dissolved
in a liquid of given composition, strictly the chemical potential (¢) of the individual
components, conveniently their respective concentrations (c), at a given temperature (7) and
pressure (p). The main difficulty in representing the solubility of a given protein lies in the
fact that proteins solutions suitable for crystallization are complex in their composition and
cannot be presented in simple binary or ternary phase diagrams (Jones 2010). In the very
simplest case a protein solution for crystallization will contain water as solvent, the dissolved
protein itself, a precipitating agent and a buffer to control and maintain the pH at a constant
value during the crystallization process. Depending upon the buffer required, this leads to a
minimum of four, more frequently five compositional variables that need to be accounted for.

2.1 Measurement of Solubility

Solubility can be measured using any analytical method capable of quantifying the amount of
dissolved solid in systems where the solid and liquid phases are in thermodynamic
equilibrium. A frequently employed method of analysis for determining protein concentration
in a solution is the measurement of UV absorbance (Edelhoch 1967, Pace 1995, Grimsley
2003, Noble 2009), commonly at a wavelength of 280 nm. The chromophores responsible for
the absorption of proteins the UV range are the amino acids tyrosine, tryptophan and
phenylalanine, histidine and cysteine, the latter in the form of its oxidised dimer cystine.
Tryptophan has an absorption maximum 4, at exactly 280 nm (Table 1) and also has the
highest extinction coefficient (¢) and together with tyrosine, A, =275.5 nm, is responsible
for the absorption maximum of most proteins around A=280nm. While phenylalanine,
histidine and cysteine/cystine absorb UV-light, their absorption maxima lie at considerably
lower wavelengths. As a consequence their contribution to the absorption at A =280 nm is
negligible and when calculating protein or peptide extinction coefficients at this wavelength,
based upon a known amino acid sequence, it is common to consider only the number of
tryptophan, tyrosine and cystine units present (Gill 1989, Pace 1995). The concentration range

4



accessible for a given protein depends upon its absorption coefficient at the selected
wavelength and is therefore a function of the number of the above amino acids in the protein.
Two major limitations exist for optical concentration measurements. One is the availability of
a suitably pure protein sample for calibration and determination of the extinction coefficient,
if the latter is not already known to sufficient accuracy, the other is that relatively 'large’
sample volumes of the order of a few uL are required, limiting this analytical technique to
proteins available in sufficient abundance. Manipulation of the optical path length (using short
path cuvettes) can increase the concentration range accessible, in very dilute solutions other
means of characterisation are required. Various chromophore-based assays (Lowry 1951,
Winterbourne 1986) are available to increase the sensitivity of optical concentration
measurements, alternatively suitable chromatographic methods may be employed.

Table 1: Wavelength of maximum absorbance and molar extinction coefficients for the three aromatic
amino acids (Mihalyi 1968) and cystine (Ison 2006).

Amino acid Ama/IM e/ M'em!
Cystine 250 356
Phenylalanine 258 195
Tryptophan 280 5,559
Tyrosine 275 1,405

The method of obtaining thermodynamic equilibrium between the protein crystal and the
solution is at least as important as the method of concentration analysis is, if not more so.
Solubility data have been obtained from hanging drop/sitting drop experiments (Chayen 1988,
Mikol 1989a, Cacioppo 1992, Ninomiya 2001, Tamagawa 2002). Here, a small drop,
typically a few pL, of a protein/precipitant solution under defined conditions is brought into
indirect contact with a significantly more concentrated salt reservoir. Equilibrium is obtained
by exchange of solvent between the protein-rich liquid phase with the salt reservoir via the
vapour phase and simultaneous growth of a protein crystal. The process ends when the
chemical potential of the solvent in the salt reservoir is the same as in the protein reservoir
and therefore the same as the chemical potential of the solvent in the vapour phase. This
approach suffers from several drawbacks. The major disadvantage is the time required to
achieve equilibrium, which typically lies in the range of several weeks to months (Chayen
1988, Ninomiya 2001). The timescale of equilibration gives plenty of opportunity for sample
decomposition and therefore failure of the experiment. The second disadvantage is the sample
size. Hanging drop/sitting drop experiments necessarily require repeated sampling from a
small volume, introducing significant scope for experimental error.

Isothermal micro-batch crystallization is a method more commonly employed (Ataka 1986,
Boistelle 1992, Budayova-Spano 2000, Benas 2002, Sleutel 2009). Here, a slurry of protein
crystals is allowed to equilibrate with a solution at defined pH, buffer and precipitant
concentration. Larger sample volumes are possible using this approach, but these also
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necessitate larger protein amounts, which can be a disadvantage for expensive proteins or
those with low abundance and availability. Batch samples can be agitated, which decreases
equilibration times. The method of agitation used should ensure that the protein crystals are
not subjected to mechanical degradation leading to the formation of amorphous components
changing the nature and number of components of the system. Magnetic stirring bars should
therefore be avoided and overhead stirring kept to a minimum so that the slurry is just
suspended. Nutating shaking tables may present the best alternative providing sufficient
agitation while avoiding excessive mechanical stresses on the protein crystals. Despite the
advantages of agitated slurries, most of the literature reports using this method cite
equilibration times of days to weeks (Ataka 1988, Howard 1988, Vuolanto 2003), making
data acquisition for the purpose of phase diagram determination almost as arduous as static
microbatch or hanging drop/sitting drop methods.

Pusey and Gernert (Pusey 1988) presented a method facilitating mass transfer between the
solid and solution phases (or vice versa) and thus improving equilibration times by allowing a
solution to pass through a static bed of protein crystals. The set-up described is simple: a
slurry of protein crystals is loaded into a small column which is connected to a reservoir
containing a protein solution with defined pH, buffer and precipitant concentration. The
solution is allowed to flow through the protein bed, which is kept at constant temperature in a
thermal bath, under the action of gravity. The eluent is collected and recycled into the
reservoir and samples can be drawn at any time.

The time gain in this approach is significant: for validation samples the measured solution
protein concentrations were within 5 % of known equilibrium values within 6 - 8 hours and
approached 1 % accuracy within 24 hours. As pointed out by the authors, the 'formidable task'
of generating accurate phase diagrams, including the regions of stability and solubility of
metastable phases, becomes feasible with this improvement. The major drawback is once
again the relatively large amount of crystalline solid required for generating the static bed of
crystals (a few mg), which is somewhat mitigated by reusability of one and the same bed for
several measurements. Based upon this methodology, several papers (Pusey 1988, Cacioppo
1991a, Cacioppo 1991b, Forsythe 1996, Forsythe 1999a) were published elucidating the
solubility of tetragonal lysozyme chloride over a range of temperatures and sodium chloride
concentrations at pH values between 4.0 and 5.4. These are discussed in some detail in
chapter 2.4 below.

Building upon this method, Weber et al. (Weber 2005) reported a fully automated approach to
measuring protein solubility resulting in a further and significant reduction of the
equilibration times. The major innovation compared to the method of Pusey and Gernert
(Pusey 1988) is the introduction of a continuous flow of solution through the protein bed. At
the same time, the concentration is measured continuously via UV absorption using a standard
laboratory UV spectrophotometer and recorded with digital data-acquisition and storage.
Equilibration times can be reduced to as little as 20 minutes and the fact that equilibration has
been achieved is immediately apparent when viewing the data acquired — in real time and
without sampling.



The set-up is illustrated in Figure 1. A standard chromatography column is used to contain the
particle suspension which is confined within the column by means of two sintered glass frits.
The position of the frits can be adjusted in order to accommodate a variable slurry volume. A
length of small diameter tubing is connected to either end of the column and the circuit is
closed by inserting a flow-through cuvette between the opposing ends of that tubing. A
peristaltic pump is used to transport the solution through the protein reservoir and the flow
through-cuvette, which is inserted into a standard laboratory UV photo-spectrometer. An
auxiliary circuit containing a second column is coupled to the main system using three-way
valves. This circuit is employed both to fill the system with protein solution and to remove
any air bubbles introduced during filling, as these may facilitate undesired denaturing of the
protein in solution at the air-liquid interface. The auxiliary circuit is de-coupled from the main

system during solubility measurements.

1 PTFE-tubing Temperature . . .
Tygon-tubing control loop PTFE-frit Protein solution
Warter bt 1T Thermostat
Flow cell
quartz
cuvette
Photometer pEmAm Y
EE:I
T
N N
7 } O Bypass
=LA
Peristaltic pump

Column 2

Figure 1: Apparatus for continuous, real-time concentration measurements in protein solutions
(Weber 2005). The water bath controls the temperature of the crystal bed in contact with the solution,
which is pumped into the measuring chamber of the UV-Vis photometer by the peristaltic pump. The
concentration range accessible in the measurement can be adjusted using cuvettes of different optical
path lengths.

The column containing the protein slurry reservoir is placed into a thermal bath where the
temperature is controlled. Those sections of tubing not contained within the thermal bath are
conveniently insulated to prevent any crystal nucleation due to large temperature differences
between the bath and the environment. At the same time, their length is kept to a minimum
and is limited only by the distance required to connect the column to the cuvette. The total
volume in the system is of the order of 2 — 5 mL and is largely determined by the volume of
the column.



This set-up allows rapid equilibration when approaching the solubility from an undersaturated
solution, whereas equilibration times were considerably longer when approaching from a
supersaturated solution. Clearly the kinetics of dissolution and crystal growth are different for
the protein investigated (various lysozyme modifications, see discussion in chapter 2.4).
Validation experiments showed that equilibration times were of the order of 20 — 90 minutes
(from undersaturated solution) and depended somewhat on the nature of the crystal slurry
employed, though exact factors contributing to this variation were never identified.
Nucleation of crystalline protein outside of the reservoir column was only rarely observed, a
much greater problem was the formation of insoluble proteinaceous plaques in the tubing,
possibly due to mechanical stress provided by the pump and leading to denaturing of the
protein or denaturing of the protein at a liquid-gas interface. However, plaque formation was
usually only observed after several days of operation using one and the same crystal bed and
is easily overcome by careful cleaning of the column and replacement of the crystal bed and
the connecting tubing.

Once equilibrium has been reached, as evidenced by a constant UV-absorbance, the
temperature in the thermal bath can be increased or decreased in order to obtain further
solubility data points at otherwise identical solution composition. In order to obtain solubility
data for additional solution compositions (change of pH, buffer-type, buffer concentration and
precipitant concentration) the solution has to be exchanged, conveniently changing the crystal
reservoir to one generated under similar composition conditions at the same time. This avoids
the need for extensive washing of the crystal bed with the new solution and any risk that the
composition with respect to the non-protein components differs from the nominal
composition due to incomplete elution of the solution previously under investigation.

Using this approach, the solubility of several crystal modifications of lysozyme was
determined over a range of conditions (Aldabaibeh 2009) as discussed in chapter 2.4 below.

2.2 Solubility of Selected Proteins - Compilation of Literature Data

Table 2 provides an overview of proteins for which solubility data have been published. The
table provides information the protein studied and the literature source and where available,
the source organism for the protein and the method of equilibration. The method of
concentration measurement is omitted as this would make the table unwieldy. The majority of
authors employ UV photometry for the determination of concentration, either directly or via a
colorimetric assay, though other techniques such as interferometry, scintillation measurements
and even direct observation of cessation of growth or dissolution can be encountered. Older
literature frequently employs the determination of total nitrogen content via the Kjeldal
method as a means of quantifying protein concentration. The method of equilibration
differentiates between vapour diffusion from hanging drops/sitting drops, batch methods, the
column method developed by Pusey and Gernert (Pusey 1988) discussed above, the
continuous flow through method developed by Weber et al. (Weber 2005) and other
approaches requiring dedicated equipment. The batch methods incorporate a range of
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different approaches at different experimental scales and include turbidity-based detection

methods that do not strictly measure an equilibrium concentration (see chapter 2.7). While it

can certainly be argued that the column method is also a type of batch equilibration, it is

sufficiently distinct from the other batch methods to merit a separate classification.

Table 2: Overview of published solubility data. The methods used for solubility determination refers

only to the equilibration method, analytical methods applied can be found in the cited papers.
1: vapour diffusion (hanging drop/sitting drop); 2: (micro-)batch; 3: static bed column; 4: flow-
through crystal bed; 5: dedicated sample cells (high pressure studies, interferometry). This compilation
lays no claim to completeness.

Protein Source organism Method | Literature reference
Lysozyme gallus gallus 1 (Riés-Kautt 1989, Guilloteau 1992, Skouri
(hen egg white) 1995, Vaney 2001)
2 (Cole 1969, Ataka 1988, Howard 1988,
Guilloteau 1992, Shih 1992, Rosenberger 1993,
Chin 1994, Broutin 1995, Coen 1995, Coen
1997, Gripon 1997, Retailleau 1997, Moretti
2000, Haire 2001, Benas 2002, Legrand 2002,
Retailleau 2002, Lu 2003, Annunziata 2008, Lu
2011, Wang 2011, Maosoongnern 2012)
3 (Pusey 1988, Cacioppo 1991a, Cacioppo 1991b,
Ewing 1994, Forsythe 1996, Forsythe 1999a,
Forsythe 1999b)
4 (Weber 2005, Aldabaibeh 2009)
5 (Suzuki 2000, Gray 2001, Nakazato 2004, Van
Driessche 2009, Suzuki 2011)
Ovalbumin Gallus gallus 2 (Judge 1996, Dumetz 2008, Dumetz 2009)
(hen egg white)
Haemoglobin Equus ferus caballus |2 (Landsteiner 1923, Green 1931a, Green 1931b,
(horse) Green 1932, Green 1935)
Homo sapiens sapiens |5 (Feeling-Taylor 1999)
(human)
Canis lupus familiaris |2 (Landsteiner 1923)
(dog)
Human y-Globulin | homo sapiens sapiens |- (Galeotti 1906)
(human)
Ribonuclease A Bos primigenius 2 (Dumetz 2008, Dumetz 2009)
(cattle)
B-lactoglobulin Bos primigenius 2 (Dumetz 2008)
(cattle)
Insulin Bos primigenius 2 (Lens 1946)
(cattle)




Protein Source organism Method | Literature reference
Insulin Not specified 2 (Widmark 1923, Schwert 1950)
sus scrofa (pig) - (Bergeron 2003)
Chymotrypsin Bos primigenius 2 (Kunitz 1938, Kubacki 1949, Deshpande 1989,
Chymotrypsinogen |(cattle) Przybycien 1989, Lu 2003)
(Kunitz: not specified)
Casein Bos primigenius - (Cohn 1922, Cohn 1923)
(cattle)
Bovine pancreatic | Bos primigenius 2 (Lafont 1994, Lafont 1997, Budayova-Spano
trypsin inhibitor (cattle) 2000, Veesler 2004)
Edestin Cannabis sativa 2 (Osborne 1905, Kodama 1922)
(hemp)
Collagenase Hypoderma lineatum |1 (Carbonnaux 1995)
(gad fly)
Pea protein Pisum sativum - (Soral-Smietana 1998)
hydrolysates (garden pea)
Xylose isomerase Sleutel, Vuolanto: 1,2 (Chayen 1988, Vuolanto 2003, Sleutel 2009)
Streptomyces
rubiginosus
Chayen:
Arthrobacter
strain B3728
Concanavalin A canavalia ensiformis |1,2,3 |(Mikol 1989a, Cacioppo 1992, Moré 1995,
(jack bean) Kashimoto 1998)
Canavalin canavalia ensiformis |1 (DeMattei 1991)
(jack bean)
a-Amylase Sus scrofa 2 (Boistelle 1992)
(pig)
B-Amylase Hordeum vulgare 2 (Visuri 1972)
(barley)
Taka-amylase Aspergillus oryzae 1 (Ninomiya 2001)
Zein Zea mays - (Cohn 1924)
(maize)
Thaumatin Thaumatococcus 5 (Malkin 1996, Juarez-Martinez 2001)
daniellii (katemfe)
Endoglucanase A Clostridium 2 (Budayova 1999)
Cellulolyticum
Subtilisin Bacillus lentus 2 (Pan 2002)
Asparaginase 11 Recombinant 2 (Liu 2014)

Escherichia coli
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2.3 Crystal Modifications of Lysozyme

The following discussion focuses upon the solubility of various lysozyme modifications in
order to highlight the progress made in determining protein solid-liquid phase-diagrams in
recent years.

At least eight crystal modifications of hen egg white lysozyme are known for which crystal
structures have been reported (see Table 3, some of the structures are illustrated in Figure 2).
These are the tetragonal, high temperature orthorhombic (HTO), low temperature
orthorhombic (LTO), two monoclinic, two triclinic and a hexagonal modification. The first
three are related as they are all modifications of lysozyme chloride, i.e., can be crystallized
with chloride counter ions using sodium chloride as precipitating agent (Jolles 1972,
Artymiuk 1982, Oki 1999, Sukumar 1999, Biswal 2000). In addition, the work of Jolles and
Berthou (Jolles 1972) demonstrated that a pathway for transition exists between tetragonal
and high temperature orthorhombic lysozyme and that this transition can be effected simply
by heating a slurry of tetragonal lysozyme chloride above 25 °C. In a second paper Jolles and
Berthou also identified the low temperature orthorhombic modification (Berthou 1974).

Of these three modifications, tetragonal lysozyme chloride is by far the best studied, perhaps
due to the relative ease with which it can be crystallized (McPherson 1999). The
modifications belonging to the remaining three crystal classes represent more than just three
modifications and are not related to the first group since they generally require different
anions to crystallize and are therefore chemically distinct. Steinrauf (Steinrauf 1959) was the
first to investigate monoclinic and triclinic crystal modifications of lysozyme. He reported the
unit cells of monoclinic lysozyme nitrate, iodide and sulfate. Despite the striking similarity of
the unit cells, these three solids must be regarded as distinct but isostructural modifications of
the respective lysozyme salts (for a more detailed discussion see, for example, Jones and
Ulrich (Jones 2010)) due to the differences in chemical composition. The triclinic
modification described in Steinrauf’s paper is also obtained as a nitrate salt. Although
Steinrauf was not able to solve the structures, later work (Madhusudan 1993, Walsh 1998)
confirmed the presence of nitrate ions in both monoclinic and triclinic lysozyme nitrate,
sulfate ions in monoclinic lysozyme sulfate (Majeed 2003), which, in addition to the chemical
difference, crystallizes in a different space group when compared to the nitrate salt, and iodide
ions in the structure of lysozyme iodide (Steinrauf 1998). The structure of hexagonal
lysozyme nitrate was solved by Brinkmann ef al. (Brinkmann 2006) and additional salts of
lysozyme and their crystal structures have been reported (Lim 1998, Vaney 2001). To
complicate matters further, both monoclinic and triclinic lysozyme nitrate have two known
and distinct crystal modifications (Madhusudan 1993, Nagendra 1995, Nagendra 1996, Harata
2004). In both cases the two modifications differ in their water content and the high-humidity
structure can be converted into the low-humidity variant by dehydration (Madhusudan 1993,
Harata 2004, Harata 2006). Finally, a monoclinic lysozyme chloride has been reported
(Harata 1994), suggesting that the two groups defined above are not wholly unrelated. It must
be noted, though, that this modification was only obtained in the presence of 1-propanol.
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Table 3: Overview of crystal modifications of hen egg white lysozyme with known crystal structures. Data were obtained from the RCSB Protein Data Bank
(Berman 2000), the PDB reference is that used in the data bank.

Crystal Class Space Counter Lattice Parameters PDB Resolution | Authors

Group Ion reference
Hexagonal P 6,22 | Nitrate a=b=8564A,c=6793A, a=B=90°y=120° 1FBB 1.46 A (Brinkmann 2006)
Tetragonal P4;2,2 | Chloride a=b=7854,c=3777A, a=B=y=90° 197L 1.33A (Vaney 1996)
Orthorhombic 1| P2,2,2, | Chloride a=30.50A,b=5539A, c=6885A, 0a=P=y=90° 1HSW 19A (Sukumar 1999)
(LTO)
Orthorhombic I | P2,2,2, | Chloride a=59.06 A,b=6845A,¢c=30.52A, 0=P=y=90° 1AKI 1.5A (Artymiuk 1982)
(LTO)
Orthorhombic 1I | P2,2,2, | Chloride a=5644A,b=7373A,c=3043 A, a=Pp=y=90° 1BGI 1.7 A (Oki 1999)
(HTO)
Monoclinic P2, Nitrate a=2794A, b=6273A, c=6025A, a=y=90° | IHF4 145 A (Vaney 2001)
(high humidity) B=90.76 °
Monoclinic P2, Nitrate a=2690A, b=6895A, c=3133A, a=y=90° | ILMA 1.75 A (Madhusudan 1993)
(low humidity) B=11193°
Monoclinic P2, Chloride a=2723A, b=63.66A, c=59.12A, a=y=90° | ILYS 1.72 A (Harata 1994)

B=92.90°

Triclinic P1 Nitrate a=2593A, b=3997A, c=4239A, a=88.00° | IVIT 113 A (Harata 2004)
(high humidity) B=95.44°v=90.58°
Triclinic P1 Nitrate a=2723A, b=3197A, c=3427A, a=8844° |1V7S 1.14 A (Harata 2004)
(low humidity) Bp=108.62°y=111.71°
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AR

Figure 2: Crystal structure and optical microscope images for selected lysozyme crystal
modifications. a: tetragonal, b: high temperature orthorhombic, c: low temperature orthorhombic, d:
monoclinic, e: triclinic. Hydrogen atoms are omitted from the crystal structures for reasons of clarity.
The isolated red dots in the crystal structures represent oxygen atoms from water.
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While Harata’s analysis and discussion of his diffraction data does not reveal the presence of
the alcohol in the crystal structure, his inability to crystallize a monoclinic lysozyme in the
absence of 1-propanol can be taken as a strong indication that the organic solvent is essential
to stabilise the structure. Furthermore, Berthou and Jolles (Berthou 1978) discussed a
transition of monoclinic lysozyme nitrate to an orthorhombic modification that strongly
resembles the high temperature chloride. This observation suggests that the anion has a subtle
but important role in steering the solid modification. Clearly, hen egg white lysozyme has a
rich phase space where the chemical composition of the system is essential in defining the
solid modifications that may be obtained under given conditions of crystallization. Despite
this, solubility has been investigated for only a very limited part of this phase space.

24 Solubility of Lysozyme Chloride

The solubility of tetragonal lysozyme chloride has been studied extensively as evidenced by
the significant number of literature references in Table 2. The first major investigation was
conducted by Howard et al. (Howard 1988), who studied the temperature dependence of
lysozyme solubility over a range of pH values covering 4 <pH<7.5. In the range
4 <pH <5.5 a sodium acetate buffer was used, a sodium phosphate buffer was employed in
the higher pH range. Both buffer concentrations were 0.05 M. Salt concentrations were
between 1.5 %(w/v) and 10 %(w/v), equivalent to 0.257 mol L'!'<cer<1.711 mol L. The
equilibration method used was a microbatch method starting from a clear solution and
allowing the system to nucleate and thereafter reach equilibrium. No agitation was applied
and the samples were sampled after 4 weeks with further sampling after 6 weeks and, in some
cases, again after 11 weeks.

The first sampling point was selected based upon preliminary experiments and no changes to
solution concentrations were observed at the later sampling points. The crystal modification
of the solid phase was checked using X-ray diffraction and the protein concentration in the
supernatant was determined by UV-photometry.

The solubility data reported in this paper is given in mg protein mL™" solution and is of low
precision (one decimal). Plotting the data as solubility versus salt concentration at constant
temperature (Figure 3) shows that the solubility is strongly dependent upon the salt
concentration at low pH, decreasing rapidly with increasing sodium chloride concentration,
and while this behaviour is still apparent at higher pH, the effect is markedly less pronounced.
This qualitative behaviour is consistent with 'inverse Hofmeister series behaviour' (Riés-Kautt
1991, Zhang 2009) expected for a basic protein. In addition to decreasing sensitivity of the
lysozyme solubility to salt concentration with increasing pH, the solubility also appears to
become less temperature dependent as both the salt concentration and the pH increase.

Figure 4 shows the solubility of lysozyme chloride against the temperature for a range of salt
concentrations at fixed pH. Again, the strong dependence on the salt concentration is
apparent. Interestingly, the solubility increases at low temperature and appears to have a
maximum at around 20 °C, decreasing thereafter. The authors only briefly discuss this
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behaviour in terms of a transition to a different solid modification as previously reported by
(Jolles 1972) and stress the thermodynamic significance of the change in slope of the
solubility curve.

This maximum solubility is also clearly observable in the plot of solubility vs. temperature
(Figure 5) for a salt concentration of 1.5 % NaCl and variable pH, though only at low pH. At
higher pH the solubility appears to have a considerably less pronounced maximum.

A considerably more comprehensive study of tetragonal lysozyme chloride solubility was
carried out over a period of more than a decade by the Pusey group (Pusey 1988, Cacioppo
1991a, Cacioppo 1991b, Forsythe 1996, Forsythe 1999a) using the column method published
in 1988 (Pusey 1988) culminating in the publication of a densely sampled data set (Forsythe
1999a) covering the pH range from 4.0 to 5.4, the temperature range from 1 to 30 °C and
sodium chloride concentrations from 1.5 %(w/v) to 7 %(w/v) using a 0.1 molar sodium
acetate buffer. Figure 6 presents a small selection of data from that publication.

The temperature range covered in these investigations was between 0 °C and 30 °C and the
pH range studied was 4.0 < pH < 5.4. Salt concentrations varied from 1 % to 7 % and a 0.1
molar acetate buffer was employed in the majority of studies. The results show clearly, that
protein solubility behaves in a similar manner when compared to the majority of small
molecule organic compounds, in that the solubility increases with temperature. The behaviour
of the solubility as a function of the precipitant concentration is also as expected and
decreases with increasing salt concentration. With regard to pH, the interpretation of some of
the data is not straight-forward as oscillations were observed within small pH intervals (see,
for example, Figure 3 in (Cacioppo 1991b)), although overall the expected trend of a
solubility decrease as the pH approaches the pl (the pH at which the protein exhibits overall
charge neutrality) is seen. Interestingly, the solubility appears to have a minimum for an
acetate buffer concentration of 1 M. In (Forsythe 1996), the dependence of the solubility is
reported as a function of acetate buffer concentrations between 0.01 M and 0.5 M and as a
function of salt concentration and temperature. Irrespective of the precipitant concentration
investigated, the solubility initially decreases with increasing buffer concentration and reaches
a minimum at 0.1 M, after which the solubility begins to increase before decreasing again at
the higher buffer concentrations employed. The authors offer only speculative explanations
for the underlying phenomena leading to this observation, citing competition between
chloride and acetate ions interacting with basic sites on the protein molecule and, at the higher
buffer concentrations, acetate itself acting as a suitable precipitant for the protein. Despite the
fact that this issue has not been satisfactorily resolved, it is important to highlight the mere
fact that the buffer salt also influences the solubility of a protein.
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Figure 3: Solubility of lysozyme chloride as a function of NaCl concentration at constant pH and
variable temperature according to Howard et al. (Howard 1988). a: pH =4.0, b: pH = 5.0, ¢c: pH = 6.0,
d: pH = 7.0. The symbols represent o T=10°C,AT=15°C, 0 T=20°C, ¢ T=25°C, VT =30 °C,
x T = 40 °C. The solubility decreases significantly with increasing pH, while the temperature
dependence becomes weaker. At high pH the solubility is less sensitive to the salt concentration of the
solution than at low pH.

17



80 -

®
®
60
o [ ]
B
=
20 i
2 40 Py
;—- O
53 0 2
o v
v
i v
20 o o X
v A
v A | ] ; E
A
*
5 o !5 g & ¢
5 10 15 20 25 30 35
T/°C

Figure 4: Solubility of lysozyme chloride as a function of temperature for different salt concentrations
at constant pH = 4 (Howard 1988). The respective NaCl concentrations are: ® 1.5 %(w/v),
0 2.0 %(w/v), ¥ 2.5%(wW/v), A3.0%(w/v), m4.0%(w/v), 05.0%w/v), ¢6.0%(w/v), and
0 8.0 %(w/v). The maximum in solubility and subsequent decrease observed around 20 °C for low salt
concentrations was ascribed to a change in crystal modification crystallized.
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Figure 5: Solubility of lysozyme chloride as a function of temperature for different pH values at
constant salt concentration (1.5 %(w/v) (Howard 1988). As for the representation in Figure 4 above, at
low pH the solubility initially increases with temperature and decreases after a maximum around 20
°C.epH=4.0,0pH=4.5, ¥ pH=5.5 ApH=6.5 mpH="7.0.
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The clear difference between the earlier Howard data (Howard 1988) and data presented by
Forsythe et al. (Forsythe 1999a) is the extension of the temperature range accessible for the
crystal modification studied. Since the column method requires the presence of a crystal bed
with defined crystal modification and the solubility is measured rapidly compared to the
micro-batch method applied by Howard et al. (Howard 1988), which relied upon nucleation
of the crystalline phase from a clear but supersaturated solution, there is no ambiguity over
the nature of the crystalline phase present and in equilibrium with the solution. This is
evidenced by the absence of a maximum in solubility with subsequent decrease towards
higher temperature in the data derived from the column method (Figure 6 and Figure 7).
Moreover, the solubility shows a monotonic increase with temperature consistent with an
exponential temperature dependence as clearly shown by Cacioppo et al. (Cacioppo 1991a).
In addition to the difference in behaviour with regard to temperature, Figure 7 also shows that
the solubility of lysozyme chloride also depends upon the concentration of the buffer used —
while the data shown were generated at otherwise identical solution conditions, Howard et al.
used a 0.05 M acetate buffer while Forsythe et al. employed a buffer at twice the
concentration. Forsythe and Pusey (Forsythe 1996) noted the difficulty in comparing
solubility data acquired under different solution conditions and also investigated the effect of
buffer concentration upon lysozyme solubility.

Surprisingly, the results show that a minimum in solubility exists at a buffer concentration of
0.1 mol L and that the solubility increases towards lower buffer concentrations and initially
also towards higher buffer concentrations, where a maximum is reached at ca. 0.2 mol L'l,
after which a further increase in buffer concentration leads to a decrease in lysozyme
solubility. These observations were shown to be independent of the sodium chloride
concentration present. Forsythe and Pusey (Forsythe 1996) discussed their observations
qualitatively and with reference to the Hofmeister series (see above), but no satisfactory
quantitative explanation was provided.

Although some data published by the Pusey group (Cacioppo 1991a) also related to an
orthorhombic crystal modification of lysozyme chloride, the main focus of the work was
clearly upon tetragonal lysozyme chloride.
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Figure 6: Solubility of lysozyme chloride as a function of temperature for different salt concentrations
at constant pH. The data were measured by the static column method and are taken from
Forsythe et al. (Forsythe 1999a). a) pH = 4.0, b) pH = 5.0. e 2 %(w/v) NaCl, o 3 %(w/v) NaCl,
V 4 %(w/v) NaCl, A5 %(w/v) NaCl, m 7 %(w/v) NaCl. The maximum in solubility previously

reported by Howard et al. (Howard 1988) is absent.
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Figure 7: Comparison of lysozyme chloride solubility as a function of temperature measured under
otherwise identical conditions (pH = 4.0, 2 %(w/v) NaCl) but differing in buffer concentration and
equilibration method. ® 0.1 M sodium acetate buffer, static column method (Forsythe 1999a),0 0.05 M
sodium acetate buffer, microbatch equilibration (Howard 1988).

With the development of the rapid, automated equilibration and solubility measurement set-up
by Weber et al. (Weber 2005), the new possibilities opened up by the speed of measurement
were exploited to explore a wider range of phase space and to extend the phase diagram to
other crystal modifications.

Extensive validation experiments reported by Weber et al. (Weber 2005) showed that
equilibration times could be reduced to just under 20 minutes (cf. Figure 8) when approached
from an undersaturated solution, whereas equilibration from a supersaturated solution
required several hours. This behaviour has been reported previously (Pusey 1988), though the
overall equilibration times were considerably longer with the static column method. A
comparison of the validation data acquired using the flow through cell and literature data from
(Forsythe 1999a) (Figure 9) shows the good agreement of both methods when applied for

identical solution compositions.
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Figure 8: Typical UV-absorption traces as a function of equilibration time for lysozyme chloride
solubility measurements using the flow-through cell in Figure 1 (Weber 2005). These traces represent
a single, continuous measurement and the data have been separated for ease of comparison. The time
t = 0 represents the time at which the respective temperatures were set. Equilibrium values are reached
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2005) for a solution containing 4 %(w/v) sodium chloride at pH = 4.5.
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The pH range studied for tetragonal lysozyme chloride could be extended to pH = 10 while
the salt concentration was increased to 9 %(w/v) (Aldabaibeh 2010). Figure 10 shows data
acquired at solution pH values of 5.7, 7.0 and 8.0 and salt concentrations from 2 %(w/v) to
9 %(w/v). While the general shape of the solubility curve resembles that observed previously
by other researchers as described above, the data demonstrate that the solubility becomes
increasingly insensitive to pH changes at high salt concentrations and almost overlap at the
highest NaCl concentration employed. However, increasing the pH above a value of 8.0
(Figure 11) leads to behaviour of the solubility that is somewhat unexpected in view of the
dictum that protein solubility is at its lowest close to the isoelectric point, namely an increase
in solubility with increasing pH. While this observation is not entirely understood, it is
important to point out that the tetragonal modification is not the stable crystal modification at
high pH values, as will be discussed in the following.

The same range of solution salt concentrations and pH-values was employed in a study of the
orthorhombic I, high temperature, modification of lysozyme chloride. At this point the focus
will be on the pH range from 5.7 < pH < 8.0 whereas the higher pH range will be discussed in
the context of the comparison of the two orthorhombic solid phases below. Here, the
temperature range accessible is limited by denaturing of the protein at higher temperature and
the rate of phase transition to other crystal modifications (tetragonal or orthorhombic I, also
called the low temperature orthorhombic phase) at lower temperature.

The upper useful limit in temperature was 40 °C for this modification, the lower limit was
dependent upon the solution conditions, in particular the salt concentration in the solution. As
Figure 12 shows, the solubility of the high temperature orthorhombic (HTO) modification of
lysozyme chloride is clearly pH dependent for the three lower salt concentrations and
decreases with increasing pH and salt concentration. As observed for the tetragonal
modification at high salt concentration and 7.0 < pH < 8.0, the pH dependence of the
solubility is negligible at the highest salt concentration even for this modification.
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Figure 10: Solubility of tetragonal lysozyme chloride at 5.7 < pH < 8.0 for constant NaCl
concentrations (Aldabaibeh 2009). a) 2 %(w/v) NaCl, b) 3 %(w/v) NaCl, ¢) 5 %(w/v) NaCl,
d) 7 %(w/v) NaCl. o pH = 5.7, 0 pH = 7.0, o pH = 8.0. With increasing salt concentration the
solubility becomes almost independent of pH.
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d) 7 %(w/v) NaCl. o pH = 8.6, ¢ pH =9.6, o pH = 10.6.
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Figure 12: Solubility of high temperature orthorhombic modification of lysozyme chloride at 5.7 <
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In contrast to the observations by Howard (Howard 1988) discussed above, the solubility of
this crystalline phase does not decrease with increasing temperature, but shows an increase in
solubility with temperature, as already observed by Cacioppo (Cacioppo 1991a) at a lower pH
of 4.5, indicating that earlier data were an artefact of the equilibration technique used.
Combining the solubility data for both modifications (Figure 13) gives immediate access to
transition points in the phase diagram. Figure 13 shows the solubility of both tetragonal and
HTO lysozyme chloride as a function of temperature for different salt concentration but at the
same pH. Clearly, the speed with which equilibrium is reached in the flow-through column is
sufficient to allow the measurement — within limits — of the solubility of a given solid phase in
regions of phase space where this solid is metastable. This is most apparent for the lower salt
concentrations, where the measured solubility curves intersect for both solid phases and data
points extend beyond the intersect, which represents the transition point from one solid phase
to the other, into the respective metastable regions. At higher salt concentrations solubility
data were not accessible beyond the transition point for the orthorhombic solid phase due to
the onset of the transformation to the tetragonal phase. For the higher salt concentrations, the
intersect was determined by identifying the intersect of the respective lines fitted through the
available data points.

In order to exhibit such an intersecting point in the solubility curves, the tetragonal and HT
orthorhombic phases of lysozyme chloride must be related enantiotropically, with the
tetragonal modification the stable phase at lower temperature and the orthorhombic
modification stable at higher temperature. Interestingly, a closer inspection of the intersects
for different salt concentrations and pH values reveals that the transition point is dependent
upon both of these concentration variables (Figure 14). At pH = 7.0 the transition temperature
appears to be almost constant at low salt concentrations, but drops significantly at high salt
concentration.

Investigation of the solubility of the low temperature orthorhombic I modification (LTO)
demonstrated that tetragonal modification is metastable with respect to the former under all
conditions investigated. As for the other two modifications, the salt concentration range was
from 2 %(w/v) —9 %(w/v) and the pH range studied was from 5.7 < pH < 10.0. At the two pH
values (pH = 5.7 and 7.0, Figure 15) where data are available for both the tetragonal and the
LTO modification, the tetragonal phase has a higher solubility at all temperatures and appears
to be monotropically related to the LTO phase, though some ambiguity still exists due to the
similarity of measured solubility data at lower temperature for pH = 7.0.
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Figure 15: Comparison of the solubility of tetragonal lysozyme chloride to that of the low temperature
orthorhombic (LTO) modification at a) pH = 5.7 and b) pH = 7.0 (Aldabaibeh 2010). A LTO, e
tetragonal modification. While the tetragonal modification has a lower solubility at low pH, the
solubility of the two modifications differs perceptibly only at temperatures higher than 15 °C at
pH = 7.0, where the LTO apparently becomes the stable modification.
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Figure 16: Solubility data for low temperature orthorhombic (LTO) modification (open symbols and
dotted line) and the high temperature orthorhombic (HTO) modification (solid symbols and line) of
lysozyme chloride at pH 7 as a function of temperature (Aldabaibeh 2009, Aldabaibeh 2010).
¢ 2 %(w/v) NaCl, * 3 %(w/v) NaCl, A5 %(w/v) NaCl, m 7 %(w/v) NaCl, and e 9 %(w/v) NaCl.

The same procedure for identifying the transition points between the tetragonal and HTO
phases can now be carried out for the HTO and LTO crystal modifications. Figure 16 and
Figure 17 show the solubility of HTO and LTO lysozyme chloride at pH 8.6 for different salt
concentrations and the transition temperatures as a function of salt concentration. It is
important to note two conclusions that can be drawn from the data. First, the HTO phase is —
kinetically — considerably more stable with respect to the LTO modification than with respect
to the tetragonal modification and this is evidenced by the greater extent of the solubility data
for HTO into the region of stability of the LTO phase. Furthermore, the transition
temperatures between the HTO and the LTO modifications are always higher than those
observed for those between the tetragonal and the HTO modification. Assuming that this
behaviour also applied at lower pH values (there is no overlap in data available for the
transition temperatures of the respective modification, which is, in part due to the distinct
crystallization conditions required to generate these modifications, as highlighted by Miiller
(Miiller 2012)), which is a sensible assumption considering that the LTO has been shown to
be more stable than the tetragonal modification within the limits of the information available,
this has significant consequences for any process to crystallize one or the other modification
of lysozyme chloride.
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Figure 17: Transition temperature between the region of stability for tetragonal and orthorhombic
lysozyme chloride as a function of salt concentration for different pH values (Aldabaibeh 2009).
opH=5.7, o pH = 7.0, V pH = 8.0. The transition temperature becomes independent of pH at
pH=7.0.

From a purely thermodynamic perspective, a process for the crystallization of tetragonal
lysozyme chloride should never exceed a temperature higher than the transition temperature
to the HTO modification under given conditions of salt and pH. Since the transition
temperature between LTO and HTO is always above that of tetragonal to HTO, there exists a
narrow region of temperatures where the LTO modification is more stable than the HTO and
any transformation from tetragonal to HTO must necessarily be followed by a transition to
LTO. Once the LTO phase has formed, the tetragonal modification can never be recovered if
the relationship between LTO and tetragonal lysozyme is indeed monotropic. Of course this
cycle ignores the kinetics of phase transformations between different crystalline modifications
of proteins, of which what little is currently known will be discussed in the following chapter.

Combining the information discussed above gives rise to a considerably more detailed
understanding of the phase diagram of lysozyme chloride and highlights how narrow the
respective operating ranges with respect to temperature and solution composition are, with
respect to the safe and reproducible crystallization of a given crystal modification. However,
though significant new insight has been generated, the phase diagram is far from complete
owing, for example, to the lack of data comparing the solubility of the low temperature
orthorhombic phase to that of the tetragonal phase at pH < 5.7.

In addition to the tetragonal, HTO and LTO crystal modifications, a fourth modification was
observed in the course of the studies discussed above. This modification is called the ‘needle’
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phase due to the shape of the crystals. This new solid phase showed solubility behaviour
distinct from the other phases discussed in detail and appeared to be stable in a very narrow
pH range around pH = 7.0. Since it was not possible to identify this phase form a structural
perspective, no further discussion is attempted at this point.

One final observation is worth mentioning with regard to the solubility of the high
temperature orthorhombic phase and in relation to the tetragonal phase and its increasing
solubility with increasing pH beyond the minimum observed at pH = 8.. Measurement of the
solubility of the HTO at low temperatures and in a region of phase space where this
modification is metastable also reveals a change of slope of the solubility, though this time
not with respect to the pH, but to the temperature dependence. For the solubility curve
measured at pH = 9.6 and 7 %(w/v) NaCl and shown in Figure 18, the solubility has a
minimum at ca. 20 °C and increases either side of that minimum, i.e., exhibits retrograde

solubility with increasing temperature at temperatures below the minimum.
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Figure 18: At pH = 9.6 and 7 %(w/v) NaCl the solubility of the high temperature orthorhombic
modification of lysozyme chloride exhibits a minimum at 20 °C.
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2.5 Analysis of the Solubility of Lysozyme Chloride Modifications in
Terms of the Enthalpy and Entropy of Crystallization

The van’t Hoff equation (van't Hoff 1898),
AH | AS
InK=——+ — 2.5-1

allows the enthalpy 4H and entropy A4S of crystallization to be extracted from solubility data.
The equilibrium constant X is related to the solubility by the following equation:

K=a= (y Cce) 2.5-2
where a is the activity of the solute in equilibrium, y the activity coefficient, ¢ the equilibrium
solubility, conveniently expressed as mol fraction x, and ¢© a suitable chosen standard
reference state. Providing the solubility is known as a function of temperature, a plot of /n (x)
versus the inverse temperature results in a linear representation where the slope of the line
represents —4H/R and the intercept is 4S/R. The results of the analysis of the solubility data
for the three crystal modifications of lysozyme chloride are summarised in Table 4 to Table 6.
For the tetragonal modification, crystallization is driven by the strongly negative enthalpy of
crystallization. The same behaviour is observed for the low temperature orthorhombic
modification, where the standard enthalpy of crystallization is generally greater than that of
the tetragonal modification at identical conditions. At the same time the magnitude of the
entropy contribution to the Gibbs free energy of crystallization is smaller for the low
temperature orthorhombic modification of lysozyme chloride when compared to the
tetragonal phase. Although the standard entropy of crystallization is negative for both of these
modifications, leading to a positive contribution to the Gibbs free energy, the magnitude of
the enthalpy is sufficiently large to compensate for the inherently destabilising effect of the
entropy contribution. At high pH, the smaller entropy contribution observed for the low
temperature orthorhombic modification results in a more favourable Gibbs free energy and
thus greater stability when compared to the tetragonal modification.

For the high temperature orthorhombic modification of lysozyme chloride the standard
enthalpy of crystallization has a considerably smaller magnitude than both the tetragonal and
low temperature orthorhombic phases. The entropy contribution to the Gibbs free energy,
however, becomes positive at higher salt concentrations under all conditions studied and
where this is the case, the entropy provides a stabilising contribution to the Gibbs free energy
of crystallization. Since the entropic contribution scales with the temperature, this is clearly a
contributing factor to the increased stability observed at higher temperature for this crystal
modification.

Bergeron et al. (Bergeron 2003) investigated the temperature dependence of porcine insulin as
a function of precipitant concentration, in this case acetone, and analysed their data in terms

of the enthalpy and entropy of crystallization extracted from the data using the van’t Hoff
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equation (Equation 2.5-1). Here, a cross-over from negative to positive values of the entropy
of crystallization was interpreted in terms of water being displaced from the shell of hydration
of the protein at higher acetone concentrations. Vekilov et al. (Vekilov 2002, Vekilov 2003)
investigated the crystallization of human haemoglobin C and also interpreted their data in
terms of water restructuring during crystallization. The case of haemoglobin C is particularly
interesting since the enthalpy of crystallization is positive and the stabilization of the

crystalline solid phase is a result of a large and dominant entropy of crystallization.

Table 4:Standard Enthalpy and Entropy of crystallization for the HTO modification of lysozyme
chloride from a fit of the solubility data to the van’t Hoff equation (Equation 2.5-1).

pH  Crct % wiv R? AH® /kJ/mol J/Anfgl%
5.7 2 0.9965 28 37
57 3 0.9918 33 45
57 5 0.9912 26 17
5.7 7 0.9886 22 .
5.7 9 0.9628 119 15
7 2 0.9966 28 31
7 3 0.9861 26 18
7 5 0.9636 21 0
7 7 0.9921 20 8
7 9 0.9707 18 17
8 2 0.9923 26 26
8 3 0.9824 24 110
8 5 0.9751 119 9
8 7 0.9848 14 27
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Table 5: Standard Enthalpy and Entropy of crystallization for the tetragonal modification of lysozyme
chloride from a fit of the solubility data to the van’t Hoff equation (Equation 2.5-1).

pH Cract /% WiV R’ AH® /kJ/mol J/Anf;;(
5.7 2 0.9925 -98 278
5.7 3 0.9949 -81 204
5.7 5 0.9862 -88 -229
5.7 7 0.9961 -76 -189
5.7 9 0.9995 -69 -160
7 2 0.9977 -85 -229
7 3 0.9976 -80 -205
7 5 0.9988 73 -178
7 7 0.9955 -65 -1146
7 9 0.9929 -63 -140
8 2 0.9966 -87 -235
8 3 0.9971 77 -196
8 5 0.9983 -87 -226
8 7 0.9979 -70 -163
8 9 0.9980 -65 -148
8.6 2 0.9989 -87 -229
8.6 3 0.9982 -83 212
8.6 5 0.9940 -89 -165
8.6 7 0.9962 -83 -208
9.6 2 0.9980 -81 211
9.6 3 0.9993 74 -184
9.6 5 0.9985 -69 -165
9.6 7 0.9956 78 -192
10 2 0.9994 -79 -205
10 3 0.9990 72 -176
10 5 0.9985 -66 -154
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Table 6: Standard Enthalpy and Entropy of crystallization for the LTO modification of lysozyme
chloride from a fit of the solubility data to the van’t Hoff equation (Equation 2.5-1).

pH Chact /% W/ R’ AH® /kJ/mol J/Anf;;(
5.7 3 0.9967 -58 -134
5.7 3 0.9935 -58 -110
5.7 7 0.9976 51 -102
7 2 0.9993 -58 -131
7 3 0.9988 61 -136
7 5 0.9990 51 -100
7 7 0.9968 -52 99
8.6 2 0.9997 77 -185
8.6 3 0.9995 76 -179
8.6 5 0.9999 -67 -144
8.6 7 0.984 -62 -122
9.6 2 0.998 71 -165
9.6 3 0.9961 -64 -137
9.6 5 0.9949 -64 -131
9.6 7 0.9933 -58 -108
10 2 0.9953 -64 -136
10 3 0.999 -66 -142
10 5 0.9982 -2 -156
10 7 0.9965 -67 -139

2.6 Nephelometric ‘Solubility’ Measurement

Nephelometric or turbidimetric ‘solubility’ measurements have rapidly become the standard
method for measuring the solubility of experimental drug products in the pharmaceutical
industry (Lipinski 2001, Lipinski 2012). The principle of nephelometry/turbidity
measurements is simple. A single-wavelength light source is used to illuminate a sample. The
presence of particles in the sample leads to scattering of the light. The difference between
classic nephelometry and turbidity measurements to determine ‘solubility’ is the way in which
the scattered light is measured. In nephelometric applications the aim is to quantify the
particulate matter in a liquid matrix and the technique measures the scattered light, usually at
an angle of 90° from the direction of the incident light beam. In commercial turbidity
measurement systems such as Crystallics’s Crystal 16 or Electro Thermal’s STEM Integrity
system, the transmitted light is measured at an angle of 180°, i.e., in transmission. The
wavelength used is in these commercial systems is in the near infrared range, as small organic

molecules generally do not absorb in this wavelength range when in solution, while
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crystalline solids reflect the light. Well defined slurries are heated at a constant heating rate
under stirring and the turbidity is measured as a function of temperature. Once all particles in
the suspension have dissolved, a maximum in the intensity of the transmitted light is recorded.
Strictly, turbidity measurements result in the temperature of dissolution of a given mass of
solid suspended in a given mass or solvent at the defined heating rate. Only in the limit of
infinitely slow heating rate is this temperature of dissolution equivalent to the solubility of the
material. In practice, however, this method has been shown to yield results indistinguishable,
within the limits of uncertainty of the methods compared, from those obtained by alternative,
analytical chemical methods, providing the heating rate is sufficiently slow and of the order of
a few 10"s of a degree per minute. At higher heating rates, lag in dissolution results in
increasing temperatures of dissolution, which do not reflect the true solubility of the system.

A major advantage of turbidity measurements is that they not only provide information on
solubility, but also on metastable zone widths: the same observations carried out while
cooling detect nucleation temperatures and can therefore be used to quantify the metastable
zone width, at least at the scale the equipment allows, which is usually restricted to only a few
mL of solution.

Recently, the measurement of the solubility and metastable zone width of lysozyme chloride
using turbidity measurements has been reported (Maosoongnern 2012) as well as a
determination of the phase behaviour of asparaginase II (Liu 2014). In the first publication the
solubility of lysozyme chloride is investigated over a temperature range of 20 °C to almost
50 °C with salt concentrations from 3 %(w/v) to 7 %(w/v) and pH values of 4.4, 5.0 and 6.0.
Unfortunately, the authors mention neither the nature of the buffer used to define the pH nor
the concentration used. In addition, there is no overlap of the lower pH data with ranges
already reported in the literature, so that a direct comparison of the value and advantage of
this method cannot be made. Nonetheless, they plot their data for higher temperatures together
with older literature data from (Forsythe 1999a) and both sets of data fit well to an
exponential curve under the same conditions of pH and salt concentration, at least for the two
lower pH values investigated. The fit of an exponential function to the higher pH data is not
as convincing as for the remaining two data sets and it cannot be excluded that the ‘solubility’
measured is tainted by the onset of a transition to the high temperature orthorhombic
modification, which is stable under the conditions applied. The authors do not provide any
detail on the parameters obtained or the quality of the fits to the individual data sets.

Indeed, the nucleation data obtained from cooling the samples illustrate the difficulties in
ascertaining that the data measured indeed reflect the properties of one modification or
another. An optical microscopy image of the particles obtained immediately after the end of
the cooling process for a sample containing 30 mg lysozyme and 4 %(w/v) sodium chloride at
pH = 5.0 reveals that the particles are too small for unambiguous identification of the
crystalline phase as tetragonal lysozyme chloride by inspection of the morphology alone, and
the particles have to be subjected to further cooling at 4 °C for three days in order to obtain an
image of larger particles whose morphology is clearly that of the tetragonal phase. The fate of
the particles between the first and the second image is unknown.
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Similarly, an optical microscopy image of the crystals obtained from a sample containing
40 mg lysozyme at pH = 5.0 and 7 %(w/v) sodium chloride and also subjected to three days
additional cooling at 4 °C after completion of the cooling profile clearly shows the presence
of orthorhombic lysozyme chloride. This is likely to be the low temperature orthorhombic
modification, which is the stable modification under these conditions.

The observations reported by Maosoongnern et al. (Maosoongnern 2012) highlight the need
for careful characterisation of the solid phase, when present and at the same conditions as
those imposed for the measurement, in order to prove the validity of the data.

Apart from the (potential) issues with the ‘solubility’ data measured, the methodology itself is
certainly worth further investigation and is a promising tool for rapid solubility
measurements. In addition, there is of course considerable value in the nucleation data

reported in this paper. A discussion of this aspect of the publication can be found in chapter 3.

2.7 Second Osmotic Virial Coefficient

Since the observation made by George and Wilson (George 1994) that the second osmotic
virial coefficient (B;) determined by means of static light scattering (SLS) falls into a narrow
range of values for protein solutions with a propensity to crystallize, measurement of this
solution property has become a popular means of rapidly establishing conditions amenable for
crystallization. Over the past 20 years a body of literature has been published (see Table 7)
demonstrating the utility of the methodology for a range of proteins under various solution
compositions.

It is well known, that the second osmotic virial coefficient correlates with a number of
solution properties. For example, in polymer science it is well established, that B, correlates
with the viscosity of polymer solutions and the swelling of polymers in contact with a solvent
(Bruns 1996). Recently a number of research groups have shown that the second osmotic
virial coefficient of proteins exhibits a similar temperature and solution composition
dependence as their solubility and attempts have been made to correlate the second osmotic
virial coefficient to the solubility of a protein (Haas 1999, Ruppert 2001, Franco 2013). While
the second osmotic virial coefficient can be related to the solubility via a suitable interaction
potential, the resulting equations are straightforward to evaluate only for the simplest of
potentials.

Expressing the osmotic pressure /7 of a single solute species A in a single solvent under
conditions of constant temperature and chemical potential as a virial expansion yields the
polynomial expression

My, =RT [;—Z+ B, (;—‘;)2 + B, (;—’:)3 ] 2.7-1

where R and 7 take their usual meaning and c,4 is the molal concentration of the solute and M,
its molar mass. B, is the second osmotic virial coefficient, B; the third, etc.. The second
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osmotic viral coefficient is generally interpreted as a measure of pair-wise interactions and
strictly incorporates non-ideal solution behaviour due to solute-solute and solute-solvent
interactions. Using a suitable thermodynamic framework and a statistical mechanical
approach, the second osmotic virial coefficient can be related to the potential of mean force
U(r) between pairs of solute molecules in the field of the solvent and other solute molecules

u)

By = A [ [1 —~ e_kTT] r2 dr 2.7-2

2m?2

N, is the Avogadro number, m the mass of the particle, k3 Botzmann’s constant and 7 the
temperature. In this equation the second osmotic virial coefficient becomes a functional of the
potential of mean force of a pair of (solute) particles at a distance » from each other and is
therefore a measure of their interaction alone. All other interactions are implicit and subsumed
into the potential energy function. The interaction between pairs of solute molecules is
repulsive if B; is positive and attractive if negative.

A range of experimental techniques can be employed to measure the second osmotic virial
coefficient. Amongst these are membrane osmometry, static light scattering, self-interaction
chromatography and sedimentation analysis. Due to the relative ease of measuring B, and the
fact that it can be used to characterise the interaction between solute molecules, B, is
considered a viable alternative measure to protein solubility for determining those ranges of
solution compositions where a protein is likely to crystallize.

George and Wilson (George 1994) first suggested that the second osmotic virial coefficient
obtained from static light scattering may be used to define a ‘crystallization slot’. Studies on a
selection of proteins, amongst others, lysozyme, canavalin, concanavalin A, bovine serum
albumin and ovalbumin, all with known crystallization conditions, studied under different
solution compositions both suitable and unsuitable for crystallization, established a narrow
range of B-values for those solutions that produce a crystalline solid.

-2-107* <B, < -8 - 10~* molmL/g* 2.7-3

This range has since been cited extensively as generally applicable for the crystallization of
any protein and has even been equated with the solubility, which is problematic, as will be
discussed below. In the original paper, George and Wilson (George 1994) clearly state that
their observations are merely qualitative and based upon a limited number of model systems
and observations and that a universal validity of their proposed ‘crystallization slot’ can only
be established by extending the amount of data available. Since this initial study, literature has
been published describing investigations employing different experimental techniques to
determine the behaviour of the second osmotic virial coefficient under varying solution
conditions for a number of different proteins. Table 7 provides an overview of a selection of
proteins investigated together with pertinent references. In all cases values are found that lie
within the crystallization slot proposed by George and Wilson (George 1994), not all
demonstrate clearly that crystallization actually takes place under those conditions that

produce B, values within this range.
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Table 7: Selected literature reporting measured second osmotic virial coefficients for different
proteins. The methods employed are static light scattering (SLS), self-interaction chromatography
(SIC) and membrane osmometry (MOS).

Protein investigated Method

References

Lysozyme SLS (George 1994, Rosenbaum 1996a, Curtis 1998, Velev
1998, Neal 1999, Tessier 2002a, Valente 2005, Velev
2005, Espitalier 2009, Liu 2011, Wanka 2011)
SIC (Valente 2005, Dumetz 2008)
Proteinase K SLS (Liu 2011)
Concanavalin SLS (George 1994, Liu 2011)
a-chymotrypsinogen SLS (George 1994, Velev 1998, Neal 1999, Tessier 2002a, Liu
2011)
MOS (Rosenbaum 1996b, Pjura 2000)
Ovalbumin SLS (George 1994, Demoruelle 2002)
SIC (Curtis 1998, Dumetz 2007, Dumetz 2008)
Equine Serum SLS (Demoruelle 2002)
Albumin
Catalase SIC (Dumetz 2007, Dumetz 2008)
B-Lactoglobulin (A SIC (Aymard 1996, Dumetz 2008)
and B)
Ribonuclease A SLS (George 1994)
SIC (Tessier 2003a, Dumetz 2007, Dumetz 2008)
Calcium and integrin  SIC (Berger 2005a)
binding protein
Enfurvitide (therap.  SIC (Payne 2006)
Peptide)
Bovine Serum SLS (George 1994, Asanov 1997, Dumetz 2007, Wanka 2011)
Albumin SIC (Tessier 2002b)
Cytochrome C SIC (Dumetz 2007)
a-Lactalbumin SIC (Dumetz 2007)
Myoglobin SIC (Tessier 2002b, Dumetz 2007)
Glucose Isomerase SICand  (Gillespie 2014)
SLS
Bacteriorhodopsin SIC (Berger 2005b, Berger 2006)
Canavalin SLS (George 1994)
Ovostatin SLS (George 1994)
Subtilisin SLS (Pan 2003)
Recombinant human SLS and (Alford 2008a, Alford 2008b)
interleukin-1 receptor MOS
agonist
Apoferritin SLS (Petsev 2000, Petsev 2001)

43



While the measurement of the second osmotic virial coefficient may well present an
interesting alternative to knowledge of the supersaturation of a given solution as a guide to
establishing suitable crystallization conditions for proteins, it should not be interpreted as a
measure for the equilibrium composition for several reasons. First and foremost, the osmotic
pressure is a solution property and the virial expansion used as the starting point for defining
B, is valid only for dilute solutions. Whether or not a solution in equilibrium with a solid
fulfils the requirements for a dilute solution in its thermodynamic treatment is a matter of
debate. Furthermore, the virial expansion assumes a single solute species and while, in the
case of a dilute solution, a single solute species may well be present at a low concentration far
from equilibrium, sedimentation analysis and dynamic light scattering have -clearly
demonstrated the formation of dimers or higher order clusters (Wills 1980, Mikol 1989b,
Wilson 1990, Bolanos-Garcia 1998, Tessier 2003b, Pan 2007) at high solute concentrations.
Solubility, on the other hand, is a property of a solution in contact and in equilibrium with a
defined solid and as such depends upon the crystal modification present. Whereas the
presence of a solid and the precise knowledge of its nature is a prerequisite for defining
solubility, this solid phase has no relevance when considering a dilute solution property.
Therefore, any claim that the second osmotic virial coefficient and solubility are equivalent
evidently must be treated with caution. Clear experimental evidence to this effect is provided
by Velev et al. (Velev 1998), where the B, for lysozyme was determined as a function of pH-
values covering a range incorporating both regions of stability for the tetragonal and the low
temperature orthorhombic chloride. On crossing the boundary between the regions of stability
for the respective phases the solubility exhibits a discontinuity. In contrast, the second
osmotic virial coefficient reported by Velev et al. (Velev 1998) appears to be a monotonic
function of the pH and does not exhibit a discontinuity as could be expected if B, were
strongly correlated with the solubility. This notwithstanding, the weaker claim that B, exhibits
similar behaviour to the solubility, based upon observed experimental trends, is of course a
helpful one. Measurement of B, for a range of potential crystallization conditions, though by
no means trivial, is considerably less involved than systematic experimental screening for
suitable crystallization conditions or the measurement of a solubility phase diagram for a
given protein. However, it has yet to be shown that the so-called crystallization slot is
universally applicable, and doubts have even been raised as to whether the second osmotic
virial coefficient derived from light scattering data even represents B, correctly. Based upon
marked differences in second osmotic virial coefficients derived from sedimentation
equilibrium measurements and those obtained from static light scattering or osmometry under
otherwise identical conditions, where the former returns positive values and the latter two
techniques return negative values, Deszczynski ef al. (Deszczynski 2006, Winzor 2007) argue
that sedimentation analysis measures protein self interaction alone, while SLS and osmometry
incorporate non-ideality due to protein-cosolute interactions and that therefore these
techniques do not truly reflect the second osmotic virial coefficient. However, this is, as the
authors themselves state, a subtle matter of interpretation that should not detract from the
diagnostic value of the quantity derived from SLS and equivalent techniques for determining
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parameter ranges suitable for crystallization. On the other hand, the question posed in these
papers as to what the techniques actually measure is closely related to the question discussed
in chapter 2.3 as to the nature of the crystallizing species and the need to understand in more
detail the nature and composition of the protein crystal itself.
Despite the reservations expressed in the paragraph above regarding the equivalence of B, and
solubility, it is worth examining the literature on this topic. Haas et al. (Haas 1998, Haas
1999) derived a simple relationship between the solubility and the second osmotic virial
coefficient assuming an isotropic square well potential (Equation 2.7-4), which contains a
single variable parameter:

B, = (i) [1 —A {(c* /) G) - 1}] 2.7-4
Here, M is the molecular mass of the protein, p the density of the protein crystal, z the number
of nearest neighbours in the crystal and n = M /18 p represents the number of water
molecules that can be placed in the volume occupied by a protein molecule. The solubility of
the protein is ¢*, and the variable parameter 4 accounts for anisotropy in the interaction
potential not captured by the square well potential employed to derive Equation 2.7-4. Haas et
al. (Haas 1999) plot experimental solubility data for lysozyme taken from the literature
together with the solubility/B; correlation given by Equation 2.7-4 assuming a value for 4 of
0.01 showing a reasonable qualitative agreement of the theory with the experimental data. For
equine serum albumin and ovalbumin, the agreement of the simple correlation with
experimentally determined data for the second osmotic virial coefficient and solubility is less
than convincing (Demoruelle 2002). In neither of these two publications do the authors
provide residuals as a measure of the quality of the fit of the model to the experimental data.
As aresult a quantitative evaluation of the goodness-of-fit is not possible.
Haas et al. (Haas 1999) also consider an alternative potential energy function commonly
employed in colloid science, the Yukawa potential. The Yukawa potential is also a symmetric
potential, but decays exponentially with increasing distance between the interacting
molecules. The resulting relationship between the solubility and the second osmotic virial
coefficient (see (Haas 1999) for details) is more complex than Equation 2.7-4 and must be
evaluated by numerical integration. Qualitatively, the behaviour of the solubility as a function
of B, is similar to that of the square well potential and overall it exhibits a stronger
dependence upon the anisotropy and range of the interaction as well as the coordination
number z than on the exact shape of the potential energy function.
In an alternative approach, Ruppert et al. (Ruppert 2001) derive a relationship between the
solubility of a protein and its B, that is independent of any statistical thermodynamic model.
In its functional form the expression is similar to Equation 2.7-4 above and it is therefore not
surprising, that a comparison of the model to experimental data, again for lysozyme, is
qualitatively similar to the results reported by Haas et al. (Haas 1999).
Katsonis et al. (Katsonis 2006) employed Monte Carlo simulation to study the phase

behaviour of protein solutions in terms of corresponding states laws and using potential
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energy functions of varying shape and range. While the focus of this study is to demonstrate
the applicability of the corresponding states approach for protein solutions, one observation
made is that there is a significant difference between the dependence of B, upon reduced
temperature and that of the solubility upon reduced temperature. The implication of this
observation is that solubility cannot be predicted based upon corresponding states laws. The
wider consequence of this statement is that there is no straightforward relationship between
the solubility and B, of protein solutions.

Allahyarov et al. (Allahyarov 2003) carried out a molecular dynamics study focussing upon
the relationship between salt concentration and second osmotic virial coefficient. In this
study, two charge models were considered. The ‘smeared charge model’ (SCM) assumes that
the total charge is uniformly distributed over the protein — assumed to be globular and
represented in the simulations as an idealised sphere — whereas the second, ‘discrete charge
model’ (DCM) assumes discrete charges distributed over the surface of the sphere. The results
of the simulations are also compared to results obtained using DLVO theory (Israelachvili
2011). Though not directly related to the discussion on the relationship of the solubility to the
second osmotic virial coefficient, the findings presented in this paper are instructive as they
clearly demonstrate that simple, isotropic potential energy function do not capture fully the
subtleties of such complex systems as protein solutions. For the DCM model the authors find
a marked non-monotonic behaviour of the second osmotic virial coefficient as a function of
salt concentration and interpret the observed variation in terms of salting-in and salting-out
effects (thus implicitly invoking solubility). Neither the SCM nor the DLVO model, both
isotropic, can reproduce this behaviour, and result in a monotonic decrease of the second
osmotic virial coefficient with increasing salt concentration. This observation highlights the
importance of capturing anisotropic interactions when calculating thermodynamic functions
of protein solutions.

Clearly, measurement of the second osmotic virial coefficient has benefits if the problem it is
meant to address is merely concerned with the identification of conditions suitable for
crystallization. Where the task at hand is the design of crystallization processes, the second
osmotic virial coefficient is of limited value. In this case, a good understanding of phase
equilibrium as a function of composition of the solution and knowledge of metastable zone
width as well as some understanding of nucleation and growth kinetics are required. In light
of the discussion above, this means that one cannot easily circumvent the task of measuring
solubility data as accurately as possible and for as many solution compositions and
temperatures as necessary and the technique discussed in this chapter represents a big step in
the direction of establishing technologies that are capable of delivering the requisite data

within a short period of time and with reduced material requirements.
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3. Kinetics of Protein Crystallization

3.1 Nucleation

Prior to discussing nucleation of protein crystals, it is important to recall that the term
‘nucleation’ covers a number of distinct processes. The accepted classification distinguishes
three general types of process (see, for example, chapter 5, (Mullin 2001)). The first is
primary, homogeneous nucleation, also called spontaneous nucleation, which is a stochastic
event depending upon the physical properties of the solution and the particles generated.
Primary, heterogeneous nucleation is distinct from homogeneous nucleation in as much as
heterogeneities in the solution, for example foreign particles, liquid-liquid or even liquid-
vessel interfaces serve to promote the nucleation event. Finally, secondary nucleation
describes the formation of new crystals from existing crystals, for example by attrition.
Seeding of a supersaturated solution is frequently observed to induce secondary nucleation.
As a rule, primary homogeneous nucleation is an improbable event since solutions are rarely
free of impurities such as atmospheric dust particles, even with meticulous preparation.
Heterogeneous nucleation is generally the more likely primary nucleation process. In
industrial mass crystallization from solutions, secondary nucleation is generally the dominant
nucleation mechanism, especially at low supersaturation (Garside 1980).

Nucleation of protein crystals is perhaps the most poorly studied aspect of protein
crystallization, though an increase in research activity has become evident in recent years
(Vekilov 2011). Much of this interest has been driven by the observation of liquid-liquid
phase separation prior to nucleation from the dense liquid phase. This has led to the
proposition of a two-step mechanism for nucleation, where the formation of two liquid
phases, one enriched and one depleted in protein, is followed by nucleation in the protein rich
phase, which in turn is followed by crystal growth and depletion of both phases until
equilibrium is reached and a single liquid phase restored.

Classical Nucleation Theory (CNT) based upon the work of Gibbs and Vollmer (Gibbs 1928,
Vollmer 1939), in contrast, treats nucleation as a stochastic process where the rate of
nucleation is a measure of the probability of forming a particle sufficiently large, that the
addition of a further ‘building block’ leads to a stabilisation of that particle. CNT assumes
random collisions of particles, but does not require the prior formation of a distinct, dense
liquid phase prior to nucleation.

The excess Gibbs free energy of a particle in solution is the sum of the excess surface Gibbs
free energy and the excess volume Gibbs free energy. Assuming that the particle forming is a
sphere, the former is a function of the square of the radius of that particle and the latter a
function of the third power of the radius. Since the excess surface Gibbs free energy and the
excess volume Gibbs free energy have opposite signs in a supersaturated solution, the total
excess Gibbs free energy of the growing particle is initially positive, where the positive

surface term dominates, reaching a maximum at a characteristic, supersaturation-dependent
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size, after which the negative volume term begins to dominate the total excess Gibbs free
energy. A particle possessing this maximum in energy is called the critical nucleus, since
either the addition or removal of a ‘building block’ (atom, ion, molecule or smaller aggregate)
will decrease its energy. Upon addition of a building block, the negative slope of the excess
free energy with respect to the size will, however, ensure a greater likelihood for further
growth rather than dissolution. The critical nucleus is generally assumed to be spherical and is
characterised by its radius, the critical radius 7.

The probability of reaching such a critical nucleus is given by the Arrhenius-type rate
equation:

AG

J=Ae i 3.1-1

Where the pre-exponential factor 4 is a kinetic factor and 4G is the work required to generate
the new interface between the solid and the liquid. For homogeneous nucleation, assuming a
spherical nucleus, and employing the Gibbs-Thompson equation for a non-electrolyte, one

arrives at the expression:
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where y is the interfacial energy of the particle in the solution and v is the volume of the
‘building block’ in the solid. The kinetic factor 4 and the interfacial energy can be extracted
from nucleation rate measurements at defined temperature and supersaturation. Expressions
for the kinetic factor can be derived and vary somewhat depending upon the assumptions
made in the derivation of A. A commonly used expression (Vekilov 2010) for A4 is:

A= Vv'iIn 3.1-3

Where v* is the frequency of attachment of building blocks to the nucleus, Z the Zeldovich
factor and n the number density of (solute) molecules in solution. The Zeldovich factor
accounts for the width of the free energy in the vicinity of its maximum.

The dependence of the nucleation rate upon exp(-1//InS]?) results in a rapid increase in the
nucleation rate with increasing supersaturation. Herein lies one of the difficulties in measuring
nucleation rates — as a rule (and in contrast to precipitation, which requires only low
supersaturation for the generation of particles and where, as a result, nucleation and growth
processes compete for the available supersaturation, resulting in a mass of very small
crystals), nucleation requires significantly higher supersaturation than crystal growth. Since
any nucleus exceeding the critical radius will immediately grow, and grow rapidly at high
supersaturation, the resulting depletion of the solution will have a profound impact on the
nucleation rate and this coupling is difficult to overcome in a bulk solution. Furthermore,
particles only become detectable at sizes considerably larger than that of the critical nucleus,
adding a further difficulty to the measurement of nucleation rates.
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In addition to this, and as alluded to above, the difficulties in measuring nucleation rates for
primary, homogeneous nucleation lie in ensuring the absence of factors that may lead to
heterogeneous nucleation, such as the presence of dust particles and other interfaces that may
promote heterogeneous nucleation, as well as counting the nuclei themselves and in sufficient
number in order to generate reliable and statistically relevant rate data. Heterogeneous
nucleation may likewise be analysed in terms of Equation 3.1-2. In this case, the interfacial
tension and the pre-exponential factor will reflect the influence of the heterogeneity at which
nucleation occurs.

3.1.1  Early Protein Nucleation Studies

Perhaps the earliest study of protein crystal nucleation was presented by Schlichtkrull
(Schlichtkrull 1957a), who investigated the nucleation and growth kinetics of bovine insulin
using a large-scale (4 L) crystallization process, which was sampled and characterised in
terms of the concentrations of insulin present in solution, in the crystalline phase as well as in
any amorphous solids. For this study, Schlichtkrull exploited the rhombohedral shape of the
crystals, allowing changes in size to be characterised by a single length variable. By counting
the number of crystals observed for given crystallization conditions as a function of time and
measuring their size, characteristic nucleation rates are derived employing geometric
arguments and the assumption of a single, common growth rate for all crystals.

Almost 30 years later Ataka and Tanaka (Ataka 1986) presented a comprehensive study of
nucleation and crystal growth for both tetragonal and high-temperature orthorhombic
lysozyme with the aim of identifying conditions for growing few but large crystals suitable
for physical characterisation. Induction times were measured as a function of protein,
precipitant and proton concentration (in the absence of buffer salts) and the general trends
agree with those observed for small molecule crystals. With increasing supersaturation, the
induction times decrease rapidly, those solutions with lowest supersaturation and
concentrations close to the solubility curve fail to nucleate even within the experimental time-
scale of one year. The appearance of crystals was monitored optically. Since the
magnification used was low, crystals were not visible until they reached a significant size (ca.
50 um). As a consequence, the induction times necessarily include a growth period, biasing
the true nucleation kinetics. Nonetheless, a double-logarithmic plot of the induction time vs.
the supersaturation (variable protein concentration, constant salt concentration) shows a linear
dependence which is in agreement with classical nucleation theory and suggests that crystal
growth rates do not depend strongly upon the crystallization conditions in the range
investigated.

Interestingly, the number of crystals counted appeared to depend not merely upon the absolute
supersaturation, but seemed to show a weaker dependence upon the protein concentration than
upon the precipitant concentration, though the numbers reported are unlikely to be statistically

significant.
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A further observation reported in this paper (Ataka 1986) which is worth noting, is that all
crystals observed were attached to the surface of the vials used for the crystallization

experiments, suggesting a heterogeneous nucleation process.

3.1.2  Pre-Nucleation Particle Aggregation

From the late 1970s onwards a steady succession of light scattering studies of protein
solutions has been published. Some have already been discussed above in chapter 2.8. Others,
mainly concerned with understanding pre-nucleation aggregation of protein molecules in
solution in order to characterise the nucleation process without having to resort to involved
experimental procedures to decouple nucleation and growth and avoiding tedious counting of
crystals, are discussed here.

One of the earliest studies employing quasi-elastic light scattering (also known as dynamic
light scattering (DLS in the following) or photon correlation spectroscopy) as a means for
studying protein crystal nucleation was published by Kam ef al. (Kam 1978). With the aid of
suitable models for the system under investigation, DLS allows information on the structure
and dynamics of this system to be extracted. The major advantage is therefore the relative
ease and speed at which information on nucleation can be obtained when compared to other
methods such as those described below.

Kam et al. (Kam 1978) focussed upon characterising solutions of lysozyme at different levels
of supersaturation, in order to identify conditions that would either lead to crystallization or
the formation of amorphous precipitates. The model employed assumes that nuclei grow by a
stepwise mechanism involving the addition of a single lysozyme molecule in each step. The
formation of crystals is favoured, if the nuclei formed are densely packed, whereas amorphous
precipitates are likely to be generated if this is not the case. The packing of the lysozyme
molecules determines the shape and relative surface area of the aggregates and thus the
response of the system to irradiation by monochromatic light. The frequency distribution of
the scattered light is a function of the size distribution of the aggregates and relates to their
translational diffusion coefficients. Larger aggregates diffuse more slowly than smaller
aggregates and lead to a narrower spectral width. It is therefore expected, that the line width
of the scattered light in terms of the frequency distribution will narrow at higher lysozyme
concentrations, where aggregates in the solution are likely to be larger. This assumption is
confirmed by the observations reported. In the derivation of the model, it is assumed that a
steady-state of the size distribution of the aggregates is reached rapidly and in a considerably
shorter time frame than that required for nucleation of lysozyme.

From their data, Kam ef al. (Kam 1978) extract critical nucleus sizes for different lysozyme
concentrations ranging from 8 molecules at the highest reported concentration of 5 %(w/v)
lysozyme to 23 for a concentration of 2 %(w/v).

Later studies on lysozyme nucleation (Mikol 1989b, Kadima 1990, Kadima 1991, Pusey
1991, Georgalis 1993, Sibille 1994, Georgalis 1997a, Georgalis 1997b, Georgalis 1998,
Umbach 1998, Moreno 2000) extend the approach described by Kam et al. (Kam 1978) by
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investigating further crystallization conditions and additional proteins. Only a selection of
these publications will be discussed in the following.

Mikol et al. (Mikol 1989b) studied the time-dependent evolution of the solution structure,
initially cooling a solution of defined composition to a predefined supersaturation. The data
are analysed in terms of the Stokes radius of the scattering aggregates. In the initial stages of
the experiment and during cooling, the Stokes radius is observed to increase and the growth of
the Stokes radius continues long after a constant supersaturation is reached. At some time ¢,
denoted ¢, a maximum in the Stokes radius is reached, after which this radius begins to
decrease. After a period of time #.y > tna, diffraction of the forward scattered intensity is
observed and ascribed to the presence of sufficiently large crystals.

The results are interpreted in terms of the generation of clusters of lysozyme followed by
growth of critical clusters to macroscopic crystals and subsequent reduction of the
supersaturation, which in turn leads to a decrease of the cluster size in solution and hence the
reduction in Stokes radius observed. Interestingly, the authors note that the maximum in the
Stokes radius does not correspond to the critical nucleus since a higher supersaturation leads
to an increase in this value, which is contrary to nucleation theory, where the critical nucleus
size is expected to decrease with increasing driving force.

While Kam et al. (Kam 1978) provide convincing arguments for their assumption of rapid
attainment of quasi-equilibrium with respect to the distribution of cluster sizes in the
supersaturated lysozyme solution, the results presented by Mikol et al. (Mikol 1989b) appear
to contradict this assumption, showing that the Stokes radius continues to increase for several
hours after the final temperature of their solution is reached.

Pusey (Pusey 1991) casts doubt on another assumption made by Kam et al., analysing light
scattering data from lysozyme solutions in terms of a model assuming formation of lysozyme
clusters by aggregation of larger clusters rather than a model considering monomer-only-
addition. A better agreement with the data is found for the cluster-aggregation model, though
clusters no greater than tetramers are considered in the analysis.

Pre-crystallization aggregation of the jack bean storage protein canavalin was studied by
Kadima et al. (Kadima 1990) and compared to insulin in a later paper (Kadima 1991). Three
distinct regions are observed for the size of aggregates as a function of protein concentration
and constant pH and salt concentration (NaCl in this case). Initially the cluster size increases
linearly with concentration and the polydispersity — a measure of the distribution of clusters
with different sizes — is low. At a concentration of 0.12 %(w/v) canavalin, the curve changes
slope and the aggregate size continues to increase linearly but with a much steeper slope until,
at a concentration of 0.20 %(w/v), the cluster size appears to level off. In this concentration
range, the polydispersity also increases, indicating the formation of a range of different
clusters. At higher protein concentrations large scatter in the cluster sizes is observed with no
clear protein concentration dependence, while the polydispersity remains high. Structural
considerations led to the conclusion, that the first domain contained only monomers of
canavalin, while in the second domain the average Stokes diameter of the aggregates
increased, reaching a maximum at the upper concentration limit of this domain. In the first
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domain, no solid formation was observed even after an extended period of time, while
irregular particles precipitated from the second domain. Crystallization occurred only in the
third domain and the authors concluded, again using structural arguments, that it is only
towards the upper concentration limit of the second domain that the correct type of aggregate
required for crystallization is formed.

For insulin crystallized from zinc sulfate solutions (Kadima 1991), in contrast, the only
species observed in solution was the insulin hexamer. Nonetheless, crystallization occurred,
despite the lack of evidence for the formation of larger aggregates. The authors offer perhaps
the only sensible explanation for the absence of larger aggregates, namely that the formation
of crystalline particles in this system is likely to be governed by heterogeneous nucleation at
the vessel walls and not detectable using their particular experimental set-up.

3.1.3 Induction Time Measurements

More traditional approaches to studying crystal nucleation involve counting of crystals
generated under given crystallization conditions. As discussed above, one of the limits to
obtaining reliable nucleation kinetics is the ability to decouple nucleation from crystal growth
and generating sufficient data for these to be statistically meaningful.

Galkin and Vekilov (Galkin 1999) described an experimental set-up which allows the
nucleation and the crystal growth kinetics to be decoupled to the greatest possible extent. By
reducing the liquid volume in which nucleation takes place to the nL range, rapid and
homogeneous cooling and heating of the droplets can be achieved. Droplets are initially
cooled to a high supersaturation for a pre-defined period of time in which nucleation is likely
to occur and then heated to a lower supersaturation, at which nucleation is unlikely, but
crystal growth will still occur. Effectively, this method determines the nucleation rate at fixed
induction times. By allowing the crystals to grow at a lower supersaturation after the
induction period, the particles generated can be observed and counted by optical microscopy.
In order to ensure statistical relevance of the experiments, well-plates containing 400 identical
droplets are used. In order to avoid evaporation of solvent and undesired nucleation at the air-
liquid interface, the droplets are suspended in an inert oil. Using this experimental set-up,
Galkin and Vekilov (Galkin 1999) characterised the nucleation of lysozyme chloride from a
well-defined supersaturated solution and analysed their observations in terms of Poisson-
statistics and classical nucleation theory, extracting interfacial energies for the protein nuclei
and demonstrating that even with this set-up and carefully prepared solutions, heterogeneous
nucleation cannot be avoided, which is not surprising considering the presence of a liquid-
liquid interface between the droplets and the inert oil used to isolate them.

Microfluidics have been employed to similar effect by several research groups (Chen 2005,
Shim 2007, Selimovic 2009, Ildefonso 2011, Ildefonso 2013). Chen et al. (Chen 2005)
employed a device containing sinusoidal channels to study the nucleation of thaumatin with
sodium potassium tartrate as precipitant. Droplets containing spatially separated aliquots of
protein solution and precipitant solution were generated by controlled injection of the two
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solutions into a water-immiscible carrier fluid and the separation of the two solutions in the
droplets was ensured by injecting a thin layer of a protein- and precipitant-free buffer solution
between the other two. The sinusoidal channels of the microfluidic device exert a folding
motion on the droplets as they are transported through the device, leading to the successive
formation of protein-precipitant solution interfaces and mixing of the two solutions by means
of chaotic advection. The results of the study are discussed qualitatively and the results are as
expected for such a set-up: the nucleation rate depends upon the lifetime and total area of the
interfaces generated by the device (Chen 2005). For high flow rates of the carrier fluid, the
creation of the interfaces is rapid but their lifetime is comparatively short. The time required
to reach a fully mixed state is therefore shorter than for a slower flow rate. As a consequence,
the nucleation rate is smaller in the rapidly mixed samples and fewer crystals are observed in
the individual droplets. In those droplets where mixing is slower, fewer interfaces exist over a
longer period of time, compared to rapid mixing, which results in higher local supersaturation
at the interfaces due to diffusion across the protein solution-precipitant solution interface.
Shim et al. (Shim 2007) describe a microfluidic device capable of generating and storing 500
nL-droplets. Unlike the device described by Galkin er al. (Galkin 1999), the degree of
supersaturation is not controlled by rapid heating or cooling, but rather by rapid changes in
chemical potential. The storage wells of the device are separated from a reservoir by means of
a semi-permeable membrane which is permeable only for water and low molecular weight
organic solvents while remaining impermeable to precipitants or protein. A single reservoir
serves 100 wells and by changing the solution in the reservoir, or even by introducing dry air,
the concentration of the droplets can be manipulated. The authors claim that the low thickness
of the membrane ensures rapid concentration changes, thus allowing nucleation and crystal
growth to be decoupled as in Galkin’s device. In a later paper from the same group (Selimovic
2009), this device is used to study the nucleation rate in the manner employed by Galkin and
Vekilov (Galkin 1999); droplets of defined protein and precipitant concentration are generated
and the supersaturation is initially increased by reducing the water content of the droplets and,
after an induction period, increased again by increasing the water content via the semi-
permeable membrane. These two studies highlight the difficulties in comparing results from
subtly different experimental approaches to nucleation rate measurements. Although the
critical nucleus interfacial energy broadly agrees with previous studies (Vekilov 1996), it is
found to be significantly higher than the value of Galkin and Vekilov (Galkin 1999). In
addition, the nucleation statistics do not follow the Poisson equation, and the authors discuss
several potential sources of error, including the change in droplet size (and therefore surface
area) during the experiment, the change in concentration imposed upon the drops as well as
possible interactions with the inert oil enclosing the droplets. One further factor that may be
important but is not discussed by the authors is the use of surfactants to modify the surface
tension of the oil and allowing better control of the droplet formation. It is not only
conceivable, but also likely, that this surfactant will diffuse into the nano-drop and modify the
solution physical properties.
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Ildefonso et al. (Ildefonso 2011, Ildefonso 2013), also employ a microfluidics device to study
nucleation of lysozyme chloride and analyse their experiments in terms of classical nucleation
theory. Again, their results are in broad agreement with the studies discussed above, but the
authors refrain from claiming that they observe homogeneous primary nucleation, rather
discussing their observations in general terms. Interestingly, they employ devices
manufactured from distinct polymers and two different inert oils — one for each device - and
observe differences in the nucleation rates of the systems, a clear indication that both the

device and the continuous fluid employed have an impact on the observed nucleation rates.

3.14 Calorimetric Studies of Nucleation

Calorimetry can be employed to study the evolution of supersaturated solutions via the heat
signature of aggregation events. In combination with fluorescence quenching and light
scattering experiments, Sibille and Pusey (Sibille 1994) used calorimetric measurements to
study the nucleation of lysozyme chloride. In this concise report, the authors only briefly
discuss their observations, stating that the heat of anion binding, that is the initial reaction of
added chloride ions with the protein, dominates the initial heat signature after mixing. The
accompanying fluorescence quenching studies reveal that the number of chloride ions binding
with lysozyme depends upon the salt concentration in the solution and reaches a maximum
value of 21 — 23 chloride ions per lysozyme molecule. These numbers agree well with results
obtained from potentiometric titrations reported earlier (Tanford 1954). Providing the heat of
adding a chloride ion to lysozyme is of similar magnitude to the heat of aggregation of two
lysozyme molecules, it is obvious that the heat evolved by the ion-binding will be
significantly larger than the heat of aggregation for small aggregates. Nonetheless the authors
observed a long-term evolution of heat in their calorimetric signal which was ascribed to
aggregating lysozyme.

Georgalis et al. (Georgalis 1997b) also combined calorimetric experiments with light
scattering to investigate lysozyme chloride nucleation. Using a stirred sample chamber in an
isothermal micro calorimeter and thermal pre-equilibration of the freshly mixed samples prior
to commencing the experiments, a clear exothermic peak is observed after a given time
period. This peak is ascribed to nucleation of lysozyme crystals. Experiments were carried out
for constant lysozyme concentration and varying salt concentration, as well as for solutions
with constant salt concentration and varying lysozyme concentration. In both series, the
induction time observed was dependent upon the respective concentration variables and
decreased with increasing concentration, as expected. However, these nucleation exotherms

were only observed in agitated samples and were not observed in unstirred samples.
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3.1.5 Turbidity Measurements

As already mentioned above in chapter 2.6, nephelometric studies have been reported for the
characterization of metastable zone widths of supersaturated lysozyme solutions
(Maosoongnern 2012). Liquid-liquid separations may lead to false measurements when
observing nucleation, as any liquid droplets present in the solution will scatter — in addition to
any particles - and, as a consequence, a reduction in the transmitted light intensity will result,
even in the absence of crystalline particles. Some caution is therefore necessary when making
these measurements and additional controls are required to distinguish between nucleation
and liquid-liquid separation. Maosoongnern et al. (Maosoongnern 2012) briefly mention the
possibility of liquid-liquid separation in the context of nucleation from protein-rich droplets,
but fail to draw the full consequences and at no point is it made clear that an independent
verification of the occurrence of nucleation was carried out. Moreover, several identical
experiments were performed, each using fresh solutions of identical composition, resulting in
a very small experimental error with respect to the cloud point temperatures determined,
which strongly suggests that the authors indeed observed liquid-liquid separation rather than
nucleation: the former is a thermodynamic event and must occur at the same temperature for
solutions with identical composition, whereas the latter is a stochastic event, for which larger
variations should be expected.

Moreno et al. (Moreno 2000) use turbidity information derived from DLS data and extract
qualitative information on growth mechanisms of a number of proteins from these data. The
increase in turbidity is expected to be linear with concentration of either protein or precipitant,
providing the growth of aggregates proceeds via a random process, i.e., different sized
aggregates coalesce with other, randomly sized aggregates. The turbidity is expected to follow
a parabolic curve if growth occurs via a regular, stepwise addition of molecules to the
clusters. The data presented appear to exhibit more complex behaviour than expected from
these two growth modes, yet for some of the proteins approximately linear or quadratic
behaviour is indeed observed. For others, random changes of turbidity with concentration are
interpreted as characterising solution conditions not conducive to crystallization, as confirmed

by independent crystallization experiments.

3.1.6  Generalised Solution Phase Diagram

The following two chapters discuss trends in crystal nucleation research, which appear to call
into question classical nucleation theory. Prior to discussing these trends, it is instructive and
useful to review the theoretical phase behaviour of solutions, as illustrated in Figure 19. It
must be stressed that this diagram is, of course, a simplification as it contains merely one
concentration variable. For simple solutions containing a single solute and a single solvent
this is of course sufficient. For more complex solutions, as are typically found encountered in
the case of protein crystallization, this concentration variable must be viewed as a

generalisation of the concentrations of the individual solutes influencing the solubility of the
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protein, that is all components of the protein crystal as well as any electrolytes, such as buffer
salts and acids/bases, that are not components of the protein crystal itself, but modify the
solubility.

SLE

/ Gelation

Temperature

Concentration

Figure 19: Generalised phase diagram for protein solutions. The thick solid line (SLE) represents the
solid-liquid equilibrium, the thin solid line (LLC) the liquid-liquid coexistence line where two liquids
with distinct compositions coexist. The dot-dashed line (LLSP) is the liquid-liquid spinodal where
energy barrier for the separation of the two liquid phases vanishes. In analogy to this line in the phase
diagram, Vekilov (Vekilov 2010) defines the liquid-crystal spinodal (LCSP, dotted line), as those
points where the energy barrier for nucleation vanishes. The dashed line represents the boundary for
gel formation.

Figure 19 depicts the behaviour of a generalised solution phase diagram as a function of
concentration according to Vekilov (Vekilov 2010). It contains only one equilibrium line,
namely the familiar solid-liquid equilibrium denoted SLE. At the concentrations and
temperatures specified by this line a crystalline solid is in equilibrium with the, saturated,
solution.

Above the SLE, the solution is undersaturated, below it is supersaturated and metastable. As
soon as crystalline particles of the solute are introduced into the solution in the metastable
region, be it by nucleation or by seeding, these will grow as long as the solution is
supersaturated. This leads to a depletion of amount of solute in solution until equilibrium is
achieved. As discussed above, according to classical nucleation theory, the probability of —
primary — nucleation occurring, and with that the nucleation rate, will increase with increasing
supersaturation.
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A second curve, denoted LLC, represents a submerged liquid-liquid phase separation. Above
this curve the solution is stable with respect to liquid-liquid separation, i.e., only one liquid
phase is possible for a given solution composition and temperature. Below the curve,
however, the solution is metastable with respect to a liquid-liquid phase separation and will
separate into two distinct liquids of differing composition, except at the upper consolute
temperature 7., or critical point, where the two liquids have identical composition. Since the
submerged LLC curve lies beneath the solubility curve, once it has been traversed and the
region of metastability of the solution to liquid-liquid separation has been reached, the
solution can return to equilibrium by one of two paths. The first involves direct nucleation of
the crystalline solid, the second involves two nucleation steps, first nucleation of liquid
droplets of a dense liquid phase followed by nucleation of the crystalline solid in either of the
liquid phases, as both remain supersaturated and are thus metastable with respect to
crystallization. Considering CNT, nucleation of the solid phase will be more likely in the
dense liquid due to the higher supersaturation compared to the dilute liquid. Curve 2 is
characterised by a vanishing partial first derivative of the Gibbs free energy of mixing 4G™*

of the solution components with respect to concentration (expressed as molar fraction x), i.e.:

aAGmix
dx

=0 3.1.6-1

The third, dashed curve represents those points in phase space, where the curvature of AG™"
with respect to concentration changes vanishes, i.e., this partial second derivative of the Gibbs
free energy of mixing vanishes. This curve is called the spinodal and below it the solution
becomes labile and separates spontaneously as a result of density (concentration) fluctuations
at the molecular level. At the upper consolute temperature the LLC and the spinodal coincide.
In contrast to the metastable regions in phase space, where density fluctuations are
compensated for by means of ‘down-hill’ diffusion, i.e., the diffusion coefficient is positive
and diffusion of a species is towards those regions in space which are relatively poorer in that
species, the diffusion coefficient in the labile region is negative and a density fluctuation leads
to diffusion in the direction of increasing concentration. As a consequence, a phase separation
occurs without a nucleation barrier. This type of phase separation is called spinodal
decomposition. The result, in any case, is the formation of continuous regions in space which
are enriched or depleted with respect to a given chemical species, all the while remaining
supersaturated with respect to crystallization. Once inside the phase space delimited by the
spinodal, the system will ultimately relax by forming two liquids with compositions defined
by the two intersects of the isotherm containing the initial composition of the single liquid
phase with the spinodal. Again, providing the thermodynamics of the system are of the type
shown in Figure 19, all liquid-liquid phase separations lead to new phases that are metastable
with respect to the solid-liquid equilibrium and must, eventually, relax to the state
corresponding to the equilibrium at the given conditions of composition, temperature and
pressure. It is only natural to expect that those regions richer in the solute should show
enhanced formation of solid particles.
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Two further curves are shown in Figure 19, neither of which represents a true phase transition.
The first of these, the gelation line, delimits that region in phase space, where the formation of
a gel is observed. Gel formation is characterised by a rapid increase in the viscosity of the
solution, due to the formation of an extended network of solute molecules leading to a
dynamically frustrated state, while the structural characteristics of a liquid are maintained.
Such ‘transitions’ are frequently observed in concentrated protein solutions.

The second of these additional curves is the so-called ‘crystallization spinodal’. This line is
defined by a critical nucleus size of 1 molecule, which effectively means that the
thermodynamic barrier for crystallization vanishes. This phenomenon will be discussed more
fully in chapter 3.1.8, below.

3.1.7 Liquid-Liquid Phase Separation as a Precursor to Nucleation

It has been noted on several occasions in the past, that protein solutions frequently exhibit a
liquid-liquid phase separation prior to nucleation. Alber et al. (Alber 1981) reported the
crystallization of a new crystal modification of yeast triose phosphate isomerase from
poly(ethylene glycol) where the solution undergoes a liquid-liquid phase separation prior to
nucleation in the dense, discontinuous phase. Careful analysis of the two liquid phases reveals
that the protein is found exclusively in the dense liquid yielding a concentration 2.5 times
higher than in the initial, homogeneous solution. The PEG concentration as well as the
amount of water in both phases was found to be similar, though the uncertainty in determining
these concentrations was estimated to be high.

Liquid-liquid separation of aqueous solutions of bovine y-crystalline, a lens protein, was
studied by Thomson ef al. (Thomson 1987) using light scattering and chemical analysis of the
phases. Light scattering provides easy access to the temperature of phase separation, which is
taken as the average value of measured cloud and clear points for a solution of given
composition which is cooled and heated, respectively. In order to determine the chemical
composition of the separated phases, solutions were rapidly quenched to a temperature below
the coexistence line and the two liquids were allowed to separate. The protein concentration in
the respective solutions were determined and found to agree with the phase separation
temperature determined previously. Using a mean-field approach, the critical point of the
coexistence curve was calculated from the available data. The spinodal for the system could
only be estimated from light scattering data since the liquid-liquid phase separation interfered
with the measurements.

A consequence of liquid-liquid separation prior to nucleation is that, after the separation has
occurred, there are two new phases of different composition within which nucleation can
occur, one depleted in protein with respect to the single liquid phase and one rich in protein.
The former generally presents as the continuous phase and the latter as the discontinuous
phase. Providing that the entire liquid-liquid binodal lies under the solubility curve, both of
these phases are supersaturated with respect to nucleation of the crystalline solid and as such,
nucleation can occur in either of the two phases, while the nucleation rate will be higher in the
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dense phase due to the increased supersaturation. It is therefore no surprise that nucleation
was observed in the dense liquids in the above studies.

3.1.8  Two-Step Nucleation Model

The observation of liquid-liquid separation in protein solutions followed by crystallization in
the dense liquid phase has resulted in a critical re-evaluation of classical nucleation theory,
with some researchers going as far as suggesting that liquid-liquid separation is a necessary
prerequisite for crystal nucleation (Gliko 2005, Heijna 2007). A recently proposed two-step
nucleation model (Galkin 2000a, Vekilov 2004, Kashchiev 2005, Vekilov 2005, Vekilov
2012a) is frequently cited in this context. In this section, this two-step model is discussed with
the aim of dispelling some common misunderstanding surrounding the model and its use to
justify the view that liquid-liquid separation (or even spinodal decomposition) is a necessary
prerequisite to nucleation.

Whereas CNT is based on the premise that the building blocks of an ordered crystalline solid
initially aggregate randomly from the homogeneous, metastable solution, the two step model
explicitly requires two order parameters to describe the nucleation process (Vekilov 2005).
Specifically, these order parameters describe the transition along a concentration (density)
coordinate and along a coordinate characterising the structural ordering of the solute
molecules. The use of two order parameters in the two step model allows the overall
formation of crystalline nuclei to be separated into two processes. The first is the formation of
dense liquid clusters, the second process is the establishment of structural order within these
cluster. Using two order parameters to characterise the liquid-solid transition, first
promulgated by Landau and Lifshitz (Landau 1996), remedies a weakness in Gibbs’s work on
the thermodynamics of phase separations (Gibbs 1928), where only one order parameter is
required, which may suffice for fluid-fluid phase transitions, but is indeed questionable for the
liquid-solid phase transition.

The two-step model was developed as a consequence of the following experimental
observations:

1. Evidence from dynamic light scattering suggests the existence of large clusters with a
correlation time several orders of magnitude larger than that for molecular diffusion.

2. Plots of the nucleation rate vs. the logarithm of the supersaturation reveal a
discontinuity.

3. For a solution of constant composition, the nucleation rate exhibits a maximum with

decreasing temperature.

The first step of the two-step model, the formation of dense clusters, serves to explain the
observation mentioned in point 1 above. DLS measurements on protein solutions (Georgalis
1997a, Follmer 2004, Poznanski 2005) appear to reveal two processes in the solution with
correlation times that differ by several orders of magnitude. The first process corresponds to

Brownian motion of the individual protein molecules. The correlation time of the second
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process, while independent of the protein concentration, does depend upon the protein under
investigation and ranges from a few ps for lysozyme and haemoglobin (Onuma 2007, Pan
2007) to several seconds for lumazine synthase (Gliko 2005).

The amplitude of the feature in the inverted DLS data that is associated with this second
process is concentration dependent and increases with increasing protein concentration. It was
observed, that the second feature appears rapidly and within a few seconds of generating the
solutions. This behaviour was interpreted as evidence for the formation of dense clusters of
solute, also called dense liquid droplets, in the solution. The clusters were estimated to
contain of the order of 10° solute molecules and have a density closer to that of the crystalline
solid than that of the bulk liquid. (It should be noted that the solutions investigated, in the case
of lysozyme, had protein concentrations of around 30 - 80 mg mL™', while the clusters were
estimated to have protein concentrations of the order of 300 mg mL™. Crystalline phases of
lysozyme have concentrations of between 760 and 950 mg mL™.) While the size of these
clusters does not vary over time, their number increases with increasing bulk protein
concentration, explaining the concentration-dependent amplitude.

It must be noted, that the formation of clusters is not a classical thermodynamic phase
separation process, but rather a meso-scale density fluctuation, a dynamic feature of the
solution. Although their formation appears to be instantaneous, the correlation time obtained
from DLS can be (and indeed is, see (Georgalis 1997a, Galkin 2007, Onuma 2007, Pan 2007,
Li 2011)) interpreted as a life-time for these clusters. Since they form and decay, they cannot
represent a thermodynamically stable phase with respect to the bulk liquid. Indeed, they are
observed in the metastable single-liquid region of the phase diagram. Evidence for the
existence of these clusters in the stable, undersaturated liquid, above the SLE, has been
reported (Gliko 2007). The comparatively long correlation time of the clusters has led to their
description as metastable dense liquid droplets, which might lead to considerable confusion
were these droplets interpreted as a distinct liquid phase.

Since the process of cluster formation is rapid, it is not rate-determining. The rate determining
step for the formation of the crystalline solid according to the two-step model is the structural
ordering within the dense clusters. Vekilov proposes the following rate equation (Vekilov
2012b) for this process:

kyciT AG}

AG(C,)] exp(— kB;) 3.1.8-1

U
U(Cl,T)[1+ U—(l) exp(k,TT

]:

The energy barrier for nucleation within the dense clusters is AG; and it is this quantity which
is used to define the ‘crystallization spinodal’ already mentioned in chapter 3.1.6 above. The
pre-exponential factor is determined by the concentration of solute in the cluster c;, a scale
factor k,, the viscosity of the clusters n(C;, T), the ratio of the rate of decay U; and the rate of
formation U, of the clusters and the excess Gibbs free energy AG? of the solute molecules in
the cluster with respect to the Gibbs free energy of that same molecule in the bulk solution.
This excess Gibbs free energy is estimated to be of the order of 10 kzT, where kg and T take

their usual meaning.
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The slope of the nucleation rate vs. the logarithm of the supersaturation can be employed to
derive the size of the critical nucleus. Any discontinuity in the relationship between rate of
nucleation and supersaturation implies a change in the critical nucleus size. Nucleation rate
measurements for lysozyme chloride (Galkin 2000b, Galkin 2001) reveal such a discontinuity
(point 2, above). Depending upon the composition of the solution, the critical nucleus is
initially constant with increasing supersaturation and the nucleation rate increases with
increasing supersaturation. However, for the highest precipitant concentration studied by
Galkin and Vekilov (Galkin 2000b, Galkin 2001) the nucleation rate exhibits a discontinuity
with respect to the supersaturation and remains constant after this point and the critical
nucleus size becomes one. As a consequence, the energy barrier for nucleation vanishes and it
is this point that Vekilov uses to define a ‘crystallization spinodal’. The term ‘spinodal’ is
used in analogy to the liquid-liquid spinodal discussed above, where the barrier for nucleation
of liquid droplets in a metastable liquid phase disappears. It does not, however, imply any
other mechanistic or even thermodynamic similarity of the liquid-to-solid phase transition to
the liquid-liquid spinodal decomposition. In fact, the nucleation rate of the crystalline solid
remains finite below the ‘crystallization spinodal’ and the only significance of the vanishing
energy barrier for nucleation is that the rate of nucleation is then governed solely by the pre-
exponential factor once the crystallization spinodal has been crossed. Furthermore, the
‘crystallization spinodal’ does not imply or even require a liquid-liquid phase separation of
any type. Quite the contrary, it is reported to lie within the metastable single liquid region of
the phase diagram for the case of lysozyme and thus within a region of phase space where a
thermodynamic liquid-liquid separation is not possible.

The temperature dependence of the nucleation rate (point three) is explained in terms of the
viscosity of the clusters. Whereas the viscosity of the bulk solution varies only weakly with
temperature in the temperature range studied, it is surmised, that the viscosity of the clusters is
significantly higher than that of the bulk liquid and that their viscosity exhibits a considerably
stronger temperature dependence. These assumptions are sensible, considering the estimated
density of the clusters and a strong increase in viscosity with decreasing temperature would
have a noticeable effect upon the nucleation rate. In addition, the cluster size is assumed to
decrease with decreasing temperature. The second term within the bracket of the denominator
of the rate Equation 3.1.8-1 represents the inverse of the volume fraction of clusters in the
solution. Vekilov (Vekilov 2011) states that the cluster volume fraction decreases with
decreasing temperature, an effect that then contributes to the decrease in nucleation rate.

A further, quantitative argument against classical nucleation theory is given by Vekilov
(Vekilov 2010), which concerns the magnitude of the nucleation rate observed for protein
solutions. With reference to measurements first published by Galkin and Vekilov (Galkin
2000b) and already mentioned above, and estimating the magnitude of the variables
determining the pre-exponential factor 4 (Equation 3.1-2), the experimental nucleation rate is
found to be 10 orders of magnitude lower than that estimated from CNT. In contrast, an
estimate based upon the estimated concentration, viscosity and volume fraction of the
clusters, results in a closer match of theory to experiment.
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While the two-step nucleation model is interesting, it leaves a number of open questions. First
and foremost one must ask the question whether the model in fact presents anything new, or
whether it merely represents a different perspective on one and the same phenomenon.
Formally and qualitatively, the rate equation presented for the two step model is equivalent to
that derived from classical nucleation theory, even if differing with respect to the physical
variables that appear in the respective models. Starting from this point of view, one can
question whether the main difference is merely subtle and a consequence of the rapid
formation and long life time of the clusters observed, which, as a result, requires a change of
reference state from the homogeneous, dilute solution, to the denser clusters. One must not
forget that the formation of clusters is an integral part of CNT, as the nucleation rate is
controlled by the stability of the clusters while the dynamics of formation and decay are not
explicitly addressed.

In addition, the observations of dense clusters in a few protein solutions is not sufficient to
claim universality of the two-step mechanism and too little evidence from other crystallizing
solutions has been provided in order to generate confidence in the model proposed. The nature
of the clusters observed in DLS measurements is intriguing and merits further investigation,
in particular with respect to their internal dynamics. High viscosity within the clusters is of
course a convincing argument for the slowing of the nucleation rate with decreasing
temperature, but such arguments have been presented previously for viscous melts, where a
similar phenomenon has been observed, and quantitative analysis of experimental nucleation
rates from viscous fluids has been reported using variations of CNT incorporating an
additional viscosity term (see for example (Mullin 2001) and references therein). Clearly, a
new theory is not necessary to explain the experimental observations, while its premises are
certainly sensible and worth further experimental qualification. Obviously, a deep, molecular-
level understanding of crystal nucleation is still a somewhat distant prospect.

3.2 Crystal Growth

Investigation of the growth of protein crystals has been a very active research area, driven to a
large extent by the need to understand those factors influencing crystal growth that also have
an impact upon the diffraction quality of single crystal in order to control these effectively.
Since crystal growth is a complex process the literature is broad and individual contributions
generally — and necessarily — focus upon a particular aspect of the process or upon specific
techniques for the investigation of growing crystals. Due to the size of protein molecules, they
are uniquely suited for investigations by imaging techniques such as atomic force microscopy,
yielding valuable information on mechanistic aspects of protein crystal growth. Only few
studies are available on overall growth rates and the growth properties at scales and under
conditions relevant to mass crystallization and, despite the breadth of studies mentioned
above, the vast majority or publications is concerned with the model protein lysozyme.

This chapter is not intended to provide an overview of crystal growth theory. There exists a
plethora of primary and secondary literature the reader may refer to (see for example (Ohara
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1973, Myerson 1993, Saito 1996, Mullin 2001, Mutaftschiev 2001) and references therein)
and this aspect of crystallization is too broad to cover adequately in anything other than a
dedicated monograph. Rather, an overview of the recent literature concerned with protein
crystal growth will be provided and discussed with regard to its relevance to large-scale mass

crystallization of proteins.

3.2.1 Growth Rate Measurements

Prior to discussing growth rate measurements, it is important to recall that different measures
for crystal growth can be defined. The growth of a crystal can be viewed as the result of the
growth of individual crystal faces. In the absence of external factors resulting in growth rate
dispersion (Tavare 1985, Ulrich 1989, Judge 2010), symmetry-equivalent crystal faces will
have identical growth rates while crystallographically distinct faces will exhibit different
growth rates due to the differences in their surface chemistry. Indeed, the different growth
rates for distinct crystal faces result in the characteristic crystal habits in the case of stable
growth.

The growth of a single crystal face can be defined by means of a linear growth rate v(nk). This
growth rate will depend upon the local supersaturation at the crystal-liquid interface and thus
the temperature at which growth takes place. Generally the linear growth rate can be
expressed by a simple correlation with the supersaturation:

v(hkl) = KACg, 3.2.1-1

where K is the growth rate, 4c the supersaturation and g’ the growth exponent.

Measuring a face growth rate is straightforward and can be carried out by simple observation
of the propagation of a given face of an otherwise immobilised crystal with time under
defined conditions of supersaturation.

While interesting, this measure of growth is of little relevance to industrial mass
crystallization as it does not provide useful information for a population of crystals, even for
highly symmetric crystals with no or few crystallographically distinct faces. Factors such as
local compositional inhomogeneity or growth inhibition due to the presence of impurities and
their interaction with the crystal surfaces result in a distribution of growth rates for
crystallographically identical crystal faces in a population of crystals. This distribution of
growth rates is the previously mentioned growth rate dispersion.

In order to define the growth characteristics of a population of crystals, statistically
significant, averaged face growth rate data would be required, which to obtain is unfeasible
with individual face growth rate measurements. However, two other measures of crystal
growth are available, which are (comparatively) easy to obtain employing simple batch
crystallization experiments. The first of these is the overall linear growth rate G, which is
defined as:

63



1 1
m./3—m/3

6= —‘—1— 3.2.1-2
(apN) /3 t
Where m; and m;, ate the initial and final masses of a defined number N of crystals, p their
density and a a shape factor. The mass deposition rate Rs is defined via the differential

equation:
RG = Z_ = KG - AcY 3.2.1-3

i.e., the rate of change of the mass of a population of crystals with time, normalised to the
surface area of the initial population of crystals. Equation 3.2.1-3 neglects the change in
surface area with progression of the growth process and corrections to account for the growth-
dependent surface area are available (Mullin 2001). The mass deposition rate can be
expressed in a manner equivalent to the linear growth rate, Equation 3.2.1-1 above, while the
rate constant and exponent are not the same as those for linear growth, as indicated by the use
of subscript and primes to distinguish the mass deposition parameters from the linear growth
parameters.

Both the overall linear growth rate and the mass deposition rate can be determined using
suitable experimental procedures using, for example, fluidised beds or batch crystallization
methods.

3.2.1.1 Overall Linear Growth Rates

As for crystal nucleation discussed in chapter 3.1 above, Schlichtkrull provided perhaps the
earliest systematic study on protein crystal growth as part of his series of papers on insulin
(Schlichtkrull 1957a, Schlichtkrull 1957b, Schlichtkrull 1957¢).

In (Schlichtkrull 1957a) the nucleation and linear growth rates of rhombohedral bovine zinc
insulin are investigated and discussed. The author extracts growth information from large
scale (4 L) crystallization experiments (described in detail in (Schlichtkrull 1956)) both by
measuring the time-dependent desupersaturation of the solution and by counting and
analysing the size and size distribution as well as volume and surface area of the crystals in
samples taken from the crystallizing solution. In order to avoid continuing growth of the
insulin crystals after the samples have been taken, the crystallization is arrested and insulin
solubility is reduced by adding a suitable buffer solution. In analysing the data the assumption
is made, that the linear growth rate is the same for all crystal sizes present and the
applicability of this assumption is demonstrated for different size classes and for the later
stages of the crystallization process. In the early stages of crystallization deviations are
observed. Since there is no seeding in the process, one may assume that the differences
observed are caused by nucleation.

The growth rate is found to be proportional to the square of the difference between the actual
concentration of insulin at the point of sampling and the final concentration of insulin. While

it is reasonable to assume that this concentration difference represents the supersaturation
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with respect to insulin, Schlichtkrull himself (Schlichtkrull 1957a) expresses uncertainty as to
whether this is the case due to evidence from auxiliary experiments that suggests that the final
insulin concentration may not represent the equilibrium concentration or solubility.
Interestingly, porcine insulin growth appears to be a function of the cube of the
‘supersaturation’ or difference between the actual concentration at the time of sampling and
the final insulin concentration at the end of the experiments (Schlichtkrull 1957¢).

In the sixth paper of the series on insulin crystallization (Schlichtkrull 1957b) investigates the
face growth rate of porcine insulin. Porcine insulin crystallizes as rhombohedral crystals
under the conditions of composition and temperature employed. The growth experiments are
carried out in two steps. In the first step small crystals are allowed to grow in a solution
containing a dye, which is incorporated into the protein crystal. In the second step, the stained
crystals are allowed to continue to grow in one of two solutions. The first is identical to the
initial solution with the exception that the dye is absent and the second has a different overall
composition. Although no numerical values for the growth rate are given, the face growth rate
reported to follow the same ‘supersaturation’-dependence as the overall linear growth rate.
Interestingly, the stained seed crystals are all observed to lie at one of the vertices of the final
crystals after the second growth phase. This clearly demonstrates that the space group
representing the crystal structure is polar and that the respective faces of the rhombohedron
are not symmetry-equivalent. In fact there exist two sets of three equivalent faces, of which
one set of three grows with a considerably greater rate that the second set. If the six faces of
the rhombohedron were to grow with the same or similar rates, the stained seed crystal should
be observed in the centre of the final crystal and not at one of the vertices.

Almost four decades later Judge et al. (Judge 1995) presented a study of bulk crystal growth
of ovalbumin using a 1 L batch crystallizer. With the benefit of more refined analysis
techniques and a better, a priori, knowledge of the solubility and metastable zone of
ovalbumin than that available to Schlichtkrull (Schlichtkrull 1957a) when studying insulin
earlier, the influence of nucleation could be minimised by seeding the crystallising solutions
thus allowing a better quantitative understanding of crystal growth. The crystallizing solutions
are analysed in terms of desupersaturation, change of protein content in the solid phase and
size distribution, which is measured by means of laser light scattering. The cumulative size
distributions obtained for different crystallization times reveal a parallel shift towards larger
sizes with increasing time. On the one hand this indicates that little to no nucleation, primary
or secondary, takes place during the crystallization process. On the other hand, aggregation
and agglomeration can also be deemed negligible. Overall growth rates are extracted from the
spatial propagation of the distribution functions with time. The growth rate thus determined is
relative to the change in volume of the crystals, which can be converted to linear growth rate
using appropriate geometric conversion factors derived from the observed shape of the
crystals.

The growth of ovalbumin determined in these experiments was found to follow a second
order rate law, as was the case for bovine insulin described above. The face growth rate was
found to be of the order of 1.67-107 m/s when converted to an overall linear growth rate.

65



Interestingly, the growth rate was found to be relatively insensitive to the concentration of the
precipitant — in this case ammonium sulfate — while the pH had a profound effect upon crystal
growth, increasing the rate constant by a factor of 10 when the pH was decreased by a factor
of less than one. This suggests a linear dependence of the growth constant on the proton
concentration.

3.2.1.2 Face Growth Rates

The major focus of protein crystal growth studies has been on face growth rates and atomistic
growth mechanisms. The latter will be discussed in the next chapter, 3.2.1.3.

Several publications have reported investigations of the face growth rates of tetragonal
lysozyme chloride (Forsythe 1994, Nadarajah 1995, Gorti 2005). This crystal modification of
lysozyme possesses only two forms, namely {110} and {101}. The form {101} contains four
symmetry equivalent crystal faces that form a square prism, which is capped at either end by
four of the eight symmetry equivalent faces of the form {110}. Consequently, only one of the
symmetry equivalent faces in each of the two forms has to be considered when discussing
face growth rates, conveniently the faces (110) and (101). These two faces have different
growth rates due to their differing surface chemistry, and the supersaturation-dependence of
these growth rates also differs, which leads to a pronounced dependence of the morphologies
of tetragonal lysozyme upon the growth conditions while the crystal habit remains constant
(Figure 20).

Figure 20: Growth morphology of lysozyme chloride. Left: crystals obtained at pH = 4.4 in the
presence of 4 %(w/v) NaCl (image generated by V. Diaz Borbon) . Right: crystals obtained at pH =
5.0 and 2 %(w/v) NaCl (image generated by N. Aldabaibeh). The two forms are evident. In the left
hand image the {101} form dominates, which caps the prism generated by the {110} form, leading to
equant crystals. In the right hand image the {110} form dominates, leading to elongated crystals.
While the habit remains constant, the aspect ratio depends upon the growth conditions.

Forsythe and Pusey (Forsythe 1994) quantified this behaviour in their investigation of the face
growth rates of the two crystallographically distinct faces of tetragonal lysozyme chloride as a
function of temperature and precipitant (NaCl) concentration. A modified version of the
apparatus previously described by Pusey and Naumann (Pusey 1986) was employed. At
constant salt concentration, the growth of both faces is protein concentration and temperature
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dependent and for all temperatures studied the growth rate increases with temperature and
with protein concentration. At constant temperature, the growth rate therefore increases with
increasing supersaturation. However, at the same supersaturation, the growth rate decreases
with decreasing temperature and the authors interpret this seemingly unexpected result in
terms of the solution properties and assuming that the growth unit for tetragonal lysozyme
chloride is not the protein monomer, but rather a pre-structured aggregate. Providing the
formation of these aggregates is a rate limiting step in the growth kinetics, the lower growth
rate would suggest a lower rate of formation of these clusters in solution at lower
temperatures. This, however, is to be expected, as the supersaturation is a relative measure
and obscures the fact, that the absolute concentration can be vastly different for the same
supersaturation if a strong temperature dependence of the equilibrium concentration exists.
The precipitant concentration dependence of the face growth rates observed for the (101) and
the (110) faces appears to be negligible. A plot of the growth rate of both faces as a function
of supersaturation for two different salt concentrations shows little effect from the salt
concentration at constant temperature. However, the curvatures and the slopes of the growth
curves for the two faces differ significantly. This asymmetry is the cause for the pronounced
effect of the crystallization conditions on the morphology of the crystals as discussed above
and the driving force for the morphology change is clearly the supersaturation.

3.2.1.3 Mechanistic Studies

The greater size of protein molecules in comparison to small organic molecules and inorganic
salts results in a greater size of features on the surface of a crystal resulting, for example, from
dislocations or from the deposition of clusters of solid formed in solution. This makes the
surfaces of protein crystals amenable to visualisation techniques such as atomic force
microscopy (AFM), enabling the study of crystal growth mechanisms at the atomic level.
Several research groups have recognised this and have exploited AFM to gain a better
understanding of the growth mechanisms governing protein crystal growth.

Since the atomistic mechanism of crystal growth has a direct bearing on molecular
discrimination and therefore the purification effect of a crystallization process, it is of interest
to discuss the results of some selected studies briefly.

Although tetragonal lysozyme chloride has been employed as a model system for AFM
studies of crystal growth mechanisms in protein crystals (Durbin 1993, McPherson 1999), a
number of other proteins such as porcine a-amylase (Astier 2001), bovine pancreatic trypsin
(Plomp 2001) and porcine insulin (Gliko 2003) have also been investigated.

A common result in these studies is that protein crystal growth follows the same mechanistic
principles already established and accepted for small molecule growth. At low supersaturation
growth occurs at step dislocation in accordance with the BCS growth theory and the steps
have a spiral topography resulting from screw dislocations. At moderate to high
supersaturation a 2D surface nucleation mechanism (also known as Birth and Spread) takes
over from step growth, where larger clusters of solute formed in solution are deposited on the
surface and integrated into the crystal structure.
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4. Crystallization Process Technology — Applicability to
Protein Products

One obvious choice of process for the crystallization of proteins based upon the discussion of
the thermodynamics of protein crystallization in chapter 2 above is batch salting-out (or,
alternatively or even in combination, applying a pH-shift or using an ‘antisolvent’, see chapter
4.2) crystallization from solution. Why this is not necessarily a sensible choice will be
discussed in the following, together with a number of alternative approaches and technologies
that have been shown to be useful for protein crystallization.

4.1 Solution Crystallization

With the clear dependence of protein solubility upon pH and precipitant concentration as
discussed in chapter 2 above as well as in the literature cited, it is only natural to assume that
salting-out of the protein from a solution, perhaps in combination with a pH-shift, is the
straightforward choice of process. Such a process could be isothermal, or if sufficiently large
yield improvements were expected from known solubility data at different temperatures,
polythermal in nature.

Indeed, crystallization of proteins — or to be more precise, precipitation — has been used as a
method of separation for more than a century. Osborne and Campbell (Osborne 1900) for
example, first described the fractionation of proteins from egg white using various dilutions
of ammonium sulfate and acidification of the successive filtrates, a process later re-
investigated in some detail by Sorensen and Young (Sorensen 1934, Young 1937). Osborne
and Campbell (Osborne 1900) identified four major protein fractions in his work, at least one
of which was visibly crystalline. Two decades later Fleming (Fleming 1922) identified
lysozyme as a component of egg white and other tissues and physiological fluids and
purification methods were subsequently developed (Meyer 1936, Roberts 1937, Abraham
1939, Alderton 1945), of which that proposed by Alderton et al. (Alderton 1945) was based
upon crystallization of this particular enzyme. Warner (Warner 1954) later summarised the
then state-of-the-art in egg protein knowledge, including separation methods. This review
contains a detailed flow chart illustrating the steps for isolating the proteins from egg white
known at that time.

Protein crystallization is indeed employed industrially, though very little has been published
in the scientific literature. The manufacture of insulin, for example, a polypeptide used for the
treatment of diabetes, can include a crystallization operation (Barfoed 1987, Brader 2000,
Strube 2011), though this process step is not used for purification of the peptide, but rather for
form-giving and particle shape and particle size control.

Judge and co-workers (Judge 1995) pointed out the potential of bulk crystallization for the
isolation and purification of proteins in their study of ovalbumin. Based upon the procedure
described by Warner (Warner 1954) a detailed investigation of the crystallization process at a
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scale of several 100 mL and in terms of nucleation, growth kinetics and purification efficiency
was reported. It is not known to this author, whether any industrial implementation of this
process exists and in view of the fact that ovalbumin itself is of little value, deemed unlikely.
In his paper entitled ‘Crystallization of Proteins is an Exacting Task but can be Successfully
Applied in Industry’, Visuri (Visuri 2000) discusses the general requirements for protein
crystallization on an industrial scale and also provides an example of a real process for the
purification of glucose isomerase implemented at Genencor’s production facility in Hanko,
Finland. Although the process is not discussed in great detail, an interesting comparison of
economics and efficiency of the crystallization process compared to a chromatographic
purification also considered in the development process is provided, and makes a compelling
case for the use of crystallization rather than a chromatographic process. The crystallization
process itself is described in a patent (Visuri 1987).

A later publication co-authored by Visuri (Vuolanto 2003) gives a detailed account of
development work towards a scalable and reproducible seeded cooling crystallization process
for the isolation of xylose isomerase from Streptomyces rubiginosis. The authors use
magnesium sulfate as precipitating salt and avoid nucleation by seeding the supersaturated
solution. Seeding also serves the purpose of controlling crystal size and size distribution in the
product. Although the process described was rationally designed, the starting material used
was previously purified xylose isomerase and not the fermentation broth it was derived from
and as a result no conclusions can be drawn as to the applicability and performance of the
method when applied to a more realistic manufacturing problem.

As discussed above, the vast majority of proteins manufactured on an industrial scale are
produced for their enzymatic activity. It is therefore surprising that one discussion has been
conspicuously absent from the literature, namely the effect of processing parameters upon the
enzymatic activity. The activity must be considered as one of the primary product
specifications, in addition to yield, purity and particle properties, as any deactivation of an
enzyme diminishes its commercial value.

Enzymatic activity was initially highlighted as an important quality parameter by Jones and
Ulrich (Jones 2005) and considered in detail in the studies carried out by Weber et al. (Weber
2008b, Weber 2008c). The work described in these papers is concerned with a solution
crystallization process for the enzyme urease from jack beans (canavalia ensiformis). This
particular enzyme was selected as much for historic reasons as well as for the challenges
posed in extracting it from the raw material and then crystallizing the enzyme directly from
the extracts, considering that the jack bean meal contains less than 0.1 % (by mass) urease.
Urease was the first enzyme to be crystallized (Sumner 1926b) and this work served to prove
that enzymes are catalytically active proteins, earning Sumner a share in the 1946 Nobel Prize
in Chemistry. The method used for isolating urease from jack beans has remained essentially
unchanged since the first report. In contrast to the processes discussed above, the urease
process consists of extraction of the enzyme (along with other proteins and non-proteinaceous
soluble compounds) from dried bean meal using a binary solvent consisting of water and
acetone with subsequent crystallization from the extract. Interestingly, the crystal structure of

69



jack bean urease was not published until 2010 (Balasubramanian 2010). The work described
in the following aimed at investigating the effect of changing process parameters in the
extraction and crystallization process upon the crystals obtained.

4.2 Case Study I: Extraction and Crystallization of Urease from Jack
Bean Meal

The crystallization process as described by Sumner (Sumner 1926b) is simple. De-fatted jack
bean meal is extracted with five volumes of an ‘ice cold’ acetone-water solvent containing
31.6 % (vol/vol) acetone. The meal-solvent slurry is stirred for a few minutes and then
filtered. The filtrate is cooled to approximately 2 °C and left overnight, the crystals formed
are centrifuged and the sediment is blot-dried with filter paper. Finally, the partially dried
sediment is suspension-washed in fresh acetone-water solution and again separated from the
solvent by centrifugation and blot-dried. While the initial paper does not consider alternative
processing conditions, in a note published later the same year (Sumner 1926a) and prompted
by a successful attempt at re-crystallizing the enzyme, Sumner provided additional
consideration complementing the original publication and suggesting the extraction
temperature should be raised to 28 °C to improve the extraction of urease while at the same
time reducing the amount of other proteins extracted from the jack bean meal. It was also
noted that the initial extract is slightly acidic with a pH = 6.1.

Noting that Sumner’s method was not always successful, either as a result of the variability of
the raw material, as already noted by Sumner (Sumner 1928b), or due to the extreme
sensitivity of the enzyme to impurities such as metal ions (Sumner 1928a), the methodology
was later re-examined, amongst others by Gorin, Hanabusa and Conway (Gorin 1960,
Hanabusa 1961, Conway 1966). However, none of these took a systematic approached based
upon processing parameters.

Starting from the initial method, Weber et al. (Weber 2008a, Weber 2008b, Weber 2008c) re-
investigated the process by studying the impact of changes of the extraction solvent and its
composition, the extraction temperature, solid-liquid separation, crystallization conditions
such as cooling rate and the influence of additives. The influence of these and other
parameters was characterised in terms of yield and purity as expressed via the activity and
specific activity of the resulting enzyme crystals, respectively.

Urease catalyses the decomposition of urea to ammonium ions and carbon dioxide and its
activity is easily quantified by measuring the amount of NH,4" generated under well-defined
conditions according to the method described by Weatherburn (Weatherburn 1967). Although
a standard unit of enzyme activity is defined as a derived unit (mol s) in the SI system of
units (the katal, see (BIPM 2006)), the unit “U” expressed as umol min™ is still commonly
used as a measure of enzymatic activity. Irrespective of the unit used, it is always a function
of the conditions under which it is measured, and these have to be specified. In the specific
case of urease activity, a separate unit of activity is still in use and this is the so-called
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‘Sumner Unit” (S.U.), which is defined as the amount of enzyme which in five minutes
produces, at 20 °C, 1 mg of ammonia nitrogen from a 3 % urea solution in a 9.8 % neutral
phosphate buffer containing 2 % gum arabic (Sumner 1928a). In the following discussion the
unit of activity used is ‘U’. For the sake of comparison with older literature data, it should be
noted that 1 S.U.=3.22 U.

The activity of an enzyme can be used as a measure of quantity and can therefore be used to
assess, indirectly, the yield of protein from a process. Assessing the purity of the enzyme,
however, is another matter. SDS-PAGE (Laemmli 1970) is a suitable but time consuming
quantitative protein assay, which is also useful for providing a visual indication of the type
and quantity of other proteins present in a given solution. A perhaps more useful and more
rapidly assessed quantity for assessing enzyme purity is the specific activity, which is defined
as the activity divided buy the total protein quantity present. Several colorimetric assays are
available for measuring total protein content (Sapan 1999).

In this case study, both activity and specific activity were used to assess quantity and purity of

urease extracted.

4.2.1 Extractions from Jack Bean Meal

Extractions were initially carried out from commercial jack bean meal provided by Fluka
(94280), later from material imported from the USA (A.L. Jowitt, 612 Runaway Bay Drive,
Bridgeport, 76426 Texas, USA ). The four main extraction solvents investigated were (a) de-
ionised water, (b) a binary solvent consisting of 32 % (v/v) acetone in de-ionised water, (c) a
0.1 M phosphate buffer at pH = 7 and finally, (d) 32 % (v/v) acetone in 0.1 M phosphate
buffer at pH = 7. A series of three successive extractions, each with fresh solvent using the
same aliquot of bean meal results in the activities of urease in the extracts shown in Figure 21.
Clearly the amount of urease extracted in successive operations decreases for all solvents
investigated. Interestingly, the ‘Sumner-solvent’ acetone-water is by far the least effective
solvent for extracting urease, while pure de-ionised water performs best, both when
comparing the first extraction and the overall amount of active urea extracted from the meal.
However, the specific activity, which measures the purity of the protein, reveals a different
picture, as seen in Figure 22. Here it becomes clear that the purity of urease suffers
significantly, when other solvents are used. The highest specific activity is achieved with the
classic ‘Sumner-solvent’ and the extract from water has a significantly lower specific activity.
This behaviour clearly indicates that while solvents (a), (¢) and (d) extract considerably more
urease than the ‘Sumner-solvent’, they are also more efficient at extracting other proteins
present in the bean meal.

Figure 23 shows a typical SDS-PAGE gel. Lane 4 in this gel shows that a large number of
different proteins over the mass range 0 — 100 kDa are extracted using acetone-water. The
urease band at 91 kDa is barely visible in this lane as it overlaps with several other proteins in
the same mass range. In contrast, the crystals obtained from this extraction solvent show a
clear and dominant urease band.
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Figure 21: Cumulative urease activity obtained with three successive extractions of bean meal from
different solvents. Black: first extraction, light grey: second extraction, dark grew: third extraction.
The solvents are: 32 %(v/v) acetone in water (Sumner solvent, 32 AW), 32 %(v/v) acetone in aqueous
phosphate buffer (32APB), Water, and phosphate buffer (PB). The same amount of bean meal is used
for each solvent and for each extraction the same aliquot of meal is employed. Water extracts the
largest amount of urease from the meal in each extraction step, while the Sumner solvent performs
worst, extracting the least amount of urease.
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Figure 22: Specific activity of urease obtained with three successive extractions of bean meal from
different solvents. Black: first extraction, light grey: second extraction, dark grey: third extraction. As
in Figure 21 the solvents are: 32 %(v/v) acetone in water (Sumner solvent, 32AW), 32 % acetone in
aqueous phosphate buffer (32APB), water, and phosphate buffer (PB). While the Sumner solvent
extracts the least amount of urease, it is highly selective, resulting in the highest specific activity.
Based upon this measure the phosphate buffer performs worst, i.e., it extracts other proteins equally
well as it does urease, resulting in a low specific activity.
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The urease purity estimated from the optical density of the bands in this gel is of the order of
50 % and there are no major impurities. In comparison, the purest available commercial
urease (Sigma-Aldrich, U0251) shows a similar degree of purity and contains one major
impurity in approximately equal amount as urease. It is suspected that much of the impurity in
the crystallized urease stems from mother liquor adhering to the crystals, as no suitable
washing method for the crystal slurry was available (see chapter 4.2.3.5 below).

In order to better understand the role of acetone in the extraction solvent, two further
experimental series were devised with the rationale of increasing both the active urease yield
and purity. For this purpose the extraction from the meal was carried out in solvent (a) or in
solvent (c¢) (high yield according to Figure 21) adding acetone to the extract after separation
from the solids and to the same concentration as in solvents (b) and (d) (high purity, Figure
22). This process resulted in an intermediate precipitate after acetone addition. Interestingly,
process modification resulted neither in increased yield nor improved purity when compared
to the ‘Sumner-solvent’, but demonstrated that the main role of acetone in the latter is to

modulate the solubility of precanavalin, a precursor to canavalin, which has a molecular mass

of 49 kDa (Smith 1982).
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Figure 23: SDS-PAGE for different stages of the urease extraction and crystallization process. Lane
1: extract from bean meal using water as solvent. Lane 2: commercial urease (Sigma-Aldrich,
purchase number U0251). Lane 3: reference proteins (Fermentas PageRuler #SM0661). Lane 4:
extract from bean meal using acetone-water as solvent. Lane 5: crystallized urease. The urease band
(a) is barely visible in the water extract, where precanavalin (b) is the major protein extracted. The
molecular masses (in kDa) of three reference proteins are shown to the right of lane 3.

While the precanavalin content in the initial extracts is high, it is significantly reduced after
addition of acetone and removal of the precipitate. Nonetheless, the amount of this protein

and other proteins remaining in the extract after acetone addition is significant.
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Variation of the acetone content in the binary system acetone-water showed that a reduction
in the amount of organic solvent present results in an increase of urease activity — consistent
with the observations made for the solvents (a) and (c) — while the specific activity decreases,
whereas an increase in acetone content leads to a decrease of both activity and specific
activity.

Poly(ethylene glycol) (PEG) was investigated as a replacement for acetone in the extraction
solvent (Weber 2008¢c). PEG is a commonly used material in the crystallization of proteins
and is known to be an effective crystallizing agent for large proteins (Vivares 2002). Here, the
effect of two PEGs were studied, one with a mean molecular mass of 6000 g/mol and the
other with a mass of 4000 g/mol. In addition to varying the concentration of the respective
PEGs (Figure 24), pH variation was also investigated (Figure 25). It was found, that the
presence of the polymer in fact reduces the amount of urease extracted and this reduction is
greater at higher PEG concentrations for both molecular masses, as shown in Figure 25. In
contrast, the specific activity in the extract initially increases and reaches a maximum at
7.5 %(w/v) for both PEGs, after which it decreases again.

Similarly, the specific activity of the precipitate from these extractions reaches a pronounced
maximum at this PEG concentration, while remaining considerably lower than for the
traditional acetone-water extraction. As can be seen in Figure 25, a variation of pH at constant
PEG concentration leads to a clear increase in the urease activity, independent of the PEG
molecular mass, while the specific activity exhibits a maximum at pH = 6, which is more
pronounced for PEG6000 than for PEG4000.

Selected additives were also investigated as to their effect upon the product when present in
the extraction. It has been noted previously, that urease is easily deactivated, particularly so in
the presence of certain metal ions (Sumner 1928a, Gorin 1960). For this reason small amounts
of ethylenediamine tetraacetate (EDTA) were added to extraction solvents in the expectation
that complexation of metal ions in the solution by EDTA may increase the activity of urease.
The opposite effect was observed (Weber 2008b).

Since Nickel is an integral part of the enzyme (Alagna 1984), the addition of NiSO,4 was
investigated in order to assess whether the presence of Nickel in the solution increases urease
activity. It was found, that the addition of NiSOj significantly reduces the activity of urease.
The final additive examined was 2-mercaptoethanol. In earlier publications (Conway 1966,
Lynn 1967), an increase in urease activity was noticed in the presence of 2-mercaptoethanol.
A systematic study (Weber 2008a) revealed, that the increase in activity was dependent upon
the concentration of the additive, with an optimum value of 0.1 M. At this concentration the
activity of the crystalline enzyme recovered from the extraction solvent more than doubles,
compared to the ‘Sumner-solvent’. Based upon the evidence available, the additive appears to
reduce the amount of urease extracted while at the same time significantly increasing its
propensity to crystallize, presumably by lowering the solubility, and significantly increasing
the yield and the purity of the solid obtained.
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Figure 24: Total and specific urease activities for extraction with aqueous poly(ethylene glycol)
(PEG) solutions as a function of PEG concentration (a, PEG6000; b, PEG4000). For the purpose of
comparison the total activity of the precipitates obtained from acetone-water extracts with (AWM) and
without (AW) 2-mercaptoethanol as described in chapter 4.2.1 is also shown. The black bars represent
the activity in the extract, the grey bars the activity in the precipitate while o represent the specific
activity in the precipitate.
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Figure 25: Total and specific urease activities for extraction with aqueous poly(ethylene glycol)
(PEG) solutions as a function of pH. The activities obtained from extractions with 7.5% PEG 6000

(grey bars total activity, o specific activity) and PEG 4000 (black bars total activity, V specific
activity) are shown.

A similar investigation was carried out for the extraction solvents containing PEG rather than
acetone and the results here were that the additive has a negative effect upon both the
extraction and the crystallization and significantly reduced urease activities were observed in
all cases.

Although non-protein matter extracted was not investigated, the evidence clearly suggests that
the solvent composition as well as the manner in which the final solvent composition is
achieved has a significant impact upon the purity and activity of urease crystals later
harvested from the solvent (Weber 2008a).

4.2.2 The Influence of Process Parameters on Extraction and Solid-Liquid Separation

As mentioned above, and in addition to variation and modification of the solvent composition,
the variation of process parameters such as extraction temperature and duration, intensity of
mixing during extraction as well cooling rate during crystallization and parameters pertaining
to solid-liquid separation were investigated.

4.2.2.1 Extraction Duration and Mixing Intensity

The investigation of the effect of extraction duration upon extract activity, i.e., extraction
yield, was carried out in combination with varying mixing intensities as defined by impeller
tip speed. Based upon the dynamic viscosity of the slurry, which was measured and revealed
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non-Newtonian, dilatant behaviour (Weber 2008a), an approximate range of impeller speeds
were calculated based upon work described elsewhere (see, for example (Zogg 1993)), and
covering the range of suspension behaviours from just suspended to homogeneous
suspension. Experimentally, the lowest impeller speeds employed led to incomplete
suspension, while the highest led to significant vortex formation and foaming. The former
results in poor extraction, while the latter detrimentally affects the quality of the extracted
proteins, as these may denature at liquid-gas interfaces (Noskov 2014). Both vortex formation
and foaming increase the surface area of the liquid-gas interface and should therefore be
avoided.

Overall, the duration of extraction and the impeller rate were not found to have a significant
influence on the extraction yield within the constraints mentioned above. While the results of
the individual experiments show a variation of 16 % with respect to the specific activity
measured, this was ascribed predominantly to inhomogeneity of the raw material. Indeed, the
major part of urease extractable was seen to go into solution within the first three minutes of
the process.

The above study was carried out in a baffle-free reactor. The use of baffles to improve mixing
had a significant negative impact upon the process, leading to a specific activity reduction of
50 % when compared to a reference process without baffles. This behaviour was explained by
the observed retention of the solids by the baffles, leading to incomplete extraction of urease
(Weber 2008a).

Solid-liquid separation post-extraction was also investigated. Both centrifugation and
filtration were considered and again the specific activity was used to quantify differences in
the process caused by changing process parameters.

In the case of centrifugation, the efficiency of the separation depends upon the centrifugal
force applied, the duration of the process as well as the particle size distribution present. A
range of durations and speeds, corresponding to different relative centrifugal forces, were
employed. A slight trend was observed, with the specific activity increasing with increased
centrifugal force and longer duration of the process, but the variation in specific activity was
deemed insignificant, as it was only slightly greater than the estimated experimental error
(Weber 2008a).

Filtration experiments were generally not successful, irrespective of the method and filter
medium used. Filter papers with pore sizes of 2.5 um and 8 um as well as a cellulose
membrane filter with a pore size of 0.2 um clogged immediately both during pressure
filtration and vacuum filtration. Using a filter paper with a larger pore size did allow filtration
of a limited amount of material but here, too, clogging necessitated a change of filter medium.
The behaviour observed was ascribed to the compressibility of the bean meal. In view of the
fact that the later product is likely to have a particle size considerably smaller than the pore
size — or at most will be of the order of the pore size of the media employed (Sumner 1926b)
— filtration appears to be an unsuitable method for solid-liquid separation in this case.
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4.2.3  Variation of Crystallization Conditions

4.2.3.1 Solvent Composition

Since the crystallization process is carried out directly from the extraction solvent, the
compositions studied are identical to those already discussed above. The effect of the
extraction solvent is, naturally, mirrored in the product quality, namely the activity (yield) and
specific activity (purity) of the urease crystals. Nonetheless, additional observations with
regard to the properties of the crystals are worth mentioning.

The first observation worth highlighting concerns the crystallization of urease from extracts to
which acetone was added after extraction. The effect of this process has already been
discussed in chapter 4.2.1 above. In contrast to the observed differences in the extract, the
overall purity and yield of urease does not seem to be affected by the procedure. However, a
significant increase in crystal size was observed for urease crystallized from phosphate buffer
solutions with subsequent acetone addition (Figure 26). While the crystal size observed from
other extraction procedures never exceeds 10 pum, this process yields crystals approaching
diameters of 40 um, an 8- to 9-fold increase in size (Weber 2008a).

Figure 26: Large urease crystals obtained from extractions with water where acetone was added
subsequently. In terms of their linear dimensions, these crystals are almost one order of magnitude
larger than those obtained from the conventional extraction procedure using a binary acetone-water
solvent (Weber 2008a).

The second observation worth mentioning concerns the crystals obtained from solutions
containing 2-mercaptoethanol. The addition of 2-mercaptoethanol to the extraction solution
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leads to a significant increase in urease activity not only in the extracts, but also in the crystals
produced. It was surmised that the effect observed during extraction was due to modulation of
the solubility of urease as well as that of other proteins in the presence of the additive. The
most compelling evidence that this is the case was later delivered by a set of experiments,
where extractions were carried out in the absence of 2-mercaptoethanol and the extracts were
divided into two equal portions after clarification, which were allowed to undergo an initial
crystallization, before adding 2-mercaptoethanol to just one of the two fractions. The results
from these experiments strongly suggest that the additive indeed reduces the solubility of the
enzyme, since the yield in the fraction containing the additive was approximately 30 % higher
than that from the additive-free fraction. Moreover, a study of the crystal size distribution
provides further evidence for solubility reduction by the additive. A comparison of crops of
crystals derived from three solutions that were allowed to crystallize under otherwise identical
conditions, but differed in solvent composition, reveals the following. For a solution
containing no additive, the majority of crystals (70 %) is found in the size range of between 5
and 7 A, while only 30 % are smaller and none are observed with larger linear dimensions.
This indicates that nucleation of the crystals takes place more or less simultaneously and all
crystals have a similar time-span available for growth before the supersaturation becomes so
low that growth effectively ceases. If 2-mercaptoethanol is added to the extraction solution,
the same size ranges are observed as for the extraction from acetone-water, but the maximum
of the solution is shifted to the size fraction between 3 and 5 A. This can be explained by a
greater number of nuclei generated as a result of greater supersaturation in the initial extract.
Providing the total amount of urease extracted is not greater than in the first case, more
crystals are competing for the same amount of dissolved urease and a distribution shifted to a
lower mean size would be expected. In contrast to these two extracts, the extract where 2-
mercaptoethanol was added after an initial crystallization period of 2 day shows a distinct
increase in the crystal size. Here, an additional fraction in the size range 7 -9 A was
identified, which is again consistent with a lowering of solubility leading to additional crystal
growth over and above that observed in the additive-free extract (Weber 2008a).

4.2.3.2 Temperature

While the effect of the solvent with regard to the product is largely determined by its
extraction properties, the temperature the solution is subjected to during crystallization and
the nature of cooling profiles has a profound effect upon the product quality.

Natural cooling with end-point temperatures ranging from 18 °C to -2 °C with a constant
process duration of 48 hours appeared to have no impact upon the crystal size of the product.
However, a clear influence both on the activity of the product and its specific activity was
observed. The urease activity was seen to decrease with increasing end-point temperature.
Normalising the results to the activity measured at 4 °C, Weber (Weber 2008a) observed that
the activity at 20 °C was only about 75 % that of the activity at the reference temperature. In
clear contrast to this, the specific activity initially increases with increasing temperature and
appears to reach a plateau at between 4 °C and 8 °C. Visual inspection of the solid obtained at
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lower temperature suggests that the amount of solids generated at lower temperature is larger
than at higher temperature, consistent with a solubility increase with increasing temperature,
while optical microscopy reveals the presence of particles that do not match the characteristics
of urease crystals suggesting the concomitant crystallization of other protein components from
the extract. Controlled cooling using a cubic time profile (see p. 425 (Mullin 2001)) is
detrimental to the product activity, presumably due to the increased time at higher
temperature.

The duration of the crystallization process appears to have no impact upon the activity of the
final product over and above the expected changes with increasing amount of product
crystallized. Crystallization is essentially complete within 24 hours, as established by
measuring the activity of urease in the supernatant, which remains unchanged within the
accuracy of the activity assay after that period of time. An assessment of size distribution,
however, reveals significant changes in the crystal sizes observed with larger particles only

emerging several days after the solution activity reaches its limiting value.

4.2.3.3 Mixing

In chapter 4.2.2.1 it was stated, that any change in extraction duration and impeller tip speed
within a range that leads to good suspension of the meal but avoids excessive vortex
formation and foaming of the slurry has no impact upon the activity of urease in the extract.
This is no longer true when considering the specific activity of the crystals obtained from the
respective extracts. Figure 27 illustrates the specific activity obtained from several extracts
generated using extraction times from 3 min — 9 min and impeller tip speeds from 0.4 m s™ to
1.4 m s, All crystals were separated from their respective mother liquors using centrifugation
and under identical conditions. A clear correlation of the specific activity with the process
conditions is apparent. While the activity and the total protein content remain essentially
constant in the extracts, the specific activity in the crystalline phase decreases for all mixing
intensities for extraction times beyond five minutes. For extraction times lower than five
minutes, the specific activity increases with increasing impeller tip speed, with a maximum at
a tip speed of 0.79 m s for 5 minutes extraction duration and at 1.44 m s for 3 minutes
extraction duration. Various factors contribute to the behaviour observed and it is not trivial to
discern the main cause for these observations. At low extraction times and low mixing
intensity the homogeneity of the suspension as well as the kinetics of extraction of the
proteins from the meal will have a major impact. In view of the fact that extraction of urease
is generally complete after five minutes, the explanation for the observed decrease in specific
activity for greater extraction durations is likely to be found in the level of solid impurities in
the precipitate. However, whether the amount of impurity proteins present is governed by
changing thermodynamics due to changes in composition for different extraction times, due to
changing crystallization kinetics or even both, cannot be stated with certainty.
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Figure 27: Specific urease activity as a function of extraction duration and mixing intensity
(represented by the impeller tip speed) during extraction (Weber 2008a). The experimental data are

represented by the black spheres, the correlation surface was obtained using the Renka-Cline gridding
method available in OriginPro (OriginLab).

4.2.3.4 Solid-Liquid Separation

Similar to the mixing conditions imposed during the extraction step, solid-liquid separation by
centrifugation was seen to have little impact upon the extract quality, even though a slight
trend was observed. Again, when considering the specific activity of the crystalline product
after separation from the mother liquor by centrifugation, the process parameters have a
significant impact, as illustrated in Figure 28, which shows normalised specific activities as a
function of duration of the centrifugation and the applied relative centrifugal force. All
specific activities were normalised to the average value of the activity on the day the
experiments were conducted.

Clearly, the relative centrifugal force applied does not have a significant influence upon the
normalised specific activities, while the duration of the operation has a clear effect. A small
reduction of the specific activity was observed for the shortest centrifugation duration of 1
min and the lowest relative centrifugal force of 5000 g, suggesting that not all the urease had
settled in this time. At higher centrifugal forces the specific activity is essentially constant for
this process duration. The largest activity at all centrifugation intensities was observed for a
process duration of 5 minutes, after which the specific activity significantly decreases to as
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little as 70 % of the average specific activity. Since no duration between 1 min and 5 min was
investigated, the optimum centrifugation time may well fall within this short time period.

As the particle size of impurity solids is considerably lower than that of the urease crystals
(the maximum size of particulate impurities was 2 pum), this behaviour can be ascribed

directly to the sedimentation of non-urease protein solids present in the crystallization slurry.

ity

Normalized spec. activi
o
(o)

0.8

0,7

0
g 10 - 9000
. ' 8000

9, 7000

% 30 6000  cF !9
% 40 5000

Figure 28: Normalized specific urease activity of the urease extract after centrifugation as a function
of the relative centrifugal force g at the centrifuge tube bottom and the duration of the process (Weber

2008a). The experimental data are represented as black spheres, the surface was obtained using the
smoothing correlation gridding method available in OriginPro (OriginLab).

4.2.3.5 Post-Crystallization Treatment: Washing and Recrystallization

Identifying a suitable solvent for washing protein crystals is a difficult task. Not only must the
protein be essentially insoluble in the solvent while the solvent should be capable of
dissolving any other solid impurity present, the solvent must, in addition, not have a
detrimental impact upon the product properties. These simple conditions exclude the vast
majority of solvents for washing. Proteins in general have non-negligible solubility in
aqueous solvent and in addition, distinct proteins may have similar solubility in similar
solvent compositions precluding any significant additional purification in the washing
process. Organic solvents, with some exceptions already mentioned, generally lead to
degradation of proteins and cannot be used for this reason.

As already discussed above, aqueous poly(ethylene glycol) solutions as well as lithium sulfate
solutions were shown to be reasonable solvents for extraction and crystallization of urease,
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though not as effective as the ‘Sumner solvent’ acetone-water with 32 % (v/v) acetone. These
solvent systems were therefore also investigated as potential wash solvents, together with the
modified ‘Sumner solvent” with added 2-mercaptoethanol. In all but one case (Weber 2008a)
washing resulted in a significant reduction of yield and specific activity of the urease crystals.
The only case where the specific activity increased significantly, despite measureable losses
of urease in the process, was when the crystals were washed with the system acetone-water-2-
mercaptoethanol, providing further evidence of the activating effect of 2-mercaptoethanol
upon urease.

Recrystallization experiments were also of limited success. The method reported by Dounce
(Dounce 1941) was investigated at a larger scale and characterising the solutions and product
crystals in the manner used in the previous studies. The method itself consists of dissolution
of crystalline urease in a suitable amount of aqueous citrate buffer followed by antisolvent
crystallization with acetone. The activity measurements revealed both significant urease loss

as well as deactivation, as evidenced by the substantially reduced specific activity.

4.2.3.6 Summary of Urease Case Study

The detailed investigation of the separation of urease from jack bean meal with the express
aim of understanding the influence of process parameters upon both the quantity and quality
of the product obtained demonstrates the complexity of separation process for natural
products. In this specific case, as undoubtedly in the majority of materials recovered from
renewable resources, a good choice of process conditions can be found based upon rational
variation of individual process parameters. It becomes clear, however, that a systematic
investigation is both time consuming and, to a great extent, a matter of trial and error. In the
case of urease extracted from jack bean meal, it is clear that the optimum process will
necessarily consist of a set of unit operations and associated processing conditions that lead to
a product which is essentially a compromise between high activity, i.e., urease yield, and high
specific activity, i.e., product purity. It cannot be excluded that solvent systems not
investigated and described here might deliver a superior product than those investigated here,
but, in view of the complexity of the raw material and the number and quantity of extractable
proteins alone, a detailed solvent search will be tedious and time consuming.

Nonetheless, a rational approach to process design is capable of delivering improvements to
existing processes as demonstrated in the above discussion.
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4.3 Case Study II: Combined Solid Layer Melt Crystallization and
Solution Crystallization

4.3.1 Introduction

The previous section focussed upon identifying process and product critical factors in the
extraction of a protein from a natural source and its subsequent crystallization from solution.
Essentially, this section is also concerned with solution crystallization and the example
considered is the salting-out of lysozyme. However, the main point of attention here is the
novel method by which supersaturation is generated.

As already discussed above and as a result of the properties of proteins and protein solutions,
salting-out and antisolvent crystallization are the main methods for crystallizing these
macromolecules. However, both salting-out and antisolvent crystallization, when applied on a
large, manufacturing scale, require the addition of the salt or the antisolvent to a protein
solution (or vice versa, as the case may be). The unavoidable consequence of the addition of a
concentrated salt solution or of a neat antisolvent is the immediate generation of extreme
supersaturation at the interface between the two solutions at their point of contact. While the
level of supersaturation can be moderated either by dilution of the salt solution or antisolvent,
this is undesirable as it leads to dilution effects and either product loss or loss in process
economy as a result of increased process equipment scale or reduced through-put, increased
energy requirements for cooling/heating, a requirement for larger volumes of solvent and
other chemicals and the inevitable cost of treatment and disposal of increased amounts of
waste.

A diligent choice of mixing conditions may also moderate the impact of immediate and high
supersaturation in the initial stages of mixing of the two solutions, one must be aware,
however, that proteins tend to precipitate as amorphous solids under extreme conditions,
which may lead to the irreversible loss of desired properties due to structural degradation. The
effect of antisolvent addition was demonstrated in the case of lysozyme crystallization where
the protein immediately precipitates in the vicinity of a drop of salt solution entering the
protein solution. In the initial stages of salt addition the precipitate dissolves in the process of
mixing and dispersion of the locally supersaturated region into the reactor and its
accompanying dilution, in the later stages, where the bulk solution is significantly saturated or
even supersaturated, dissolution no longer occurs. In the case of lysozyme, this leads to a
pronounced decrease in activity.

Concentration of the solution by means of solvent evaporation, even if accelerated by the
presence of a concentrated salt reservoir in indirect contact with the protein solution, as
practiced in the case of hanging drop/sitting drop crystallization for generating diffraction-
quality crystals, is unfeasible at a scale of even just a few mL. Low pressure distillation of the
solvent is conceivable, but has, to the best of this author’s knowledge, not been investigated
and is unlikely to be a viable option as the boiling point of water can be reduced to at best
24 °C at 3 kPa, which is a common lower pressure limit achievable by standard displacement
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pumps. More expensive solutions are necessary to reduce the pressure even further, and in the
presence of salt and protein, the vapour pressure will be lower than for pure water due to the
ebullioscopic effect.

Two obvious alternatives are to freeze-out the solvent, which is the subject of this section, and
membrane-based separation operations (Curcio 2003, Di Profio 2003, Curcio 2005, Di Profio
2005a, Di Profio 2005b, Curcio 2006, Gugliuzza 2009, Di Profio 2010), which are not
discussed here. Specifically, the combination of solid layer melt crystallization with solution
crystallization is addressed here. Two melt crystallization technologies are commonly used
for industrial separations, one is solid layer melt crystallization and the other is suspension
crystallization. While both employ cooled surfaces to reduce the temperature of a melt to
below the temperature of solidification of the material to be purified, a major distinction
between the two is that the solid layer method allows the product to grow on the heat transfer
surface, whereas in the suspension crystallization the product crystals are generated in the
melt. This leads to significant differences in the way the processes are operated and the
quality of the product obtained (see, for example, (Ulrich 2003, Ulrich 2004)). Solid layer
crystallization has the advantage that, in the simplest implementation, no moving parts are
required in the equipment. In addition, solid-liquid separation is comparatively
straightforward, the surplus and depleted liquor is simply drained from the crystallizer by
gravitational action, after which the product can be recovered by melting and draining. For
organic solids in particular, growth of the solid crystalline layer on the walls of the heat
exchanger leads to a progressively increasing heat transfer resistance and due to their poor
heat transfer coefficients and the increase in solid layer thickness with time. In practice, the
reduction in heat transfer due to the increasing layer thickness is compensated by applying a
decreasing temperature to the cooled surface to compensate for the decrease in heat transfer
and to ensure effective heat dissipation.

Since the temperature gradient across the solid-liquid interface largely determines the growth
mechanism of the solid layer, and this temperature gradient must be smaller than the gradient
of the solidus in the vicinity of the interfacial temperature in order to ensure smooth surface
growth and minimisation of inclusions. Once the temperature gradients at the solid-liquid
interface exceed the gradient of the solidus, the change in composition of the liquid layer in
front of the solid layer due to solute rejection may lead to constitutional supercooling, where
the solution is supercooled despite possessing a higher temperature than the solid surface
(Tiller 1953). Constitutional supercooling leads to unstable growth of the solid surface, often
observed as dendritic growth, which itself leads to increased liquid inclusion in the solid layer
and a concomitant reduction in its purity. Clearly, the temperature gradient across the
interface is an important control parameter for a solid layer melt crystallization process. In
practice, smooth interface growth is rarely achieved and fast growth rates more than
compensate for increased impurity levels, which can be mitigated by post-crystallization
treatments such as washing and sweating. In fact, sweating, that is partial melting of the
crystal surface, is an attractive post-crystallization purification step due to the behaviour of
impurity inclusions during crystallization. As a result of the temperature gradient, impurity
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rich liquid inclusions tend to migrate towards the warmer surface of the growing crystal
(Burton 1953, Wilcox 1968, Scholz 1993, Henning 1997), equivalent to the behaviour of
impurities in zone refining. As a consequence, impurity concentrations are expected to
decrease from the surface layer towards the cooling surface and in fact this is generally
observed. Partial melting of the outermost layer of the crystal is therefore an effective post-
crystallization purification step.

Suspension crystallization does not suffer from the heat transfer issues common in solid layer
crystallization, providing the surfaces of the heat exchanger exposed to the melt are regularly
scraped clean, a commonly implemented technical solution. Since suspension crystallization
is not considered in the following, no detailed discussion is provided here. The interested
reader may refer to the following literature for more information (Ulrich 2003, Ulrich 2004).
The rational of the process discussed below is to create sufficient supersaturation for
nucleation and growth of protein crystals in solution by removing the solvent by solid layer
melt crystallization and at the same time minimising the amount of precipitating agent
employed, hence the coupling of solid layer melt and solution crystallization.

For the purpose of removing the solvent and concentrating an aqueous protein solution
including a suitable precipitant, solid layer melt crystallization is the method of choice, since
the solvent removed adheres to the surface of the heat exchanger and does not form a
suspension with the liquid phase. Providing the heat exchanger is not a fixed part of the
equipment, it can be removed from contact with the solution, together with the frozen layer of
water, allowing easy analysis of the crystalline solvent layer. Once a sufficient amount of
solvent has been removed from the solution to generate a sufficiently large degree of
supersaturation with regard to the protein to be crystallized, nucleation can be allowed to
occur or the solution may be seeded for controlled growth of crystals. A number of
prerequisites have to be fulfilled with regard to the physical properties of the system and the
process conditions imposed thereon for this procedure to be successful:

e The solvent to be frozen out (in this case water), must not form a solid solution or a
compound containing a significant amount of one or more of the solution components
under the conditions selected.

e None of the components solidify at a temperature higher than that of the solidification
temperature of the solvent under the given thermodynamic conditions.

e The layer growth process has to be controlled carefully to avoid constitutional
undercooling of the liquid in close proximity to the solid interface, in order to avoid
liquid inclusions due to unstable, dendritic growth of the solid layer.

e The protein crystals must not form by epitaxy on the solid ice layer, as this would
necessitate a mechanical removal of the product from the solidified solvent.

The first prerequisite has to be investigated on a case to case basis, preferably by studying the
phase diagram of the system. In the case of crystallization of lysozyme chloride from an
aqueous NaCl solution, there is no known risk of forming a solid phase containing water and
the precipitant until temperatures lower than ca. -20 °C, where sodium chloride solidifies as a
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dihydrate together with ice, or for salt concentrations greater than 30 %(wt/wt), where again,
at temperatures below 0 °C sodium chloride dihydrate is formed (Korolev 1939). The
incorporation of protein into the solid water layer was subject to investigation in the study
discussed below.

The second point is fulfilled, as long as all solution components that are solid at the
temperature of operation of the process are present at concentrations below their respective
saturation concentrations. At the salt concentrations employed, this is the case for sodium
chloride, the buffer concentrations are also sufficiently low so as not to become
supersaturated and merely the lysozyme concentration is such, that crystallization should
occur, and this, indeed, is desired. More importantly, the crystallization must not occur
epitaxially on the ice layer (point 4) as this would lead to the need for additional, mechanical
separation of the crystals, providing they have not been encased by the propagating ice layer.
Point 3 is the most important prerequisite and a key point of investigation in the case study
presented.

One major advantage of the combination of melt and solution crystallization is that the
process is subject to low temperatures at all times, reducing the risk of protein degradation
due to extended exposure to high temperatures. Furthermore, raw materials can be limited to
absolute minimum amount necessary, as the concentration change with respect to the protein
and the dissolved precipitating agent can easily be calculated as a function of the water
removed. As a consequence the amount of saline waste-water produced can be reduced. In
order to demonstrate the suitability of the process, the fate of the protein generated in the
process has to be investigated, considering the quality parameters already introduced in the
study on urease.

4.3.2 Application of Combined Solid Layer Melt and Solution Crystallization to the
Manufacture of Lysozyme Chloride

The case study described in the following builds upon two PhD theses (Ryu 2010a, Diaz
Borbon 2013a). The first of these is mainly concerned with the proof-of-concept together with
preliminary investigations of the effect of the ice growth rate on product loss by inclusion and
the effect of the estimated degree of supersaturation upon the product quality, while the
second takes up this work and demonstrates the purification effect achieved in the presence of

an impurity protein.

4.3.2.1 Experimental Set-Up

The implementation of a solid layer melt crystallization coupled to a solution crystallization at
the laboratory scale. The simplest possible heat exchanger providing a surface for solid layer
growth is used, namely an internally cooled tube, colloquially called a ‘cold finger’. This is
immersed into the solution from which the solvent is to be withdrawn and the solute, in this
case lysozyme, to be crystallized. The solution is contained in a standard double-walled

reactor provided with its own temperature control. Two thermostats are therefore necessary,
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one to provide cooling to the cold finger, the second to control the temperature of the solution
in the reactor. The reactor and the tubing transporting the cooling liquid from the thermostats
to the equipment and back are insulated to prevent the build-up of ice on the cold surfaces
exposed to the atmosphere. The experimental set up is shown in Figure 29.

CF

N L

T1 T2
l —IJR

Figure 29: Schematic representation of the equipment used for solvent freeze out experiments. The
protein solution is contained in the jacketed reactor JR, thermostatic bath T1 provides the temperature
control for the reactor. The cold finger CF is immersed in the protein solution and cooled by the
thermostatic bath T2. The temperature of the solution is monitored using a thermocouple (not shown).

When operating the equipment, the reactor jacket is kept at a constant temperature, usually
close to the melting temperature of water. The solution is not stirred, and the process is
therefore operated as a static solid-layer melt process as far as the solidification of the solvent
is concerned. In this mode of operation, the temperature gradient across the solid ice-liquid
interface is determined by the temperature of the cooled surface of the cold finger.

4.3.2.2 The Effect of the Ice Growth Rate on Protein Loss

The quality of a solid produced by solid layer melt crystallization depends upon the ability of
the propagating layer to reject impurities back into the solute. This can only be achieved
effectively, if the surface growth is sufficiently slow to be lead to a smooth surface and for
impurities to diffuse into the solution and away from the growing crystal surface. Generally,
this situation is fulfilled only if the temperature gradient across the solid liquid interface is
sufficiently small to avoid constitutional undercooling, which is accompanied by unstable
growth of the solid surface.

In the case where a solid layer melt crystallization is employed to generate supersaturation of
a second component in the solution, which subsequently crystallizes in the remaining liquid, it
is desirable to avoid any inclusion of the desired product in the solid solvent layer. On the one
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hand inclusion of protein leads to product loss, on the other it diminishes the level of control
over the process, in particular if the magnitude of inclusion is not reproducible from batch to
batch.

Ryu, in her proof-of-concept study (Ryu 2010b), investigated the effect of process parameters,
in particular changes in driving force/growth rate of the solid ice layer, upon solute inclusion.
For this purpose, either different driving forces were applied for constant process durations, or
a constant, cold-surface temperature was applied for varying process durations, effectively
providing a diminishing driving force for crystallization with increasing process duration.
Figure 30 illustrates the change of concentration of protein inclusions with process duration
and changing driving force with time. The observed effect is most pronounced for the highest
lysozyme solution concentration, where the amount of protein included decreases
substantially with increased process duration. This decrease is not quite so obvious for the
lower initial protein concentration. The effect appears to be independent of the initial protein
concentration, since the absolute amount of protein detected in the ice layer scales
approximately with the initial lysozyme concentration. Since the cooling rate applied to the
cold finger was the same in all experiments, the results are consistent with decreasing driving
force and consequently decreasing ice growth rate with increasing time. Although the time
dependence of the growth rate was not determined, an average growth rate was calculated
from the process duration and the ice layer thickness at the end of the process.
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Figure 30: Inclusion of protein in the ice layer as a function of process time for different protein
concentrations. The solution contained 5 %(w/v) NaCl and the pH was adjusted to pH = 4.4. The
protein concentration was m 4 mg mL", V2 mg mL", and @ 0.3 mg mL". The cooling rate applied to
the cold finger was 0.1 K/min.
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Not quite unexpectedly, Figure 31, which shows the protein concentration in the ice as a
function of the distance from the cold surface for different cooling rates applied to the cold
finger, reveals that protein inclusions accumulate in the vicinity of the solid-liquid interface.
The amount of protein found in sections of the ice layer is greater for the higher cooling rate
applied and is consistent with the greater driving force and hence ice layer growth rate this
implies. For the lower cooling rates there is little difference in the absolute ice concentrations

detected in different ice layers, but the trend is the same as for the highest cooling rate.
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Figure 31: Loss of protein to the ice layer as a function of ice layer thickness for different cooling
rates. m 0.4 K/min, e, 0.1 K/min, V 0.05 K/min. The data were obtained from a protein solution with a
protein concentration of 4 mg mL™, 5 %(w/v) NaCl and pH = 4.4.

An estimation of the concentration effect based upon the measured amount of solvent
removed from the solution reveals that significantly increased concentrations up to 5 to 6
times the initial protein concentration can be achieved, even with moderate initial protein and
salt concentration, but dependent upon the temperature profile employed (see (Ryu 2010a)).
As a consequence, varying degrees of supersaturation can be defined simply by selecting
appropriate process parameters.

Unfortunately no measured solubility data at temperatures below 2 °C exist to date, and all
solubility data used in (Ryu 2010a) are either estimated or extrapolated from higher
temperature data by fitting a polynomial and extending the polynomial to the low temperature
required. All supersaturation data reported are therefore approximate.

Qualitatively, however, the size and size distribution of product crystals is as expected, with
larger supersaturation leading to smaller crystals and narrower size distributions, as
determined through optical micrographs.
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Activity measurements were carried out for the protein in all phases generated during the
process, that is, for the ice layer, the mother liquor as well as for the protein crystals.
Lysozyme catalyses the lysis of bacterial membranes and the method for activity
determination used was that first reported by Shugar (Shugar 1952), where bacterial cell walls
of Micrococcus luteus are suspended in a aqueous solvent under defined conditions
(Micrococcus lysodeikticus and M. luteus are the same microorganism, M. lysodeikticus is an
older name commonly found in the literature prior to the 1990s, current taxonomy uses the
name M. [luteus.). The transmittance of monochromatic light through this cell wall slurry is
measured as a function of time. The turbidity of the solution decreases as the bacterial cell
walls disintegrate under the action of the enzyme and the rate of (turbidity) decay is a measure
of the activity of the enzyme. The specific activity can be determined with the aid of a
separate protein assay and, in the experience of this author, the most reliable method of
measuring lysozyme concentration is by UV-absorption at a wavelength of 280 nm.
Unfortunately the activity measurements presented by Ryu (Ryu 2010a) were inconclusive
and no obvious effect of process conditions upon protein activity was observed.

In principle, the experimental efficiency of exploring a complex problem depending upon a
large number of variables can be reduced significantly by means of statistical design of
experiments (DOE). This is the approach adopted in a subsequent study by Diaz Borbon
(Diaz Borbon 2013a), which takes a more systematic approach to investigate combined
solvent solid layer melt crystallization and protein solution crystallization. Here, DOE is
employed to identify the critical process variables that have the strongest influence upon the
outcome of the combined process in terms of pre-defined responses of the system. The
process variables investigated in the initial fractional factorial design are the initial protein
concentration in the solution and the salt concentration, the temperature of the reactor jacket
and the final temperature of as well as the cooling rate applied to the cold finger and its
length, the intensity of mixing expressed as the rotational frequency of the impeller as well as
the length of time the process spends at the final, constant temperature of the cold finger. The
system responses used to quantify the influence of the process parameters are the mean
particle size of the protein crystals generated, their yield, the volume of the ice layer generated
as well as the fraction of protein lost to the ice layer through inclusion.

The fractional factorial design results in a set of 18 experiments, of which 16 represent the
possible combinations of two selected limiting values (high and low) for each of the process
variables and the two additional experiments represent centre-points where the process
variables each take the average of the limiting values. The range of values chosen for the
process variables is narrow, with the exception of the mixing intensity, and the selection of
the limiting values is guided by an empirically determined ‘ideal pathway for crystal growth’,
which is a qualitative estimation of those values, which result in well-formed, tetragonal
lysozyme chloride crystals. The values for the length of the cold finger are limited by the
equipment available and not subject to the initial parameter screen.

This first set of experiments shows, perhaps not quite unexpectedly, that the variables with the
strongest influence upon the measured process responses are the final temperature of the cold
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finger, the time the process spends at the final cold-finger temperature and the salt and initial
protein concentrations. These variables define the final supersaturation of the solution as well
as the rate of change of supersaturation and should be expected to have a significant effect
upon the product. However, the results of the DOE clearly demonstrate that the process
variables that have an influence upon the responses measured are not necessarily the same for
all four criteria. The size of the particles obtained is effectively governed by the variables
mentioned above, whereas the yield of protein crystals is significantly influenced only by the
salt concentration, the final cold-finger temperature and the mixing intensity. Since the
solubility of lysozyme decreases with decreasing temperature and increasing salt
concentration, there is nothing unusual here. Mixing facilitates convective mass transport in
the solution and providing that crystal growth is comparatively slow and process durations
short, the observed effect can be rationalised.

The remaining two responses relate to the by-product of the process, the ice layer. The
volume of ice obtained during the process is, again, a measure of the rate of change of
supersaturation of the lysozyme-salt solution, while the amount of protein lost to the ice layer
will reflect the growth mechanism of the ice layer growth (smooth vs. unstable growth),
which ultimately has an impact upon the yield of the actual product. Mixing of the
solution/slurry was observed to have a significant negative effect upon the amount of protein
lost to the ice layer, i.e., good mixing results in less protein inclusions in the solid layer and
therefore less loss of product and is beneficial to the process. At the same time, increased
mixing intensity reduces the ice volume formed. Again this can be rationalised by considering
the consequence of good agitation upon the solid-liquid interface, the temperature gradient
and mass transfer across this boundary and ultimately upon the concentration profile in the
solution at the interface and local growth rate of the ice layer.

As a result of these initial findings, a further set of experiments was conducted using a central
composite experimental design focussing upon these three parameters. In contrast to factorial
design, composite design requires the experimental variables to take additional values both
higher and lower than the limiting values mentioned previously, in addition to using the latter.
The resulting set of experiments consists of all experiments representing the combination of
the possible limiting values of the variables, a central point using the average value of the
limiting values as well as two experiments for each variable exploring their extreme values
while keeping the remaining variables at their average values (Brereton 2003). In the central
composite design, Diaz Borbon (Diaz Borbon 2013b) considers only the final cold-finger
temperature, the time spent at the final temperature and the mixing intensity. Although the salt
concentration and initial protein concentration were shown to have a strong impact upon the
responses, they were not considered, presumably as their role in the crystallization process is
obvious and to reduce the experimental effort.

Considering the responses reported, the greatest variation is seen for the ice volume, while
only small variations are observed for the protein yield and the loss of product to ice. The
response diagrams (either as a function of a single variable or surfaces for pairs of variables)
generated from these experiments (Diaz Borbon 2013b) map the ‘desirability’ of the values

92



for the process variables explored to the respective responses and provide a visual
representation best value or combination of values for the process variables. As shown in
(Diaz Borbon 2013b), the outcome of the statistical analysis for process yield shows that,
when mapped to either the variable pair final temperature and process duration or process
duration and mixing intensity, a low final temperature, long process duration and high mixing
intensity are beneficial. However, when mapping the yield to the process duration and the
mixing intensity, the mean stirring rate appears to be more desirable than either higher or
lower rates, whereas the process duration seems to have little impact at constant mixing
intensity.

In addition to the experiments discussed above, Diaz Borbon (Diaz Borbon 2013a) also
investigated the change in enzymatic activity as a function of process conditions and observed
a marginal decrease in activity for the product crystals when compared to the starting
material.

The mean particle size used in the evaluation of the experimental variables was measured by
laser light scattering and while not explicitly considered in the data analysis, the size
distribution shows some variation with process conditions (Diaz Borbon 2013a) and
consistent with expectations. For the majority of experiments the size distribution
(represented as a volume fraction as a function of size in the work cited) of the tetragonal
lysozyme chloride is fairly uniform and centred around a size of 10 um to 20 um, consistent
with the optical microscopy images shown. The size distributions deviate from this general
behaviour only when relatively high supersaturation is achieved in the process, where either a
shift of the mean size to lower values or a significant tail towards small particles are observed,
the latter occasionally accompanied by the emergence of a secondary maximum at small
sizes. This 1s consistent with an increased nucleation rate at higher supersaturation, which
leads to a greater surface area available for subsequent growth and smaller crystals.

Overall the DOE experiments carried out by Diaz Borbon essentially reveal that the
crystallization of lysozyme by solvent withdrawal depends upon the usual variables
supersaturation and rate of change of supersaturation, when quantified using the measures
above. However, the value of the DOE approach applied here, lies in its ability to quantify the
effect of all process variables examined and provide a clear insight into how these interact.
For a complex process such as the crystallization of a protein, this is invaluable.

In addition to the DOE experiments already discussed, Diaz Borbon also investigated the
effect of a protein impurity upon the crystallization of lysozyme chloride. For this purpose,
ovalbumin was used as contaminant (Diaz Borbon 2012, Diaz Borbon 2013a), a protein that
naturally occurs in the most abundant source for lysozyme, the hen egg white. Effective
separation of the protein components in the solution was demonstrated.
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5. Outlook

Large scale crystallization of proteins for the purpose of purification is clearly a promising
and viable technology, as has been demonstrated here. Although crystallization of proteins
has its own challenges and may differ from small molecule crystallization in the finer details,
the fundamental principles governing the technology are the same as for small molecule
crystallization. The level of difficulty in designing a suitable crystallization process is
determined essentially by the following, intimately linked issues. First and foremost, rational
process design requires knowledge of the physical properties of the protein for which a
process is developed, in particular its solubility and both the nucleation and the growth
kinetics. While most process development, from the point of view of the industrial process
development scientist, can be carried out with only minimal knowledge of the kinetics of
crystallization, a good understanding of the solubility and its change as a function of the
relevant thermodynamic variables is essential. In contrast, the academic protein crystallization
community has placed greater emphasis on understanding the kinetics of nucleation and
crystal growth in the recent past, which in part explains the continuing paucity of solubility
data available in the public domain. The difficulty in measuring solubility data with a limited
amount of protein, for a wide range of solution compositions and temperatures as well as in a
short period of time is a severe limitation, which has been addressed successfully by the
development of a method for rapid solubility measurements described and discussed herein.
One aspect of this technique that clearly requires further development is the amount of protein
required in the measurements. More often than not the availability of material is the primary
factor preventing systematic studies and miniaturisation of this dynamic equilibration method
is highly desirable to address this issue. In principle there is little standing in the way of
further miniaturisation and it is conceivable that the application of microfluidic technology
with modern analytical equipment, together with parallelisation of measurements, can lead to
significant efficiency gains in determining protein solubility.

The second challenging area is that related to the complexity of the source materials from
which protein products are obtained. While the study of the thermodynamic properties of a
pure, isolated protein in solution provides invaluable information for process design and
knowledge of nucleation and growth kinetics is essential for process and product control, the
fact that proteins stem from complex sources must not be neglected when transitioning to real
systems. A few examples investigating the crystallization of proteins from solutions
containing other proteins than just the target protein exist in the literature (Bhamidi 1999,
Diaz Borbon 2012), both use artificial mixtures of proteins. A recent publication (Yu 2014)
takes a slightly different approach, crystallizing lysozyme from a fermentation liquor. While
still an artificial mixture, the complexity of the starting material is a more realistic
representation of that encountered in a typical isolation and purification task.

Of course, other promising methods for the determination of solid-liquid equilibria in protein
solutions exist, foremost turbidimetric solubility measurements. While here, too, the amount
of solid required for a measurement is comparatively large, it is difficult to conceive how the
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technique could be miniaturised much further in order to achieve a significant gain in
efficiency. The measurement of second osmotic virial coefficients, much hailed as a substitute
for solubility measurements, has been shown to be of limited use in process development,
where real solubility data rather than solution compositions likely to yield crystals are
required.

The flow-through method of equilibration for solubility measurements has, of course, other
potential applications. Since concentration changes are monitored in real-time, the technique
should prove useful in the study of crystal growth kinetics and the kinetics of phase
transitions between different crystal modifications at a larger scale than merely the individual
crystals.

The case studies presented herein demonstrate the power of a rigorous engineering approach
to process development for protein crystallization, but also the significantly greater amount of
effort required to fully characterise such a process. Combining existing technologies, as in the
case of the combination of melt crystallization for solvent removal with simultaneous solution
crystallization of the product is a promising strategy for further research. Indeed, the
publication by Yu et al. (Yu 2014) mentioned above is a further development from the studies
discussed in detail here. The potential for further academic research into these areas is great,
and the amount of work required in order to establish large scale protein crystallization as a
standard technology cannot be underestimated.

There are, of course, other, academically interesting approaches to manipulating protein
solutions in order to crystallize and purify the constituent protein, most notably membrane
based technologies (Curcio 2003, Di Profio 2003, Curcio 2005, Di Profio 2005a, Di Profio
2005b, Curcio 2006, Gugliuzza 2009, Weckesser 2009, Di Profio 2010). For the membrane-
based technologies the same conclusion holds as for those discussed in detail here, in that they
represent an interesting strategy that require a significant amount of further research, in
particular with regard to how to remove the product form the membrane, to which it
inadvertently adheres, in order to become mature and established technologies for the
industrial crystallization of protein products.
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6. Summary

Protein crystallization is promising technology for the industrial purification of these
biological macromolecules. The work discussed herein represents the current state of the art
in large scale protein crystallization. An overview of pertinent literature on the topics of
protein solubility, nucleation and crystal growth, which form the physical basis for process
development and underpin the research presented, is provided.

Based upon the need for a more efficient strategy for protein solubility measurement, a novel
method has been developed which utilizes a static bed of protein crystals in contact with a
flowing solution and allows continuous measurement of the solution concentration by means
of UV photometry. This flow-through cell allows solubility data to be collected in a
significantly shorter time when compared to methods relying on solution equilibration via a
vapour phase such as the hanging drop/sitting drop methods or other batch equilibration
methods and is also superior to these methodologies in that no sampling of the solutions is
required since the solution concentration is monitored in situ and continuously. Application of
this methodology has allowed the available solubility data to be expanded to modifications of
lysozyme other than tetragonal lysozyme chloride and has also proven capable of delivering
solubility data for regions of phase space, where a given modification is metastable. This
provides direct access to transition points between different crystal modifications. The
transition between tetragonal and the high temperature orthorhombic modification of
lysozyme chloride has been characterised together with the transition between the low
temperature and the high temperature orthorhombic modifications.

Two case studies applying crystallization technology to proteins have been presented. In the
first, the extraction of urease from jack bean meal and its subsequent crystallization were
thoroughly investigated with the aim of understanding the influence of the individual process
steps and the relevant process parameters upon the quality of the product, which was defined
in terms of purity, yield and enzymatic activity. It was shown, that modification of process
parameters may have a conflicting impact upon yield and purity, necessitating optimisation of
the process with respect to both these quality criteria.

A novel technology was developed and investigated, which employs a combination of melt
crystallization for the removal of solvent from a protein solution and concurrent solution
crystallization of the product. The melt crystallization serves to concentrate the mother liquor,
increasing both the protein concentration as well as that of the precipitant. As a consequence
the amount of precipitant required in the process can be reduced significantly, simultaneously
reducing the environmental impact of the process. This approach was shown to deliver high
quality crystals, retaining the enzymatic activity of lysozyme, which was used as the model
substance for the investigations.

The work has also highlighted the need for further developments, both with regard to the
determination of the physical properties of proteins relevant for process development, and
also with regard to suitable technologies for large scale crystallization of this important class
of crystalline product.
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7. List of Symbols and Abbreviations

7.1 Symbols

a Activity

A Pre-exponential or variable parameter
B> Second osmotic virial coefficient

B; Third osmotic virial coefficient

c concentration

c* equilibrium concentration (solubility)
Cy Solute molal concentration

c© Concentration of a reference state

Ac Supersaturation (absolute)

g Gravitational acceleration at the earth’s surface
g’ Growth exponent (face growth rate)

g”’ Growth exponent (mass deposition rate)
G Overall linear growth rate

AG Gibbs free energy

AG™* Gibbs free energy of mixing

AG) Gibbs free energy of a solute molecule in a cluster
AH Enthalpy

J Nucleation rate

ks Scale factor

kg Boltzmann’s constant

K Rate or equilibrium constant

m Mass

M Molar mass/molecular mass

M Molarity
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n Number density

N Number

Ny Avogadro number

p Pressure

r radius

Verit Critical nucleus size

R Ideal gas constant

Rg Mass deposition rate

S Supersaturation (relative)

48 Entropy

t Time

T Temperature

T, Upper consolute temperature
Uy Rate of cluster formation

U, Rate of cluster decay

Ur) Potential of mean force

v Volume of a ‘building block’ in a solid
V(hkl) Face growth rate for the crystal face (hkl)
V Volume

X Mol fraction

z Number of nearest neighbours
Z Zeldovich factor

o Shape factor

y Activity coefficient

Y Surface tension

€ Extinction coefficient

n Viscosity



7.2 Abbreviations

CNT
DCM
DLS
DLVO
DOE
EDTA

HTO

LCSP
LLC
LLSP

LTO

PEG
SCM
SLE

SLS

Wavelength

Chemical potential
Density

Interfacial tension
Linear growth rate
Frequency of attachment

Osmotic pressure

Classical nucleation theory
Discrete charge model

Dynamic light scattering

Derjaguin-Landau-Verwey-Overbeek theory

Design of experiments

Ethylenediamine tetraacetate

High temperature orthorhombic modification of

lysozyme chloride

Liquid-crystal spinodal

Liquid-liquid coexistence curve

Liquid-liquid spinodal

Low temperature orthorhombic modification of

lysozyme chloride
Poly(ethylene glycol)
Smeared charge model
Solid-liquid equilibrium

Static light scattering
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