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Abstract

A b s t r a c t

Cross-linked enzyme crystals (CLEC®s) are a novel form of immobilised biocatalyst 
designed for application in large-scale biotransformation processes. In this work systematic 

tools for the production and characterisation of CLEC®s were developed. These were 
subsequently used to determine how the crystallisation and crosslinking conditions during 

CLEC® manufacture influenced the process characteristics of the resultant biocatalyst 
preparations. A range of enzymes was used in this study which included Candida rugosa 

lipase, a-chymotrypsin and a secondary alcohol dehydrogenase.

Optimisation and control of the enzyme crystallisation process was facilitated by the use of 
triangular ‘screening windows’ which allowed three parameters (e.g. protein concentration, 
precipitant concentration and salt) to be varied simultaneously. These diagrams identified 
regions, or 'crystallisation windows', in which particular crystal forms or optimal specific 
activity recoveries (up to 87% in the case of lipase) could be obtained. They also identified 
conditions for reproducible scale-up of the crystallisation process. Crosslinking conditions 
were also investigated with a range of different crosslinking reagents and conditions. 
Glutaraldehyde was found to be the most generic and successful crosslinking reagent while 
others, such as phthalaldehyde, could be used but the resultant CLEC®s exhibited little 
activity.

The effect of crystallisation and crosslinking conditions on the catalytic properties of 
crystalline enzymes was subsequently investigated using a hierarchy of standard tests. The 

hierarchy is designed to expose key properties of the CLEC®s relative to each other, and the 
free enzyme, and to minimise the number of experiments necessary to evaluate each batch of 

biocatalyst. The crystallisation conditions used for CLEC® production were found to 

significantly affect both the catalytic and mechanical properties of the CLEC®s. Different 
CLEC® preparations were found to be suited to particular processing environments such as 
extremes of temperature or the presence of organic solvents. Accurate control of the 

crystallisation conditions used for CLEC® production is therefore vital, as this will influence 

the suitability of the CLEC®s for their end use. Regarding the effects of crosslinking 
reagent, a higher concentration of glutaraldehyde (up to 10% v/v) was found to benefit all 

the properties of lipase CLEC®s. Phthalaldehyde crosslinked CLEC®s were generally found 
to be less well suited to process applications than glutaraldehdye crosslinked ones.

Finally the feasibility of a continuous process for the production of CLEC®s, utilising stirred 
tank crystallisation and crosslinking reactors, was demonstrated. The rig showed the 
feasibility of being able to more accurately control the size of the crystals obtained which 
was not possible with the previous batch crystallisations.
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Introduction

1 I n t r o d u c t i o n  

1.1 Biocatalysis

Enzymes provide biological solutions to industrial problems by using the catalysts of 

living cells in large-scale processes. They are increasingly replacing conventional 

chemical-based processes and are expanding globally in acceptance and use. In 

1998, world-wide sales of industrial enzymes totalled about $ 1.6 billion and Stroh 

(1998) predicted sales in 2008 to be $ 3 billion, a growth rate of 6.5% a year.

Enzyme based processes are used for the production of both fine and bulk chemicals. 

Glucose isomerase catalyses the manufacture of about 8x10^  tonnes of isoglucose 

each year, and the annual output of many other reactions exceeds 10̂  tonnes (Turner, 

1995). Although a wide variety of enzymes is available, the number of commercial 

processes is still small. A number of barriers to the development of new processes 

and opportunities exist. There is no shortage of types of enzymes for use in 

biotransformations but there is a shortage of commercially available enzymes. Pure 

enzymes are not very user friendly for chemists, particularly their stability and lack of 

suitability for working in solvent systems. Enzymes can be made more user friendly 

by a variety of means. They need to be more stable in solvents systems, they must be 

fairly clean so as not to contribute contaminants to the system, they need to be quite 

pure such that they do not contain side activities or mixtures of isoenzymes resulting 

in batch to batch variation, and they need to be suitable for reuse and recycling to 

reduce catalyst cost.

1.2 Enzyme immobilisation

Enzyme immobilisation is a technique that makes the use of enzymes on an industrial 

scale more attractive. The immobilisation procedure offers certain processing 

advantages over free enzymes such as ease of separation from product, localisation 

within a reactor, improved stability/activity retention, continuous operation over

Î



Introduction

extended periods of time, and the possibility of obtaining superactivity (Bailey and 

Ollis, 1986; Lye et aL, 1996).

Among the number of reasons to immobilise enzymes, the most common is simply to 

facilitate recovery of the enzyme or separation of the product from the catalyst. 

Immobilisation frequently also stabilises the enzymes. Proteases, for example, 

catalyse their own destruction; if they are attached to a support, that destruction 

becomes more difficult. Crosslinking reactions may also stabilise the three- 

dimensional structure of the protein, rendering it less susceptible to thermal and other 

forms of degradation.

The properties of the immobilised enzyme preparations are governed by the 

properties of both the enzyme and the carrier material. The interaction between the 

two provides an immobilised enzyme with specific chemical, biochemical, 

mechanical and kinetic properties (Tischer and Kasche, 1999). Immobilisation often 

causes a dramatic change in the apparent measured parameters of the enzyme- 

catalysed reaction. For example, the maximum velocity of reaction, Michaelis- 

Menten constant, temperature optimum, pH optimum and effects of inhibitors may 

all be changed when an enzyme is immobilised.

Paper, wood chips, crushed red brick, ion exchange resins, ceramic and glass beads 

have all been used to immobilise cells and enzymes (Maugh, 1984). In general, 

immobilisation techniques can be divided into five major techniques (Figure 1.1):

1. Adsorption on solid supports (Trevan, 1980). The most popular supports are 

ion-exchange resins, but many other materials can be used. This is the simplest 

and cheapest approach, an enzyme solution is added to the support, the system is 

stirred, and the unattached enzyme is washed away.

2. Covalent attachment to supports (Tischer and Kasche, 1999). Many different 

supports can be used, but the most popular are porous ceramics. A major 

problem is inactivation of the active site by chemical reagents used for 

attachment but this can often be avoided by binding a substrate or ligand to the
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active site during the immobilisation process. This technique is generally more 

useful for enzymes than cells.

3. Entrapment in polymeric gels (Tramper, 1985). The enzyme is added to a 

solution of monomer before polymerisation is initiated, so that the enzyme is 

entrapped in the gel volume. Entrapment is inexpensive, can be performed under 

mild conditions, and is especially good for cells, but the reactants may be 

physically hindered from reaching the catalyst.

4. Crosslinking with bifunctional reagents (Zaborsky, 1973). This approach may 

be used to form agglomerations of enzymes (or of enzymes and other proteins) 

large enough to precipitate from solution, or to incorporate the enzymes 

chemically into a polymer. This technique produces very stable systems, but is 

very difficult to carry out, attachment can destroy catalytic activity, and reactants 

may have problems reaching the catalyst.

5. Encapsulation in membranes that trap the enzymes but permit diffusion of 

reactant and products (Wang et al, 1997). Encapsulation may be with 

microcapsules, liposomes, hollow fibres or dialysis membranes. This technique 

works very well, but is quite expensive
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1.3 Cross Linked Enzyme Crystals (CLEC®s)

1.3.1 What are CLEC®s?

Crosslinked enzyme crystals (CLEC®s) are enzyme microcrystals that have been 

grown from aqueous solution and cross linked with a bifunctional reagent such as 

glutaraldehyde. They exhibit characteristics that are claimed to be superior to both 

soluble and conventionally immobilised enzymes. These crystals remain active in 

environments that are otherwise incompatible with enzyme function, including 

prolonged exposure to high temperatures, extremes of pH, near anhydrous organic 

solvents and exposure to aqueous-organic solvent mixtures. CLEC®s are also stable 

against autolysis and exogenous protease degradation (Margolin, 1994).

1.3.2 Discovery of CLEC®s

Crosslinked enzyme crystals, or CLEC®s as they are more commonly known, were 

first described by St. Clair and Navia in 1992. They prepared CLEC®s of 

thermolysin which were stable (more stable than other immobilised forms of the 

enzyme) and which retained 80% of the activity of the free enzyme. These enzyme 

particles were found to have other properties that conferred advantages over the free 

enzyme. They were found to be stable in aqueous-organic solvent mixtures; free 

enzyme denatured in one hour but thermolysin CLEC®s maintained >95% activity in 

a range of aqueous-organic solvents that included acetonitrile, dioxane, acetone and 

tetrahydrofliran. They also retained full activity at pH extremes and at elevated 

temperatures both of which are detrimental to free enzymes. Another feature was 

that they were resistant to degradation by exogenous proteases. These properties 

were found to be general characteristics of all the CLEC®s, and not peculiar to 

thermolysin (St. Clair and Navia, 1992).

Although, CLEC®s as a novel form of enzyme immobilisation were patented by 

Navia and St. Clair (1992), they were not the first to elucidate that enzymes were
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catalytically active in the crystalline state. Doscher and Richards (1963) & Sigler and 

Skinner (1963) showed that ribonuclease-S and chymotrypsin were catalytically 

active in the crystalline state. Quiocho and Richards (1964), realised that large single 

protein crystals were very fragile and were easily cracked or chipped. To overcome 

this deficiency they treated carboxypeptidase-A crystals with the bifnnctional reagent 

glutaraldehyde and found that not only were the crystals free from mechanical 

disruption but also no longer dissolved if the composition of the immersion medium 

was changed from that in which they were grown. They successfully showed that 

single crystals were catalytically active but they had a substantial decrease in enzyme 

activity. It was not until Navia and St. Clair published their work, that the potential 

of this technology was realised. The major disadvantage of Quiocho and Richards’ 

carboxypeptidase crystals was their low activity, and this was the result of their 

working with large single crystals. In consequence the mass transfer of substrates 

and products within the crystal was very low. In contrast Navia and St. Clair 

crosslinked microcrystals where the mass transfer rates were much faster.

Navia and St. Clair, the ‘discoverers’ of CLEC®s were employed by a company 

called Vertex Pharmaceuticals Inc. It was under this name that the first patent for 

this technology was filed (Navia, and St. Clair, 1992). Vertex subsequently 

established Altus Biologies Inc. to commercialise the technology. A thorough 

literature screen (Table 1.1) has revealed that many groups are now exploiting the 

CLEC® technology. Altus Biologies Inc. is the dominant research group in this field 

and has the advantage of being the first to market.

1.3.3 Production of CLEC®s

CLEC®s are pure, stable and clean catalysts that are created from crude protein 

mixtures. They are produced by taking a commercially available enzyme, 

crystallising it, and then chemically crosslinking the constituent molecules. The 

crystallisation procedure produces extremely pure enzyme crystals. It also allows the 

sequential separation of the individual enzymes that make up enzyme mixtures. A 

crude enzyme mixture containing more than one enzyme can be separated by carrying
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out fractional crystallisation. Each enzyme in the mixture will crystallise 

independently under different conditions. This can allow separation of the enzymes 

that later can be crosslinked to form CLEC®s of each enzyme.

The microcrystals described by St. Clair and Navia (1992) were crosslinked with 

glutaraldehyde. To date the majority of crosslinking of crystals has been done using 

glutaraldehyde (See Table 1.1) with a range of concentrations but some other 

reagents have recently been shown to offer some stability to enzyme crystals. 

However most of the work has been carried out on a very small scale and no detailed 

studies have been carried out on long term catalytic study and use of these catalysts. 

The enhanced stability of the CLEC®s, which results from the crosslinking reaction 

allows the crystals to be readily separated from the feedstock containing product and 

unreacted substrate by simple procedures such as filtration and décantation.

The final stage in the production of CLEC®s is to lyophilise them for long term use 

and storage. The crosslinked crystals are subjected to the lyophilisation (freeze- 

drying) process and this can be done in two ways. The first method is to use a 

lyophiliser or freeze-drying unit that involves freezing the protein solution on the 

walls of a round bottomed flask and sublimating the liquid in a vacuum. The 

disadvantage of this method is that it concentrates both the protein and any inorganic 

salts that are present in the solution. The process is not fully understood and may 

cause reversible dénaturation of enzymes. The second method used by Khalaf et ai, 

(1996) completely avoids lyophilisation. They achieved drying of CLEC®s by 

washing them with solutions of different surfactants in organic solvents. This 

method proved more effective for preparation of enzymes for catalysis in organic 

solvents. Enzyme activity in organic solvents is intimately related to water content 

(Klibanov, 1989), the size and morphology of the catalyst particles, and the enzyme 

microenvironment. The procedure used to dry the CLEC®s is therefore highly 

dependent on the application of the final product.
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Enzyme
(source)

Crosslinking
conditions

Comments Reference

Alcohol dehydrogenase 
(horse liver)

Glutaraldehyde’ Crystallisation and crosslinking carried out in the presence of NADH. Cofactor 
remained bound to CLEC®s after excessive washing. Used to show chemoselective 
reduction coupled to cofactor regeneration.

Zelinski and 
Waldmann, 1997.
St. Clair et al., 2000.

Asparaginase Glutaraldehyde (7.5%) Results showing enhanced stability of CLEC®s compared to free enzyme. CLEC®s 
injected into mice intraperitonealy found to have no toxic effects.

Navia and St. Clair, 
1992 and 1997.

y-Chymotrypsin 
(bovine pancreatic)

Glutaraldehyde (1.5%) CLEC®s used for the prediction of the solvent dependence of enzymatic prochiral 
selectivity

Ke et al., 1996.

y-Chymotrypsin Glutaraldehyde* The enantioselectivity of CLEC® during a transestérification reaction was found to 
vary in differing solvents. The variations were rationalised using energetics of 
desolvation in the enzyme-bound transition states.

Wescotte/ûf/., 1996.

Elastase
(porcine pancreatic)

Glutaraldehyde (5.77%) Rod shaped crystals showing enhanced stability of CLEC®s compared to free enzyme. Navia and St. Clair, 
1992 and 1997.

Esterase 
(pig liver)

Glutaraldehyde (12.5 %) Results showing enhanced stability of CLEC®s compared to free enzyme. Navia and St. Clair, 
1992 and 1997.

Fructose bisphosphate 
aldolase (rabbit)

Glutaraldehyde* Results showing enhanced stability of CLEC®s compared to free enzyme. Sobolov et al., 1994.

Glucose isomerase Glutaraldehyde* CLEC® dissolution induced by removal of Ca ions by dilution at 50®C. Alexey et al., 1998.
Glucose isomerase
{Streptomyces
rubiginosus)

Glutaraldehyde (12.5%) Average size « 100 pm; CLEC®s packed in column and used to purify xylitol from 
mixtures which occur during isomérisation reactions

Pastinen et al., 1998. 
Visuri et al., 1999.

Glucose Isomerase Glutaraldehyde* Use of CLEC® as an isomérisation catalyst. Visuri, 1995 and 1999.
Glucose oxidase 
{Aspergillus niger)

1,8-diaminooctane* 10-15 pm; Crosslinking carried out by firstly oxidising the carbohydrate enzyme 
residues using sodium periodate followed by crosslinking with the diamine. The 
crosslinking reaction is stopped by addition of an imine, NaCNBH]. This produces 
controlled dissolution crystals. Use of second crosslinking agent, e.g. glutaraldehyde 
reduces solubility but also reduced activity.

Margolin et al., 1999.

Table 1.1 Summary on Crosslinked enzyme crystal studies to date.
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Enzyme Crosslinking Comments Reference
(source) conditions
Human serum albumin Glutaraldehyde* The immune response to CLEC®s of human serum albumin was investigated. Relative St. Clair et al, 1999.

to the soluble protein, the CLEC s induced and sustained an increase in antibody titre.
Lactate dehydrogenase 
(pig heart)

Octanediimidic acid dimethyl 
ester*

CLEC®s of LDH possessed a high specific activity relative to the soluble enzyme and Bayne and Ottesen, 
also had a greater stability upon exposure to urea. 1976.

Lactate dehydrogenase 
(Type XI: rabbit muscle)

Glutaraldehyde (1,5%) CLEC®s used in an electrolytic cell for lactate production from pyruvate. Free 
enzyme instability limited long-term electrosynthetic reactions. The high stability of 
the CLEC®s allowed electroenzymatic electrolysis for long-term which was coupled to 
regeneration of NADH.

Sobolov et al, 1996.

Lactate dehydrogenase 
(From rabbit muscle)

Glutaraldehyde* CLEC®s used for the enantioselective synthesis of lactate avoiding complete 
deactivation during electroenzymatic regeneration observed by free enzyme.

Zelinski and 
Waldmann, 1997.

Lipase
{Candida rugosa)

Glutaraldehyde* CLEC® dissolution observed on adjustment of pH from 5.2 to 7.5. Alexey et a l, 1998.

Lipase
{Candida rugosa)

Various'®’ CLEC®s incubated at pH 7.4, pH 2.0 and with pronase. Varying amounts of protein 
release occurred from CLEC®s depending on crosslinking agent.

Alexey et a l, 1998.

Lipase
{Pseudomonas cepacia)

Glutaraldehyde* CLEC® was used in the scale-up of a biocatalytic process for the resolution of a 
racemic mixture. Reaction parameters were initially investigated at a 20mL and a IL 
scale to determine optimum reactor conditions for a IDOL scale. Reproducibility trials 
at this larger scale showed a steady decrease in reaction rate due to inadequate catalyst 
recovery between each trial.

Collins et al, 1998.

Lipase
{Mucor miehei, 
Aspergillus niger)

CLEC® used for transestérification of calix[4]arenes yielding optically active 
derivatives.

Haring and Schreier, 
1999.

Lipase
(Pseudomonas cepacia)

Glutaraldehyde* A range of surfactants used to dry the CLEC®s for use in enzyme catalysed resolutions Khalaf, 1997. 
in organic solvents.

Lipase
{Candida rugosa)

Glutaraldehyde* CLEC® employed for the enantioselective hydrolysis of chiral racemic esters. The 
enantioselectivity of the CLEC®s is far superior to the crude enzyme extract.

Lalonde et a l, 1995.

Table 1.1 Summary on Crosslinked enzyme crystal studies to date conVd.
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Enzyme
(source)

Crosslinking
conditions

Comments Reference

Lipase
(C. rugosa, P. cepacia)

Glutaraldehyde’ C. rugosa- 3 0 x 2  pm, P cepacia - 35 pm: Comparison of both forms of CLEC® with 
free enzyme for the a)preparative resolution of racemic acids and alcohols by ester 
hydrolysis and by b) estérification and transestérification in near anhydrous organic 
solvents.

Lalonde et a l, 1997. 
Khalaf e/a/., 1996.

Lipase
(Candida rugosa and 
Pseudomonas cepacia))

Glutaraldehyde’ Crystals applied as stationary phase for size exclusion, affinity and chiral 
chromatography. Macromolecular porosimetry was used to characterise the fully 
hydrated CLEC®s. This allowed estimations of apparent pore sizes and pore size 
distributions in solid and soft hydrated porous sorbents directly from the size 
exclusion chromatography.

Margolin & Vilenchik, 
1998, Vilenchik et al, 
1998.

Lipase
{Candida rugosa)

Ethylene diamine’
Hexanediamine
hydrochloride’

Crosslinking carried out by firstly oxidising the carbohydrate enzyme residues using 
sodium periodate followed by crosslinking with the diamine. The crosslinking 
reaction is stopped by addition of an imine, NaCNBHg. This produces controlled 
dissolution crystals. Use of second crosslinking agent, e.g. glutaraldehyde reduces 
solubility but also reduced activity.

Margolin et a l, 1999.

Lipase
{Geotrichum candidum)

Glutaraldehyde (12.5%) Bipyrimidal crystals showing enhanced stability of CLEC®s compared to free enzyme. Navia and St. Clair, 
1992 and 1997.

Lipase
{Candida cylindracea)

Glutaraldehyde (7.5%) Thin square plates: 50-100 pm, showing enhanced stability of CLEC®s compared to Navia and St. Clair, 
free enzyme. 1992 and 1997.

Lipase
(porcine pancreas)

Glutaraldehyde (3.33%) Rod shaped CLEC®s showing enhanced properties of CLEC®s compared to free 
enzyme.

Navia and St. Clair, 
1992 and 1997.

Lipase
{Candida rugosa)

Glutaraldehyde’ A marked improvement in enantioselectivity was observed with CLEC®s compared to 
free enzyme. The increased stability of the CLEC® form led to increased activity in 
organic solvents. Increase can be attributed to several factors: purity of en^me, 
presence of surfactants, general instability of pure lipase’s in organic solvents etc..

Persichetti et al, 1996.

Lipase
{Pseudomonas cepacia)

Glutaraldehyde’ Comparison of CLEC®s to other immobilisation methods (covalent linkage to PEG 
and immobilised onto Sol-Gel-AK)

Secundo et a l, 1999.

Lysozyme 
(hen egg white)

Glutaraldehyde (24%) Results showing enhanced stability of CLEC®s compared to free enzyme. Navia and St. Clair, 
1992 and 1997.

Table 1.1 Summary on Crosslinked enzyme crystal studies to date canted.

1 0



Introduction

Enzyme
(source)

Crosslinking
conditions

Comments Reference

Lysozyme 
(hen egg white)

Glutaraldehyde (5%) Tetragonal crystals used for X-ray structure determination Wang et al, 1998.

Organophosphorous
hydrolase
(Pseudomonas diminuta)

Glutaraldehyde’ A system that will enable levels of OPH degradation by CLEC®s to be monitored 
using a spectrophotometric method.

Hoskin et a l, 1999.

Penicillin acylase 
(E. coli)

Glutaraldehyde* CLEC®s used to economically produce low-value pharmaceutical intermediates 
exemplified by the hydrolyses of penicillin G and cephalosporin G

Lalonde, 1998.

Penicillin acylase Glutaraldehyde* Crystals applied as stationary phase for size exclusion, affinity and chiral 
chromatography. Macromolecular porosimetry was used to characterise the fully 
hydrated CLEC®s. This allowed estimations of apparent pore sizes and pore size 
distributions in solid and soft hydrated porous sorbents directly from the size 
exclusion chromatography.

Margolin & Vilenchik, 
1998, Vilenchik et al, 
1998

Subtilisin Glutaraldehyde (0.0076- 
0.5%)
Glyoxal (0.01-1%) 
Octanedialdehyde (0.05-1%) 
Succinaldéhyde (1%) 
Epichlorohydrin (1%)
Epoxide (Denacol) (0.01-0.4 
%)

Crystals examined for dissolution characteristics at 40°C and upon dilution. CLEC®s 
essentially insoluble in concentrated detergent but soluble in diluted under wash 
conditions.

Alexey et al, 1998.

Subtilisin • Dimethyl 
3,3’dithiobispropionimidate.HCl

• Dithiobis(succinimidylpropionate)

• 3,3’-dithiobis 
(sulfosuccinimidylpropionate)

Reversible crosslinkers - On incubation with and without cysteine, all insoluble in 
absence but soluble in its presence to varying degrees.

Alexey et al, 1998.

Subtilisin
(Bacillus licheniformis)

Glutaraldehyde* Examines the effect of different drying conditions (hydration hysteresis) of the 
CLEC®s on the transestérification activity of the crystals in anhydrous solvents 
equivalent to ‘pH memory’ of free enzymes.

Partridge et a l, 1996.

Table 1.1 Summary on Crosslinked enzyme crystal studies to date c o n fd .
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Enzyme
(source)

Crosslinking
conditions

Comments Reference

Subtilisin
(Bacillus licheniformis)

Glutaraldehyde* CLEC®-subtilisin efficiently catalysed the synthesis of optically activealkylamides of 
amino acids and peptides. The catalyst accepted a broad range of substrates, including 
peptides, natural and unnatural amino acids.

Wang et a l, 1996a & b.

Subtilisin A Glutaraldehyde* A range of surfactants used to dry the CLEC®s for use in enzyme catalysed resolutions Khalaf, 1997. 
in organic solvents.

Subtilisin A Glutaraldehyde* Ciystals applied as stationary phase for size exclusion, affinity and chiral 
chromatography. Macromolecular porosimetry was used to characterise the fully 
hydrated CLEC®s. This allowed estimations of apparent pore sizes and pore size 
distributions in solid and soft hydrated porous sorbents directly from the size 
exclusion chromatography.

Margolin & Vilenchik, 
1998, Vilenchik et al, 
1998.

Subtilisin Carlsberg 
(Bacillus licheniformis)

Glutaraldehyde* Comparison of CLEC®s and free enzyme using a theoretical model that examines the Colombo et al, 1998. 
enzymatic selectivity solely on the basis of the thermodynamics of substrate solvation.

Subtilisin Carlsberg 
(Bacillus licheniformis)

Glutaraldehyde ( 1.5%) The X-ray structure of lightly crosslinked crystals in water and solvent environments 
were compared and found to be the same.

Fitzpatrick e/a/., 1993 
and 1994.

Subtilisin Carlsberg 
(Bacillus licheniformis)

Glutaraldehyde (1.5%) Size - 100 X 5 X 5 pm. Specific chemical modification of the catalytically active site 
to yield semi-synthetic enzymes with completely changed catalytic properties. The 
semi-synthetic enzyme was crystallised and crosslinked allowing reuse.

Haring and Schreier, 
1998.

Subtilisin Carlsberg 
(Bacillus licheniformis)

Glutaraldehyde (1.5%) CLEC®s used for the prediction of the solvent dependence of enzymatic prochiral 
selectivity

Ke et a l, 1996.

Subtilisin Carlsberg 
(Bacillus licheniformis)

Glutaraldehyde (1.5%) «100pm. Organic solvent stability of CLEC®s and free enzyme with varying 
temperatures by fitting of rate decay models.

Noritomi et a l, 1998.

Table 1.1 Summary on Crosslinked enzyme crystal studies to date conVd,
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Enzyme
(source)

Crosslinking
conditions

Comments Reference

Subtilisin Carlsberg 
{Bacillus licheniformis)

Glutaraldehyde (1.5%) (100±40|im) X (15±5pm) x (15±5pm). CLEC®sare several orders of magnitude more 
active in aqueous solutions than the CLEC®s suspended in anhydrous acetonitrile. 
This paper examines closely why this loss occurs and gives reasons for part of the 
loss: i) a marked shift in activity vs. pH profile of CLEC® compared to fi'ee enzyme; 
ii) less favourable energetics of substrate desolvation; iii) very low thermodynamic 
activityof water in acetonitrile resulting in less active enzyme.

Schmitke et a/., 1996.

Subtilisin Carlsberg 
{Bacillus licheniformis)

Glutaraldehyde’ Details on the use of this CLEC® for the syntheses of peptides and peptidomimetics, 
mild hydrolysis of amino acid and peptide amides, enantio- and regioselective 
reactions and transestérifications.

Wang et a l, 1997.

Subtilisin Carlsberg 
{Bacillus licheniformis)

Glutaraldehyde* Average size = 100 x 15 x 15 pm. Catalytic activity of free enzyme is strongly 
affected by the pH of the aqueous solution from which it was lyophilised. In contrast, 
CLEC®s have no appreciable pH memory. Addition of buffer pairs of acid and their 
conjugate bases enhances the enzymatic activity in organic media.

Xu and Klibanov, 1996.

Thermolysin Glutaraldehyde’ Crystals applied as stationary phase for size exclusion, affinity and chiral 
chromatography. Macromolecular porosimetry was used to characterise the fully 
hydrated CLEC®s. This allowed estimations of apparent pore sizes and pore size 
distributions in solid and soft hydrated porous sorbents directly from the size 
exclusion chromatography.

Margolin & Vilenchik, 
1998, Vilenchik et al, 
1998.

Thermolysin
{Bacillus
thermoproteolyticus)

Glutaraldehyde (12.5%) 100 pm length, showing enhanced stability of CLEC®s compared to free enzyme. 
CLEC®s injected into mice intraperitonealy found to have no toxic effects.

Navia and St. Clair, 
1992 and 1997.

Thermolysin Glutaraldehyde’ Data is presented for the synthesis of peptides using CLEC®s as a feasible alternative 
to traditional methods both at laboratory and large scale applications.

Persichetti e /û / . ,  1995.

Thermolysin Glutaraldehyde (12.5%) 0.05 mm microcrystals introducing CLEC®s, detailing the enhanced temperature, pH 
and solvent stability observed by using this method of immobilisation.

St. Clair and Navia, 
1992.

Thermolysin Glutaraldehyde’ CLEC® dissolution induced by removal of Ca ions by addition of EDTA. Alexey et a l, 1998.

Table 1.1 Summary on Crosslinked enzyme crystal studies to date conVd,
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Enzyme
(source)

Crosslinking
conditions

Comments Reference

Urease 
(Jack bean)

Glutaraldehyde (2%) Results showing enhanced stability of CLEC®s compared to fi-ee enzyme. Navia and St. Clair, 
1992 and 1997.

^Crosslinking reagents included: Dimethyl 3,3’-dithiobispropionimidate.HCl; Dithiobis(succinimidylpropionate); Bismaleimidohexane; Bis(sulfosuccinimidyl)suberate; l,5-difluoro-2,4- 
dinitrobenzene; Dimethylsuberimidate.2HCl; Disuccinimidyl glutarate; Disulfosuccinimidyl tartarate; 1 -ethy 1-3 [3-dimethy laminopropy l]carbodiimide hydrochloride; Ethylene
glycolbis[sulfosuccinimidyl succinate]; N-[y-maleimidobutyryloxy]succinimide ester; N-hydroxysulfosuccinimidyl-4-azidobenzoate; Sulfosuccinimidyl-6-[a-methyl-a-(2- 
pyridyldithio)toluamido]hexanoate; bis-[P-(4-azidosalicylamido)ethyl]disulfide; NHS-PEG-vinyl sulfide and Glutaraldehyde.

Table 1.1 Summary on Crosslinked enzyme crystal studies to date confd.
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As the production scale of CLEC®s increases from the bench, through pilot scale, to 

production, there is an increase in pressure and mechanical shear as a result of 

filtration, mixing and pumping. Extended agitation of an aqueous CLEC® 

suspension at low mixing speeds and using various propeller blades showed virtually 

no particle breakage (Lalonde et al., 1996). A harsher treatment of continuous 

pumping using a high-shear centrifugal pump for 24 hours resulted in the CLEC® 

particles fracturing only at the highest mixing speed. In industrial processes, the 

superior performance and compactness of CLEC®s results in significant operating 

economies, by increasing the effective activity of a given volume of catalyst, thereby 

allowing reductions in plant size, as well as capital costs (Daniels, 1987).

CLEC®s to date have been used for a variety of uses and catalytic reactions (Table 

1.1), The key findings of Table 1.1 are:

♦ Many enzymes have been successfully made in to CLEC®s.

♦ A lot of work has been carried out describing the use of CLEC®s in solvents due 

to their increased stability (Lalonde et al., 1997; Khalaf et a l, 1996).

♦ Large scale use of CLEC®s - chiral resolution at a 100 L scale (Collins et al, 

1988).

♦ CLEC®s packed into chromatography columns for chiral chromatography 

(Margolin and Vilenchik, 1998; Vilenchik et a l, 1998).

♦ Controlled dissolution of enzymes by varying crosslinking reagent and 

conditions. Enables enzyme activity to be released from the particles where and 

when it is required by a change in for example pH, and temperature (Alexey et 

al, 1998).

♦ CLEC®s used for antibody production - CLEC® particles have been shown to 

cause an immune response producing more antibody than the free enzyme (St. 

Clair era/., 1999).

♦ CLEC®s used for cofactor recycling (St. Clair et a l, 2000).
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1.3.4 Characteristic properties of CLEC s

The size of the microcrystals required varies according to the application, but on 

average crystals of less than 100pm in length are preferred. Crystals of these sizes 

have high activity owing to lack of mass-transfer limitations and also have good 

filtration properties (Margolin, 1996b). For catalytic purposes, the thickness of the 

crystal particles is more important then the length (Sluyterman and de Graaf, 1969). 

Particles of less than 5 pm in length are better suited for applications in detergents, 

personal-care products and therapeutic- protein delivery applications (Gref et al,

1994). Organic molecules of molecular weight less than 3000 Daltons are not 

diffusion limited in protein microcrystals of around 50 microns in size (Lalonde,

1995). Reduced diffusional limitations of low molecular weight substrates and 

products is believed to be a consequence of the small size of the crystals (5-100 pm 

diameter) and the open channels (» 20 - 55 À diameter) between individual enzyme 

molecules present in each crystal (Margolin, 1996b). No conclusive experimental 

data is currently available to confirm this however.

During CLEC® production, the enzyme molecules are linked together in a three- 

dimensional lattice with ordered microscopic channels of 20-50 Angstroms in 

diameter, which depend on the nature of the protein and its crystal form. These 

macroporous protein crystals contain about 50% solvent by volume (Lalonde et al, 

1995). For this reason they have been called bioorganic zeolites (Margolin, 1996b). 

The lattice provides the structural strength and durability that allows the catalyst to 

retain its activity in harsh environments. These microscopic channels allow diffusion 

of solvents, substrates, and products through the CLEC® catalyst and access the 

active site of the crosslinked enzyme molecules. The sizes of the macroscopic 

particles are controlled through the crystallisation conditions. These include pH, 

temperature, concentration of précipitants, speed of mixing and seeding (Margolin, 

1996b). The proteolysis resistance of CLEC®s can be explained by the exclusion of 

exogenous protease, due to the size of the solvent channels defined by the crystal 

lattice (St. Clair and Navia, 1992).
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The CLEC® catalysts are claimed to have high specific activity. This is because the 

entire volume of a CLEC® product consists of active catalyst and no inert carrier, as 

in the case of most immobilised enzymes. The concentration of the enzyme within 

the crystals approaches the theoretical packing limit for molecules of a given size. 

Thus, enzyme activity in CLEC® catalysts is two to four orders of magnitude higher 

than that of conventionally immobilised enzymes. This helps to reduce reaction 

times, the volume of catalyst required, and it maximises the volumetric productivity. 

CLEC® catalysts do not require expensive supports, such as carrier beads, glasses, 

gels and films and lack complex immobilisation procedures.

A major parameter affecting the activity of CLEC® catalysts is conformational 

flexibility of the enzyme in the crystalline state (Margolin, 1996b). This is shown by 

looking at the catalytic activity of carboxypeptidase A crystals. The activity of the 

crystals is 300 times lower than those of the soluble enzyme even when diffusional 

limitations have been taken into account (Quiocho and Richards, 1966). In some 

crystal forms, the active sites of the enzyme molecules may be obstructed and thus be 

inaccessible to the substrate. These problems can be overcome by producing 

different morphological crystal forms of the same enzyme. This is further 

exemplified by looking at the enzyme lipase. Lipases can exist in two states defined 

by the position of the Tid% a flexible structure element that moves to allow substrate 

binding to the active site (Grochulski et a l, 1993; Grochulski et a l, 1994). CLEC®s 

of lipase have been prepared in both ‘open’ and ‘closed’ crystal forms and their 

activity was compared in the resolution of ketoprofen (Margolin, 1996b). It was 

found that the ‘open’ form had an activity three times higher than the ‘closed’ form 

and the ‘open’ form also had higher enantioselectivity.

1.4 Protein Crystallisation

Navia et a l, (1992) characterised crystallisation as a powerful tool in the isolation of 

proteins. Crystallisation was used as a method of purification (Sumner, 1926 & 

Jakoby, 1971) long before its application in structural studies (Green et al, 1954). 

Other more sophisticated purification methods however, such as electrophoresis,
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ultrafiltration, and column chromatography have come to dominate the field of 

protein purification today. These newer methods provide superior performance and 

predictability. In comparison crystallisation can be very unpredictable and finding 

the right conditions is a matter of trying many conditions until suitable conditions are 

found.

Conditions for protein crystallisation occur close to a phase boundary (Figure 1.2) 

that is controlled by many factors such as temperature, pH, the type and 

concentration of precipitant (salt or organic solvent), the presence of counter ions and 

the concentration of the protein itself (McPherson, 1990). Commonly, large amounts 

of precipitated protein are obtained together with the protein crystals. The crystals 

that form may also change their size and shape with the conditions, so that their 

population will unlikely be uniform. The result is that several conditions may need 

to be varied before a suitable operating window for a large-scale crystallisation 

process is established with minimum amounts of precipitate present. If the effects of 

all of the conditions throughout their range were to be varied independently the 

numerous experiments to be performed would require a large amount of both protein 

and time. Moreover much of the protein would be wasted in conditions where no 

crystals formed. Since proteins are often available in limited quantities only it is 

important, while optimising their crystallisation, to test as few variations in the 

conditions as possible. A reduction in the number of experiments to be performed 

will also reduce the time required.
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Figure 1.2 Schematic description of a solubility diagram, representing protein 
concentration as a function of salt concentration. (Ducruix and Ries-Kautt, 
1990).
The solubility curve {S) delimits two regions: (a) under the solubility curve the solution is 
undersaturated and the biological macromolecule will not crystallise, (b) above the 
solubility curve the concentration of the biological macromolecule is higher than the 
concentration at equilibrium and corresponds to the supersaturated zone. Depending on the 
kinetics to reach equilibrium, the supersaturation zone may be subdivided into (i) the 
precipitation zone, where insoluble protein immediately separates from the solution; (ii) the 
crystallisation zone, where spontaneous nucléation occurs; and (iii) a metastable zone, in 
which a supersaturated solution may not nucleate for a long period o f time unless the 
solution is mechanically shocked or a seed crystal is introduced (Fiegelson, 1988).

Efficient screening of the crystallisation conditions based on factorial experiments 

(Betts et a l, 1979; Carter Jr. et a l, 1988; Abergel et a l, 1991; Carter Jr., 1990) can 

identify the important variables and their effects. A complete analysis of all of the 

interactions however requires a full factorial design that is only practical where there 

are a limited number of variables. An incomplete factorial design (Carter Jr. and 

Carter, 1979) reduces the number of experiments but still examines a large number of 

crystallisation conditions. Instead of carrying out all possible combinations by 

varying only one condition at a time, incomplete factorials vary several conditions 

simultaneously. The experiments take place as if in a multidimensional space each 

of whose axes is associated with a given process condition, or factor (Abergel et al., 

1991). The actual values of the factors define the co-ordinates for each experiment in
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the space that the axes create. The space is then filled randomly with experimental 

points such that the various factors and the conditions that they define are represented 

evenly. The results are then analysed statistically to determine the conditions that are 

critical for crystallisation.

The amount of protein and time needed for screening can be further minimised by the 

use of a sparse matrix in which the trial conditions are heavily biased towards a 

particular set of crystallisation conditions (Jancarik and Kim, 1991). The major 

variables explored are pH, buffer materials, additives and precipitating agents. The 

sparse matrix is formed from a set of about 50 conditions, and its main advantage is 

that it needs only a small amount of protein (approx. 100 pL; 2 pL of protein per 

condition) to test a wide range of experimental conditions. The crystallisation 

method is vapour diffusion carried out by the hanging drop method. This method is 

now commercially available in kit form (Crystal Screen™ available from Hampton 

Research). Cudney et al (1994) have developed an alternative matrix which 

employs less traditional precipitating agents, and this is also available as a 

commercial kit (Crystal Screen II™ also available from Hampton Research). These 

kits can be used to define the reagents which will drive the crystallisation process, 

and whose concentrations will be later optimised. If the initial screening protocols 

do not produce the required crystal habit or yield, ionic crosslinking agents and 

detergents may also be used as additives (Cudney et al, 1994).

An alternative procedure known as reverse screening (Stura et a l, 1994) examines 

the solubility characteristics of the protein under study as a function of a particular 

precipitant (commonly PEG or ammonium sulphate) and protein concentrations so as 

to define the conditions under which a solution of the protein is highly 

supersaturated. This favours the formation of the stable nucleus that is a prerequisite 

for crystal formation (Feher and Kam, 1985). The next stage in the reverse screen 

relates the protein solubility to changes in pH and the introduction of additives. 

Finally, once crystals are obtained, these can be used to seed further experiments 

aimed at improving the crystallisation conditions. Seeding with pre-formed 

crystalline material enables reproducible results, as the conditions for spontaneous 

nucléation alone are difficult to reproduce (Thaller et a l, 1981). This systematic
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approach often uses the prior experience about the macromolecule from the 

crystallisation databank (Biological Macromolecule Crystallization Database; 

Gilliland, 1988).

Obtaining crystals does not guarantee that they will be suitable to be crosslinked into 

CLEC®s. The crystals must display a favourable habit (or shape) and ideally they 

need to have uniform growth in all directions. Microcrystalline needles (growth in 

one direction) and microcrystalline plates (growth in two dimensions), may only need 

fine tuning of the crystallisation conditions to produce microcrystals with small 

uniform dimensions minimising problems of product and substrate diffusion.

1.5 Stabilisation of enzymes by crosslinking

1.5.1 Introduction to crosslinking

Crosslinking as a special form of chemical modification involves the joining of two 

molecular components by a covalent bond achieved through the use of crosslinking 

reagents. The components may be proteins, peptides, drugs, nucleic acids, or solid 

particles. The chemical crosslinkers are typically bifunctional reagents containing 

two reactive ftmctional groups derived from classical chemical modification reagents. 

The reagents are capable of reacting with the side chains of the amino acids of 

proteins. They may be classified into homobifunctional, heterobifunctional, and 

zero-length crosslinkers. The zero-length crosslinkers are essentially group 

activating reagents that cause the formation of a covalent bond between the 

components without incorporation of any extrinsic atoms. The homobifunctional 

reagents consist of two identical functional groups and heterobifunctional reagents 

contain two different types of reactive functional moieties. They hence form bridges 

between the reactive amino side chains in proteins.

Chemical crosslinking and conjugation of proteins depend on the reactivities of the 

constituents of proteins as well as the specificities of crosslinkers used. In most 

cases, the biological activities of the individual proteins in the conjugated products
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have to be retained. Therefore only those amino acids not involved in the biological 

functions may be modified. Additionally, the three-dimensional structure of a 

protein must remain intact during the chemical modification process. Disturbances 

of protein structures and properties may occur with reagents that change the charge, 

size, and other characteristics of the modified amino acid residues.

The reaction of a bifunctional reagent with an enzyme can in principle yield three 

different types of products: (1) a one-point modified enzyme, (2) an intramolecular 

crosslinked enzyme, and (3) an intermolecular crosslinked enzyme. For protein 

crosslinking, intramolecular crosslinking is required. The yields of intramolecular 

crosslinked products will depend on the length of the bifunctional reagent used and 

the distance between the functional group on the protein to be modified. To increase 

the number of intramolecular crosslinks in a protein molecule one can: (1) choose an 

optimal length of crosslinking molecule (Torchilin et a l, 1978a); (2) premodify the 

protein by substituting the protein surface with additional reactive groups (Torchilin 

et a l, 1978b); (3) exploit the potentially reversible character of chemical crosslinking 

by applying a mixture of bifunctional reagents of different chain lengths (Torchilin gr 

al, 1978b).

1.5.2 Crosslinking of enzyme crystals for production of CLEC®s

As with crystallisation, crosslinking reactions also have many factors that may be 

controlled for optimisation. They could be the subject of systematic search strategies 

where a variety of bifunctional reagents (Anjaneyulu and Staros, 1987, & Middaugh 

et a l, 1983) and conditions such as time, temperature, and pH, can be systematically 

investigated. Loss of activity and formation of protein precipitates could occur if the 

crystals were excessively crosslinked. The crosslinks (covalent links between 

constituent enzyme molecules) in the crystal stabilise and strengthen the crystal 

lattice and the component enzyme molecules of the CLEC® both chemically and 

mechanically. This makes possible the transfer of enzyme into an alternate reaction 

environment that might otherwise be incompatible with the existence of the crystal 

lattice, or even with the existence of intact denatured protein.
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Glutaraldehyde is the most popular crosslinking agent particularly for CLEC®s 

although a limited number of other bifunctional agents have now been demonstrated 

(Table 1.1). It is very low in cost compared to other bifunctional reagents. Another 

advantage of using glutaraldehyde and probably the more important reason, is that it 

has been recognised for use in conjunction with processing foodstuffs. An awareness 

of the properties of the reagent and the regulatory precedents, will allow the 

recognition of CLEC®s as safe products for use in the production of pharmaceuticals 

and food products (Navia et a l, 1993).

The mechanism of crosslinking mediated by glutaraldehyde is not fully understood 

(Walt and Agayn, 1994). It is clear, however that the crosslinking process is 

irreversible even in the presence of exogenous amines and cannot be explained by 

simple Schiff s-base formation. It is however known that the components of the 

protein contributing to the crosslinking reactions are the primary amino groups of 

lysine residues and the N-termini of the proteins. Hartmeier (1986), has reported that 

the reactive groups at the two ends of glutaraldehyde react with free amino groups (e- 

amino groups and N-terminal amino groups) of enzymes. This produces substances 

of a kin to a Schiff s base. The functional groups of enzyme proteins participating in 

the reactions include the a-amino group at the amino-terminus, the e-amino group of 

lysine, the phenolic group of tyrosine, the sufhydryl group of cysteine and the 

imidazole group of histidine.

Amino acid analysis of thermolysin CLEC®s that were crosslinked with 

glutaraldehyde, has revealed that eight of the eleven lysine residues are modified 

(Persichetti et al, 1995). It is hypothesised that the ability of glutaraldehyde to 

stabilise CLEC®s results from it forming a mixture of oligomers of different lengths 

and structures (Tashima et a l, 1991) in aqueous solution. It can therefore ‘choose’ 

the most appropriate crosslinking species (Martinek and Torchilin, 1988).

Enzyme crystals were first crosslinked to enable studies on their catalytic 

characteristics. Uncrosslinked crystals are very fragile and dissolve if the 

composition of the immersion medium is much different from that in which they are 

grown. Quiocho and Richards (1964) showed that crosslinking of crystals with

23



Introduction

glutaraldehyde markedly increased their mechanical stability and completely 

suppressed their ability to redissolve under enzyme assay conditions. Additionally, 

the quality of the x-ray diffraction pattern was only slightly changed by crosslinking. 

They also observed upon crosslinking of carboxypeptidase-A crystals with 

glutaraldehyde that the crystals became yellow and were very resistant to mechanical 

breakage. The concentration of the glutaraldehyde used affected the stability of the 

crystals. When propionaldéhyde was used instead of glutaraldehyde in parallel 

experiments there was no increase in mechanical strength of the crystal, nor did the 

solubility show any change.

Recently CLEC®s have been demonstrated to have the ability to change from an 

insoluble and stable form to a soluble and active form upon a change in the 

environment surrounding the CLEC®s. These changes could be a change in 

temperature, pH, chemical composition, change from concentrate to dilute or a 

change in oxidation-reduction potential of solutions. These CLEC®s are claimed to 

be able to release their protein activity at a controlled rate. This is achieved by 

crosslinking of crystals with different crosslinking agents (chain lengths of 

crosslinker and amino acid residues involved in the crosslinks are varied) and varying 

crosslinking times. These experiments have only been done on a very small scale 

and little data is available describing large-scale production and use (Alexey et al, 

1998).
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1.6 Project Aims

The preceding literature survey and the data in Table 1.1 have shovm that CLEC®s of 

a large number of enzymes have been made and that a variety of crosslinking 

reagents have been used. In many cases it is difficult, however, to effectively 

compare the properties of the CLEC® biocatalysts and the influence of their 

production conditions on these. The aims of this thesis are therefore:

1) To define the key process characteristics of CLEC® biocatalysts and embed these 

in a systematic hierarchy of tests which allow different types of CLEC®s to be 

more effectively compared.

2) Do the crystallisation conditions affect the catalytic and mechanical properties of 

the CLEC® catalysts?

3) Do the crosslinking conditions affect the catalytic and mechanical properties of 

the CLEC® catalysts?

4) Is it possible to control the size of crystals obtained and how does this impact on 

the catalytic properties of the CLEC® catalysts?
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2 M a t e w a l s  AND M e t h o d s

2.1 Materials

All enzymes used in this study are detailed in Table 2.1. Yeast alcohol 

dehydrogenase (YADHI) from Saccharomyces cerevisiae, was purchased from 

Biozyme Laboratories Ltd. (Blaenavon, U.K.) and was used without further 

purification. Candida rugosa lipase and the secondary alcohol dehydrogenase 

(SADH) were a gift from Biocatalysts Ltd. (Pontypridd, Wales). a-Chymotrypsin 

(Type II: from Bovine Pancreas) was purchased from Sigma-Aldrich Chemical Co. 

(Dorset, UK). A non-specific protease (Type XIV: from Streptomyces griseus), used 

for stability studies and not crystallised, was purchased from Sigma-Aldrich 

Chemical Co. (Dorset, UK). The Crystal Screen Reagent Kits were purchased from 

Hampton Research (Laguna Hills, California, USA). All other chemicals and 

biochemicals were purchased from Sigma-Aldrich Chemical Co. (Dorset, UK) and 

were of the highest purity available.

Enzyme Source B.C. Supplier
Lipase
a-Chymotrypsin
Secondary alcohol dehydrogenase 
Yeast alcohol dehydrogenase 
Protease

Candida rugosa 
Bovine pancreas
Anaerobic thermophilic bacterium 
Saccharomyces cerevisiae 
Streptomyces griseus

3.1.1.3
3.4.21.1 
1.1.1.2
1.1.1.1 
3.4.24.31

Biocatalysts Ltd. 
Sigma-Aldrich 
Biocatalysts Ltd. 
Biozyme Ltd. 
Sigma-Aldrich

Table 2.1 Enzyme source, supplier and E C. numbers

2.2 Crystallisation by hanging-drop vapour-diffusion using 

Hampton screening kits

Crystallisation was carried out in Linbro boxes (Merck & Co., Poole, Dorset, UK) 

each containing 24 wells. The boxes were prepared by first applying a thin bead of 

vacuum grease (Dow Coming - high vacuum grease) to the rim of each reservoir.
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Each reservoir was then generally filled with 1 mL of a particular reagent from the 

Crystal Screen Reagent Kit but this was reduced to 0.5 mL in later experiments to 

conserve the reagents. 2 pL of enzyme solution dissolved in RO water was applied 

to the centre of a clean siliconised cover slip (Hampton Research, Laguna Hills, 

California, USA). 2pL of Crystal Screen reagent 1 from the first reservoir was then 

applied to the sample droplet and mixed by aspirating and dispensing the droplet 

three times. Foaming was avoided, as this would have made subsequent observation 

of the droplets difficult. To avoid evaporation the cover slide was then immediately 

inverted over reservoir 1 and was sealed onto the edge of the reservoir by the vacuum 

grease. This procedure was repeated with the remaining reagents. All screens were 

carried out in parallel incubating one plate at 4°C and the other at room temperature 

(~22°C). The approach was also repeated using the Crystal Screen II kit (Hampton 

Research). The plates were viewed periodically under a stereo microscope (Olympus 

E 2330) and the whole focal plane of the droplet was carefully scanned for crystals. 

The presence of precipitates was also recorded, as this would allow conclusions to be 

drawn with regard to the solubility of the enzyme. The plates were viewed for a 

period of up to two weeks after which time the size of the crystals (if any) in each 

well was estimated by looking down the microscope and counting the crystals visible.

This approach was used for the crystallisation of both C  rugosa lipase and the 

SADH. Crude C rugosa was dissolved in water at a concentration of 30 mg/mL 

w/v. SADH was dissolved in water at a concentration of 20 mg/mL w/v. SADH was 

screened with and without its cofactor (0.4 mM NADPH) being present.

2.3 Crystallisation using screening windows (Lee et al,, 2000)

A set of conditions that is known to yield crystals either in batch or hanging drop 

methods (see Section 2.2) is first chosen to be optimised. Three components of the 

mixture were chosen to be varied over a predetermined range and were placed on the 

three axes of a triangular diagram as shown in Figure 2.1. Any other components 

required for crystallisation were added but kept at a fixed level. The known 

crystallisation conditions to be optimised were placed at the centre of the triangular.
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The vertices of the smaller triangles represent each discrete experiment thus the 

parameter on each axis is varied semi-continuously. Stock solutions of higher 

concentration of each component were used in order to achieve the correct 

concentrations. The number of crystals observed in 1 pL samples removed from the 

discrete experiments are recorded over time.

/  /  /  /
4 5 6 7

[B]

Figure 2.1 Triangular crystallisation diagram showing the variation of three 
components of a crystallisation mixture.
A, B, and C can be concentrations or other factors such as pH and temperature. The large 
block arrows show the direction in which each component increases along the sides and the 
smaller black arrows the direction of each increment of each axis.
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The triangular diagram conveniently explores protein crystallisation where three 

factors are varied simultaneously. If the three variables (e.g. A, B and C in Figure 

2.2a) are set as the orthogonal axes of a three-dimensional space then the diagram 

represents a triangular fragment of a plane in the space which the axes create (Figure 

2.3, triangle 1). The position of the triangle depends on the order and direction of the 

variables along its sides. If a series of triangles is unfolded (see 1-4 in Figure 2.2b) 

without changing the ranges of the variables, but simply reflecting them where 

necessary along the sides of the parallelogram created, then the group together 

represents the four sides of a tetrahedron in the centre of the cube which the 

orthogonal axes define (Figure 2.3).

The conditions that the triangles define systematically cover the crystallisation 

behaviour throughout the cube except for the region at the centre of the tetrahedron. 

This can easily be explored by setting up just one experiment containing the three 

components at the mid-point of their respective concentration ranges. The decisions 

to be made for each enzyme concern the ranges of the orthogonal axes represented on 

the sides of the triangles, and the detail with which the space should be sampled. In 

Figure 2.3, which is set in a cube with four points on each edge, a group of 21 points 

will be sufficient to sample all four triangles and the centre point without any 

duplication. The number of individual points required for a full screen including the 

centre point could be calculated using the following formulae:

Number of points = 2j"̂  -4 ^  + 5 [2.1]

where s is the number of points on the side of one of the triangles (provided s > 3).

A ternary phase diagram (Mullin, 1993) could also be used to explore the influence 

of three components (A, B and C) on the crystallisation of proteins. Any point within 

this diagram also represents a mixture of three components, but one which must now 

satisfy the equation A+B+C=l. In contrast to a ternary phase diagram, the three 

components of the triangular crystallisation diagram do not satisfy this equation. The 

diagrams are triangular fragments of planes in space, rather than a full two- 

dimensional representation of the ternary phase diagram. Nevertheless these
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triangles do have the advantage that they allow the effects of important variables such 

as pH to be explored independently of the concentration of any of the components. 

This allows conditions for the batch crystallisation of an enzyme to be rapidly and 

systematically screened.
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Figure 2.2 (a) A theoretical triangular diagram with three variables, [A], [B], and [C]; (b) a series of theoretical triangles, starting from 
that shown in Figure 2.2a (represented by triangle 1), which have been unfolded without changing the ranges of the variables, but simply 
reflecting them where necessary along the sides of the parallelogram. (From Lee et a/., 2000)
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Figure 2.3 Theoretical triangles, as shown in Figure 2.2, represented in three-dimensional space.
By setting the three variables ([A], [B], and [C]) as orthogonal axes, the triangular diagrams can be represented as fragments o f a plane in the space that the 
axes create. The triangles can be grouped together to form a tetrahedron within the cube. (From Lee et a l ,  2000)
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2.4 Lipase purification

Crude lipase from C. rugosa (10 g) was dissolved in 100 mL of RO water for 1 hour 

in an ice bath. Cold isopropanol (20 mL) was then added dropwise to the enzyme 

solution that was left stirring for 2 hours. The precipitate was removed from the 

alcohol extract by centrifugation (10,000 rpm, 10 min, 4°C). The extract was then 

dialysed overnight against 50 mM MES buffer pH 5.9. The dialysis was repeated 

against a 50% w/v solution of PEG 8000, to concentrate the enzyme solution, for 5 

hours or until the volume of the enzyme solution was less than 100 mL. The 

optimisation of IP A precipitation is described in Appendix 2.

2.5 Production of CLEC s

2.5.1 Crystallisation and crosslinking of C. rugosa Lipase

The purified lipase (Section 2.4) was crystallised under batch conditions initially by 

replicating the 2 \iL hanging drop vapour diffusion conditions described by Rubin et 

al (1991). The crystallisation conditions were subsequently optimised using the 

crystallisation windows approach described in Section 2.3. The conditions from 

Rubin et al (1991) were placed at the centre of the triangular diagram and the three 

components of the crystallisation mixture (MPD, calcium chloride and protein) were 

simultaneously varied. The ranges of concentration on the axes are final 

concentrations and stock solutions of higher concentrations were used to set-up the 

screens (Figure 3.6). MES buffer (pH 5.9) was also added to each experiment to a 

final concentration of 50 mM. The crystallisation screening experiments were 

carried out at 0.5 mL scale in Eppendorf tubes. Initially, the contents of the 

Eppendorfs were vortexed and left to stand in a water bath at 25°C. lp,L samples 

were removed periodically and viewed under a microscope to determine the number 

of microcrystals in the droplet and their approximate size. Samples were also 

removed and assayed for their catalytic activity as described in Section 2.8.1.2.

The condition which yielded the greatest number of crystals at 0.5 mL scale was 

further scaled up to 500 mL. The experiment was carried out using lipase that had
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been treated with propanol as described in Section 2.4. The components were mixed 

in a 500 mL Duran bottle with the enzyme and the seed crystals added last. The 

Duran bottle was then gently agitated on an IKA-VIBRAX-VXR vibrating platform 

(Janke & Kunkel GmbH & Co., Germany) at 200 rpm. Samples were removed every 

few days, centrifuged and the recovered crystals were assayed to monitor the rate of 

crystallisation.

Once crystal formation was complete, the suspension was spun down at 1000 rpm for 

1 hour at 10°C. The supernatant was discarded and the crystals were suspended in a 

fresh solution which contained the same concentration of MPD, CaCl: and buffer as 

the crystal formation buffer and a final concentration of glutaraldehyde of 5% v/v. 

The crystals were allowed to cross-link for three hours after which time they were 

washed three times with 50mM MES buffer at pH 5.9, yielding Cross-linked Enzyme 

Crystals (CLEC®s). The CLEC®s were assayed for activity as described in Section

2.8.1.4 to determine the amount of catalytic activity retained after crosslinking.

2.5.2 Crystallisation and crosslinking of a-chym otrypsin

a-Chymotrypsin was crystallised by mixing 2.4 M ammonium sulfate, 5.7 mg/mL a- 

chymotrypsin, 0.1 M citrate buffer (pH 4) with a final volume of lOOOmL in a Duran 

bottle. A small amount of a seed crystal suspension was added (0.01 % v/v) and it 

was left to crystallise undisturbed. The crystals were crosslinked by replacing the 

crystallisation supernatant with the same concentration of ammonium sulfate, and 

citrate buffer as the crystal formation buffer plus a final concentration of 

glutaraldehyde of 5% v/v. The crosslinked crystals were washed three times with 

100 mM citrate buffer (pH 4). Finally the CLEC®s were assayed for activity as 

described in Section 2.8.1.5 to determine the amount of catalytic activity retained 

after crosslinking.
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2.5.3 Crystallisation and crosslinking of Yeast alcohol dehydrogenase I 

(YADHI)

YADHI crystals were kindly prepared by T.S. Lee using the following protocols. 

Different crystal forms of YADHI could be prepared depending on the crystallisation 

conditions (Lee et a l, 2000; Lee, 2000). Rod-shaped crystals were crystallised at a 

protein concentration of 14 mg.mL'\ 12% v/v PEG 4000 and pH 7 while hexagonal

shaped crystals were prepared at a protein concentration of 12 mg/mL, 10% v/v PEG 

4000 and pH 8. Both types of crystal were crystallised in the presence of 2 mM P- 

nicotinamide adenine dinucleotide (p-NAD) in 50 mM Tris-HCl buffer at the 

appropriate pH in a total liquid volume of 300 mL. 200 pL of a seed crystal 

suspension was used to seed each of the 300 mL batches; these had previously been 

prepared at a 5 mL scale under similar crystallisation conditions for each of the 

required crystal forms. The 300 mL batches were then gently stirred on a Vibrax 

vibrating platform (Janke & Kunkel GmbH, Germany) at 100 rpm and room 

temperature for 3 days. Previous experiments have shown that the crystallisation 

process was complete after this time (Lee et al, 2000). To crosslink the crystals, 3 

mL of a 50% v/v aqueous solution of glutaraldehyde (final concentration 5% v/v) 

was added and the crystals were crosslinked at room temperature with gentle shaking 

for 2 hours. After crosslinking was complete, CLEC® suspensions were centrifuged 

for 1 hour at 1000 rpm in a Beckmann J2-M1 centrifuge and the supernatant was 

removed. The crystals were washed once in 50 mM Tris buffer, pH 8, and then 

resuspended in the same buffer and stored at 4°C until required.
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2.6 CLEC characterisation (hierarchy of tests)

2.6.1 Catalytic characteristics

2,6,L I  Catalytic activity and stability o f  CLEC^s with varying pH  and 

temperature

To determine the catalytic activity (initial rate of reaction) of the biocatalysts over a 

range of temperature and pH values, CLEC®s and free enzyme were assayed using 

the standard assay conditions (see Section 2.8.1) but varying either the temperature or 

pH as appropriate.

To test the catalytic stability (variation of initial reaction rate with length of 

exposure) of the biocatalysts at varying pH, 500 pL volumes of a CLEC® suspension 

or the free enzyme was suspended in an equal volume of 0.2M citrate buffer (pH 

3.0), 0.2M MES buffer (pH 5 and 6), 0.2M Tris buffer (pH 7, 8 and 9) and 0.2M 

phosphate/NaOH (pH 11). Aliquots of the CLEC®s and free enzyme were taken at 

varying time intervals and assayed for activity as described in Section 2.8.1. The 

temperature stability of the biocatalysts was determined by incubating 250 pL 

volumes of CLEC® suspension and free enzyme and incubating them separately at 

temperatures of 10, 25, 40, 50 and 60 °C. 20 pL aliquots of CLEC®s and free 

enzyme were taken at various time intervals and assayed for activity as described in 

Section 2.8.1.

2,6,1,2 CLEC® stability in the presence o f solvents and proteases

To evaluate the catalytic stability of CLEC®s in the presence of solvents, five 

solvents were chosen on the basis of their Log P values (Laane et al., 1987). See 

Table 5.1. Equal volumes of the solvents and either a suspension of CLEC®s or the 

free enzyme were mixed together in Eppendorf tubes and left to agitate on a vibrating 

platform at 200 rpm. Samples were removed periodically and assayed for activity as 

described in Section 2.8.1.
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To determine the resistance of the CLEC s and the free enzyme towards proteolysis, 

each was incubated with a non-specific bacterial protease at a final protease 

concentration of 5 mgmL’  ̂ and left to agitate on a vibrating platform at 200 rpm. 

Samples were removed periodically and assessed for enzymatic activity as described 

in Section 2.8.1.

2.6.2 Physical characteristics

The shear device (Figure 2.4) used to determine the mechanical stability of the 

CLEC®s consisted of a flat rotating disc (d = 3 cm) driven by a high speed motor in a 

sealed perspex chamber (11 mL total volume) as previously described by Lee (2000). 

The shear generated, ymax, is a function of the rotational speed of the motor and is 

within the range of 9.5 x lO"̂  - 1.7 x 10̂  s'* for rotational speeds of 4,000-27,000 rpm. 

Energy dissipation rates, based on the volume of fluid in the boundary layer 

surrounding the disc, were in the range 2.2 x 10̂  - 6.8 x 10̂  W/kg.

A CLEC® suspension was added to the chamber and then the inlet and outlet lines 

(not shown in Figure 2.4) were pinched off with clips in order to prevent air from 

entering. The sample was sheared for a pre-determined length of time (10 s) at a 

fixed speed. After shearing, the contents of the chamber were carefully removed and 

analysed for particle size distribution or activity as required. All experiments were 

performed in triplicate.
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Figure 2.4 Schematic diagram of the rotating disc shear device used to evaluate 
the mechanical stability of CLEC® biocatalysts. (From Lee, 2000)

2.7 C ontinuous crystallisa tion  and  crosslinking

The small scale continuous crystallisation and crosslinking rig (Figure 2.5) 

comprised a series o f stirred-tank reactors with standard Rushton turbine impellers 

being driven simultaneously by a laboratory stirrer (RW16 basic, Janke and Kunkel, 

Fisher) at 300 rpm. The volume in each reactor was 70 mL. The mean residence 

time was set as the time taken for a seeded crystallisation to be complete which, from 

previous experiments, was found to be 5 hours. Steady-state was assumed to be 

achieved at 3-4 times the mean residence time which in this case was approximately 

15-20 hours. The feed flowrates required for a continuous system were thus 

calculated to be 3.5 mL/h using the following equation:

flowrate =
volume o f reactor

time taken to reach steady state
[2.2]

Peristaltic pumps (Pharmacia) were used with 0.2 mm i.d. BioRad pump tubing. IPA 

treated lipase (Section 2.4) mixed with 50mM MES buffer pH 5.9 was pumped to the 

first reactor (the crystalliser) at 2 mL/h. A separate pump also pumped a mixture of
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MPD (96% v/v) and CaCl2 (8mM) at a flowrate of 1.5 mL/h, both lines being mixed 

in-line using a T connector resulting in the desired flowrate of 3.5 mL/h. A third 

pump pumped the crystal suspension, again at 3.5 mL/h from the crystallisation 

vessel to the crosslinking vessel. Another pump was used to mix glutaraldehyde to 

the crystal suspension in-line using another T connector at a flowrate of 0.3mL/h. 

Experiments were carried out at varying flowrates (1.75 -  7 ml/h) and varying stirrer 

speeds (300 and 800 rpm).

L aboratory stirrer

M P D &  C aC l.

E n z y m e  &  b u ffer

42 mm

C ;

CM

g lu ta r a ld eh y d e

cry sta ls

=□

C L E C ® s

S ea led  to  p la tes

7 mm

mm

47 mm

C rystallisation v e s s e l

25 mm

C rosslinking v e s s e l

Figure 2.5 Schematic diagram of the scale-down continuous crystalliser and 
immobiliser for continuous production of CLEC® biocatalysts.
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2.8 Analytical techniques

2.8.1 Activity assays and protein determination

2.8.1 A Protein determination using the Bradford assay

Protein concentrations were determined by the using the Coomassie Brilliant Blue 

dye (G250) binding method of Bradford (1976). Aliquots of diluted samples 

(lOOpL) were added to Bradford reagent (Biorad, 2.9mL) in 3mL acrylic cuvettes. 

The cuvettes were inverted to insure the samples were mixed thoroughly and the 

colour was allowed to develop for 5 minutes. Samples were then read against a 

reagent blank (595nm). Bovine Serum Albumin (BSA, Sigma) was used to calibrate 

the reagent in the range 0 - 500 pg mL'\ The calibration curve was linear in the 

range 0 to 500 pg/mL. The maximum coefficient of variation (standard deviation as 

percentage of mean) of this assay was 1.3%.

2,8,1,2 Protein determination using the Lowry assay

Protein concentrations were also determined using the Lowry method (Lowry et a l , 

1951). A 5% w/v mixture of sodium potassium tartrate (2.5mL) and 0.5% w/v 

copper sulfate pentahydrate (2.5mL) was diluted to lOOmL with O.IM sodium 

hydroxide in 2% w/v sodium bicarbonate. This working reagent was prepared fresh 

before use. Diluted protein samples to be assayed (0.5mL) were first placed in test 

tubes to which the working reagent (2mL) was added. These were mixed and 

allowed to react for 30 minutes. Folin-Ciocalteu phenol reagent was diluted with RO 

water in the ratio of 1:2. Diluted reagent (0.5mL) was then added to each sample and 

immediately mixed vigorously. The colour was allowed to develop for 30 min at 

room temperature after which time the absorbance of the solutions was measured in a 

spectrophotometer at 660 nm. Solutions of known concentration of bovine serum 

albumin were used for preparation of a calibration curve. The calibration curve was 

linear in the range 0 to 500 pg/mL. The maximum coefficient of variation of this 

assay was 1%.
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2.8.1.3 Photometric assay fo r  C. rugosa lipase activity

Lipase activity was measured using p-nitrophenyl acetate (p-NPA) as the substrate, p- 

NPA (lOOpL of 125mM dissolved in propan-2-ol) was measured directly into an 

acrylic 1.2 mL cuvette to which MES buffer (50mM, pH 6.5, SOOpL) was added. 

Enzyme solution (lOOpL) was added to the reaction mixture and the increase in 

absorbance was detected at 410 nm and 37°C by using an ATI Unicam UVA^is 

Spectrometer (Model UV2). Under these conditions, the extinction coefficient 

(G4 ionm) for p-nitrophenol was found to be 15 x 10̂  cm^/mol. The enzyme was 

diluted appropriately to give rates between 0.4 and 0.6 AA/min due to the 

unreliability of the assay outside this range. All the rates were measured over a 

minute linear increase in absorbance. 1 unit is defined as the release of 1 mmole of 

p-nitrophenol per minute.

2.8.1.4 Titrimetric assay for  C. rugosa lipase activity

Lipase activity was also measured at 25°C using 5% v/v glycerol triacetate (triacetin) 

or 20% v/v ethyl lactate in lOmM NaCl as the substrate. A single phase solution was 

formed at room temperature. The assays were carried out in a pH stat (Radiometer 

ETS822 end-point titration system). The substrate solution was first placed into a 

titration beaker such that the final volume of the enzyme and substrate was 10 mL. 

An appropriate volume of the enzyme solution was added to the beaker and the 

reaction was autotitrated at pH 7. The rate of addition of O.IM NaOH was recorded 

and used to calculate the initial linear rate. One unit of lipase releases 1 pmole of 

acid per minute. The coefficient of variation of this assay was 7%.

2.8.1.5 Titrimetric a-chymottypsin activity assay

The activity of a-chymotrypsin was measured at 30°C using 20 mM N-acetyl-L- 

tyrosine ethyl ester (ATEE) and 1% v/v methanol in 0.1 M potassium chloride as the 

substrate solution. The assays were carried out in a pH stat (Radiometer ETS822
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end-point titration system). The substrate solution was first placed into a titration 

beaker such that the final volume of the enzyme and substrate was 10 mL. An 

appropriate volume of the enzyme solution was added to the beaker and the reaction 

was autotitrated at pH 7. The rate of addition of O.IM NaOH was recorded and used 

to calculate the initial linear rate. One unit is defined as the release of 1 pmole of 

acid per minute. The coefficient of variation of these assays was 7%.

2.8.2 Electrophoresis of enzyme fractions

2,8,2,1 SDS-PAGE analysis

SDS-PAGE was carried out as described by Hames and Rickwood (1990) using a 

discontinuous 12.5% acrylamide gel. Samples were prepared by diluting them 1:1 in 

sample buffer (60mM Tris-HCl pH 6.8, 10% v/v Glycerol, 2% w/v SDS (GibcoBRL, 

Life Technologies Inc., Paisley, Scotland, UK.), 0.001% Bromophenol Blue (Sigma) 

and 5% p-mercaptoethanol). The samples were then denatured by boiling for 3 

minutes. SDS-PAGE was performed using a dual min-slab gel system. The glass 

plates were cleaned using industrial methylated spirits (IMS). Gloves were worn at 

all times to prevent contamination with proteins.

The separating gel was prepared (Table 2.2), and degassed to remove any air bubbles, 

by passing it through a 0.2 pm Whatman filter. Polymerisation of the gel was 

initiated with the addition of 225 pi of freshly made 10% ammonium persulphate and 

15 pi of NNN^N^-Tetramethylethylenediamine (TEMED). The gel was then poured 

into the space between the two plates and allowed to set. Water was poured on to the 

setting gel to prevent it from drying out. Once the separating gel had set, the water 

was poured off and the stacking gel was prepared (Table 2.2) and degassed as before. 

Polymerisation was initiated by the addition of 150 pi of 10% ammonium 

persulphate and 15 pi of TEMED. This was poured on top of the separating gel, and 

a comb was carefully inserted between the two plates. The gel was then left to set. 

Once the gel had set, the comb was carefully removed, so not to destroy the formed 

wells.
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Appropriate volumes (up to 20 pL containing 10 pg of protein) of the denatured 

samples together with markers (Pharmacia) were loaded into the wells. The gels 

were run at 400 V and 15 mV. Once the samples had reached the separating gel, 

signalled by the formation of a single blue line across the gel, the amperage was 

increased to 30 mV per gel. Gels were stained by gently agitating for 1 hour in 

staining solution (Coomassie Brilliant Blue R-250 (Ig/L) in 500 mL water, 400 mL 

methanol, 100 mL acetic acid). Then the gels were transferred into destain solution 

(500 mL water, 400 mL methanol, 100 mL acetic acid) and continued agitation until 

a clear background was achieved.

Reagent Separating Gel (ml) Stacking Gel (ml)
Acrylamide-bisacrylamide (30:0.8) 6.25 1.25
Tris-HCl 3.0M (pH 8.8) 1.875 -
Tris-HCl 0.5M (pH 6.8) - 2.5
10% w/v SDS 0.15 0.1
Distilled Water 6.125 5

Table 2.2 Recipe for preparation of SDS-PAGE gels.
Recipe sufficient for two gels. Method adapted from Hames and Rickwood (1990).

2,8,2.2 Isoelectric focusing

Isoelectric focusing (lEF) was carried out in a Multiphor II Flatbed electrophoresis 

system (Amersham Pharmacia Biotech Ltd.) as this allowed effective cooling, which 

was necessary due to the high voltages employed. Precast lEF gels using 

immobilised pH gradients (Immobiline DryPlate lEF pH 4.0-7.0) available from 

Amersham Pharmacia Biotech Ltd were used. The Multiphor II system was 

connected to a thermostatic circulator and cooled to IO°C. The Immobiline DryPlate 

was dehydrated in water for two hours. ImL of kerosene was pipetted onto the 

cooling plate of the electrophoresis unit. The gel was orientated so that the notch at 

the lower-left comer of the film faced the anodic (+) electrode. The gel was 

positioned in the centre of the cooling plate, allowing the kerosene to spread evenly 

underneath the gel ensuring no air bubbles are trapped beneath. lEF electrode strips
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were soaked in water and placed on the long edges of the gel. Any protruding ends 

of the electrode strips were cut off. The lEF applicator strip was placed across the 

gel toward the cathodic edge of the gel. Samples and standard were pipetted into the 

wells with a volume of 5-20 pL (10 pg). The electrodes were aligned with the 

electrode strips and lowered onto the gel. The unit was connected to the power 

supply and the gel was run for 3 hours at 3500 V, 5 mA and 15 W. The gels were 

removed from the electrophoresis equipment and stained using silver staining (Silver 

staining method as described by Immobiline DryPlate User Manual, Amersham 

Pharmacia Biotech Ltd.).

2.8.3 Determination of particle size using the Elzone particle size analyser

Size analysis of the CLEC®s was performed using the electrical zone sensing 

principle (Barth and Sun, 1993) using the Elzone model 280 PC (Particle Data Ltd., 

Cheltenham, England). The sample was suspended in electrolyte in a beaker 

containing a tube with an orifice. An electrical current passed from the electrode 

situated in the beaker, through the orifice, to an electrode situated within the orifice 

tube. A vacuum was applied to the inside of the orifice tube thus drawing the sample 

through the orifice. The passage across the orifice of a particle exhibiting 

considerably different electrical conductivity to the suspending electrolyte resulted in 

a change in electrical resistance across the orifice that was converted by the electrode 

into a pulse shaped electrical signal. This was then amplified to enable the height 

and the number of particles to be recorded. The number of pulses was equal to the 

number of particles and the height was related to the particle volume by the following 

relationship:

AU = ^ ^ A V  [2.3]
PR^

where AU was the voltage pulse, AV was the particle volume, E was the electrical 

field strength, /  was the shape factor, was the electrical resistance of the 

suspending electrolyte, and I  was the electrical current.
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For all analyses used here a 120 |j,m orifice tube was used which was calibrated using 

polyvinylacetate standards. The electrolyte comprised 0.13% w/v lithium chloride 

(LiCl) with 0.0001% w/v sodium azide adjusted to pH 4 with acetic acid and was 

filtered through a 0.2 pm cellulose nitrate membrane (Whatman, Kent, UK).

Most samples were diluted in electrolyte prior to the addition of a 100 pL sample to 

60 mL of electrolyte for the analysis. Pre-dilution of the sample was required in 

order to avoid coincidence effects. This is where two or more particles traversing the 

orifice overlap and therefore were counted as a single, larger particle. Coincidence 

levels were kept below 1% to ensure accurate particle size data.

All crystals were crosslinked with glutaraldehyde before being analysed by this 

method. Crosslinked crystals (CLEC®s) were analysed untreated.

2.8.4 Scanning electron microscopy of CLEC®s

Scanning electron microscopy was carried out using a JEOL JSM-820 scanning 

electron microscope. Small samples of CLEC®s were dried onto stubs and spray 

coated with gold. These were then viewed and photographed using the electron 

microscope at various magnifications.
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3 O p t im is a t io n  o f  e n z y m e  c r y st a l l isa t io n  
CONDITIONS*

3.1 Introduction

In the studies on protein crystallisation, and the screening of crystallisation 

conditions, described in Section 1.5.1.1 the focus has usually been to produce large, 

single crystals for structural determination studies. In recent years, however, a 

number of larger scale biotechnological applications of protein crystallisation have 

emerged such as the recovery of proteins from fermentation broths by direct 

crystallisation (Jacobsen et a i, 1998) and the use of cross-linked enzyme crystals, 

CLEC®s, as industrial biocatalysts (St. Clair and Navia, 1992; Margolin, 1996b). 

When considering the production of protein crystals for the subsequent manufacture 

of CLEC®s, the aims of the crystallisation process are entirely different to those for 

structural studies. In this case a large number of crystals of uniform size and shape 

are required bearing in mind the particular objectives of maximising both protein 

yield and the retention of catalytic activity. Given the final application of the 

CLEC®s, a further requirement is to define a set of stable conditions in order to 

facilitate a reliable scale-up of the crystallisation process.

In this chapter a simplified approach to the optimisation of crystallisation conditions 

where three factors are to be varied simultaneously is presented. It has the advantage 

that the experimental variation is presented as a simple two-dimensional diagram 

with a triangular format so that a window of crystallisation is immediately apparent. 

This “windows” approach (Woodley and Titchener-Hooker, 1996) is used rationally 

to optimise the crystallisation conditions with respect to yield, crystal size and habit 

for the subsequent production of cross-linked enzyme crystals as large-scale 

biocatalysts. The method also allows the reproducible preparation of enzyme crystals

* Some of the results presented in this chapter here have been published previously: Lee, T.S., 

Vaghjiani, J.D., Lye, G.J., and Turner, M.K., 2000, A systematic approach to the large-scale 

production of protein crystals’. Enzyme and Microbial Technology, 26, 582-592.
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with defined properties for subsequent investigations of their crosslinking (Chapter 

4) and catalytic activity (Chapter 6 & 7). In order to show the general applicability of 

the windows approach it is applied here to three enzymes, C rugosa lipase, a- 

chymotrypsin and a secondary alcohol dehydrogenase.

3.2 Search for initial crystallisation conditions

3.2.1 Literature

A search of the literature for crystallisation conditions on the enzyme of interest is 

usually a good starting point. A large number of enzymes has been previously 

crystallised for structural studies and conditions for the initial crystallisation can 

usually be found. These conditions give a good indication of the type of précipitants 

or conditions that cause a particular enzyme to crystallise. It should be borne in mind 

that for structural studies very small quantities of crystals are required; crystallisation 

is usually carried out at the microlitre scale using methods based upon vapour 

diffusion. Crystallisation for the production of CLEC®s needs to be carried out at 

much larger scales, and therefore a batch mode of crystallisation needs to be used at a 

multiple litre scale.

3.2.2 Screening (Hampton kits)

If literature conditions are not available, or if they require expensive reagents, then 

there are other well established methods which can be used to identify initial 

conditions. Hampton Research have commercialised, in kit form, reagents based on 

conditions published by Jancarik and Kim (1991) for a ‘sparse matrix’. These are 

heavily biased towards and selected from known or published crystallisation 

conditions. They have produced two kits named Crystal Screen and Crystal Screen 

II. Crystal Screen contains the 50 conditions published by Jancarik and Kim (1991). 

Five different pH values 4.6, 5.6, 6.5, 7.5, and 8.5 are applied with sodium acetate, 

sodium cacodylate, sodium HEPES, and Tris hydrochloride as the respective buffers. 

The four categories of precipitating agents utilised are volatile agents, non-volatile
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agents, salts, and combinations of these three. Crystal Screen II is an extended 

macromolecular crystallisation reagent kit and contains another 48 conditions for 

crystal growth. The pH range sampled is 4 to 9 and the kit evaluates salts, polymers, 

and organic solvents for their ability to promote crystal growth of biological 

macromolecules.

The screening is carried out by vapour diffusion in hanging drops (as described in 

Section 2.2). Vapour diffusion is well suited for small volumes. Each reagent only 

requires 2pL of protein solution (approx. 10 mg/mL) for efficient screening. A 

droplet containing the biological macromolecule to crystallise with buffer, 

crystallising agent, and additives, is equilibrated against a reservoir containing a 

solution of crystallising agent at a higher concentration than the droplet. 

Equilibration proceeds by diffusion of the volatile species (water or organic species) 

until the vapour pressure in the droplet equals the one of the reservoir. If 

equilibration occurs by water exchange (from the drop to the reservoir), it leads to a 

droplet volume change. Consequently, the concentration of all components in the 

drop will change. For species with a vapour pressure higher than water, the exchange 

occurs from reservoir to drop.

3.2.3 Crystallisation windows

Once initial conditions have been found, either from the literature or using methods 

such as sparse matrices, they subsequently need to be optimised for the production of 

CLEC®s. In this work screening windows have been devised which allow the 

simultaneous variation of three components during batch crystallisation. The number 

of experiments required for a three component screen would be n ,̂ where n is the 

number of variations of each component. Therefore if four different concentrations 

of say three solvents need to be examined, the number of experiments needed to fully 

examine the space would be 64 experiments. This considerably increases with the 

number of variations examined and it rapidly becomes unfeasible to examine the 

whole area. The crystallisation windows approach described here allows the three
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dimensional space to be examined using the minimum number of discrete 

experiments.

3.3 Crystallisation ofC. rugosa  lipase

3.3.1 Search for initial crystallisation conditions (Hampton screening kits)

A sparse matrix of trial conditions was initially evaluated for use in the crystallisation 

of the purified C. rugosa lipase preparation (see Section 1.4). The Crystal Screen 

and Crystal Screen II kits provided small quantities of a wide range of reagents that 

allowed rapid screening. The screens were simple and practical and allowed initial 

conditions for crystallisation to be found. They also allowed solubility of the protein 

in a wide range of précipitants and pH to be examined. Crystallisation was carried 

out as described in Section 2.2. Appendix 1 contains the full listings of the 

composition of all the buffers.

Table 3.1 summarises the conditions that gave more than five crystals in the hanging 

droplet for C. rugosa lipase. The crystals obtained were initially tested to see if they 

were indeed protein crystals and not salt crystals or crystals of other crystallisation 

reagents using Tzit Crystal Dye’ (Hampton Research). This is a small molecule dye 

primarily consisting of methylene blue in water designed to differentiate biological 

macromolecule crystals from small molecule and inorganic crystals. Crystals of 

biological macromolecules contain large solvent channels that allow the dye to 

penetrate and colour the crystals blue. Small molecules and inorganic crystals do not 

possess these large solvent channels and therefore they will not take up the colour.

The precipitates obtained in some of the droplets could be either very fine 

microcrystals or could be true protein precipitates. These could be distinguished 

using the dye or by viewing the droplet with a crossed polarising lens. The latter 

method causes microcrystalline precipitates to glow as a result of the change of 

polarisation that occurs when light passes through the crystal (Hampton Research, 

1995; Ducruix and Giege, 1992). True amorphous precipitates do not affect the
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plane of polarisation in a coherent fashion, and so will not glow. This method can 

only be used when the optical path consists entirely of glass since plastic/air 

interfaces induce birefringence that masks that of the sample. The sample therefore 

needs to be transferred from the Linbro plate onto a glass slide for analysis.

From the data presented in Table 3.1, it is extremely difficult to draw any conclusions 

and say that the presence of a particular condition always gave crystals. Most of the 

conditions that gave rise to crystals also had varying quantities of precipitates 

present. Ideally, the formation of crystals without any precipitate present is required. 

These kits do, however, provide initial starting conditions that can then be further 

optimised. This could be achieved by varying the concentration of the precipitant or 

salt, as well as the pH of the reagent.

3.3.2 Scale-up of Hampton screening kit conditions using the windows 

approach

The conditions present in Kit 1, No. 12 were optimised by using the crystallisation 

windows approach as described in Section 2.3. These particular conditions were 

chosen as small scale batch mode (mL scale) experiments indicated that crystals 

would be produced in this fashion. The concentrations of all the components present 

in the hanging drop were used as the basis for the batch crystallisation; these were 15 

mg/mL lipase, 0.05M HEPES pH 7.5, O.IM MgCL.bHzO and 15% v/v 2-propanol. 

Upon scaling up, ImL of solution thus comprised 500pL of enzyme at 30 mg/mL, 

150 pL 2-propanol, lOOpL IM HEPES pH 7.5, and finally 200pL water. These 

conditions were placed at the centre of the triangular crystallisation diagram. The 

buffer volume was kept constant and the concentrations of the other three 

components were varied over the range of each axis shown in Figure 3.1. The 

screens were carried out at both 25° C and at 4°C. 1 pL samples were removed 

periodically and viewed under a microscope. The number of crystals present, the 

shape and the amount of precipitates present were recorded.

A crystallisation window was also established for the conditions in Kit 2 No. 43. As 

described above for Kit 1 No. 12, the composition of the hanging drop was replicated
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and scaled up to ImL and used as the central conditions for establishing the screen. 

Two other crystallisation windows were also established for this crystallisation 

mixture. The first was a broader screen where the solvent and salt axes were 

extended. The extended axes allowed the exact regions in which crystals formed to 

be ascertained. In the second screen, the region of the original screen that gave good 

results was expanded and the crystallisation conditions examined in more detail. 

This lead to different regions of the three-dimensional experimental space being 

analysed.

Figure 3.1 shows the results obtained for Kit 1, No. 12 at 25°C. Although large 

numbers of crystals were observed the size of the crystals was very small. When 

these were spun down and assayed the amount of protein that was shown to have 

crystallised was less than 5% w/w of the total protein content of each experiment. 

The crystals were therefore most likely comprised buffer salts. The smaller numbers 

of crystals found on the top left of the diagram were comprised larger single crystals 

that were cuboid shaped. Figure 3.2 shows the same screen at 4°C. The number of 

crystals obtained is much lower than those obtained at room temperature and only the 

larger cuboid shaped crystals were observed. The crystals obtained in this screen 

were also assayed in terms of lipase activity and protein concentration but only 5-7% 

recovery of activity in the crystal pellets was found. This figure is very low and 

would need to be a lot higher for the process to be economic and acceptable.
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Reagent
Number

*

Temp.

(°C)

Number of 
crystals 

per droplet

Size of 
Crystals 

(gm)

First
appearance

(hrs)

Shape Ppt.
at

end
Lipase (30mg/ml) - Crystal Screen

4 25 1000 40 3 cuboid +
4 4 1000 40 3 cuboid +
6 25 26 500 3 dendrites +++
6 4 47 500 3 dendrites +-H-+

10 25 20 40 192 rods
12 4 1000 250 3 rods -H-

15 25 500 50 3 cuboid +-H-+

17 4 100 20 192 spherical +++
19 25 100 100-300 3 star-shaped +-1-1-
19 4 1000 50 3 star-shaped +-H-

22 4 100 150 24 dendrites -H-++

23 4 1000 50 3 rods ++
35 4 10 150 192 dendrites +++
39 25 100 100 48 triangular -t-+

39 4 2000 100 24 rods ++

Lipase (3̂ Img/nii ') - Crystal Screen Zr
24 25 50 100 3 diamonds ++
24 4 65 100 3 diamonds ++
25 25 100 100-200 360 diamonds +
25 4 1000 100-400 48 diamonds +
26 4 25 200 24 clumps of triangular -H-

29 25 30 250 3 rods ++
29 4 30 50-100 3 rods ++
32 25 50 50-200 360 planar cube +
32 4 50 50-150 24 planar cube +
39 25 32 400 3 snowflakes +
39 4 36 500 3 snowflakes +
40 4 50 50-100 3 cuboid ++
42 25 50 100 3 triangular and rods -
42 4 50 100 3 triangular and rods -
43 25 50 100 3 rods ++
43 4 30 100 3 rods -H-

44 4 30 100 48 rods -H-

46 25 12 350 24 needles ++
46 4 25 150 24 needles +++
47 4 6 500 3 large snowflakes -

* A s  g iven  in H am pton kit instructions.

Table 3.1 Results of crystallisation screening for C. rugosa lipase using 
Hampton screening kits.
The table reviews the reagents that gave rise to crystals of the lipase using the two 
crystallisation kits. Only listed in this table are conditions that gave greater than five 
crystals. The number, approximate size, when they first appeared, morphology or shape and 
the amount of protein precipitate (ppt.) present at the end of the two weeks is shown. 
Precipitates are marked on a scale of + indicating the presence of a small amount of 
precipitate to ++++ indicating the highest amount of precipitate present indicates no 
precipitate present). The compositions of the reagents that gave rise to the crystals are listed 
in Appendix 1.
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Figure 3.1 Crystallisation window for buffer from Kit 1 No. 12 at 25°C 
analysed after 10 days.
Crystallisation carried out as described in Section 2.3.
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Figure 3.2 Crystallisation window for buffer from Kit 1, No. 12 at 4°C analysed 
after 10 days.
Crystallisation carried out as described in Section 2.3.
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Figure 3.3, shows the results obtained for the original crystallisation window of Kit 2 

No. 43. The screen contained three different shapes of crystals in each individual 

experiment within the window. The most abundant were small, flat, triangle shaped 

crystals that are shown in Figure 3.3(a). The second type of crystal. Figure 3.3(b), 

was more solid and slightly smaller than the triangle shaped ones. They tended to be 

cube or cuboid shaped. The final morphology observed was much larger than the 

other two and was shaped like snowflakes with four prongs. They were flat and only 

appear at a very low salt concentration (Figure 3.3(c)).

Figure 3.4 shows the data obtained over a wider range of ammonium phosphate and 

MPD concentrations. It shows that there is a finite range of ammonium phosphate 

over which the crystals appear. At high salt concentrations no crystals are observed. 

The formation of the cube and cuboid-shaped crystals is also prevented at high salt 

concentrations. The star-shaped crystals again appear at MPD concentrations of 

between 20 and 30 % (v/v) which is the range at which they also appeared in Figure 

3.3(c).

Figure 3.5 shows the results of the optimisation, fine-tuning, of the screens shown in 

Figures 3.3 and 3.4. The triangle shaped crystals are found in the whole of the 

triangle as expected. The optimum number of crystals are formed around lOOmM 

salt concentration and approximately 25% (v/v) MPD.

Some of the preparations from the experiments shown in Figure 3.5 were centrifuged, 

and the supernatants and pellets assayed for lipase activity and protein concentration. 

The percentage recovery of lipase activity in the pellet ranged from 30-60%. The 

recoveries are quite high and would be acceptable for scaling up. Some precipitation 

was visible in certain areas of the screens. For large-scale use a method where no 

precipitation occurs would be preferable.
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3.3.3 Search for initial crystallisation conditions (literature conditions)

The alternative method to the use of kits to identify initial crystallisation conditions is 

to use conditions published in the literature (when available). Rubin et al, (1991) 

have previously crystallised C. rugosa lipase for X-ray crystallography studies using 

the vapour diffusion method. The reservoir solution contained 35% v/v MPD, 0.010 

M CaCl] and 50mM MES buffer. Large colourless plates of crystals were obtained 

which were 0.5 x 0.5 x 0.1 mm. The optimal pH of 5.9 was established by carrying 

out experiments in the pH range of 5.7-6.3 over 0.1 unit increments. A screening 

window was therefore set up with these conditions at the centre of the triangle as 

shown in Figure 3.6. Small scale trial experiments initially showed that much higher 

enzyme concentrations were required than those stated by Rubin et a l, (1991) as 

crude enzyme was being utilised. Therefore the window was established with 

enzyme concentration ranging from 37.5 to 90 % w/v (actual weight of the crude 

enzyme and not IPA treated enzyme), CaCL ranging from 0.4 to 2mM and MPD 

concentration ranging from 27.5% to 47.5 v/v. lOOpL of 0.5M MBS buffer at pH 5.9 

was added to all the eppendorfs resulting in a final buffer concentration of 50mM.
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Figure 3.3 Screening window for Kit 2, No. 43 analysed after 5 days.
Crystallisation was carried out as described in Section 2.3. The schematic annotations on 
the right o f each triangle show the different morphologies o f the crystals obtained.

56



Optimisation of enzyme crystallisation conditions

P rotein  con cen tra tio n

22 
\

23 8 ^ 2 4 .5
\  /  \

2 4 ^  ^ 6  1 ^ 2 2 .9 7

M PD  25 4 +  \  -*-21.44 (m g/m L )

(% v /v) 26  ^ 4 ^  +  -t- 19.91

( a )  2 7  4  +  +  +  \  * -1 8 .3 8
\ /  \

28 2 +  +  +  4- \  *_ 16.84

29 1 +  +  +  +  +  \  ^ 1 5 .3 1

30 + + + + + +
 ̂ /
3 -------1---------1-------- 1---------1---------1---------1---------1--------V *-12.25

/ / / / / / / / /
0 50 75 100 150 200 250 300 350

13.78

A m m on iu m  p h osp h ate  
(m M )

M PD

(b)

10

15
\  /

20 12
\  /

28
/

1 Û 12

P rotein  con cen tra tio n  
(m g/m L )

25

/
35 14 3

40 + +
\  /

20-------------1--------------8 —

0 50 75 100 150 200 250 300 350

a

ffl

A m m on iu m  p h osp h ate  
(m M )

0

22.5 P rotein  con cen tra tio n  
(m g/m L )M PD

(%  v/v)

(C)
16.5

13.5

/ / / / / / / / /
50 75 100 150 200 250 300 3500

A m m on iu m  p h osp h ate  
(m M )

Figure 3.4 Broader screening window for Kit 2, No. 43 analysed after 8 days.
Crystallisation was carried out as described in Section 2.3. The schematic annotations on 
the right o f each triangle show the different morphologies o f the crystals obtained.
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Figure 3.5 Fine-tuning screening window for Kit 2 No. 43 analysed after 6 days.
Crystallisation was carried out as described in Section 2.3. The schematic annotations on 
the right o f each triangle show the different morphologies o f the crystals obtained.
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Figure 3.7 shows the results o f the screening window. It shows that in general very 

few crystals are present. The amount of precipitate present was also large indicating 

that some form of pre-purification might be necessary before pure crystals can be 

obtained. It can also be observed that at high MPD concentrations very few crystals 

are formed and the majority o f protein precipitated out (as observed under the 

microscope). The morphology of the crystals was also different to that which was 

obtained in the experiments carried out to optimise the pH and from those described 

in the literature. The crystals obtained in this screen were small needles that had 

clumped together.

0.4

0.6

Protein concentration 
(mg/mL)4.25CaCl2

(mM) ^  3.86

4#-2.32

/ / / / / / / / /
27.5 30.0 32.5 35.0 37.5 40.0 42.5 45.0 47.5

2-Methyl-2,4-pentanediol 
(% v/v)

Figure 3.6 An example of a crystallisation window for the optimisation of the 
crystallisation of lipase based on published literature conditions.
The original concentrations being optimised (from Rubin et ai,  1991) are at the centre o f  the 
window and are represented by a circle.
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Figure 3.7 Crystallisation window of crude lipase using published 
crystallisation conditions.
Crystallisation was carried out as described in Section 2.3. The bold numbers within the 
triangle indicate the number of crystals obtained in 1 |aL samples viewed under the 
microscope. The font size is varied such that the size of the font increases as the numbers of 
crystals increases (Tufte, 1983).

Lipase that had been treated with 20% v/v isopropanol (as described in Section 2.4)

was also used to establish a crystallisation window. The salt and MPD axes were

maintained but the protein concentration was now expressed as mg/mL of protein

calculated by the Bradford assay. A further screen was also set up which contained

an additional 1 pL o f seed crystal suspension to monitor the effect o f seeding on the

rate and number o f crystals produced. A representative set o f experimental

conditions from the seeded screen was centrifuged and the supernatants and pellet

assayed for activity. The percentage protein present in the pellet was also calculated

as this is representative o f the quantity o f crystals present. Figure 3.8(a) shows the

results o f the unseeded screen that followed the isopropanol precipitation while

Figure 3.8(b) shows the results o f the screen containing IpL o f seed crystals. Both

sets o f results are reported 9 days from the start o f the screen, as by this time the

crystallisation was complete. The size and shape o f the crystals obtained was flat

diamond shaped crystals which ranged in size from 10-60 pm in diameter and no
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more than 2 |o,m in thickness (see Figure 3.15). Seeding the crystallisation mixture 

with 0.5% v/v of seed crystals produced more crystals at an increased rate. The 

seeded experiments also exhibit a wider range of crystal size than the unseeded 

experiments. The yield of crystals obtained as a percentage of the total protein 

present (Figure 3.9) correlates with Figure 3.8 and show a greater recovery in those 

fractions that have higher numbers of crystals observed under the microscope.

It can be seen from both Figures 3.8 and 3.9 that more crystals are formed in the 

bottom right hand comers of the triangles where the MPD concentration is high and 

the enzyme concentration is fairly low. It is difficult to conclude from the 

experiments presented here whether it is the decreased protein concentration or the 

increased precipitant concentration that is responsible for the increased yield as both 

components is being altered simultaneously. From the engineering standpoint, 

however, it is required to have the highest yield of crystals possible in order to make 

the most efficient, and economic, use of the biocatalyst. The advantage of the 

window's approach is that it shows where the crystal yield is highest and the 

sensitivity of this to the crystallisation conditions.

The crystallisation of the purified lipase preparation was carried out using the 

crystallisation windows in three-dimensional space as described in Section 2.3. 

Figure 3.10 shows the number of crystals observed in 1 pL samples observed under a 

microscope after 30 days; triangle 1 is similar to the original crystallisation window 

described in Figure 3.8. The optimum for this triangle was again found to be the 

bottom right hand comer of the triangle that corresponded to low protein 

concentration and a high solvent concentration. Figure 3.10 however shows that this 

is not the optimum for the system. The maximum numbers of crystals are actually 

obtained in the top right hand comers of these three-dimensional grids, where both 

the solvent and enzyme concentrations are high. This shows that it is important to 

screen the whole three-dimensional space using the reduced screening windows, as 

information derived from a single window could be misleading.

The conditions of the three-dimensional screen were repeated with each individual 

experiment being seeded with crystals obtained previously. Figure 3.11 shows the
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results of the seeded screen. The percentage recovery of all the fractions is shown in 

Figure 3,12. The fractions without any crystals have an approximate recovery of 

around 20% w/w but those with crystals have up to 50% w/w. The recovery of 

protein in the absence of crystallisation can be attributed to precipitated protein. 

Seeding allowed larger numbers of crystals to be formed.
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Figure 3.8 Crystallisation window of partially purified lipase preparations (a) 
unseeded, (b) seeded.
Crystallisations were carried out as described in Section 2.3. The numbers within the 
triangle show the numbers o f crystals obtained in 1 pL samples viewed under the 
microscope.
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Figure 3.9 Yield of crystals obtained from the seeded lipase crystallisation 
window (Figure 3.8(b)), expressed as the percentage of the total protein (w/w) 
present.
Experimental conditions as described for Figure 3.8(b).
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Figure 3.10 Three dimensional crystallisation windows for C. rugosa lipase at 25°C.
Crystallisation was carried out as described in Section 2.3. Numbers on the triangles indicate the numbers o f crystals observed in l|iL  samples.

65



Optimisation o f enzyme crystallisation conditions

I
I

9 5 -1 5 0

135— 190130

I

2 0

91 200-120~j

conreo,r,Mo„ ’ (mg/mL)

Figure 3.11 Three dimensional crystallisation windows for C  rugosa lipase at 25°C that have been seeded.
Crystallisation was carried out as described in Section 2.3. The numbers on the triangles indicate the numbers o f crystals observed in IpL samples.
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Figure 3.12 Three dimensional crystallisation windows for C  rugosa lipase at 25°C that have been seeded.
Crystallisation was carried out as described in Section 2.3. The numbers on the triangles indicate the percentage recovery o f  protein in the spun-down pellet 
as proportion o f total protein initially present in the crystallisation mixture.
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3.3.4 Large scale crystallisation of C. rugosa lipase

33,4,1 Purification conditions

C. rugosa lipase was supplied by Biocatalysts Ltd. in several batches during the 

course of the work described herein. Their protein content was low, and responded 

very differently to the Lowry and the Bradford assays. The former assay measured 

the protein content of batch #4 as 27% whereas the latter measured it as only 6%. 

The different batches were also found to differ in the ratios of their activities (Table 

3.2) measured with racemic hexyl-2-chloropropionate (HCPA) and S-ethyl-lactate 

(SEL) as substrates. Their purification with IP A was essential for preparation of 

crystals, and a study (Hussain, 2000) showed that the E r  towards HPPA of the 

various fractions obtained changed with the purification in a manner consistent with 

the presence of a mixture of non-specific and enantiospecific lipases.

A standardised input to the CLEC® preparation was essential to ensure that any 

variation obtained was due to the crystallisation process and not to the differing 

purity of the crude input. The activities of the fractions obtained from the IP A 

fractionations were therefore studied in more detail to provide clues as to the nature 

of the enzyme recovered in the crystals.

The crude preparation was characterised using five substrates: 4-nitrophenol acetate 

(pNPA); triacetin; 5-ethyl lactate (SEL); racemic hexyl-2-chloropropionate (HCPA) 

and racemic hexyl-2-phenoxypropionate (HPPA) (Table 3.2). The enzymatic data 

which follows is expressed as the quantity of enzyme recovered per gram of crude 

enzyme rather than in terms of the input of protein due to the discrepancy which was 

observed with Bradford and Lowry assays.

Batch #4 showed a lOOOx range of activities amongst these substrates, the hydrolysis 

of HCPA being the quickest (24 mmoles/g/min), and HPPA the slowest (29 

pmoles/g/min). All subsequent data was therefore divided into high and low activity
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substrates: in the former category are HCPA and pNPA, and in the latter SEL, 

triacetin and HPPA.

The variability observed for all the substrates was approximately 10% except for the 

assays with SEL where more variation was observed. For Batch #2, which did not 

contain the normal stabilising additives, the activity towards SEL fell progressively 

over a period of about a month from 1.3 mmole/g to about 0.45 mmole/g indicating 

an unstable lipase but it is not known whether this applied to all activities. Hence, all 

activities during the purification with IP A (both 20% and 50%) were examined.

Fractionation with 20% IPA

The bulk of the activity of the lipase enzyme following a 20% v/v IPA treatment 

(Table 3.3) was in the supernatant. The overall recovery of the activity against pNPA 

was almost quantitative, but the activity against HCPA was over-recovered (245% 

after 60h). This over-recovery against HCPA did not persist following dialysis 

indicating solvent activation, but the effect of dialysis on the activity against pNPA 

was small.

When tested with the low activity substrates the lipase was more equally distributed 

between the pellet and the supernatant but here, too, there was an over recovery of 

activity before dialysis indicative of solvent activation (about 200% with HPPA after 

60h). Curiously there is a greater recovery of the activity against these low activity 

enzymes following a long treatment (60h) with IPA compared to short treatment. 

This is particularly evident when the activities are measured after dialysis to remove 

the IPA (HPPA: 86% at 2h; 134% at 60h). This is despite the fact that the activity of 

the pellets is reduced by the dialysis.

Fractionation with 50% IPA

The bulk of the activity against all of the substrates after for the 50% v/v IPA 

precipitation was found to be in the pellet (Table 3.4) however clear differences 

emerge when the substrates are compared. Except for the fact that the activity
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against HCPA now appears in the 50% IPA pellet, its actual recovery is not 

dissimilar to that observed in the 20% IPA fractionation. However the activity 

against pNPA is markedly reduced, particularly following dialysis. No more than 

25% of this activity is recovered after only 2h in 50% IPA; this compares with nearly 

80% recovered after 2h in 20% IPA (Table 3.3). It seems as if the activity against 

pNPA is unstable, whereas that against HCPA is stable, and is activated by IPA.

The hydrolysis of the low activity substrates after 50% IPA sets SEL apart from 

triacetin and HPPA. The activity against SEL behaves in a similar manner to the 

activity against pNPA, one of the high activity substrates. The former appears largely 

in the pellet, particularly after dialysis and the overall recovery is only 30%. 

Moreover it appears as if this supernatant activity is particularly sensitive to long 

treatment with IPA. It is notable that it was this activity against SEL that was 

unstable in the crude samples of the enzyme; this is reflected in the large standard 

deviations recorded for the SEL activity in Table 3.2.

In contrast the activities against triacetin and HPPA are more stable. Before dialysis 

the larger part of their hydrolysis lies in the pellets, and there is a marked over

recovery particularly after the 60h treatment (148% for triacetin; 196% for HPPA). 

Some over-recovery remains after dialysis (109% & 134% respectively). Either the 

solvent activation remains after the IPA is removed, or the IPA destroys an inhibitor 

of the hydrolysis of these low activity substrates.

Batch # mmole/min 
HCPA pNPA SEL

pmole/min
triacetin HPPA

Batch 4 
Batch 1 
Batch 3

Batch 2

23.8
8

9.3±0.7 (5) 

15.5

14.4 460

340±50 (5) 

710±350(4)

54 28.5

Table 3.2 Enzymatic activities associated with commercial samples of C  rugosa 
lipase.
Activities are recorded per gram of crude solid. The numbers in the brackets indicate the 
number of times the assays were carried out.
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Substrate

H igh  activ i
m m o

H C PA

ty  en zy m es
e/m in

pN PA

1

SEL

jow  a c t iv ity  en zym e
p m ole /m in

triacetin

s

H C PA

Crude so lid

F ra ctio n a tio n  tim e (h r )

Supernatant
P ellet

D ia lysed  supernatant 
D ialysed  pellet

24

2  6 0

4 0  48  
11.8 11.4

22  26  
10.1 4.3

14.4

2 6 0

11.6 10.6
2 .4  3

9 .8  9 
1.6 1.3

4 6 0

2 60

2 6 3  23 6  
190 25 9

112 166 
128 142

54

2  6 0

31 32  
25  4 8

21 3 4  
17 25

29

2  60

22  22  
2 0  35

14 23 

11 16

Table 3.3 Fractionation of C. rugosa lipase (Batch #4) with 20% v/v IPA.
The fractionation resulted in high and low activity enzymes. Activity recovered from Ig 
crude C. rugosa solid.

Substrate

H igh  activ i
m m o

H CPA

ty  en zy m es
e/m in

pN PA

1

SEL

jOW a c t iv ity  en zym e
p m ole /m in

triacetin

s

H CPA

Crude so lid 24 14.4 4 6 0 54 29

F ra c tio n a tio n  tim e (h r ) 2 60 2 60 2 60 2 6 0 2 60

Supernatant 4 .5  4 0 .4  0 .4 199 30 3 2  32 8.8  9.3
P ellet 4 6  64 8 .4  7.9 190 21 0 4 8  70 18.5 32

D ia lysed  supernatant 3.3 1.2 0 .4  0 .2 10 13 25 14 8 .4  7.1
D ia lysed  pellet 23 26 3.3  2 .8 106 129 2 6  36 6 .4  16

Table 3.4 Fractionation of C. rugosa lipase (Batch #4)with 50% v/v IPA.
The fractionation resulted in high and low activity enzymes. Activity recovered from Ig 
crude C. rugosa solid.

Fraction Enantiomeric ratio
Fractionation time (hr)

Supernatant
Precipitate

2 60

9 16 
2 8

Table 3.5 Enantiomeric ratio (Er) of dialysed 50% v/v IPA fractions using 
HPPA as the substrate.
(Data taken from Hussain, 2000)
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Some of the changes in activity described in Tables 3.2 to 3.5 could indeed be 

explained by solvent activation. Chamorro et al (1998) examined the use of varying 

percentages of IPA and found activity enhancement following dialysis. They 

attributed this to the opening of the Tid’ covering the active site of the enzyme. 

Grochulski et al (1993) also noted a conformational change in the presence of a 

water/lipid interface causing a dramatic increase in the hydrolytic activity of lipases. 

Alternately, there is more than one enzyme present whose fractionation explains the 

mix of activities obtained. Rua et al (1993), found that C. rugosa lipase comprised 

two related enzymes which differed in the sugar content, hydrophobicity and 

substrate specificity, however both had very similar substrate specificities. A total of 

five isoenzymes were identified. They had pi values of 5.5, 4.80, 4.84, 4.95 and 5.04 

with differing levels of glycosylation and all had the same molecular weight of 60 

KDa. These multiple forms have been ascribed to either post-transcriptional 

processing like partial proteolysis (Van Oort et a l, 1989), deglycosylation (Sarda and 

Desnuelle, 1958; Iwai et al, 1979) or to the synthesis of different lipases (Sugihara et 

al, 1990). Chang et al (1994) have shown that C. rugosa preparations from a range 

of commercial sources show variations in their catalytic efficiency and 

stereospecificity. This could be due to different suppliers having differing 

proportions of the isoenzymes present in their preparations.

lEF analyses (Figures 3.14 and 3.15) were carried out on the various IPA fractions. 

The majority of the fractions show bands appearing close to a pi of 4. The 50% v/v 

supernatants have minor bands present ranging from a pi of 4-5, which are likely to 

be isoenzymes. The fractionation allowed some separation of these fractions. The 

variation that was observed in this work in the activity of the 20% v/v and 50% v/v 

IPA treated lipase fractions towards the different substrates could be due to the 

separation of these different isoenzymes. Plou et al (1997) also found varying 

kinetics and enantiospecificities for this enzyme, and attributed these to differences in 

the isoenzymes present.

Unreported data (Hussain, 2000) suggests that enantiospecific activity against HPPA 

is masked by non-specific activity (i.e. carry over of high activity enzymes masks 

enantiospecificity towards HPPA). The crude samples before fractionation show no
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enantiospecificity in their hydrolysis of HPPA, and treatment with 20% v/v IPA has 

no significant effect on this. However, the enantiospecificity of the 50% v/v IPA 

fractions was significant and increased with the time of treatment (Table 3.5). In all 

cases the specificity favoured the hydrolysis of the R-enantiomer; there is no 

evidence for the separation of competing “R” and “S” specificities. The fractionation 

was therefore most likely removing a particularly active contaminating enzyme with 

no enantiospecificity towards HPPA rather than separating two enzymes with 

opposing specificities. The effect of the longer treatment with IPA suggests that it is 

an unstable lipase which is active against pNPA and SEL which is suggests that it is 

an unstable lipase, perhaps the one which is active against pNPA and SEL. Little of 

this activity appears in the supernatant when the crude samples are treated with 50% 

IPA for 60h, and it is this preparation that shows the greatest enantiomeric ratio for 

HPPA (Table 3.5).

The CLEC®s prepared from the crystals made from the 20% v/v IPA supernatant 

favoured the hydrolysis of the R-enantiomer (E r= 8 ) .  This was higher than samples 

of CLEC®s of the same enzyme obtained from Altus ( E r= 2 ) ,  but is similar to that of 

the 50% IPA pellet obtained from the crude C. rugosa preparation. It is in this latter 

fraction that the enzyme that crystallises under the conditions described elsewhere in 

this thesis is most likely to be found.

Notwithstanding the activation by the IPA the overall impression gained from these 

simple fractionations is one of a crude sample containing several lipases with 

differing specificities. Clearly further work is needed on the characterisation of the 

fractionated enzymes but this is beyond the scope of the current project.
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Figure 3.13a lEF analysis of IPA fractionations of C. rugosa lipase -  gels a and 
b.
Fractionations were carried out as described in Section 2.4. lEF analysis was carried out 
using Immobiline® Dryplate pH 4-7 (Section 2.8.2.2). Markers are labelled on Gel (M).
Key: 50 = 50 % v/v IPA treated sample

20 = 20% v/v IPA treated sample 
P = Pellet 
S = Supernatant
2 hrs or w/e = duration o f IPA treatment
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Figure 3.13b lEF analysis of IPA fractionations of C. rugosa lipase -  gels c and 
d.
Fractionations were carried out as described in Section 2.4. lEF analysis was carried out 
using Immobiline® Dryplate pFl 4-7 (Section 2.8.2.2). Markers are labelled on Gel (M).
Key: 50 = 50 % v/v IPA treated sample

20 = 20% v/v IPA treated sample 
P = Pellet 
S = Supernatant
2 hrs or w/e = duration of IPA treatment
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3,3,4,2 Crystallisation conditions

Following the IPA fractionation studies, the large scale crystallisation experiments 

could be performed as described in Section 2.5.1. The condition that yielded the 

greatest number of crystals for the isopropanol treated lipase (from Figure 3.11) was 

further scaled up from 0.5mL to 500mL scale. Two conditions were chosen to be 

scaled up, these were: (1) 47.3% v/v MPD; 0.40 mM CaCb; 25 mM MES buffer at 

pH 5.9; 0.34 % v/v seed crystals; 1.09 mg/mL enzyme; and (2) 43.2% v/v MPD; 1.8 

mM CaCb; 23 mM MES buffer at pH 5.9; 0.74 % v/v seed crystals; 2.4 mg/mL 

enzyme.

Table 3.6 shows the mass balance data for a large-scale isopropanol treatment 

followed by crystallisation. A small sample from each stage of the process was 

loaded on to a SDS gel, the results of which are shown in Figure 3.14. There is 

significant loss of both protein mass and lipase activity during dialysis that could be 

due to the loss of low molecular weight proteins. This was investigated by assaying a 

sample of the enzyme that had been precipitated with cold trichloroacetic acid. 

Trichloroacetic acid precipitates all materials apart from low molecular weight 

proteins (mw > 750-1000). The resulting pellet, when assayed for protein 

concentration was found to contain 44.9 % of the protein. This means that of the 

total protein present before dialysis, 55% w/w of the protein is made up of low- 

molecular weight proteins which could be lost during dialysis.
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Lipase fraction Protein Lipase activity (and substrate)
4-NitrophenoI acetate Triacetin

Total Recovery Total units Units/mg Recovery Total units Units/mg Recovery
(mg) (%) (xlO' )̂ (%) (%)

Crude C. rugosa lipase 1410 100 91 64 100 1330 0.94 100

20% propan-2-ol fractionation
precipitate 210 15 8.3 39 9 290 1.38 22
supernatant 1190 84 62 52 68 1090 0.91 82
dialysed supernatant 880 62 70 77 79 1280 1.46 96

Crystallisation condition (1)
input 930 66
supernatant 480 34
ciystals 490 35

CLECs - - 270 (0.55) 20

Crystallisation condition (2)
input 890 63
supernatant 400 28
crystals 490 35

CLECs - - 450 (0.92) 34

Table 3.6 Purification mass balance and scale-up of the seeded crystallisation of C  rugosa lipase.
Lipase was precipitated with isopropanol as described in Section 2.4. The resulting lipase was crystallised using two separate conditions:
(1) = 47.3% v/v MPD, 0.40 mM CaCL, 25 mM MES buffer at pH 5.9, 0.34 % v/v seed crystals, 1.09 mg/mL enzyme;
(2) = 43.2% v/v MPD, 1.8 mM CaCb, 23 mM MBS buffer at pH 5.9, 0.74 % v/v seed crystals, 2.4 mg/mL enzyme.
Lipase specific activities (units/mg) in parentheses are calculated from the protein content of the crystals used to prepare the CLEC®s.
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Figure 3.14 SDS-PAGE showing all stages of the crystallisation process.
SDS-PAGE carried out as described in Section 2.8.2.1. The first and last lanes (M) contain 
the low molecular weight markers: phosphorylase (97.4 KDa); serum albumin (66.2 KDa); 
ovalbumin (45 KDa); carbonic anhydrase (31 KDa); trypsin inhibitor (21.5 KDa) and 
lysozyme (14.4 KDa). Lane 1 is the crude enzyme dissolved in water. Lane 2 is enzyme + 
20% IPA. Lane 3 is the supernatant after centrifugation. P is the pellet (resuspended) 
following centrifugation. Lane 4 is the dialysate. Lane 5 is the enzyme crystallisation 
buffer. Lane N is the enzyme crystallisation buffer containing crystals. Lanes S and P are 
the supernatant and pellet following centrifugation of the enzyme crystallisation buffer 
containing the crystals.

Interestingly, the values for activity o f the lipase show an increase after dialysis using 

both the triacetin and pNPA lipase assays (Table 3.6). The work desbribed in Section 

has successfully showed an increase in scale from the 1 pL hanging drop conditions 

(Rubin et a l ,  1991) to the 0.5 mL scale o f the crystallisation window (Figure 3.11) 

and finally to the 500 mL scale of the large-scale work. This is an increase in scale 

of 500,000 fold. The recovery o f crystals is approximately 50% w/v that is similar to 

that obtained at the 0.5mL scale. The shape and size o f the crystals at the 500 mL 

scale were also virtually identical to those found at the 0.5 mL scale. The crystals are 

approximately 0 . 5 - 1  pm x 20 pm x 15 pm. Photomicrographs o f the CLEC®s 

obtained by scanning electron microscopy are shown in Figure 3.15.
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X2i200 W è H014

Figure 3.15 Scanning electron micrographs of C. rugosa lipase CLEC®s.
Crystallisation carried out as described in Section 2.5.1. Samples prepared for SEM as 
described in Section 2.8.4. SEM pictures taken at differing magnifications and from 
different angles.

3.3.5 Effect of changing lipase crystallisation conditions

3.3.5.1 Effect o f altering the crystallisation condition by moving around the 

crystallisation windows

The large scale isopropanol treatment and crystallisation described in Section 2.5.1 

were established using concentrated stock solutions by mixing 25% v/v enzyme 

solution (3.25 mg/mL), 4% v/v 0.02M CaCb, 43% v/v MPD, 10 % v/v 500 mM 

MES buffer pH 5.9 and 18% v/v water (lower enzyme concetration). In order to 

examine a change in the position in the crystallisation windows, experiments were 

carried out where all the components were mixed but the 18% v/v water addition was
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left out. The final concentrations of all the components of the crystallisation mixture 

were thus: 0.99 mg/mL lipase, 0.98 mM CaCb, 52% v/v MPD, 61 mM MES buffer 

pH 5.9 and 0.76% v/v seed crystals (compared to 0.814 mg/mL lipase, 42.6% v/v 

MPD, 50mM MES buffer pH 5.9, 0.8 mM CaClz and 0.625% v/v seed crystals in the 

original crystallisation -  higher enzyme concentration). The crystals produced were 

crosslinked (as described in Section 2.5.1) and the particle size was ascertained (as 

described in Section 2.8.3).

It was observed that changing the concentration of the components of the 

crystallisation mixture significantly affected the crystallisation process. In the higher 

enzyme concentration, smaller crystals were observed under the microscope that had 

aggregated to form clumps of crystals. In contrast, larger, single crystals were 

obtained in the lower enzyme concentration. Both types of crystal can be seen in the 

photographs of these CLEC®s shown in Figures 3.16 and 3.17. These photographs 

can also be related to the three dimensional crystallisation work (Figure 3.10) 

described in Section 3.3.3 since the two different shapes of the crystals relate to 

differing positions in the three dimensional space.

Figures 3.18 and 3.19 show particle size distributions (number of particles of each 

size) of each type of crystal. Crystal formation in the higher enzyme concentration 

has a peak in the number of crystals at around 18 pm. In the lower enzyme 

concentration a wider size range for the crystals is observed. Although larger crystals 

were obtained when viewed under a microscope, the numbers of these are far fewer 

than the crystals obtained at the higher enzyme concentration. The distribution by 

volume of the various sizes of crystals (Figure 3.19) shows a peak at approximately 

25 pm for the lower enzyme concentration and 20 pm for the higher enzyme 

concentration in the absence of water.

A small variation in the composition of the crystallisation mixture leads to a 

significant difference in the yield and morphology of crystals obtained. This was also 

found to be true for the preparation of a-chymotrypsin crystals that will be described 

later (Table 3.7).
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Figure 3.16 Photograph of C. rugosa lipase CLEC®s.
The solid bar is 5 p.m. CLEC®s prepared at 43 % v/v MPD, 1.93 mgmL'' protein and 0.8 
mM CaCb and crosslinked with 5% v/v glutaraldehyde.

M 4 P

$

Figure 3.17 Photograph of C. rugosa lipase CLEC s crystallised at the higher 
enzyme concentration.
The solid bar is 5 p.m. CLEC®s prepared at 52% v/v MPD, 2.31 mgmL'' protein and 1 mM 
CaCl] and crosslinked with 5% v/v glutaraldehyde.
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Figure 3.18 Particle size distribution for crystallisations carried out at lower 
and higher enzyme concentrations.
Particle size determined using the ELZONE as described in Section 2.8.3.

400000

350000 Lower enzyme concentration 
Higher enzyme concentration

300000

u  250000

200000

150000

100000

50000

20 30 40 50 60 7010

Size (|am)

Figure 3.19 Particle size distributions showing the volume of each size particle.
The area under the curve corresponds to the volume of crystals found in that particular size 
range measured using the ELZONE as described in Section 2.8.3.
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Figure 3.20 shows the rate o f crystal formation over time for the two different 

crystallisation conditions. In the higher enzyme concentration, the rate o f crystal 

formation was faster as it was complete after approximately 24 hours. In the lower 

enzyme concentration crystal formation continues up to around 400 hours. In the 

higher enzyme concentration the system is more likely to achieve supersaturation and 

thus crystallise faster. The overall yield however is the same, within the error o f the 

protein assay. The time taken for completion o f crystallisation at the higher enzyme 

concentration has therefore been reduced by a factor o f 18. This correlates with the 

results obtained in Figure 3.12 which shows that increasing concentrations o f MPD 

and protein lead to an increase in the number o f crystals observed after a defined 

period o f time.
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Figure 3.20 Rate of crystal formation at lower and higher enzyme 
concentrations.
Crystallisation was carried out as described in Section 2.5.1. Protein concentrations were 
measured on 0.5 mL samples using the Lowry assays.
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3,3,5,2 Effect o f changing the crystallisation solvent

Crystallisation experiments were also carried out on lipase preparations which had 

been treated with isopropanol but in which the crystallisation solvent, MPD was 

replaced with butanediol, propanediol, isopropanol, or PEG 8000. The experiments 

were performed in order to establish if it was possible to crystallise the enzyme with 

other precipitating agents and compare the catalytic and mechanical properties of the 

catalysts produced (See Chapter 6).

Butanediol and propanediol are similar in structure to MPD, the only difference is the 

length of the carbon chain. However, when these solvents were used to crystallise 

lipase they did not yield a significant number of crystals; propanediol yielded no 

crystals at all while butanediol yielded only one crystal per microlitre. When the 

MPD was replaced with IP A (with seeding) a larger number of crystals was produced 

(50 per pL with IP A compared to 100 per pL for the MPD). In the case of IP A, the 

number stated is likely to be an underestimate as the IP A containing droplets 

evaporated very quickly under the microscope making the counting of the crystals 

quite difficult.

A larger scale crystallisation study was also carried out in the presence of IP A at a 

scale of 200 mL. Figure 3.21 shows the rate of crystal formation with MPD and IP A. 

Under the microscope, the size of the crystals (approximately 20 pm in diameter) for 

both preparations is virtually the same. The main difference is the presence of a 

larger quantity of precipitate in the IP A preparation. From Figure 3.21 it can be seen 

that the overall protein yield is higher for the IPA, but as the assay is for total protein 

and not specific for the numbers of crystals obtained it is difficult to conclude that 

using IPA produces more crystals.

In order to further evaluate the difference between IPA and MPD prepared crystals, 

the crystals needed to be crosslinked and the performance of the resulting CLEC®s 

evaluated. This has been examined in further detail in Chapter 6.
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Figure 3.21 Rate of crystal formation using MPD and Isopropanol.
The crystallisation was carried out as described in Section 2.5.1, with MPD being replaced 
with IPA.

3.3.6 Summary of lipase crystallisation results

At the beginning o f this chapter it was stated that initial crystallisation conditions 

could be found by either exploring published literature or by making use o f sparse 

matrix kits. From the results obtained it is clear that the crystallisation conditions 

derived from Rubin et a l  (1991) yielded better results than conditions that were 

derived from the Hampton screening kits. The numbers o f crystals obtained, time 

taken to crystallise, size and morphology o f crystals and the speed at which crystals 

were first obtained were superior when starting from a published set o f conditions. 

For these reasons, further work on the optimisation o f crystallisation was continued 

with these conditions as opposed to those identified using the Hampton research kits. 

It should however, be borne in mind that the majority o f the work carried out with the 

Hampton screening kits utilised lipase which had not been semi-purified using the 

isopropanol precipitation step. A particular advantage with using the published 

crystallisation conditions was the lack o f precipitation. This is noticeable on the 

photographs taken o f suspensions of lipase crystals (Figures 3.15, 3.16 and 3.17).
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This is of benefit when protein recoveries are calculated as the whole content of the 

pellet can be attributed to crystalline protein.

3.4 Crystallisation of a-chymotrypsin

3.4.1 Optimisation of literature crystallisation conditions

The properties of CLEC®s formed from a second enzyme, a-chymotrypsin, will also 

be explored in this thesis. Since data on the crystallisation of this enzyme already 

exists in the literature, and this route was found to be preferable for the production of 

lipase crystals, the use of the Hampton kits to screen for initial crystallisation 

conditions was avoided. a-Chymotrypsin (EC 3.4.21.1) was thus crystallised from 

conditions found in the Biological Macromolecule Crystallization Database (BMCD) 

(http://ibm4.carb.nist.gov:4400/). This describes the crystallisation of a- 

chymotrypsin with 2.6M ammonium sulfate, O.IM citrate buffer pH 4.2, in the 

presence of dioxane (2.0% v/v) to reduce twinning (crystals clumping together). 

Based on these conditions a screen was performed using the crystallisation windows 

approach in which protein concentration was varied from 3.4 to 5 mg/mL, salt 

concentration from 1.8 to 2.6 M, and pH was varied from 3.8 to 4.2 (Figure 3.22). A 

second screen was also set up where the ammonium sulfate axis range was reduced to 

between 2.0-2.2 M. A representative set of crystallisation mixtures from the first 

screen was spun down and the supernatants and pellets assayed for chymotrypsin 

activity in order to calculate the quantity of chymotrypsin in the crystalline form.

Figures 3.22 shows the crystallisation window for a-chymotrypsin. Repeat 

experiments showed that the crystallisation conditions that gave the most crystals 

were not very reproducible; the numbers shown in Figure 3.22 can only be taken to 

indicate the approximate number of crystals obtained in each case. Figure 3.23 

shows the results of the fine-tuning experiments. Again, the results for repeat 

experiments were found to be quite different. Figure 3.24 shows the percentage 

recovery of chymotrypsin activity as a percentage of the total chymotrypsin activity 

present in the original crystallisation mixture. This shows that the greater recovery is
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achieved at lower enzyme concentrations and higher salt concentrations, as was the 

case with the initial lipase crystallisation windows (Figure 3.24).

The rate o f crystal formation was found to be very slow compared to the work on 

lipase; lipase crystallisation was complete after approximately 1 day compared to 1 

month found for a-chymotrypsin. This could be due to low enzyme concentration 

and thus supersaturation is taking longer to achieve. Seeding which would normally 

increase the rate o f crystal formation had no effect on the crystallisation of this 

enzyme, which further confirms that the enzyme concentration was not sufficiently 

high.
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Figure 3.22 Crystallisation window of a-chymotrypsin.
The number of crystals present in 1 pL samples after 31 days from the start of the 
experiment have been recorded.
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The number of crystals present in 1 pL samples after 20 days from the start o f the 
experiment have been recorded.
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Figure 3.24 Recovery of chymotrypsin activity in the pellets of the crystal 
suspensions.
The crystal suspensions were centrifuged and the supernatants and pellets assayed for 
chymotrypsin activity. The concentration of the chymotrypsin present in the pellet is 
expressed as a percentage of the total chymotrypsin activity initially present.
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The crystallisation experiments were repeated with a final volume o f 5mL (compared 

to 0.5 mL) though only every other point on the screen was carried out in order to 

reduce the number o f experiments. The results o f this screen are shown in Figure 

3.25. The crystallisation of this enzyme was speeded up slightly by seeding.

A final optimisation o f a-chymotrypsin crystallisation was carried out by attempting 

to crystallise the enzyme in the full three dimensional space as described in Section 

2.3, the results o f which are shown in Figure 3.26. Very few experiments yielded any 

crystals. The literature conditions (i.e. 2.6M NH4 SO4 , pH 4.2) gave no crystals, but 

crystals were obtained in closely related regions o f the window, which again shows 

the difficulty in making the crystallisation o f this particular enzyme reproducible.

4.2

3.9

3.8

2.0

3.5 2.6

Figure 3.25 Crystallisation window for a-chymotrypsin at 5mL scale.
Crystallisation was carried out as described in Section 2.5.2. The numbers of crystals were 
observed after a period of 80 days.
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Figure 3.26 Three-dimensional crystallisation windows of a-Chymotrypsin.
Crystallisation carried out as described in section 2.5.2.
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3.4.2 Large scale crystallisation of a-chym otrypsin

Experiments that resulted in the greatest number of crystals from the two screens 

shown in Figures 3.22 and 3.23 were replicated at a larger scale. Initially this was 

done at a 2 mL scale, the results of which are shown in Table 3.7. Two sets of 

conditions were chosen. The first comprised 2.06M ammonium sulfate, O.IM citrate 

buffer pH 3.8, and 4 mg/mL chymotrypsin. The second consisted of 2.104 M 

ammonium sulfate, O.IM citrate buffer pH 4.05, and 3.4 mg/mL chymotrypsin. The 

experiments were set up in the absence and presence of 2% dioxane to observe the 

effect of twinning on the number and size of crystals produced. The effect of seeding 

the samples with a-chymotrypsin crystals produced earlier was also examined.

For both crystallisation conditions shown in Table 3.7, seeding had no beneficial 

effect on the numbers of crystals produced. Only for the second condition did the 

addition of dioxane have a beneficial effect. It reduced twinning resulting in a larger 

number of single crystals. Crystals obtained without the dioxane had formed clumps 

and were counted as individual crystals since it was not possible to work out the 

number of crystals which had aggregated. It is interesting to note that a very small 

change in concentration of ammonium sulfate has such a profound affect on the 

numbers of crystals obtained. In order to try and increase the rate of crystallisation 

experiments were also carried out at a higher (30°C) and lower temperature (4°C). In 

both cases no crystals were obtained.
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Ammonium sulfate Citrate buffer Enzyme Cone. Dioxane Seeding No. of crystals Size (mm)
2.06M pH 3.8 4 mg/mL 100 10-60
2.06M pH 3.8 4 mg/mL / 5 30-100
2.06M pH 3.8 4 mg/mL y 50 30-50
2.06M pH 3.8 4 mg/mL / y 1 70
2.104M pH 4.05 3.4 mg/mL 100 10-80
2.104M pH 4.05 3.4 mg/mL / >1000 20-30
2.104M pH 4.05 3.4 mg/mL y 80 40-70
2.104M pH 4.05 3.4 mg/mL y y >1000 10

Table 3.7 The effect of seeding and addition of dioxane to the crystallisation of 
chymotrypsin.
Crystallisation was carried out as described in Section 2.5.2. Size approximated by eye 
looking down microscope.

3.4.3 Sum m ary

The windows approach to crystallisation for a-chymotrypsin allowed easy 

visualisation of regions where more crystals were obtained particularly with the three 

dimensional studies (Figure 2.26). With a-chymotrypsin a lot of further work could 

have been carried out, as the recoveries of crystals and the time taken to obtain 

crystals were far from optimised and the whole process was not very reproducible. 

The aim of this study however was to produce a single large batch of crystals that 

could be used for subsequent crosslinking studies described in the chapters that 

follow. Time was also an issue and hence further work on the crystallisation of the 

enzyme was not pursued.
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3.5 Crystallisation of a secondary alcoholdehydrogenase (SADH)

3.5.1 Search for initial crystallisation conditions (Hampton Screening 

kits)

The third, and final, enzyme to be studied in this work is a secondary alcohol 

dehydrogenase (SADH). Since this enzyme has not previously been crystallised it 

was necessary to identify initial crystallisation conditions using the Hampton 

screening kits as described previously (Section 2.2). Screening was carried out both 

with and without the addition of the cofactor, NADPH at room temperature. Table

3.8 shows the numbers of crystals obtained in the absence of cofactor and Table 3.9 

in the presence of 0.4mM cofactor.

Although several buffers gave crystals in the absence of cofactor, only under two 

conditions were the crystals not accompanied by large amounts of precipitates (#16 & 

#41). Adding cofactor made matters worse by decreasing the number of conditions 

under which crystals formed, and by causing precipitate even with buffers #16 & 

#41.

Buffers that gave rise to SADH crystals using the screening kits were chosen and 

used to crystallise the enzyme at a larger scale using batch method of crystallisation. 

lOOpL of 30mg/mL SADH containing 1.2mM NADP was mixed with lOOpL of the 

selected buffers. Out of the 10 screening buffers chosen only four gave rise to any 

crystals (Table 3.10), after 21 days. As well as showing crystals, each experimental 

condition also had a lot of precipitate present. As the volume of these crystals was 

small it was not possible to assay the crystals to ensure that they were SADH crystals, 

salt crystals or crystals of another enzyme. Due to the presence of precipitate it was 

not possible to centrifuge down and assay the pellet for activity.
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Reagent
Number

*

Temp.

(« 0

Number of 
crystals

Size of 
Crystals 

(urn)

First
appeared

(hrs)

Shape Ppt.
at

end

SADHi 20mg/m I) - Crysta I Screen J

1 25 28 125 24 Dendrites +++
1 4 40 100 24 Dendrites +++
5 25 lOO's 25 96 Rods ++
12 25 7 200 48 Rods ++
14 25 6 250 24 Plates & Dendrites ++
14 4 4 500 24 Plates & Dendrites -H-

16 25 80 80 24 Four leafed clover shaped -H-+

16 4 1000 50 24 Four leafed clover shaped +
17 25 40 80 24 Spherulites -H-

17 4 3 100 24 Spherulites ++
24 25 8 200 24 Plates & Dendrites +++
24 4 8 150 24 Plates & Dendrites +++
36 25 10 180 192 Dendrites -

SADH('20mg/mI) - Crysta/ Screen 1/

27 25 4 200 264 Dendrites ++++
27 4 12 & 100 200 & 50 264 Dendrites & spherulites -H-+

41 25 300 40 96 Spherulites -
41 4 100 80 96 Spherulites -

* As given in Hampton kit instructions

Table 3.8 Results of crystallisation screening of the SADH in the absence of 
cofactor
The table reviews the reagents that gave rise to crystals of the SADH using the two 
crystallisation kits. Listed in this table are conditions that gave greater than five crystals. 
The number, approximate size, when they first appeared, morphology or shape and the 
amount of precipitate (ppt.) present at the end of the two weeks is shown. Precipitates are 
marked on a scale of + indicating the presence of a small amount of precipitate to ++++ 
indicating the highest amount of precipitate present indicates no precipitate present). 
The compositions of the reagents that gave rise to the crystals are listed in Appendix 1.
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Reagent
Number

*

Temp.

(°C)

Number of 
crystals

First
appeared

(hrs)

Shape Ppt.
at

end

SADHi 20ms/m I) - Crvsti [/ Screen

1 25 14 72 Spherulites -H-+
14 25 6 72 Dendrites ++-H-

16 25 lOO's 72 Four leafed clover shaped ++++
17 25 6 72 Spherulites ++
24 25 53 72 Plates -H-+

44 25 100 22 days Spherulites -H-+

SADH( 20mg/mI) - Crystiit Screen II

27 25 30 1 days Diamonds -H-+

41 25 lOOO's 6 days Dendrites +++

* As given in Hampton kit instructions

Table 3.9 Results of crystallisation screening of the SADH in the presence of 
0.4mM NADPH cofactor (final concentration).
The table reviews the reagents that gave rise to crystals of the SADH using the two 
crystallisation kits. Listed in this table are conditions that gave greater than five crystals. 
The number, approximate size, when they first appeared, morphology or shape and the 
amount of precipitate (ppt.) present at the end of the two weeks is shown. Precipitates are 
marked on a scale of + indicating the presence of a small amount of precipitate to ++++ 
indicating the highest amount of precipitate present (‘-‘ indicates no precipitate present). 
The compositions of the reagents that gave rise to the crystals are listed in Appendix 1.

Buffer Ppt. No. of crystals Approx. size (pm) Shape
Screening kit 1 No. 1 ++++ - - -
Screening kit 1 No.5 +++ - - -
Screening kit 1 No. 12 +++ 100 30 dendrites
Screening kit 1 No. 14 ++++ 18 40-80 rods
Screening kit 1 No. 16 ++ - - -
Screening kit 1 No. 17 ++++ - - -
Screening kit 1 No. 24 ++++ 20 60 rods
Screening kit 1 No. 36 + -H - - - -
Screening kit 2 No. 27 +++ 30 30 spherulites
Screening kit 2 No. 41 ++++ - - -

Table 3.10 Batch SADH crystallisation with buffers from the Hampton 
screening kits.
Shows the number of crystals obtained, their morphologies and the amount of precipitates 
present, where + represents the smallest amount and ++++ indicates the most.
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3.5.3 Scale-up of SADH crystallisation

Screen 1, No. 24 comprised 0.2M calcium chloride dihydrate, sodium acetate buffer 

at pH 4.6 and 20% v/v isopropanol. This set o f conditions was chosen for further 

work on the crystallisation of this enzyme that was only available in very small 

quantities. Each experiment contained 0.45 mg/mL NADPH and O.l M buffer at pH 

4.6. The final volume o f each crystallisation mixture was 500 pL. The results shown 

in Figure 3.27 are taken 60 days from the start and were initially established as a 

single triangle. The crystallisation o f the SADH was also established in three- 

dimensional space (Figure 3.28). Each individual experiment was carried out at a 

final volume of 200 pL and was seeded with crystals obtained earlier in the single 

window experiment. The numbers represent the numbers o f crystal obtained at each 

condition. The crystals predominate at higher concentrations o f all three 

components. The crystals obtained were viewed and photographed under a 

microscope with a polarising filter. Photographs of these are shown in Figure 3.29. 

As the final volumes o f the crystallisation were so small it was not possible to do any 

assay work to insure the crystals were indeed SADH crystals and not crystals of salt 

or any other protein present in the starting material.

-0 .5

0.2

0.4

Figure 3.27 Crystallisation window for SADH
Crystallisation conditions are based on the composition o f Kit 1 buffer No. 24.
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17—1

1

24

500

I

500

Figure 3.28 Three-dimensional crystallisation windows for SADH that have been seeded.
Crystallisation was carried out as described in Section 3.5.3.
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\

Figure 3.29 Photographs of SADH crystals taken using a polarising filter.

3.5.4 Summary of SADH crystallisation

This enzyme was only available in a very small amount and it was therefore not 

possible to do a lot o f work with it. The few experiments carried out did result in the 

production o f SADH crystals (crystals produced were crosslinked with 

glutaraldehyde and survived several buffer washes, salt crystals would have dissolved 

upon washing). It was not possible to assay these for activity however. Figure 3.30 

shows scanning electron micrographs of SADH CLEC®s following several wash 

steps.

The data shown here shows that the windows approach is again applicable but as the 

enzyme was not available in large quantities it was not possible to carry out large- 

scale crosslinking and evaluation of the SADH CLEC®s as process scale catalysts.
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Figure 3.30 Scanning electron micrographs of SADH CLEC s.
Crystallisation carried out as described in Section 3.5.3. Samples prepared for SEM as 
described in Section 2.8.4.

3.6 Sum m ary

A thorough search o f the literature for previously published conditions has been 

shown to be a good starting point for the crystallisation o f any enzyme. Many 

enzymes have been crystallised for structural analysis and the information on how to 

crystallise the enzyme should be freely available. The conditions would however 

require optimisation due to the fact that the requirements for the production of 

CLEC®s are different to those for x-ray crystallography studies. The screening 

windows approach described herein has been shown to be ideal for this purpose. If 

literature conditions are not available for a particular enzyme then the use of 

Hampton screening kits is a suitable alternative, though time consuming.
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Once initial conditions are found the screening windows approach can again be used 

to optimise these initial conditions.

The advantages of using the screening windows approach developed here are 

summarised below:

• The number of experiments that need to be established is reduced (especially 

when compared to factorial experiments).

• The triangles are simple two-dimensional representations that allow three factors 

to be varied simultaneously.

• The three factors do not have to be concentrations of three components but can be 

other important crystallisation parameters such as temperature or pH.

• They allow for optimisation of the crystallisation process on the basis of yield, 

crystal size or habit.

• They have been shown to be generic and have been used for optimisation of 

crystallisation of not only the enzymes described in this chapter, but also E. coli 

transketolase and yeast alcohol dehydrogenase (Lee, 2000).

• They could also be used for the production of crystals for x-ray crystallography.

In conclusion, these windows have provided enzyme crystals with reproducible

properties produced from defined conditions, which was important for all subsequent 

studies.
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4 S c r e e n in g  a n d  o p t im is a t io n  o f  c r o s s l i n k i n g  
C O N D IT IO N S

4.1 Introduction

Cross-linking as a special form of protein chemical modification involves joining 

two molecular components by a covalent bond achieved through the use of cross- 

linking reagents. The chemical crosslinkers are bifunctional reagents containing two 

reactive functional groups (derived from classical chemical modification reagents). 

The reagents generally react with the amino acid side chains of proteins and can be 

classified into homobifunctional, heterobifunctional and zero-length cross-linkers 

(Uy and Wold, 1977). General conditions for protein crosslinking were discussed in 

Section 1.5.

As with protein crystallisation (described in Chapter 3), the subsequent cross-linking 

reaction for the production of CLEC®s also has many factors that may be varied for 

optimisation. These could again be the subject of systematic search strategies where 

a variety of bifunctional reagents (Anjaneyulu and Staros, 1987; Middaugh et a/., 

1983) and conditions such as concentration, time, temperature, and pH, can be 

systematically investigated. The cross-links in the protein crystal stabilise and 

strengthen the crystal lattice and the component enzyme molecules of the CLEC® 

both chemically and mechanically. Loss of activity and formation of protein 

precipitates could occur however if the crystals were excessively cross-linked.

The zero-length cross-linking reagents are group-activating reagents which induce 

the formation of a covalent bond between the components without themselves 

becoming incorporated. Therefore, one atom of a molecule is covalently attached to 

an atom of a second molecule with no intervening linker or spacer. Zero-length 

crosslinkers can initiate the formation of three types of bonds; an amide linkage made 

by the condensation of a primary amine with a carboxylic acid, a phosphoramidate 

linkage made by the reaction of an organic phosphate group with a primary amine, 

and a secondary or tertiary amide linkage made by the reductive amination of a
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primary or secondary amine with an aldehyde group (Hermanson, 1996). These 

reactions are quite efficient and, depending on the reagent chosen, may be performed 

in aqueous or nonaqueous environments. The most popular type of zero-length 

crosslinker are carbodiimides which mediate the formation of amide linkages 

between a carboxylate and an amine or phosphoramidate linkages between a 

phosphate and an amine.

The homobifunctional reagents consist of two identical reactive functional groups 

that bind two identical groups thus tying one protein to another. These reagents can 

mediate crosslinking between two groups within a molecule and intermolecularly 

between two molecules. Intramolecular cross-linking has been used to increase the 

stability of proteins against thermal and mechanical dénaturation, to determine the 

distances between two reactive groups, and to detect different conformational steps 

(Wong and Wong, 1992). Intermolecular crosslinking has been used to characterise 

the nature and extent of protein-protein interactions, to couple two or more different 

proteins, and to determine the interacting protein neighbours (Wold, 1972). Table 

4.1 lists the major groups of homobifunctional crosslinking reagents available 

commercially and there characteristic properties. The reactivities and uses of these 

reagents are diverse.

Heterobifunctional reagents contain two different types of reactive functional 

moieties able to couple to two different functional targets on proteins and other 

macromolecules. By taking advantage of the differential reactivities of the two 

different functional groups, crosslinking can be controlled both selectively and 

sequentially (Ji, 1983). Sequential conjugation minimises undesirable 

polymerisation or self-conjugation. Most heterobifunctional crosslinking reactions 

involve a two-step process, the most labile group is reacted first ensuring effective 

crosslinking which also avoids unwanted polymerisation. The second reaction is 

then initiated when appropriate.

This chapter reviews the chemistry of the crosslinking reagents that have been used 

in this work and the reasons for their choice. The choice of the different types of 

crosslinking reagents used here was limited by their cost. Ideally fairly cheap
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chemicals were required, as quite large quantities were needed. Other crosslinking 

reagents that were available ranged in price from approximately £ 25-230 for 

quantities in the range of 5-50 mg (See Appendix 3). The ultimate goal in the 

preparation of CLEC®s crosslinked with varying reagents was to examine how these 

affected the catalytic and mechanical properties of the CLEC®s as industrial catalysts 

therefore large quantities of crosslinked crystals were required. Economically, these 

other reagents were not feasible and hence the choice of the ones described in this 

chapter.

Also this chapter contains optimisation of the crosslinking conditions in terms of 

reagent, concentration and time with a range of protein crystals that were produced in 

Chapter 3.
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Type of reagent Comments
A -̂hydoxysuccinimide (NHS) esters • Excellent reactivity at physiological pH (pH 7-9).

• React with a amines at the N-terminals and G-amines of lysine side chains.
• Many are insoluble in aqueous buffers.
• Sulfo-derivatives of NHS esters are water soluble.

Imidoesters • Oldest reagents used for protein conjugation.
• Modification of primary amines.
• pH 7-10 (8-9 optimal).
• Reversible at high pH.
• Amidine bond formed quite stable at acid pH but susceptible to hydrolysis at high pH.
• Highly water-soluble but half-lives are typically less than 30 minutes.

Sulfyhydiyl-reactive crosslinkers • Fall into two categories: those that form permanent bonds with available sulfyhydryl groups (quite stable thioether bonds formed) 
and those that create reversible linkages (cleaved using e.g. Dithiothreitol).

Difluorobenzene derivatives • React with amine groups.
• Bridges only 3Â in length; provide information about very close interactions between macromolecules.

Aldehydes • Most are readily available commercially.
• Most popular cross-linking reagents (see Section 4.2.1 for details of glutaraldehyde).

Bis-epoxides • Used to crosslink molecules containing nucleophiles, including amines, sulfhydryls, and hydroxyls.
• Compounds of varying chain length used i.e. from 4-12 atoms.

Hydrazides • Conjugate molecules containing carbonyl and carboxyl groups.
Bis-diazonium derivatives • React with active hydrogen’s on aromatic rings to give covalent diazo bonds.

• Conjugations result in deeply coloured products.
• Diazo linkages reversible by addition of O.IM sodium dithionite in 0.2M sodium borate at pH 9.

Bis-alkylhalides • Crosslink sulfhydryl-, amine-, histidine-containing molecules by nucleophilic substitution.
• Most are not available commercially therefore need to be synthesised.

Diisocyanates and Diisothiocyanates • React with amino groups to form stable urea and thiourea derivatives.
• Not stable in aqueous solutions.
• Half life at pH 7.6 less than 2 minutes.
• Have a range of reactivity, size and solubility.

Table 4.1 Major groups of homobifunctional crosslinking reagents available commercially and their characteristic properties.
Table constructed using the following references; Wold, 1972; Wong, 1991; Hermanson, 1996.
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4.2 Crosslinking reagents and their chemistries

4.2.1 Glutaraldehyde

Glutaraldehyde (structure shown in Figure 4.1) is the most popular bis-aldehyde 

homobifunctional crosslinker in use today. It is commercially available as 25% or 

50% w/v aqueous solutions. It is of low cost compared to other bifunctional 

reagents. Another advantage of using glutaraldehyde, which is probably the most 

important reason, is that it has been recognised for use in conjunction with the 

processing of foodstuffs. An awareness of the properties of the reagent and the 

regulatory precedents will allow the recognition of CLEC®s as safe products for use 

in the production of pharmaceuticals and food products (Navia et a l, 1993).

The mechanism of cross-linking mediated by glutaraldehyde is not fully understood 

(Walt and Agayn, 1994). It is clear, however that the cross-linking process is 

irreversible even in the presence of exogenous amines and cannot be explained by 

simple Schiff s-base formation (Nakagawa et a l, 1989). The functional groups of 

proteins participating in the cross-linking reaction include the a-amino group at the 

amino-terminus, the e-amino group of lysine, the phenolic group of tyrosine, the 

sulfhydryl group of cysteine and the imidazole group of histidine. Reaction with 

proteins and other amine-containing molecules would be expected to proceed 

through the formation of Schiff bases. This reaction sequence is possible but other 

cross-linking reactions are also feasible. Glutaraldehyde in aqueous solutions forms 

polymers containing points of unsaturation (Hardy et a l, 1976). These a,p- 

unsaturated glutaraldehyde polymers are highly reactive toward nucleophiles, 

particularly primary amines. Reaction with a protein results in alkylation of available 

amines forming stable secondary amine linkages. These glutaraldehyde-modified 

proteins may further react with other amine-containing molecules either through the 

Schiff base pathway or through addition at other points of unsaturation.

A disadvantage of crosslinking using glutaraldehyde polymers that has been reported 

is that it is difficult to reproduce. The exact nature of the conjugates formed by this
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method is indeterminate as the glutaraldehyde polymer size and structure is 

unknown. The age of glutaraldehyde is also another variable as the older the solution 

the more polymers will be formed. Amino acid analysis of the Altus thermolysin 

CLEC®s crosslinked with glutaraldehyde has revealed that eight of the eleven lysine 

residues are modified (Persichetti et a l, 1995). It is hypothesised that the ability of 

glutaraldehyde to stabilise CLEC®s, results from it forming a mixture of oligomers of 

different lengths and structures (Tashima et a l, 1991) in aqueous solution. 

Crosslinking conditions will obviously select for the most favourable cross-linking 

species (Martinek and Torchilin, 1988).

4.2.2 Dimethyl suberimidate (DMS)

DMS is a homobifunctional cross-linking reagent (structure shown in Figure 4.1) 

containing amine-reactive imidoester groups on both ends (Hermanson, 1996). It is 

reactive toward the e-lysine residues and N-terminal a-amines of proteins in the pH 

range of 7-10. The resulting amidine linkages are positively charged at physiological 

pH, thus maintaining the positive charge contribution of the original amine. DMS 

creates eight atom bridges between conjugated molecules that are not cleavable.

4.2.3 l-Ethyl-3-(3-Dimethyl aminopropyl) carbodiimide (EDC)

EDC (structure shovm in Figure 4.1) is a water-soluble carbodiimide. Carbodiimides 

couple carboxyl groups to primary amines or hydrazides, resulting in formation of 

amide or hydrazone bonds (Ji, 1983). They are a type of zero-length crosslinking 

agent therefore no cross-bridge is formed between the molecules being coupled. 

EDC allows direct addition of the reagent to a protein mixture without prior 

dissolution in an organic solvent. Excess reagent and the isourea formed as the by

product of the crosslinking reaction are both water-soluble and can easily be 

removed. EDC is however labile in the presence of water. A concentrated solution 

of EDC in water may be prepared to facilitate the addition of a small molar amount to 

the reaction but the stock solution should be dissolved rapidly and used immediately
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before loss of crosslinking ability (Hermanson, 1996). The hydrolysis of EDC is a 

competing reaction during coupling and is dependent on temperature, pH and buffer 

composition. 4-Morpholinoethanesulfonic acid (MES) is an effective reaction buffer 

while phosphate buffers reduce the efficiency of the EDC reaction by reacting with it. 

Tris, glycine and acetate buffers also should not be used as conjugation buffers as 

they may react with the carbodiimide.

4.2.4 Cyanuric chloride (CyCI)

Cyanuric chloride is a type of trifunctional crosslinker (structure shown in Figure 4.1) 

possessing three different reactive or complexing groups per molecule. The chlorine 

atoms of CyCl are very reactive towards nucleophiles (Han et a l, 1984), including 

the hydroxyl groups of carbohydrates (Bowes and Cater, 1965). It is because of their 

reactivity that they are rapidly hydrolysed in aqueous solutions resulting in poor 

crosslinking. The rates of reaction of the chlorine atoms of CyCl are notably 

different. Displacement of the first chlorine proceeds very quickly even in the cold 

with a half-life of 30 seconds. The second chlorine reacts comparatively more slowly 

with a half-life of 30 minutes at 40°C. The last chlorine is displaced very slowly 

requiring hours of incubation at elevated temperatures (Wong, 1991).

4.2.5 Glyoxal and o-phthalaldehyde

Both glyoxal and o-phthalaldehyde (structures shown in Figure 4.1) are types of 

dialdehyde similar to glutaraldehyde. Little information is available in the literature 

about the crosslinking of proteins with these reagents.
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A)

B)

CH
HX

NHoCl-

C)

D)

E) n H
H—C—C - C - C - H

Hj H,

F)

Figure 4.1 Chemical structures of crosslinking reagents used in this work: A) 
glutaraldehyde; B) dimethyl suberimidate; C) 1 -ethy l-3-(3-dimethy 1 
aminopropyl) carbodiimide; D) cyanuric chloride; E) glyoxal and F) o- 
phthalaldehyde.
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4.3 General method of crosslinking protein crystals

The protein crystals produced in Sections 2.3 were crosslinked in this work in order 

to produce CLEC®s. ImL aliquots of crystal suspension were placed into 2mL 

eppendorfs and centrifuged at 8000 rpm for ten minutes. The supernatants were then 

removed and replaced with crosslinking buffer that comprised all the components of 

the crystallisation buffer plus the cross-linking reagent at the desired concentration. 

The crystals were then resuspended in the crosslinking buffer by gentle shaking. 

After a pre-determined time the crosslinking was terminated by centrifuging the 

crystals (now referred to as CLEC®s) and resuspending them in 50 mM MES buffer 

at pH 5.9. The crystals were washed in this way three times with buffer and then 

assayed for activity.

4.4 Identification and optimisation of crosslinking conditions

4.4.1 Glutaraldehyde crosslinking

Table 4.2 shows the results that were obtained with glutaraldehyde crosslinking of a 

variety of enzyme crystals over a wide range of conditions. All the enzymes tested 

were successfully crosslinked resulting in the formation of CLEC®s. It was also 

found that the concentration of glutaraldehyde used affected the numbers of CLEC®s 

that remained in solution following the washing steps with 50mM MES buffer, pH 

5.9. Crosslinking of all the enzymes investigated in this study with glutaraldehyde 

caused the crystals to turn yellow. Quiocho and Richards (1964) also observed 

yellowing of carboxypeptidase-A crystals upon crosslinking with glutaraldehyde but 

no reasons were given for the colour change. Glutaraldehyde has long been the 

preferred protein crosslinking reagent and has been successfully used with a large 

variety of enzymes (See Table 1.1).
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E nzym e F inal Cone. D uration (hrs) C rystals stable 
In crosslinker

C rystals rem ain  
after w ashing

C L E C s
form ed

O ther com m ents

Lipase 0.1 % 0.5, 1, 2, V X X

0.1 % 72 / / /

0.5 - 25 % 0 .5 ,1 , 2, 72 V / /

SADH 5 % 2 y / / Crystallised using three buffers
from Hampton kits (O.SmL)

Chymotrypsin 0 .5 ,1 ,5 ,1 0 % 2 / V ✓

0 .5 ,1 ,1 0 % 24 / ✓ /

Y A D H I 0 .5 ,1 ,1 0 % 2 / ✓ / Number of crystals decrease with
0 .5 ,1 ,1 0 % 24 / ✓ / increasing glutaraldehdye concentration

Table 4.2 Crosslinking of crystals with glutaraldehyde.
Crystals were produced using the methods described in Sections 2.5 followed by 
crosslinking as described in Section 4.3.

Optimisation of protein crosslinking with glutaraldehyde was subsequently carried 

out for both lipase and a-chymotrypsin crystals.

Figure 4.2 shows the effect of both glutaraldehyde concentration and duration of 

crosslinking upon the retained activity of lipase CLEC®s after crosslinking. Crystal 

suspensions of equal volume and concentration were crosslinked and washed several 

times prior to assay. It is clear that the concentration of glutaraldehyde can be varied 

from 1-25 % vrithout significant loss in enzymatic activity upon crosslinking. The 

minimum crosslinking times for different glutaraldehyde concentrations were found 

to be 72 hours for a 0.1% v/v solution, 1 hour for a 0.5% v/v solution and 0.5 hours 

for a 1% v/v solution.

The other parameter that could effect glutaraldehyde crosslinking is the ratio of the 

crosslinker to the enzyme concentration. An experiment was carried out where the 

number of crystals was varied but the crosslinker concentration and reaction time 

were constant. Over the range of 0.2 - 10 mL of crystal suspension crosslinked using 

a 5% v/v solution over 1.5 hours it was found that the lipase activity increased 

linearly with increasing number of crystals. This means that with a 5% v/v solution, 

the glutaraldehyde solution is vastly in excess and if necessary can be reduced. This 

information is also beneficial when it comes to carrying out large-scale experiments 

as it shows that the amount of glutaraldehyde needed can be reduced thus lowering 

reagent costs.
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Figure 4.2 Optimisation of crosslinking of lipase crystals with glutaraldehyde.
Retained activity values after crosslinking with increasing concentrations o f  glutaraldehyde 
are calcu lated  using the pH-stat lipase assays (Section  2 .8 .1 .4 ). The legend indicates the 
duration o f  crosslink ing for each o f  the sam ples.

The crosslinking o f a-chymotrypsin with glutaraldehyde (Figure 4.3) was also 

optimised by varying crosslinker concentration and crosslinking time. The numbers 

of crystals visible after crosslinking and washing as well as the retained activity 

(using a-chymotrypsin activity assay described in Section 2.8 .1.5) are recorded in 

Table 4.3. The activities o f the CLEC®s obtained are quite low but due to time 

constraints it was not possible to do further optimisation work. 1 % and 24 hrs were 

chosen as the optimum conditions based on the results in Table 4.3; these conditions 

were later used to produce a large volume o f CLEC®s for use in the work described 

in Chapter 7.

From the results o f the optimisation o f glutaraldehyde crosslinking for both lipase 

and a-chymotrypsin it is clear that the glutaraldehyde concentration is quite critical. 

Lee (2000) also observed this during the crosslinking o f YADHI crystals with 

glutaraldehyde.
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The absolute recovery of activity is very different for glutaraldehyde crosslinking of 

the lipase and a-chymotrypsin crystals. It is approximately 90% at best for lipase 

(Figure 4.1), but only a few 5% for a-chymotrypsin. This is probably an affect o f the 

lack of optimisation of the crosslinking conditions and the lack o f understanding of 

the exact nature o f the crosslinking mechanisms.

% v/v % activity retained Number of crystals per pL
glutaraldehyde 0.5 hr 2 hr 24 hrs 0.5 hr 2 hr 24 hrs

0 0.13 0.13 0.13 0 0 0
0.5 0.22 3.4 6.03 4 55 55
1 0.65 4.07 3.21 24 37 53
5 2.17 3.76 1.94 35 55 31
10 0.42 0.93 0.45 27 40 53
25 0.09 0.11 0 0 0 0

Table 4.3 Optimisation of crosslinking of a-chymotrypsin crystals with 
glutaraldehyde.
Both the number of crystals and the activity remaining after crosslinking have been shown. 
Crystals were produced by the method described in Section 2.5 followed by crosslinking as 
described in Section 4.3. Activity assays were carried out as described in Section 2.8.1.5.

a)

i

Figure 4.3 a) Photograph and b) Scanning electron micrograph of a- 
chymotrypsin CLEC®s crosslinkcd with glutaraldehyde.
CLEC®s prepared at 2.4M ammonium sulfate, 5.7 mg/mL w/v chymotrypsin, O.IM citrate 
buffer pH 4.0, 2% v/v seed crystals and crosslinked with 0.5% v/v glutaraldehyde.
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4.4.2 Dimethyl suberimidate crosslinking

Table 4.4 lists the results o f all o f the crosslinking experiments with DMS. No lipase 

CLEC®s were produced with this crosslinker but YADHI and a-chymotrypsin both 

produced stable CLEC®s. YADHI CLEC®s were produced at the highest 

concentrations o f DMS but only a few crystals were visible amongst an emulsion. In 

contrast to a-chymotrypsin, only a few crystals remained after washing following 

crosslinking at the lowest concentration o f DMS. No crystals were visible at the 

higher concentrations.

DMS has a half-life o f only 30 minutes necessitating a vast excess o f DMS, usually 

1 0 0 - 1 0 0 0  fold, and low enzyme concentration, to be used during the crosslinking 

reaction. This prevents experiments being carried out over long time periods as the 

concentration o f the crosslinker will be continually decreasing. This may have been a 

factor as to why the crystals were not crosslinked with DMS. Another disadvantage 

with the use o f DMS is the pH at which crosslinking occurs. The optimum pH for 

the reaction is pH 7.5-8 (Wang et a l ,  1976) and the optimum temperature is 40°C. If 

the pH or temperature of the crystal suspensions were adjusted to its optimum the 

crystals would dissolve. This necessitates a set of compromise conditions, between 

crosslinking reaction and crystals stability, to be selected.

No further work was carried out with this reagent.

Enzyme Final Cone, 
of DMS (mg/mL)

Duration (hrs) Crystals stable 
in crosslinker

Crystals remain 
after washing

CLECs
formed

Other comments

Lipase 0 3 ,0 .8 , 1,5, 
15, 20, 30

0.5, 1,2,24 X X pH 5.9 
pH 5.9

Lipase 18 1,2, 24, / X X pH adjusted with NaOH 
to 6,7,8,9,10,11

Lipase 50, 250 2 - X X Room temp. & 40°C
Lipase 100 ♦ 1.5 - X

Lipase 100 3 RT -V ,40°C - X - X Room temp. & 40°C, TRIZMA base pH 8.2
100 * 3 R T - / ,  40°C . X - X Room temp. & 40°C, TRIZMA base pH 8.2

YADHI 1,10 24 / /
100 24 / Emulsion formed, very few crystals visible

Chymotrypsin 1
10, 100

24
24

/
emulsion

/
X

Table 4.4 Crosslinking of enzyme crystals with DMS
(* Fresh lOOmg/mL DMS solution added every 30 minutes.)
Crystals were produced using the methods described in Sections 2.5 followed by 
crosslinking as described in Section 4.3.
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4.4.3 l-£thyl-3>(3-Dimethyl aminopropyl) carbodiim ide crosslinking

The optimum pH for this crosslinking reaction is between 4.7 and 6. The pH of the 

crystal suspension is within this range therefore no pH adjustments are necessary. 

MES buffer is recommended in the literature for use with this crosslinking agent and 

is also the buffer present in the crystallisation buffer of the lipase crystals. For these 

reasons it was hypothesised that EDC would have been an effective crosslinking 

agent, especially for lipase. Table 4.5 lists the results of the crosslinking of a range 

of enzyme crystals with EDC. EDC was not found to be a successful crosslinker 

either for lipase or for a-chymotrypsin as the crystals dissolved upon washing. With 

YADHI some fragmentation was observed with the crystals which had been 

crosslinked at lower concentrations indicating that the crystal lattice was not 

completely stabilised and only temporary stability had been afforded on the crystals. 

No fragmentation was present for crystals crosslinked for the longest times and 

highest concentrations of EDC.

A possible reason for the EDC crosslinking not to have worked, with the lipase, is 

that it facilitates a conjugation reaction (Hermanson, 1996). It mediates the 

formation of an amide linkage between a carboxylate and an amine or 

phosphoramidate linkages between a phosphate and an amine. The chemical 

linkages formed could be pulling the molecules of the crystals out of their positions 

within the lattice resulting in the break-up of the crystals. This is evident in the 

crosslinking reactions as there is a lot of crosslinked precipitate present. A unique 

feature of zero-length crosslinking reagents is that the distance between two reacted 

groups becomes shorter upon crosslinking (Ji, 1983) which could also explain the 

fragmentation observed.

114



Screening and optimisation o f crosslinking conditions

Enzyme Final Cone. Duration Crystals stable Crystals remain CLECs Other comments
(mg/mL) (hrs) in crosslinker after washing formed

Lipase 10-100 48 / X Crystals pelleted, small volume
250 48 X - of supernatant replaced with crosslinker

Lipase 10-250 05,2,24 - X X Fresh crosslinking buffer added to pelleted 
crystals, precipitate present in all

Lipase 5 4,72 X X

Lipase 15, 17.5,20, 
22.5,25

48 / very few 7 Small volume o f SN replaced with crosslinker 
A few crystals present after washing

YADH I 5, 15, 50, 100 24 / y y
5, 15,50, 100 48 / y y Some fragmentation visible

Chymotrypsin 5, 15,50, 100 24 / X X At higher concentration o f crosslinker.
5, 15. 50, 100 48 / X X crystals fragmenting in crosslinking buffer

Table 4.5 Crosslinking of enzyme crystals with EDC.
SN = supernatant
Crystals were produced using the methods described in Sections 2.5 followed by 
crosslinking as described in Section 4.3.

4.4.4 Cyanuric chloride crosslinking

Only lipase crystals were evaluated with the CyCl crosslinking reagent however very 

few protein crystals were visible amongst the undissolved cyanuric chloride, which 

remained after washing (Table 4.6). The main disadvantage with CyCl is its extreme 

toxicity (Hammond et al., 1986) and for this reason only a few experiments were 

carried out. Another disadvantage was that it is insoluble in water and needs to be 

dissolved in acetone. Acetone needs to also be used for washing, after cross-linking. 

The presence o f the acetone, was most likely the reason for the crystals dissolving.

Enzyme Final Cone. Duration Crystals stable Crystals remain CLECs Other comments
(mg/mL) (hrs) in crosslinker after washing formed

Lipase 260 in acetone 3 J 4 - Few crystals visible X Lots o f  undissolved CyCl
260 in MPD 3,24 - - X

Lipase O.lmL CyCl 24 - - X Saturated CyCl in acetone + crystal buffer
0.43mLCyCl 24 - Few crystals visible X & No CyCl crystals added

Lipase O.lmL CyCl 24 - - X Saturated CyCl in MPD + crystal buffer
0.43mLCvCl 24 - - X & No CyCl crystals added

Table 4.6 Crosslinking of lipase crystals with CyCl
Crystals were produced using the method described in Sections 2.5 followed by crosslinking 
as described in Section 4.3.
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4.4.5 Glyoxal and o-Phthalaldehdye crosslinking

Glyoxal and o-phthalaldehyde are both bifunctional aldehydes similar to 

glutaraldehyde. For this reason it was hypothesised that they should be suitable 

crosslinking reagents following the results presented in Section 4.4.1. Table 4.7 lists 

the results o f the glyoxal crosslinking for all enzymes. For lipase, glyoxal offered 

only temporary stability. The lipase crystals that had been washed, remained in 

buffer for up to 48 hours during which time they gradually dissolved. Crosslinking 

with higher concentrations was attempted as well as for longer durations but this had 

no effect on the stability o f the CLEC®s formed. It could be that the glyoxal is 

offering temporary or partial stability, and washing and storing the crystals in buffers 

of different pH values may result in enhanced stability. Clearly further work with 

varying pH values o f crosslinking buffer as well as altering the pH of the CLEC® 

storage buffer is required. Crosslinking using glyoxal o f all other protein crystals 

resulted in the crystals dissolving whilst in the crosslinking buffer.

During o-phthalaldehyde crosslinking of lipase, all the crystals dissolved (Table 4.8). 

YADHI and a-chymotrypsin resulted in CLEC®s that turned black after crosslinking. 

Both preparations also contained considerable amounts o f a black precipitate. The 

black coloration may be the result o f a conjugation caused between a benzene ring 

and a double bond. The crosslinker also caused the crystallisation buffer lacking 

enzyme to turn black. Figure 4.4 shows photographs o f the a-chymotrypsin crystals 

crosslinked with phthalaldehdye.

Enzym e Final Cone. 
(%  v/v)

Duration (hrs) C rystals stable 
in crosslinker

C rystals remain 
after w ashing

C L E C s
formed

O ther com ments

Lipase 10 4 y X X

10 72 y y X Dissolve gradually over 48 hours

Lipase 17 24 y y X Dissolve gradually over 48 hours

Y A D H I 10 24, 48 X - X

15 24, 48 X - X

Chymotrypsin 10 2 4 ,4 8 X - X

15 24, 48 X - X

Table 4.7 Crosslinking of crystals with glyoxal.
Crystals were produced using the method described in Sections 2.5 followed by crosslinking 
as described in Section 4.3.
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Figure 4.4 Photograph of a-chymotrypsin CLEC s crosslinked with 
phthalaldchydc.
CLEC®s prepared at 2.4M ammonium sulfate, 5.7 mg/mL w/v chymotrypsin, O.IM citrate 
buffer pH 4.0, 2% v/v seed crystals and crosslinked with 2.5 mg/mL w/v phthalaldehyde.

E n zym e F in a l C on e. 
(m g/m L )

D u ration  (hrs) C ry sta ls  stab le  
in crosslin k er

C ry sta ls  rem ain  
a fter  w ash in g

C L E C s
form ed

O th er  com m ents

Lipase 10 4 Som e degradation X X

10 72 X - X

Lipase 50 24 X - X

Lipase 100 24 X - X

Y A D H  I 5, 1 0 ,2 0 2 y V y Black crystals, some precipitate

5, 10, 20 24 y y y Black crystals, some precipitate

C hym otrypsin 5, 10, 20 2 y y y Black crystals, lots of precipitate

5, 10, 20 24 y y y Black crystals, lots of precipitate

Table 4.8 Crosslinking of crystals with o-phthalaldehyde
Crystals were produced using the method described in Sections 2.5 followed by crosslinking 
as described in Section 4.3.

As the system will be used in work presented in subsequent chapters, a-chymotrypsin 

crosslinking with phthalaldehyde was optimised by varying crosslinker concentration 

and crosslinking time (as was done in Section 4.4.1 for the crosslinking o f lipase to 

glutaraldehyde). The numbers o f crystals visible after crosslinking as well as the 

retained activity (using a-chymotrypsin activity assay described in Section 2.8.1.5) 

were recorded (Table 4.9). The activities o f the CLEC®s obtained is quite low but 

due to time constraints it was not possible to do further optimisation work. 5mg/mL 

and 2 hrs were chosen as the optimum conditions based on the results obtained here. 

These conditions were later used to produce a large volume o f CLEC®s for use in 

Chapter 7 to compare the effect o f crosslinking reagent on the catalytic and 

mechanical properties o f CLEC®s.
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Phthalaldehyde conc. % activity retained Number of crystals per |iL
(mg/mL) 0.5 hr 2hr 24 hrs 0.5 hr 2hr 24 hrs

0 10 0.1 0.1 0 0 0
2 15.76 19.23 15.49 0 1 3
5 7.46 15 16 4 1 2
10 10.49 9.48 10.03 10 16 5
20 3.35 7.32 8.44 40 20 0
50 0.79 1.17 11.82 22 25 2

Table 4.9 Optimisation of crosslinking of a-chymotrypsin crystals with varying 
phthalaldehyde concentrations and crosslinking times.
Both the number of crystals and the activity remaining after crosslinking have been shown. 
Crystals were produced by the method described in Section 2.5.2 followed by crosslinking 
as described in Section 4.3. Activity assays were carried out as described in Section Y.

4.5 Summary

Glutaraldehyde is often used for the crosslinking of enzyme crystals (See Table 1.1) 

and is relatively easy to use especially in comparison to the other crosslinking 

reagents evaluated in this study. Glutaraldehyde has been used repeatedly for all 

types of crosslinking of proteins and not just for crystalline enzymes (Richards and 

Knowles, 1968; Zaborsky, 1973). It is probable that any enzyme crystal can 

successfully be crosslinked with glutaraldehyde to produce CLEC®s, no evidence to 

the contrary has yet been presented in the literature.

In contrast, the other crosslinking reagents investigated proved to be not as easy to 

use. It was difficult to predict which ones would successfully produce CLEC®s and 

thus considerable optimisation work was required. Often the buffers in which 

crystals could be formed were the wrong types or at the wrong pH for the 

crosslinking reaction to take place. The crosslinking reagents that did not yield 

CLEC®s but those in which the crystals were stable under crosslinking conditions 

may have resulted in CLEC®s if further optimisation work could have been 

performed. Apart from glutaraldehyde, none of the reagents used in this study had 

previously been reported as successful crosslinking reagents for the enzymes 

described herein. Alexey et al. (1998) reported crosslinked crystals of lipase using 

EDC and glyoxal for crosslinking of subtilisin.
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Table 4.10 summarises the crystallisation and corresponding crosslinking conditions 

used for production of CLEC®s utilised in Chapters 6 and 7.

Enzyme Crystallisation conditions Crosslinking conditions Condition

C. rugosa lipase 2.35 mg/mL lipase (by Lowry) 
42.6% y/v MPD 
50 mM MES buffer pH 5.9 
0.8 mM CaCl;
0.625% v/v seed crystals

5% v/v glutaraldehyde for 24 hrs CLECX
&

MPD CLECs

C. rugosa lipase 2.78 mg/mL lipase (by Lowry)
0.98 mM CaClz
52% v/y MPD
61 mM MES buffer pH 5.9
0.76% v/v seed crystals

5% v/v glutaraldehyde for 24 hrs CLEC Y

C. rugosa lipase 2.35 mg/mL lipase (by Lowry) 
42.6% v/v IPA 
50 mM MES buffer pH 5.9 
0.8 mM CaCh 
0.625% v/v seed crystals

5% v/v glutaraldehyde for 24 hrs IPA CLECs

C. rugosa lipase 2.35 mg/mL lipase (by Lowry) 
42.6% v/v MPD 
50 mM MES buffer pH 5.9 
0.8 mM CaClz 
0.625% v/v seed crystals

10% v/v glutaraldehyde for 72 hrs

C. rugosa lipase 2.35 mg/mL lipase (by Lowry) 
42.6% v/v MPD 
50 mM MES buffer pH 5.9 
0.8 mM CaCh 
0.625% v/v seed crystals

1% v/v glutaraldehdye for 1 hr

a-chymotrypsin 2.4 M ammonium sulfate 
5.7 mg/mL w/v chymotrypsin 
0.1 M citrate buffer pH 4.0 
2% v/v seed crystals

0.5% v/v glutaraldehyde for 24 hrs

a-chymotrypsin 2.4 M ammonium sulfate 
5.7 mg/mL w/v chymotrypsin 
0.1 M citrate buffer pH 4.0 
2% v/v seed crystals

2.5 mg/mL w/v o-phthalaldehyde for 24 hrs

Table 4.10 Summary of crystallisation and crosslinking conditions for each 
enzyme used in Chapters 6 & 7.
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5 C h a r a c t e r is a t io n  o f  im m o b il is e d  b io c a t a l y s t s ^

5.1 Hierarchy of catalyst characteristics

The use of immobilised enzymes is well established on an industrial scale and a wide 

variety of immobilisation techniques and conditions may be used (Trevan, 1980). 

For this reason it was necessary to devise rational methods for the characterisation of 

such biocatalysts in order to compare the properties of one immobilised enzyme 

preparation to another. The Working Party on Immobilized Biocatalysts appointed 

by the European Federation of Biotechnology (BFB) proposed guidelines at the first 

Enzyme Engineering Conference in 1971 (updated guidelines subsequently published 

in Vanginkel et al, 1983). The aim was to provide a standard list of catalyst 

properties, which everyone working with immobilised enzymes or cells would report. 

The guidelines also stated the units for the expression of each parameter. The EFB 

Working Party further updated the guidelines as described by Bucholz and Klein 

(1987).

CLEC®s may also be characterised using the EFB guidelines but some of the 

parameters were considered not to be relevant to these biocatalysts or beyond the 

scope of this study. It was therefore necessary to devise an alternate set of tests that 

allowed comparison of different crystal batches of the same enzyme or CLEC®s of 

different enzymes. It was convenient to devise a set of standard tests with which to 

characterise and compare CLEC®s prepared under different conditions, and to 

determine whether a particular batch is suitable for large-scale use. This is crucial to 

the work described in later Chapters (6 and 7) where the influence of crystallisation 

or crosslinking conditions on the properties of a batch of CLEC®s is evaluated.

Part of the work described in this chapter has been published previously in Vaghjiani, J.D., 

Lee, T.S., Lye, G.J. and Turner, M.K., 2000, ‘Production and characterisation of cross-linked 

enzyme crystals (CLECs®) for application as process scale biocatalysts’, Biocatalysis and 

Biotransformation, 18,151-175.
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The tests described in Figure 5.1 thus examine the effects of a small number of 

process variables designed to expose key properties of the CLEC®s. The ranges of 

the variables are fixed not only to ensure consistency, but also to ensure that the 

conditions represent those typical of processes that use biocatalysis. Even so, were 

all the variables to be investigated across their full range, the number of experiments 

required would be far too great and therefore expensive in both time and enzyme 

requirements. The tests are therefore applied in a strict hierarchy. This hierarchy 

helps to limit the number of experiments and defines the minimum parameters that 

give a satisfactory description of an industrial immobilised biocatalyst.

Once it has been established that a batch of CLEC®s does not redissolve when the 

cross linking agent is removed (level 1), and has retained a high proportion of the 

enzymatic activity present in the free enzyme (level 2), then it can be further tested 

using the proposed hierarchy. At this level, the tests are divided between measures 

of the catalytic and the mechanical properties of the CLEC®s that are described in 

more detail in the following sections.
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New CLEC preparation

Solubility
Do the crystals d issolve upon crosslinking?

Enzyme assay
CLEC activity in standard buffer

CATALYTIC PROPERTIES PHYSICAL/MECHANICAL PROPERTIES

-  Temperature 4,25,40,60 “0

pH 3,5,7,9,11

pH activity

pH stability

Size and shape

Density

Shear stability

^ Filtration characteristics

-  Tem p activity

-{T em p  stability

Stability in solvents

Stability against proteolysis

Enzyme kinetics

K cat and Km

Specificity

Figure 5.1 Hierarchy of catalytic and mechanical tests used for the 
characterisation and evaluation of different CLEC® preparations.

5.2 Catalytic properties

With the catalytic properties the aim is to understand the variation of catalytic 

activity and stability of the CLEC®s at several pH values and temperatures and in the 

presence of a limited number of organic solvents. Catalytic activity and catalyst 

stability have both been chosen to be examined. The activity at varying pH values 

and temperatures is assessed by carrying out the enzyme assay at the differing 

conditions. Stability is the effect of long-term exposure of the CLEC® to that 

particular temperature or pH; the enzyme assay is subsequently performed under 

standard conditions. The importance of studying the stability of CLEC®s at various 

pH values and temperatures is to determine the robustness of these CLEC® catalysts 

under different process operating conditions. In order that all batches and
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preparations of different CLEC " s were assayed in the same way parameters for both 

temperature and pH were predefined. For temperature studies, 4, 25, 40 and 60 °C 

were chosen. For pH studies, pH values at 3, 5, 7, 9 and 11 were examined.

Synthetic reactions are more favourable in organic mixtures that may otherwise not 

be thermodynamically feasible in an aqueous environment (Laane et al, 1987). The 

application of CLEC®s in aqueous-organic mixtures would allow for easier product 

removal by taking advantage of differences in product and substrate solubilities 

(Persichetti et al, 1995). Five different solvents were chosen based on their Log P 

values (Laane et al, 1987) shown in Table 5.1 and were mixed with equal volumes 

of enzyme mixtures resulting in 50% v/v enzyme/solvent mixtures. Octanol and 

hexadecane both form two phases in aqueous-organic mixtures, the other three 

solvents are water miscible over the range of solvent concentrations used. The study 

of CLEC® stability in the presence of proteases in a process is important in order to 

see whether they may be applied as a crude preparation, or under conditions where 

the conditions, although hygienic, may include traces of microbial proteases.

Finally, determination of the kinetic properties of the CLEC®s would indicate 

whether the catalytic velocities and specificity of a batch of CLEC®s are affected, in 

comparison to the free enzyme. They would also provide information about 

diffusional limitations (Engasser and Horvath, 1973). For use in process scale 

applications it is necessary to quantify the intrinsic reaction kinetics of CLEC® 

biocatalysts and the extent to which mass transfer limitations may effect the overall 

reaction rate.

Solvents Log P values
Dioxane -1.1

Acetonitrile -0.33
Tetrahydrofuran 0.49

Octanol 2.9
Hexadecane 8.8

Table 5.1 Solvents used and their corresponding Log P values
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5.3 Physical and mechanical properties

With regard to the physical and mechanical properties of the CLEC®s, which are 

described in detail elsewhere (Lee, 2000), the aim is to first characterise the crystals 

in terms of their size, shape and density. This will provide basic data related to the 

mechanical properties of the crystals and will again indicate whether any diffusional 

limitations may potentially exist. At the next level of the hierarchy is the need to 

examine the mechanical stability of individual CLEC® preparations under the 

physical conditions found in the most frequently used reactor configuration, a 

mechanically stirred vessel. The CLEC®s must be able to withstand the shear forces 

associated with processing equipment such as stirred-tanks, cross-flow microfilters 

and pumps that can cause particle attrition and fi*agmentation. Shear rates can vary 

from 10̂  - 10’ s ' depending upon the design and operation of the equipment (Levy et 

al., 1998). Here the rate and extent of any breakage is important as a function of the 

reactor operating conditions. This is referred to as the shear stability in Figure 5.1. 

Lee (2000) has previously described development of the scale-down test 

methodology used here and has shown that the mechanism of CLEC® breakage for 

crystals of ADR is one of shear-induced attrition rather then fragmentation.

Finally, knowledge of the filtration characteristics of CLEC® suspensions is also 

necessary. Determination of the specific cake resistance, as a function of applied 

pressure and number of filtration cycles, will allow prediction of processing times 

and indicate if breakage of the CLEC®s occurs under compressive forces (Lee, 

2000).
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6 E f f e c t  o f  c r y s t a l l i s a t i o n  c o n d i t i o n s  o n  t h e  
PROCESS CHARACTERISTICS OF CLEC® BIOCATALYSTS

6.1 Introduction

The optimisation of crystallisation conditions described in Chapter 3 showed that it 

was possible to produce different forms of crystals from the same enzyme by simply 

varying the concentrations of the components in the crystallisation mixture. This was 

particularly significant for YADHI crystals (Lee, 2000) with the formation of either 

rod or hexagonal shaped CLEC®s. The use of the crystallisation screening windows 

allowed optimisation for one or other of the morphologies. This was also true for C 

rugosa lipase where changes in the type and quantity of crystallisation components 

resulted in crystals of different shape and size (Section 3.3.5). Once batches of 

crystals had been prepared under different conditions, a comparison needs to be 

carried out to investigate the effect of these on the characteristics of the biocatalyst 

preparation produced.

In order to evaluate the suitability of a particular batch of CLEC®s for large-scale 

use, a hierarchy of tests was described in Chapter 5 (Figure 5.1). The hierarchy was 

designed to expose key properties of the CLEC®s relative to each other, and the firee 

enzyme, and to minimise the number of experiments necessary to evaluate each batch 

of biocatalyst. These tests have been used in this Chapter for characterising batches 

of C. rugosa lipase CLEC®s produced from different positions within the 

crystallisation Avindows (described in Section 3.3.5.1) and using different 

precipitating agents (described in Section 3.3.5.2).

Section 6.2 investigates the effect of different positions within the crystallisation 

window; the exact composition of ‘X’ and ‘Y’ CLECs were described in detail in 

Table 4.10. Section 6.3 investigates the effect of changing the precipitating agent 

during crystallisation from MPD to IPA. The compositions of these CLECs were 

also described in Table 4.10. The purpose of this study is to see the impact of 

variations in crystallisation conditions on the process characteristics of the
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biocatalysts. To date, no studies have been published which investigate this effect in 

detail and in a systematic manner.

6.2 Effect of different positions within the crystallisation window

6.2.1 Catalytic properties

6.2.1.1 Catalytic properties as a function o f temperature and pH

Table 6.1 shows the half-lives during incubation of the two CLEC® preparations and 

the free enzyme at a range of temperatures. CLEC® X has a greater stability at 6 and 

40°C in comparison to the free enzyme. The free enzyme has greater stability at all 

three temperatures than CLEC® Y and CLEC® X at 60°C. This is unexpected as 

CLEC®s are supposed to have a greater stability then the free enzyme. An 

explanation for this can be found in the tables in Section 3.3.4.1 on the purification of 

the C. rugosa lipase enzyme. It was found that the free enzyme contained a number 

of different forms of the same enzyme with different activities and stabilities. These 

were lost at different rates and degrees during the purification and crystallisation of 

the enzyme. The substrate used for all work described in this chapter was triacetin 

(Section 2.8.1.4). The free enzyme was found to have a low activity against this 

substrate that increased considerably during the crystallisation process (Appendix 4). 

It is therefore extremely difficult to compare CLEC®s to the free enzyme, as it is not 

clear which activities are being compared. With a mixture of enzymes (as is present 

in the crude preparation) the data is highly dependent on what substrate is used. For 

example, if the relative activity of the crude enzyme and the CLEC®s were compared 

for the two soluble substrates, ethyl lactate and triacetin, the activity against triacetin 

increases one hundred fold from the crude enzyme to the CLEC®s but only ten fold 

when assayed using ethyl lactate (Appendix 4). This was also observed by Rua et al., 

(1993) who purified two lipase enzymes from a commercial preparation of C. rugosa 

lipase and found a difference in the stability of the enzymes to both temperature and 

pH. One enzyme was considerably more stable to changes in pH and temperature 

than the other form.
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Figure 6.1 shows the temperature stability data at 60°C that was used to calculate the 

half-lives shown in Table 6.1. The free enzyme does not lose activity as fast as 

CLEC®s X and Y and therefore must contain enzyme fractions which are stable in 

the free enzyme but have been lost from the CLEC®s. The activity of the free 

enzyme plateaued after approximately 30 % of the initial activity remained. In 

comparison CLEC® X only has 15% remaining and CLEC® Y only has 9% of the 

initial activity. CLEC® X has a greater stability than CLEC®Y at all the temperatures 

studied.

At ambient temperature no decrease in activity was observed for both CLEC® X and 

Y over ten months. Similarly no decrease in activity in free enzyme was observed 

over a period of 30 days. In contrast all three types of catalyst had some activity loss 

at 6°C when compared to ambient temperature (Table 6.1). In general the catalysts 

should be more stable at 6°C compared to ambient temperatures as the lower 

temperatures prevent growth of contaminating organisms. It has been knovm for 

many years that some enzymes have negative temperature coefficients for 

dénaturation due to hydrophobic forces (Scrutton and Utter, 1965). These 

hydrophobic interactions due to their entropie origin have the unusual property of 

being stronger at higher temperatures. Lipase is a hydrophobic enzyme, and similar 

effects may reduce its stability at the lower temperatures.

Table 6.2 shows the catalytic stability of the enzyme preparations with varying pH. 

The CLEC®s are less stable or only marginally better than the free enzyme at most 

pH values with the exception of CLEC® Y at pH 5. Again, it is difficult to compare 

free enzyme with the CLEC®s as it is not clear whether the same activities are being 

examined. CLEC® X has greater stability than CLEC® Y at all the pH values apart 

from pH 5. No significant decrease in activity at pH 5 for CLEC® Y was observed 

for 16 days. All three catalysts at higher pH units observed a considerable decrease 

in stability. Lee (2000) also observed similar behaviour for YADHI CLEC®s.

Figure 6.2 shows the catalytic activity of the various biocatalysts at varying 

temperatures. In comparison to the data in Table 6.1 this graph describes short-term
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activity of the catalysts. The specific activity of the free enzyme and CLEC®s rises 

significantly with increasing temperature. The free enzyme behaves differently to 

both CLEC® forms. CLEC® Y has a slightly higher activity compared to CLEC® X.

Half lives Temperature (®C)
(hr) 6 40 60

CLECX 2470 277 0.214
CLEC Y 153 78 0.162

Free enzyme 674 202 0.278

Table 6.1 Catalytic stability at varying temperatures of CLEC*s produced 
from different positions within the crystallisation windows.
CLEC®s X and Y were crystallised and crosslinked as described in Table 4.10. Free enzyme 
was prepared by dissolving crude enzyme in water (100 mg/mL). The catalysts were 
incubated at the temperatures and periodically assayed as described in Section 2.6.1.1 using 
triacetin as the substrate. The half-lives were extrapolated from the data by fitting an 
exponential decay model.

Half lives pH
(hr) 3 5 7 9 11

CLECX 259 620 183 0.147 0.067
CLEC Y 163 3720 130 0.136 0.183

Free enzyme 204 608 759 1.17 0.79

Table 6.2 Catalytic stability at varying pH of CLEC*s produced from different 
positions within the crystallisation windows.
CLEC®s X and Y were crystallised and crosslinked as described in Table 4.10. Free enzyme 
was prepared by dissolving crude enzyme in water (100 mg/mL). The catalysts were 
incubated at the pH values (at ambient temperature) indicated by mixing the catalysts with 
an equal volume of buffer and periodically assayed as described in Section 2.6.1.1 using 
triacetin as the substrate. The half-lives were extrapolated from the data by fitting an 
exponential decay model.
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Figure 6.1 Catalytic stability of CLEC®s and free enzyme at 60°C.
The catalysts were incubated at 60°C and periodically assayed as described in Section 
2.6.1.1 using triacetin as the substrate. The data has been normalised to allow direct 
comparison of all data.
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Figure 6.2 Catalytic activity at varying temperatures of CLEC s produced 
from different positions within the crystallisation windows.
CLEC®s X and Y were crystallised and crosslinked as described in Table 4.10. Free enzyme 
was prepared by dissolving crude enzyme in water (100 mg/mL). The catalysts were 
assayed for activity using the pH-stat lipase assay (Section 2.8.1.4 using triacetin as the 
substrate). Each value shown is the mean ± standard error.
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6,2,1,2 Catalytic properties in the presence o f solvents and proteases

The activity of the CLEC®s in the presence of solvents is described in Table 6.3. The 

free enzyme data is not shown since, in the water miscible solvents, all activity was 

lost in less than 24 hours. The activity in the other two solvents, octanol and 

hexadecane increased significantly over 50 hours and therefore no degradation data is 

available. This can be explained by the unusual enhancement of activity of the 

enzyme in the presence of two phases (Grochulski et a l, 1993). Similarly the 

activity of CLEC®s X and Y in octanol showed too much variation in activity that 

increased with time for up to 405 hours. CLEC® X has a longer half-life than 

CLEC® Y in the presence of dioxane and tetrahydrofuran but not in the presence of 

acetonitrile. In comparison to the free enzyme both CLEC®s have an enhanced 

stability in the presence of the water-soluble solvents.

In the presence of the non-specific exogenous protease the CLEC®s showed no 

increase in half-life over the free enzyme. The catalysts were incubated with an 

equal volume of catalyst to non-specific protease and periodically assayed as 

described in Section 2.6.1.2. CLEC® X had a first-order half-life of 9.4 hours, 

CLEC® Y had a half-life of 16.7 hours and free enzyme had a half-life of 45.5 hours. 

CLEC® Y has an increased stability toward the exogenous protease in comparison to 

CLEC® X. The free enzyme does however contain a stabiliser the details of which 

are not known. It is feasible that it contains some proteolytic inhibitors resulting in 

the increased stability of the free enzyme. These may both be lost during the 

crystallisation process.
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Solvent L o g P “ Water solubility Half lives (hr)
(mmol/L) CLECX CLEC Y

Dioxane -1.1 miscible 1550 859
Acetonitrile -0.33 miscible 503 722
Tetrahydrofuran 0.49 miscible 305 258
Octanol 2.9 46.2*’ ND ND
Hexadecane 8.8 4.0 X 10'^' 240 190

“D ata taken from  Laane et al. (1 9 8 7 ), ^Data taken from Archer (1 9 9 6 ), "^Data taken from  V eraïuë et al. ( 1993).
N D  =  N o t  determ ined

Table 6.3 Catalytic stability of CLEC®s produced from different positions 
within the crystallisation windows in a range of solvents.
CLEC®s X and Y were crystallised and crosslinked as described in Table 4.10. Free enzyme 
was prepared by dissolving crude enzyme in water (100 mg/mL). The catalysts were 
incubated with an equal volume of solvent and periodically assayed as described in Section 
2.6.1.2. The half-lives were extrapolated from the data by fitting an exponential decay 
model.

6,2,13 Catalytic properties -  enzyme kinetics

Figure 6.3 shows the catalytic rate of the three catalysts with increasing substrate 

concentration. This enables the determination of kcat and Km and allows comparison 

of the CLEC®s and free enzyme to see if catalytic velocities of CLEC®s are affected 

in an immobilised crystalline form. It also enables calculations to see if any 

diffusional limitations are present (Engasser and Horvath, 1973). Unfortunately, the 

reaction with triacetin is seen not to be a simple first order reaction and does not obey 

standard Michaelis-Menten kinetics. Also, the triacetin concentration cannot be 

increased any further as two phases are formed which needs to avoided. Figure 6.4 

shows the same data as Figure 6.3 but has been normalised to the specific activity 

obtained at a triacetin concentration of 0.0266 M. This allows easier comparison of 

the three biocatalyst forms. The two CLEC®s have a slightly higher specific activity 

than the free enzyme at higher triacetin concentrations but no significant difference is 

observed between the two CLEC® forms.
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Figure 6.3 Enzyme activity with increasing substrate concentration of CLEC®s 
produced from different positions within the crystallisation windows.
CLEC®s X and Y were crystallised and cross linked as described in Table 4.10. Free enzyme 
was prepared by dissolving crude enzyme in water (100 mg/mL). The catalysts were 
assayed with an increasing concentration o f substrate as described in Section 2.8.1.4.
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Figure 6.4 Normalised enzyme activity with increasing substrate concentration 
of CLEC®s produced from different positions within the crystallisation 
windows.
CLEC®s X and Y were crystallised and crosslinked as described in Table 4.10. Free enzyme 
was prepared by dissolving crude enzyme in water (100 mg/mL). The catalysts were 
assayed with an increasing concentration o f substrate and normalised to the specific activity 
obtained at a triacetin concentration o f 0.0266 M.
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6.2.2 Physical and mechanical characteristics

The first sub-category of the physical and mechanical properties described in the 

hierarchy (Figure 5.1) is the size and shape. Figures 3.16 and 3.17 are photographs 

of CLEC®s X and Y respectively and shovy that there is some variation in 

morphology. There is also a particle size distribution difference as shown in Figure 

6.5. CLEC® X has a fairly disperse size distribution ranging from 5-25 pm. The 

particle size distribution of CLEC® Y shows two peaks; one at 10 pm and the second 

at 15 pm with the majority being the smaller size.

Of the other physical and mechanical properties listed in the hierarchy only the shear 

was looked at briefly for these CLEC®s due to lack of catalyst. Figure 6.6 shows the 

cumulative size distribution (undersize) of lipase CLEC® X crosslinked with 0.5 % 

v/v glutaraldehyde, before and after subjecting the sample to shear (data only shown 

at four rotational speeds for clarity). Cumulative curves allow the visualisation of the 

shift to smaller particles as a result of shear-induced breakage. The results indicate a 

significant shift to smaller size distributions for disc rotational speeds greater than 

15000 rpm (Redisc 3.5x10^ Cmax 1.2x10  ̂Wkg’*) but there is clearly a threshold speed 

of around 10000 rpm (Redise 2.3x10^, Smax 3.4x10"̂  Wkg‘*) below which no damage to 

the crystals could be detected. The median (dso) crystal size decreases from an initial 

value of 13 pm to around 7 pm after shearing at 27000 rpm.
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Figure 6.5 Particle size distributions showing the volume of each size particle of 
CLEC®s produced from different positions within the crystallisation windows.
CLEC®s X and Y w ere crystallised and crosslinked as described in Table 4 .10 . The area 
under the curve corresponds to the total volum e o f  crystals found in that particular size  
range. Particle size  distribution measured as described in Section  2 .8 .3 .
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Figure 6.6 Effect of disc rotational speed on the cumulative size distributions of 
lipase CLEC®s (X) crosslinked with 1% v/v glutaraldehyde.
CLEC®s w ere sheared as described in Section 2 .6 .2 . Duration o f  d isc rotation w as 10 
secon ds and the lipase concentration w as 0.5 m g/mL.
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6.3 Effect of different precipitating agents (MPD and IP A)

6.3.1 Catalytic properties

6.3.1.1 Catalytic properties as a function o f temperature and pH

Table 6.4 presents the half-lives of two CLEC® forms upon incubation at 6, 40 and 

60 °C. At ambient temperature, no decrease in activity was observed over ten 

months and therefore a half-life could not be calculated. Altus has looked at long

term activity loss upon storage at room temperature and has shovm that no significant 

loss in activity has occurred for up to three years 

(http://www.altus.com/industrial/technology/). At 6 and 60 ®C the IPA CLEC®s are 

more stable with greater half-lives but at 40 °C the MPD CLEC®s are more stable.

The IPA CLEC®s were also more stable at all the pH values examined (Table 6.5). 

They have a significant advantage over the MPD CLEC®s that is more prominent at 

pH 5 and 7. This pH optimum is likely to be enzyme specific as an optimum of pH 9 

was observed for YADHI CLEC®s (Vaghjiani et a l, 2000).

No difference in catalytic activity is observed between MPD and IPA CLEC®s at 6 

and 25 °C but at higher temperatures, 40 and 60 °C, the MPD CLEC®s have an 

advantage over the IPA CLEC®s. This short term activity advantage is reflected in 

the long term storage of the MPD CLEC®s at 40 °C (Table 6.5) as they have a greater 

half-life than the IPA CLEC®s.
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Half lives Temperature (®C)
(hr) 6 40 60

MPD CLECs 2470 277 0.214
IPA CLECs 2950 167 0.335

Table 6.4 Catalytic stability at varying temperatures of CLEC®s produced 
using different precipitating agents.
CLEC®s were crystallised using MPD and IPA followed by crosslinking as described in 
Table 4.10. The catalysts were incubated at the temperatures and periodically assayed as 
described in Section 2.6.1.1. The half-lives were extrapolated from the data by fitting an 
exponential decay model.

Half lives pH
(hr) 3 5 7 9 11

MPD CLECs 259 620 183 0.147 0.067
IPA CLECs 340 154000 3670 0.592 0.135

Table 6.5 Catalytic stability at varying pH of CLEC*s produced using different 
precipitating agents.
CLEC®s were crystallised using MPD and IPA followed by crosslinking as described in 
Table 4.10. The catalysts were incubated at the pH values indicated by mixing the catalysts 
with an equal volume of buffer and periodically assayed as described in Section 2.6.1.1. 
The half-lives were extrapolated from the data by fitting an exponential decay model.
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Figure 6.7 Catalytic activity at varying temperatures of CLEC s produced 
using different precipitating agents.
CLEC®s were crystallised using MPD and IPA followed by crosslinking as described in 
Table 4.10. The catalysts were assayed for activity using the pH-stat lipase assay (Section 
2.8.1.4) with triacetin as the substrate. Each value shown is the mean ± standard error.

6.3.1.2 Catalytic properties in the presence o f solvents and proteases

The activity o f MPD and IPA CLEC®s in the presence o f solvents is described in 

Table 6 .6 . The free enzyme data is not shown on the table. The activity o f the free 

enzyme in the water miscible solvents was lost in less than 24 hours. The activity in 

the other two solvents, octanol and hexadecane increased significantly over 50 hours 

and therefore no degradation data is available. Similarly the activity o f MPD and 

IPA CLEC®s in octanol showed too much variation in activity that increased with 

time for up to 405 hours. The IPA CLEC®s shows an increased stability in the 

presence of tetrahydrofuran, a water miscible solvent, and in hexadecane which 

forms a two-phase solution. In the other two water miscible solvents, dioxane and 

acetonitrile, the MPD CLEC®s have a greater stability.
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Solvent LogP* Water solubility Half lives (hr)
(mmol/L) MPD CLECs IPA CLECs

Dioxane -1.1 miscible 1550 157
Acetonitrile -0.33 miscible 503 309
Tetrahydrofuran 0.49 miscible 305 1390
Octanol 2.9 46.2'’ ND ND
Hexadecane 8.8 4.0x10'®' 240 1940

“Data taken from Laane et al. (1987),^ata taken from Archer (1996), ®Data taken from Vermuë et al. (1993).
ND = Not determined
Table 6.6 Catalytic stability of CLEC^s produced using different precipitating 
agents in a range of solvents.
CLEC®s were crystallised using MPD and IPA followed by crosslinking as described in 
Table 4.10. The catalysts were incubated with an equal volume of solvent and periodically 
assayed as described in Section 2.6.1.2. The half-lives were extrapolated from the data by 
fitting an exponential decay model.

In the presence of the non-specific exogenous protease there is a difference between 

the half-lives of the two CLEC® forms. The catalysts were incubated with an equal 

volume of catalyst to non-specific protease and periodically assayed. MPD CLEC®s 

had a first-order half-life of 9.4 hours, IPA CLEC®s had a half-life of 42.3 hours and 

free enzyme had a half-life of 45.5 hours. IPA CLEC®s has an increased stability 

toward the exogenous protease in comparison to MPD CLEC®s. The stability of the 

IPA CLEC®s in the presence of the protease is comparable to that of the free enzyme. 

Crystallisation with IPA is therefore conferring greater resistance to proteolytic 

degradation compared to the MPD crystallised CLEC®s.

6,3,13 Catalytic properties -  enzyme kinetics

Figure 6.8 shows the catalytic rate of the catalysts with increasing substrate 

concentration that can enable the determination of kcat and Km. Figure 6.9 is the same 

data as Figure 6.8 but has been normalised to the specific activity obtained at a 

triacetin concentration of 0.0266 M. This allows easier comparison of the two 

biocatalyst forms. The MPD CLEC®s have a slightly higher specific activity than the 

IPA CLEC®s at higher triacetin concentrations.
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Figure 6.8 Enzyme activity with increasing substrate concentration of CLEC s 
produced using different precipitating agents.
CLEC®s were crystallised using MPD and IPA followed by crosslinking as described in 
Table 4.10. The catalysts were assayed with an increasing concentration of substrate.
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Figure 6.9 Normalised enzyme activity with increasing substrate concentration 
of CLEC®s produced using different precipitating agents.
CLEC®s X and Y were crystallised and crosslinked as described in Table 4.10. The 
catalysts were assayed with an increasing concentration of substrate and normalised to the 
specific activity obtained at a triacetin concentration of 0.0266 M.
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6.3.2 Physical and mechanical characteristics

O f the mechanical properties listed in the hierarchy in Figure 5.1 only the size and 

shape data were examined for IPA CLEC®s. Figure 3.16 showed a photograph o f the 

MPD CLEC®s. Figure 6.10 shows the particle size distributions for both the MPD 

and IPA CLEC®s. The MPD CLEC®s have a fairly disperse size distribution ranging 

from 5-25 pm. The IPA CLEC®s show a peak at approximately 5 pm with the 

majority o f the particles being around this size or below. 5pm is close to the limit of  

detection.
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F igure 6.10 P article size d istribu tion s sh ow in g  the vo lu m e o f  each size particle  
o f  CLEC®s produced  using  d ifferen t p recip ita tin g  agents.
CLEC®s were crystallised using MPD and IPA followed by crosslinking as described in 
Table 4.10. The area under the curve corresponds to the volume of crystals found in that 
particular size range. Particle size distribution measured as described in Section 2.8.3.
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6.4 Summary

6.4.1 Effect of different positions within the crystallisation window

The results obtained with the free enzyme show that it is important that the free 

enzyme is a pure enzyme and does not contain other interfering activities as was the 

case for the C. rugosa lipase used in this study. With a mixture of enzyme activities 

present the data is highly dependent on the substrate used. A solution would be to 

use redissolved crystals.

In comparison to CLEC® X, CLEC® Y was crystallised in the presence of higher 

MPD and salt concentrations. CLEC® X had longer half-lives than CLEC® Y in 

terms of temperature stability at all the temperatures studied. CLEC® X also had 

greater stability at pH values ranging from 3 to 11 apart from at pH 5 and 11 where 

CLEC® Y was better. The activity of the CLEC®s with varying temperature showed 

a slight advantage for CLEC® Y compared to CLEC® X. In the presence of the 

solvents, CLEC® X had a better half-life than CLEC® Y apart from in the presence of 

acetonitrile. Resistance to proteolytic degradation was higher for CLEC® Y than 

CLEC® X. It is difficult to form any hypotheses on why one form was better than the 

other. The size distribution of both CLEC® forms was different, with one having a 

fairly disperse size distribution whilst the other had crystals of two different sizes.

6.4.2 Effect of different precipitating agents

The IPA CLEC®s were better than the MPD CLEC®s in most of the tests that were 

carried out. They had a longer stability in all of the temperatures that were examined 

apart from at 40 °C where the MPD CLEC®s had a greater stability. For all the pH 

values tested (pH 3-11) the IPA CLEC®s had a better stability than the MPD 

CLEC®s. At pH 5 and pH 7 the IPA CLEC®s were considerably more stable with a 

ten fold greater stability at pH 7 and a hundred fold greater stability at pH 5. In terms 

of temperature activity the MPD CLEC®s were marginally better at both 40 and 60
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°C. Upon incubation with solvents, the MPD CLEC®s had a greater stability in 

dioxane and acetonitrile, and IPA CLEC®s had a greater stability in tetrahydrofuran 

and hexadecane. The IPA CLEC®s had a greater stability to proteolytic degradation 

that was almost five times greater. The size of both CLEC® forms was different. 

The majority of the IPA CLEC®s was approximately 5 pm compared to a more 

disperse size range for the MPD CLEC®s, This difference in size may have 

attributed to the enhanced activity of the IPA CLEC®s.

In summary, the results presented in this Chapter clearly show that the conditions 

under which a particular batch of CLEC®s is made will significantly influence the 

process characteristics of the final biocatalyst preparation. This is clearly important 

in relation to their industrial application.
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7 E f f e c t  o f  c r o s s l in k in g  c o n d it io n s  o n  t h e  p r o c e s s  
CHARACTERISTICS OF CLEC® BIOCATALYSTS

7.1 Introduction

The optimisation of the crosslinking procedure described in Chapter 4 showed that 

CLEC®s could be produced with a variety of crosslinking conditions and reagents. 

Exactly what effect this change in crosslinking procedure would have on the catalytic 

properties is currently not known. The aim of this Chapter of the thesis is to 

systematically investigate this using the hierarchy proposed in Chapter 5. As was 

mentioned in Chapter 4 little work has been done on the crosslinking of crystals with 

reagents other than glutaraldehyde. The few examples that do exist in the literature 

have not investigated all the effects of crosslinking on catalyst stability and activity.

Torchillin et a l, (1978) identified the importance of the type of crosslinking reagent, 

particularly the length of crosslinker upon thermostability. Tyagi and Gupta (1998) 

reviewed literature on crosslinking of crystals with reagents other than glutaraldehyde 

and found that the crosslinking reagent type was very important and influenced the 

thermostability of the catalysts considerably. It is therefore important to know the 

effect of concentration and type of crosslinker on the biocatalyst produced.

Examined within this Chapter is the effect of varying the glutaraldehyde 

concentration upon C. rugosa lipase CLEC®s (Section 7.2) and the effect of using 

two different crosslinking reagents, glutaraldehyde and phthalaldehyde, on the 

properties of a-chymotrypsin CLEC®s (Section 7.3). The exact compositions of all 

the CLEC®s used in this study were previously described in Figure 4.10.
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7.2 Lipase CLEC®s: Effect of varying glutaraldehyde concentration

7.2.1 Catalytic properties

7.2.1 A  Catalytic properties as a function o f temperature and pH

Table 7.1 shows the half-lives of C. rugosa CLEC®s obtained for the two different 

concentrations of glutaraldehyde crosslinker. Both at 6 and 60 °C the CLEC®s 

crosslinked with just 1% v/v glutaraldehyde had longer half-lives than those 

crosslinked with 10% v/v while at 40 °C, the 10% v/v crosslinked crystals had a 

greater stability compared to the 1% v/v crosslinked CLEC®s. No decrease in 

activity upon storage at ambient temperatures was observed for a period of ten 

months for either CLEC® preparation.

Upon incubation at varying pH values (Table 7.2), the 10% v/v crosslinked crystals 

had a greater stability at all the pH values investigated. At pH 5, no decrease in 

activity was observed for either the 1% v/v or 10% v/v glutaraldehyde crosslinked 

crystals for up to 382 hours corresponding to a half life greater than 15000 hours. At 

pH 7, with the 10% v/v crosslinked crystals, no loss in activity was observed for up 

to 382 hours also (half-life again is greater then 15000 hours).

The effect on catalytic activity, initial rates, (Figure 7.1) with varying temperature at 

the two different crosslinking concentrations was an increased specific activity at all 

the temperatures examined for the 10% v/v crosslinked crystals. The increase in 

activity was more prominent at high temperatures.

Although the free enzyme data is shown, the comparison of this to the CLEC®s is not 

a valid one as both are known to contain different activities as mentioned in Chapter 

6. A comparison needs to based on purified enzymes.
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Half lives Temperature (”C)
(hr) 6 40 60

Free enzyme 674 202 0.28
10% v/v glutaraldehyde 198 165 0.24
1 % v/v glutaraldehyde 3960 79 0.28

Table 7.1 Catalytic stability at varying temperatures of CLEC®s crosslinked 
with different concentrations of glutaraldehyde.
CLEC®s were crystallised and crosslinked as described in Table 4,10. The catalysts were 
incubated at the indicated temperatures and periodically assayed as described in Section 
2.6.1.1. The half-lives were extrapolated from the data by fitting an exponential decay 
model.

Half lives pH
(hr) 3 5 7 9 11

Free enzyme 204 608 759 1.17 0.79
10% v/v glutaraldehyde 273 > 15x10^ > 1 5 x l0 f 0.256 0.18
1 % v/v glutaraldehyde 183 > 1 5 x l0 f 224 0.209 0.16

Table 7.2 Catalytic stability at varying pH of CLEC®s crosslinked with 
different concentrations of glutaraldehyde.
CLEC®s were crystallised and crosslinked as described in Table 4.10. The catalysts were 
incubated at the pH values indicated by mixing the catalysts with an equal volume of buffer 
and periodically assayed as described in Section 2.6.1.1. The half-lives were extrapolated 
from the data by fitting an exponential decay model.
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Figure 7.1 Catalytic activity with varying temperature of CLEC®s crosslinked 
with different concentrations of glutaraldehyde.
CLEC®s were crystallised and crosslinked as described in Table 4.10. The catalysts were 
assayed for activity using the pH-stat lipase assay (Section 2.8.1.4 using triacetin as the 
substrate). Each value shown is the mean ± standard error.

7.2.1.2 Catalytic properties in the presence o f solvent and proteases

The activity o f the CLEC®s crosslinked with 1% v/v and 10% v/v glutaraldehyde in 

the presence o f solvents is shown in Table 7.3. In the water miscible solvents, 

acetonitrile and tetrahydrofuran, the 1 % v/v glutaraldehyde crosslinked crystals had a 

longer half-life. Upon incubation of the 10% v/v crosslinked crystals with dioxane 

and the 1 % v/v crosslinked crystals with hexadecane, no decrease in activity was 

observed in either preparation for up to 405 hours. With both sets o f crosslinked 

crystals, upon incubation with octanol, the assay showed too much variation in 

activity to give reliable results.

In the presence o f the non-specific exogenous protease a marked difference was 

observed between the half-lives of the two concentrations o f crosslinking reagent.
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The catalysts were incubated with an equal volume of catalyst to non-specific 

protease at a concentration of 5 mg/mL. 10% v/v glutaraldehyde CLEC®s had a first 

order half-life of 230 hours and the 1% v/v glutaraldehyde CLEC®s had a half-life of 

6.4 hours. The increased glutaraldehyde concentration conferred a significant 

advantage against the action of the protease. The increased glutaraldehyde 

concentration and increased duration of crosslinking most probably enables more 

crosslinks to be formed within the particles thus offering enhanced stability.

7.2.i.5 Catalytic properties -  enzyme kinetics

Figure 7.2 shows the specific activity of the CLEC®s with increasing substrate 

concentration. The specific activity is higher for the 10% v/v crosslinked crystals 

compared to the 1% v/v crosslinked crystals at all the triacetin concentrations 

examined. This was unexpected as a longer crosslinking time and a greater 

concentration of crosslinker would likely have over-crosslinked the enzyme causing 

amino acid residues important for substrate binding to be crosslinked. Hence making 

the enzyme non-functional reducing the specific activity. As the opposite was found 

experimentally to be the case, it is difficult to hypothesise the reason for the increased 

activity. The effects are similar to those of temperature where the 10% v/v 

crosslinked crystals have a greater activity. The activity of lipases is often affected 

by molecular structures which are rearranged when the protein makes contact with a 

second phase. The 10% v/v glutaraldehyde may stabilise the protein in this 

rearranged format, while the 1% v/v does not.
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Solvent LogP“ Water solubility
(mmol/L)

Half liv
10 % v/v glutaraldehyde

es (hr)
1% v/v glutaraldehyde

Dioxane -1.1 miscible ND 624

Acetonitrile -033 miscible 1426 2493
Tetrahydrofuran 0.49 miscible 410 1506

Octanol 2.9 46.2*’ ND ND

Hexadecane 8.8 4.0 X lO'*’' 1803 ND
ND N ot determ ined
“Data taken from Laane e t al. (1987), ‘’Data taken from Archer (1996), ‘’Data taken from Vermuë e t al. (1993).

Table 7.3 Catalytic stability of CLEC®s crosslinked with different 
concentrations of glutaraldehyde in a range of solvents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. The catalysts were 
incubated with an equal volume of solvent and periodically assayed. The half-lives were 
extrapolated from the data by fitting an exponential decay model.
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Figure 7.2 Enzyme activity with increasing substrate concentration of CLEC s 
produced using different concentrations of glutaraldehyde.
CLEC®s were crystallised and crosslinked as described in Table 4.10. The catalysts were 
assayed with an increasing concentration of substrate as described in Section 2.8.1.4 using 
triacetin as the substrate).
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7.2.2 Physical and mechanical properties

Figure 7.3 shows a particle size distribution of both types of CLEC®s crosslinked 

with varying quantities of glutaraldehyde. It appears that crosslinking has no 

measurable effect on the crystal size. The crystals vary in size from 10-45 pm with 

the majority being in the smaller size band.

Figure 6.6 showed the cumulative size distributions (undersize) of lipase CLEC®s, 

crosslinked with 1% v/v glutaraldehyde, before and after subjecting the sample to 

shear. The results indicated a significant shift to smaller size distributions for disc 

rotational speeds greater then 15,000 rpm. There was also a threshold speed of 

around 10,000 rpm below which no damage to the crystals could be detected. In 

contrast, the data for lipase CLEC®s crosslinked with the higher concentration of 

glutaraldehyde (Figure 7.5) indicated that there was no significant size difference 

between the sheared samples and the original CLEC®s suspension over the same 

range of disc rotational speeds. The higher glutaraldehyde concentration and 

increased crosslinking time has given the crystals greater physical strength and 

consequently are less sensitive to shear.

The mechanical stability of the CLECs® plays an important role in determining 

whether or not breakage will occur under a given set of operating conditions in a 

stirred vessel or downstream processing equipment. Quantifying the extent of 

breakage and understanding the mechanism responsible for this will be of importance 

in relation to the industrial application of CLEC® technology.
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Figure 7.3 Particle size distributions showing the volume of each size particle of 
CLEC®s produced using different concentrations of glutaraldehyde.
CLEC®s were crystallised and crosslinked as described in Table 4.10. The area under the 
curve corresponds to the volume of crystals found in that particular size range. Particle size 
distribution measured as described in Section 2.8.3.
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Figure 7.4 Effect of disc rotational speed on the cumulative size distributions of 
lipase CLEC®s crosslinked with 10% v/v glutaraldehyde.
CLEC®s were sheared using the shear device as described in Section 2.6.2. Duration of disc 
rotation was 10 seconds and the lipase concentration was 0.5 mg/mL.
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7.3 Chymotrypsin CLECf^s ; crosslinking with glutaraldehyde and 

phthalaldehyde

The a-chymotrypsin free enzyme is a pure enzyme and now unlike the lipase 

comparison to the CLEC®s is a true comparison of similar activities.

7.3.1 Catalytic properties

7.3.1.1 Catalytic properties as a function o f temperature and pH

Figure 7.5 shows the catalytic activity at varying temperatures of the free enzyme and 

a-chymotrypsin CLEC®s that have been crosslinked with the two different 

crosslinking reagents. All three catalysts show an increase in activity with increasing 

temperature. At 60°C, the free enzyme and both forms of CLEC®s show a drop in 

activity.

The specific activity was calculated by dividing the lipase activity as determined by 

the titrimetric lipase assay (Section 2,8.1.3) by the protein concentration of the 

CLEC®s. For the free enzyme, the protein concentration was calculated using the 

Lowry assay (Section 2.8.1.2). For the two forms of CLEC®s, the crystalline pellet 

before crosslinking was assayed. Thus it was assumed that the protein concentration 

after crosslinking was the same as in the pellet of the crystal suspension. With the 

lipase CLEC®s (Section 7.1) it was possible to determine the protein (lipase) 

concentration directly using the Lowry assay but this was not possible with the a- 

chymotrypsin CLEC®s due to the presence of the black precipitate in the CLEC® 

preparation (Figure 4.4). Both the glutaraldehyde and phthalaldehyde crosslinked 

CLEC®s had significant amounts of precipitate present following crosslinking 

(Figures 4.3 and 4.4). Given the limitations in the protein assays it is thus very 

difficult to determine the exact amount of protein in the CLEC®s but it appears from 

the activity data that they only have a fraction of the activity of the free enzyme.
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The phthalaldehyde CLEC®s appear to have more activity than the glutaraldehyde 

CLEC®s which was also evident in the initial crosslinking studies (Tables 4.3 and 

4.9). Figure 7.6 shows data that has been normalised against the specific activity 

obtained at 20 °C and allows an easier comparison of the three catalyst types. From 

this data it appears as though the glutaraldehyde CLEC®s are comparable to the free 

enzyme. The phthalaldehyde CLEC®s have lower activities at the higher 

temperatures indicating that some inactivation is occurring.

The effect of incubating CLEC®s at varying temperatures is shown in Figure 7.7. 

The activity remaining after 24 hours was plotted as a percentage of the starting 

activity. At the lower temperatures no significant difference was observed in the 

activity of the free enzyme and CLEC®s. At 40°C and higher a decrease in stability 

was observed which was most significant at 60°C where all activity had been lost 

within 24 hours. Overall, the phthalaldehyde crosslinked crystals appear to be 

slightly less stable than the glutaraldehyde crosslinked crystals and the free enzyme. 

Table 7.4 shows the catalytic half-lives of all three catalysts with varying temperature 

that have been incubated for longer than the 24 hours shown in Figure 7.7. A short 

24-hour incubation was found to give a wrong impression and therefore examining 

the half-lives over a longer period of time would be more accurate. At 10°C the free 

enzyme was the most stable giving the greatest half-life. At 25°C no decrease in 

activity was observed and therefore a half-life was not calculated. At this 

temperature the glutaraldehyde CLEC®s are more stable than the two other forms of 

enzyme which are approximately as stable as each other. Both at 40 and 50°C the 

glutaraldehyde CLEC®s are more stable than the other two forms while at 60°C the 

free enzyme is the most stable.

The dependency of the rate of enzyme deactivation on temperature is generally well 

described using the Arrhenius equation [7.1]. Figure 7.8 is an Arrhenius plot 

showing the variation of biocatalyst half-life with temperature of both free a- 

chymotrypsin and CLEC®s of the enzyme. The a-chymotrypsin CLEC®s were more 

stable than the free enzyme but, in this case, only over a narrow range of 

temperatures around 50 °C (1/T = 0.0031) where the half-life increased by at least
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two orders o f magnitude. At 60 °C the CLEC®s were apparently less stable than the 

free enzyme, while at lower temperatures (below 20 °C) the half-lives o f both the 

CLEC®s and the free enzyme were very long and difficult to measure with reasonable 

accuracy.

k = Ae RT [7.1]

Table 7.5 shows the catalytic stability at varying pH values o f a-chymotrypsin 

CLEC®s crosslinked with different crosslinking reagents. The glutaraldehyde 

CLEC®s have a definite advantage, having a greater half-life at all the pH values 

examined compared to both the free enzyme and the phthalaldehyde CLEC®s. The 

phthalaldehyde CLEC®s are also more stable than the free enzyme at all the pH 

values. The benefit o f crystallising and crosslinking crystals is clearly shown in this 

data.
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Figure 7.5 Catalytic activity at varying temperatures of a-chymotrypsin 
CLEC®s crosslinked with different crosslinking reagents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. Free enzyme was 
prepared by dissolving enzyme in water (3.33 mg/mL). The catalysts were assayed for 
activity using the pH-stat lipase assay (Section 2.8.1.5). Each value shown is the mean ± 
standard error.
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Figure 7.6 Normalised catalytic activity at varying temperatures of a- 
chymotrypsin CLEC®s crosslinked with different crosslinking reagents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. Free enzyme was 
prepared by dissolving crude enzyme in water (3.33 mg/mL). The catalysts were assayed 
for activity using the pH-Stat lipase assay (Section 2.8.1.5). Each value has been normalised 
to the specific activity obtained at 20 °C.

140

120

100

>

— ■ —  Free enzym e 

- -  G lutaraldehdye CLECs

P hthalaldehdye CLECs

10 50 6020 30 40

T em p era tu re  (°C )

Figure 7.7 Activity of a-chymotrypsin CLEC®s crosslinked with different 
crosslinking reagents remaining after 24 hrs of incubation at varying 
temperatures.
CLEC®s were crystallised and crosslinked as described in Table 4.10. Free enzyme was 
prepared by dissolving crude enzyme in water (3.33 mg/mL).
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Half lives Temperature ("C)
(hr) 10 25 40 50 60

Free enzyme 86643 1386 124 6.74 0.164
Glutaraldehyde CLEC® 3381 >15x10^ 165 56.4 0.035
Phthalaldehyde CLEC® 1409 1039 36.9 6.74 0.021

Table 7.4 Catalytic stability at varying temperatures of a-chymotrypsin 
CLEC®s crosslinked with different crosslinking reagents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. Free enzyme was 
prepared by dissolving crude enzyme in water (3.33 mg/mL). The catalysts were incubated 
at the temperatures and periodically assayed as described in Section 2.6.1.1. The half-lives 
were extrapolated from the data by fitting an exponential decay model.
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Figure 7.8 Arrhenius plot showing the variation of biocatalyst half-life with 
temperature for free enzyme and a-chymotrypsin CLEC®s crosslinked with 
different crosslinking reagents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. Free enzyme was 
prepared by dissolving crude enzyme in water (3.33 mg/mL). The catalysts were incubated 
at the temperatures and periodically assayed as described in Section 2.6.1.1. The half-lives 
were extrapolated from the data by fitting an exponential decay model.
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Half lives pH
(hr) 3 5 6 7 8 9 11

Free enzyme 530 85 590 390 170 43 65
Glutaraldehyde CLEC®s 99000 3520 2550 3350 2930 49500 2120
Phthalaldehdye CLEC®s 770 1000 1190 1990 960 450 790

Table 7.5 Catalytic stability at varying pH of a-chymotrypsin CLEC®s 
crosslinked with different crosslinking reagents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. Free enzyme was 
prepared by dissolving crude enzyme in water (3.33 mg/mL). The catalysts were incubated 
at the pH values indicated by mixing the catalysts with an equal volume of buffer and were 
periodically assayed. The half-lives were extrapolated from the data by fitting an 
exponential decay model.

73.1.2 Catalytic properties in the presence o f solvents and proteases

The specific activities of the biocatalyst over time for both the solvent and protease 

stability experiments were experimentally determined. First-order kinetic models 

were fitted to the data to enable half-lives to be calculated. Table 7.6 shows the 

stability of the free a-chymotrypsin and a-chymotrypsin CLEC®s in a range of five 

representative solvents chosen on the basis of their log P values and their water 

solubilities. The CLEC®s are seen to have an increased half-life in the solvents 

compared to the free enzyme in all cases. The effects are modest, however, in the 

solvents that are water-soluble. In contrast, the CLEC®s are much more resistant to 

the detrimental effects of the solvents, octanol and hexadecane, which form a second 

organic phase; the half-life is increased by between two and three orders of 

magnitude in these ones. The differences in the effects of the two groups of solvents 

are surprising but there is no doubt that CLEC® hiocatalysts have a real advantage in 

two-phase systems.

The a-chymotrypsin CLEC®s also have an increased half-life compared to the free 

enzyme in the presence of the non-specific exogenous protease. Free a- 

chymotrypsin had a first order half life of 0.06 hours while that for the glutaraldehyde 

CLEC®s was 10.8 hours and for phthalaldehyde CLEC®s was 28.3 hours. This 

increased stability is particularly useful when carrying out reactions with crude
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extracts or under non-sterile conditions where the presence of low levels of microbial 

contamination could be expected. Free enzymes would be broken down rapidly by 

any contaminating protease that was present in these processes, whereas the CLEC®s 

would survive to carry out the necessary reactions and hence maintain the long-term 

productivity of the process.

7,3,1.3 Catalytic properties -  enzyme kinetics

The catalytic rate is an important parameter to be considered when comparing 

different forms of immobilised enzyme. Figure 7.9 is a comparison of the kinetic 

parameters of the two forms of CLEC®s and the free enzyme. The data presented in 

Figure 7.9 was used to calculate the kinetic parameters of the catalysts (Table 7.7). 

Km and Vmax in Table 7.7 are labelled as apparent values as it is not currently known 

if any mass transport resistances are incorporated in these values. The measured 

overall kinetic properties of an immobilised catalyst may differ from the true kinetics 

of the immobilised enzyme (Engasser and Horvath (1973); Greenfield and Laurence 

(1978); Kobayashi and Laidler (1973)). The values in Table 7.7 were calculated by 

direct fitting of a rectangular hyperbola to the graphs as for both Line Weaver Burk 

and Eadie-Hofstee the data with the greatest errors (rates at low substrate 

concentrations) have the greatest weighting when the straight lines are calculated. 

Km, a measure of the strength of binding of substrate to enzyme, was found to be 

highest for the phthalaldehyde CLEC®s. Clark and Bailey (1983) reported a Km for 

the free enzyme as 0.73 mM. In comparison a value of 2.2 mM was obtained in this 

study. The difference is insignificant given the nature of the data.

At high substrate concentrations a limiting velocity, Vmax, is approached where the 

available enzyme active sites have become saturated. This was highest for the free 

enzyme, with a considerably decreased Vmax for the two CLEC® forms. This may be 

due to influences of mass transfer of substrates and products on overall reaction rates 

of immobilised enzymes (Clark and Bailey, 1983). The glutaraldehyde CLEC®s are 

larger in size than the phthalaldehyde CLEC®s (data shown in Figure 7.10) which 

may correlate with the Vmax, being lower for the glutaraldehyde CLEC®s.
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Solvent LogP* Water solubility
(mmol/L) Free enzyme

Half lives (hr
Glutaraldehyde

CLEC®s

Phthalaldehyde

CLEC®

Dioxane -1.1 miscible 032 230 038
Acetonitrile -033 miscible 0.73 0.94 036
Tetrahydrofliran 0.49 miscible 0.03 0.05 0.02
Octanol 2.9 46.2" 039 610 325
Hexadecane 8.8 4.0 X 10""' 15.7 3540 98

“Data taken from Laane et al. (1987), ‘’Data taken from Archer ( 1996), ‘’Data taken from Verm uë et al. (1993).

Table 7.6 Catalytic stability of free enzyme and a-chymotrypsin CLEC®s 
crosslinked with different crosslinking reagents in a range of solvents.
CLEC®s w ere crystallised  and crosslinked as described in Table 4 .10 . Free enzym e was 
prepared by d isso lv in g  crude enzym e in water (3 .33 m g/m L ). The catalysts w ere incubated  
with an equal volum e o f  solvent and periodically assayed as described in Section 2 .6 .1 .2 . 
The h a lf-lives w ere extrapolated from the data by fitting an exponential decay.
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Figure 7,9 Enzyme activity with increasing substrate concentration of free 
enzyme and a-chymotrypsin CLEC®s crosslinked with different crosslinking 
reagents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. Free enzyme was 
prepared by dissolving crude enzyme in water (3.33 mg/mL). The catalysts were assayed 
with an increasing concentration of substrate (substrate dissolved in 0.02 % v/v methanol in 
10 mM potassium chloride).

Apparent (mM) Apparent (U/mg)

Free enzyme 2.2 ±0.5 308 ± 12
Glutaraldehyde CLEC® 3.3 ±1.1 19± 1.3
Phthalaldehyde CLEC® 11.9± 1.1 68 ± 2.3

Table 7.7 Kinetic parameters of free enzyme and a-chymotrypsin CLEC®s 
crosslinked with different crosslinking reagents.
Parameters calculated using the Michaelis-Menten equation by direct fitting of a rectangular 
hyperbola to data from Figure 7.9.

7.3.2 Physical and mechanical properties

From Figure 7.10 it can be seen that the crosslinking process had a significant affect 

on the particle size distribution of a-chymotrypsin CLEC®s. The glutaraldehyde 

CLEC®s have an average particle size of approximately 16 pm while the 

phthalaldehyde CLEC®s in comparison have a much smaller particle size with the 

majority being less than 5 pm. The crosslinking process was carried out on crystals 

from the same batch thus the change in size is a direct result of the crosslinking 

process. It might be that the phthalaldehyde has only crosslinked the smaller crystals 

present and the larger crystals dissolved during the washing steps following the 

crosslinking procedure. The chemistry of crosslinking of phthalaldehyde may also 

have caused this.
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Figure 7.10 Particle size distributions showing the volume of each size particle 
of a-chymotrypsin CLEC®s produced using different crosslinking reagents.
CLEC®s were crystallised and crosslinked as described in Table 4.10. The area under the 
curve corresponds to the volume of crystals found in that particular size range. Particle size 
distribution measured as described in Section 2.8.3.

Figures 7.11 and 7.12 show the cumulative size distributions (undersize) o f a- 

chymotrypsin CLEC®s crosslinked with glutaraldehyde and phthalaldehyde. The 

results indicate a significant shift to smaller size distributions for disc rotational 

speeds greater than 4000 rpm for glutaraldehyde CLEC®s and 10,000 rpm for 

phthalaldehyde CLEC®s. The phthalaldehyde CLEC®s thus appear slightly more 

resilient to shear forces than the glutaraldehyde CLEC®s. This is likely to be due to 

the smaller size o f the phthalaldehyde CLEC®s rather than a specific effect of the 

type o f crosslinking reagent.
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Figure 7.11 Effect of disc rotational speed on the cumulative size distributions 
of a-chymotrypsin CLEC®s crosslinked with glutaraldehyde.
CLEC®s were sheared using the shear device as described in Section 2.6.2. Duration of disc 
rotation was 10 seconds and the a-chymotrypsin concentration was 0.5 mg/mL.
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Figure 7.12 Effect of disc rotational speed on the cumulative size distributions 
of a-chymotrypsin CLEC®s crosslinked with phthalaldehyde.
CLEC®s were sheared using the shear device as described in Section 2.6.2. Duration o f disc 
rotation was 10 seconds and the a-chymotrypsin concentration was 0.5 mgmL*'.
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7.4 Summary

7.4.1 Effect of crosslinker concentration

The effect the crosslinking reagent concentration on the production of CLEC®s was 

seen previously in Chapter 4 where too low a concentration of crosslinker caused the 

crystals to redissolve and too high a concentration caused precipitation to occur. The 

duration of crosslinking is also an important consideration that needs to be explored 

and kept under control. Successful crosslinking would appear to be a compromise 

between the concentration of crosslinker used and the crosslinking time. The C. 

rugosa CLEC®s investigated in Section 7.2 were crosslinked with both varying 

crosslinker concentrations and times. The 1% v/v glutaraldehyde CLEC®s were 

crosslinked for only 1 hour and the 10% v/v glutaraldehyde CLEC®s were 

crosslinked for 72 hours.

Although the CLEC®s were compared to free enzyme (Tables 7.1 and 7.2), results 

have not been shown here. The free enzyme was apparently more stable than the 

CLEC®s but this comparison was not valid as the free enzyme used was not pure and 

contained many activities as was described in Chapter 6. Comparisons need to done 

using pure enzyme preparations or at least samples of equivalent purity when judging 

the effects of crosslinking on stability.

The 10% v/v glutaraldehyde CLEC®s had a greater stability at 40°C compared to the 

1% v/v glutaraldehyde CLEC®s. In contrast, the 1% v/v CLEC®s had a greater 

stability at 6 and 60°C. The 10% v/v CLEC®s had longer half-lives at all the pH 

values investigated and also had an increased catalytic activity at varying 

temperatures compared to the 1% v/v CLEC®s.

With the solvent experiments, varying stabilities were found. In the water miscible 

solvents, acetonitrile and tetrahydrofuran, the 1% v/v CLEC®s had a greater stability 

than the 10% v/v CLEC®s. Also, the CLEC®s incubated in hexadecane, the 1% v/v 

CLEC®s had a greater half-life. Therefore, with regard to solvent resistance, it 

appears as though the 1% v/v CLEC®s are advantageous to the 10% v/v CLEC®s.
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Resistance to proteolytic degradation was vastly different between the two 

crosslinking concentrations. The stability of the 10% v/v CLEC®s was two orders of 

magnitude higher compared to the stability of the 1% v/v CLEC®s.

With varying substrate concentration, the 10% v/v CLEC®s had a greater specific 

activity than the 1% v/v CLEC®s at all concentrations. The varying crosslinking 

concentration and time had no effect on the particle size distributions.

The shear sensitivity of the 10% v/v CLEC®s was vastly different to the 1% v/v 

CLEC®s. The 10% v/v CLEC®s were not affected at shear rates of 27,000 rpm 

which is equivalent to the shear associated with a process scale centrifuge. The 1% 

v/v CLEC®s on the other hand were sheared at less than 4,000 rpm which is less than 

the shear forces found in a stirred-tank reactor.

Overall, the 10% v/v CLEC®s have improved process characteristics over the 1% v/v 

CLEC®s in many aspects but the latter are better in some circumstances such as for 

use with water miscible solvents. The use of the hierarchy of tests (Figure 5.1) 

allows all the parameters to be investigated systematically when comparing two 

different CLEC® forms before making a choice of a suitable formulation depending 

on the final application of the catalysts.

The successful crosslinking of CLEC®s with varying crosslinking concentrations and 

time was found to be unique to glutaraldehyde. Increasing concentration of other 

crosslinkers led to the formation of precipitates. This may be a property that is 

unique to this enzyme as Lee (2000) found that increasing glutaraldehyde 

concentration for crosslinking of YADHI crystals led to the formation of precipitates. 

The mechanism of glutaraldehyde crosslinking is still unclear and a lot more work is 

required to reveal the exact mechanism of the crosslinking reaction. Only when the 

mechanism is understood, might it be possible to predict how the crosslinking affects 

the properties of the catalysts.

7.4.2 Effect of crosslinking reagent
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The investigation into how the crosslinking reagent affected the behaviour of 

CLEC®s was limited by the lack of successfully crosslinked crystals of the same 

enzyme by more than one crosslinking reagent. It would have been preferable to 

have had C. rugosa CLEC®s crosslinked with another crosslinking reagent as so 

much other work had been done with this enzyme and would have made any 

comparisons much easier. a-Chymotrypsin was successfully crosslinked with both 

glutaraldehyde and phthalaldehyde with varying degrees of success and these were 

therefore compared using the hierarchy of tests proposed in Chapter 5.

The major difficulty in using a-chymotrypsin CLEC®s was not being able to quantify 

the exact protein concentration of each preparation. With the lipase CLEC®s it was 

possible to carry out a Lowry assay to determine the protein concentration of the 

catalysts. With a-chymotrypsin the presence of the precipitates (Section 3.4) were a 

problem particularly with the phthalaldehyde crosslinking. Therefore the amount of 

protein in the crystalline pellet prior to crosslinking was used as an estimate of the 

protein in the CLECs. This was highly inaccurate, as a lot of crystals were lost due to 

dissolution during the crosslinking procedure when observed under the microscope. 

Therefore a more accurate method for measuring the protein concentration of the 

CLEC® particles is required in future work.

Both CLEC® forms had considerably lower levels of specific activity at all 

temperatures compared to the free enzyme but this may be a consequence of the 

protein determination. The glutaraldehyde CLEC®s had greater temperature

stabilities than the other two forms at all the temperatures studied apart from at 10 

and 60°C. The glutaraldehyde CLEC®s were also more stable at all pH values 

examined, being better than the phthalaldehyde CLEC®s, which in turn was better 

than the free enzyme. In terms of pH stability, crystallisation followed by

crosslinking conferred a distinct advantage to the enzyme.

Both forms of CLEC®s had greater stabilities than the free enzyme in the presence of 

all the solvents. The effect was modest for the water-soluble solvents but with the 

two-phase solvents, two to three orders of magnitude increase in the half-lives was
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observed. The CLEC®s also had a greater tolerance to the exogenous protease 'svith 

the phthalaldehyde CLEC®s having the greatest half-lives.

The two CLEC® preparations differed in their particle size distributions. The 

phthalaldehyde CLEC®s were smaller in size. The larger crystals seen in the 

glutaraldehyde CLEC®s most likely dissolved during the crosslinking procedure. 

The phthalaldehyde crystals were more shear resistant than the glutaraldehyde 

CLEC®s but this may have been an affect of the smaller size and not specific to the 

crosslinking reagent.

In conclusion, the glutaraldehyde CLEC®s showed improved process characteristics 

over the phthalaldehyde CLEC®s, which were also better than the free enzyme 

particularly for use with organic solvents. But a dramatic loss in catalytic activity 

was observed upon CLEC® formation.
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8 C o n t in u o u s  p r o d u c t io n  o f  CLEC® s : C o n t r o l  o f  
CRYSTAL SIZE

8.1 Introduction

So far the work reported in this thesis has examined the optimisation of crystal shape 

(habit) and recovery yield. The crystallisation windows examined in Chapter 3 

allowed both of these to be controlled. It was apparent from Chapters 6 and 7 that it 

would also be advantageous to be able to control the size of the crystals obtained. 

For example, in Section 7.3 the smaller phthalaldehyde CLEC®s were more resistant 

to shear effects than the glutaraldehyde CLEC®s. Similar size-dependent 

characteristics have also been found with YADHI CLEC®s (Lee, 2000) and any 

substrate/product mass transfer limitations will also be dependent on the size of the 

CLEC®s.

It was therefore proposed that a continuous crystallisation and crosslinking reactor be 

established. A thorough literature search found no reference to any work relating to 

continuous crystallisation and crosslinking of enzymes. Large-scale continuous 

crystallisation processes are common in industry particularly of inorganic salts 

(Mydlarz and Jones, 1989; Chan and Ang, 1996; Moshinskii, 1997) and continuous 

immobilisation processes have been published in the literature (Roenigk and Aris, 

1996, & Keshavarz et a l, 1990). No work to date has combined the two processes 

together.

The aim of this Chapter of the thesis was to demonstrate a system for continuous 

crystallisation followed by crosslinking and assess its feasibility limitations on the 

raw material. The crystallisation of C  rugosa lipase was chosen as a model system 

for this work. Limitations on the raw material and time available meant that only two 

steady-state experiments were carried out.
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8.2 Effect of feed flow rate and agitations

The first experiment was set-up as was described in Section 2.7 at an overall inlet 

flow rate of 3.5 ml/h. At the start of the experiment the crystallisation reactor was 

filled with 70 mL of crystallisation mixture, which was seeded with 0.5% v/v of seed 

crystals as also described in Section 2.5.1. The flow of substrates into the reactor and 

crystal suspension out of the reactor was commenced. For these initial studies 

steady-state was assumed to be reached after 4-5 residence times. Periodically, 

samples were removed from the crystallisation reactor, centrifuged and the protein 

content of the pellet and the bulk crystal suspension was measured.

The flowrate was held constant for 24 hours after which time both inlet flows were 

increased in proportion so that the total flowrate was 5.25 mL/h. After a further 24 

hours, the rates were again increased so that the total flowrate was 7 mL/h. At each 

steady-state a sample of crystal suspension was removed, crosslinked and the particle 

size distribution found. A sample from the continuous crosslinking reactor was also 

removed.

The results of this experiment are shown in Figure 8.1. The total protein content in 

the crystallisation reactor remained constant at all three flowrates indicating that the 

proportion of enzyme pumped into the reactor was being maintained. Crystal 

formation was as predicted, reaching an approximate steady state after around 5 

hours. As the volumetric flowrate was increased, the total protein concentration in 

the crystal form decreased which correlated with a decrease in crystal numbers at the 

higher flovvrates.

Figure 8.2 shows the particle size distributions by volume of the crystals in the 

crystallisation reactor after steady state had been reached. The particle size 

distributions of the contents of the crosslinking reactor were also measured and were 

very similar to the distributions obtained in the crystallisation reactor. At the lowest 

flowrate, the majority of the crystals were 10-15 pm in size with some larger particles 

present ranging up to a size of 35 pm. As the flowrate increased the size of the
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particles increased resulting in a greater number of larger crystals formed at the 

highest flowrate. Unfortunately, the increase in size was at the expense of the yield 

of crystals, with a decreased proportion of the total protein concentration of the 

reactor forming crystals (Figure 8.1).

For the second experiment a fresh batch of enzyme crystallisation mixture was placed 

into the crystallisation reactor. The first flowrate was established as was described 

for Experiment 1 at the same flowrate and impeller speed (300rpm; slower impeller 

speeds showed evidence of poor mixing and the formation of two distinct layers). 

Once steady state had been established the flowrate was reduced to 1.75 mL/h and 

the impeller speed maintained at 300 rpm. This was again maintained for 4-5 

residence times. The flowrate was finally increased to the starting flowrate and the 

impeller speed was increased to 800 rpm. The result of this experiment is shown in 

Figure 8.3.

Up to 50 hours the total protein concentration in the crystallisation reactor remained 

fairly constant. After this time a decrease in the total protein concentration was 

observed. The decrease could only have been attributed to the tubing being 

compromised. The high concentration of MPD may have affected the tubing. At the 

end of the experiment, when the tubing was examined, it was found to have been 

affected by its contents. The pump heads had also eroded the tubing within the 

peristaltic pumps. The tubing diameter may increase as the solvent dissolves in the 

polymeric walls. This would cause a drop in flowrate and therefore a drop in the 

amount of total protein in the reactor. As the total protein concentration decreased in 

the later part of the lower flowrate and at the faster impeller speed it is difficult to 

draw any conclusions from the data as to whether either of these had an effect on 

crystal size. Figure 8.4 shows the particle size distributions of the crystals at steady 

state and shows a slight shift of particle size to larger particles at a slower flowrate 

and another shift to slightly larger particles at the faster impeller speed.
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Figure 8.1 Effect of varying flowrate on protein crystallisation as determined 
by amount of protein in the crystalline form.
The continuous crystallisation and crosslinking rig was operated as described in Section 2.7 
and operated over three different feed flowrates. Samples were periodically removed, 
centrifuged and protein concentrations determined as described in Section 2.8 .1.2. The 
datapoints are the average of two with the error bars showing the standard error of the data.
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Figure 8.2 Cumulative size distribution by volume of crystals at steady state 
with varying feed flowrate.
A representative sample was removed from the crystallisation reactor at the point at which 
steady state had been reached and the particle size distribution determined by using the 
Elzone (Section 2.8.3).
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Figure 8.3 Effect of varying flowrate and impeller speed on protein 
crystallisation as determined by amount of protein in crystalline form.
The continuous crystallisation and crosslinking rig was operated as described in Section 2.7 
and operated over changes in flowrate and impeller speed. Samples were periodically 
removed, centrifuged and protein concentrations determined as described in Section 2.8.1.2. 
The datapoints are the average of two with the error bars showing the standard error of the 
data.
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Figure 8.4 Cumulative size distribution by volume of crystals at steady state 
with varying feed flowrate and increasing impeller speed.
A representative sample was removed from the crystallisation reactor at the point at which 
steady state had been reached and the particle size distribution determined by using the 
Elzone (Section 2.8.3).
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8.3 Summary

The aim of these experiments was to be able to control crystal size via a continuous 

crystallisation and crosslinking process. It appears from the early results of 

Experiment 1 that this was possible. The size was found to be a function of both feed 

flowrate and agitation. The results have proved that the system is feasible and 

practical but a lot more work is required to understand the behaviour of the system. 

Tubing which is not affected by solvents needs to be used. Also careful monitoring 

of flowrates is required to ensure the correct volumes are delivered to each reactor.

It was predicted that an increase in flowrate, correlating to a shorter residence time, 

would give the crystals a shorter time to grow resulting in a smaller size distribution. 

In fact, the opposite was found. An increase in flowrates led to an increase in the 

size distribution. Therefore more flowrates need to be attempted to form a 

correlation between flowrate and crystal size distribution at steady state.

The proportions of the components of the crystallisation mixture could be varied to 

see if these had any effect on the number and size of crystals obtained. Further 

experiments need to be carried out where impeller stirrer speed is varied and the 

resulting crystal size distributions monitored. All this further work will require a 

large amount of enzyme, therefore any optimisation work needs to be carried out on 

an enzyme which is cheap and freely available in large quantities.

It would be interesting to carry out the crystallisation and crosslinking of YADHI 

(Lee, 2000) in this set-up and see if varying flowrates and concentrations of 

components allows a better control of the two crystal habits (rods and hexagons) of 

the enzyme and also a better control of size.

The initial concentrations of the crystallisation reactor were established from the 

optimised conditions found using the crystallisation screening windows (Section 

3.3.3). It would be interesting to see how far it is necessary to deviate from the set 

proportions of flowrates before the conditions are changed into a new section of the
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crystallisation screening window. The screening windows were found to be fairly 

sensitive to both MPD and protein concentrations and therefore a subtle change in the 

proportions of these in the crystallisation reactor may cause an affect on crystal size 

and yield.

The conditions established in the crystallisation screening windows were based on 

batch crystallisation studies where the protein concentrations in the solutions change 

throughout the process as crystals are formed. This is not the situation in the 

continuous crystallisation reactor where the protein concentration is monitored.

The times taken to reach equilibrium under continuous conditions may be different to 

the time taken to complete batch crystallisation and therefore changes in flowrate 

may have a substantial effect on the crystal size and quantity.
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9 O v e r a l l  C o n c lu s io n s  a n d  F u t u r e  W o r k

The crystallisation of enzymes described in Chapter 3 was tailored specifically to the 

production of CLEC®s. The crystals required for CLEC®s ideally need to be less 

than 100 pm in size and need to be produced in large quantities and high activity 

yields. With a new enzyme, a literature search for previously published conditions 

was shown to provide a good starting point. Most of the available data has been for 

the production of crystals for X-ray crystallography, therefore these conditions need 

to be further refined and optimised for CLEC® production. The triangular screening 

windows described in this work allowed screening and optimisation to be carried out 

in a systematic way which when compared to conventional screening methods, 

reduced the number of experiments required. The advantages of the use of these 

windows were described in detail in Section 3.6.

From the crystallisation of C. rugosa lipase, it was found that the enzyme required 

some pre-purification to increase the concentration of lipase present. The screening 

windows subsequently enabled this enzyme to be crystallised to a yield of 50% w/w 

and the conditions could be successfully reproduced at a large scale (500 mL). The 

crystals obtained were very similar in size and shape to those that were obtained by 

Lalonde et al. (1995) who produced CLEC®s of C. rugosa lipase for the resolution of 

chiral esters. The lipase purification work (Section 3.3.4.1) also showed that the 

enzyme contained a mixture of enzyme activities. Further work is clearly required in 

order to obtain pure single activity enzymes that could then be crystallised. These 

could then be crosslinked and would be of extreme value to industry due to their 

purity. At present, the results indicate that the mixtures of activities could be 

interfering with each other reducing the overall activity.

Compared to the lipase work the crystallisation of a-chymotrypsin results in low 

yields and therefore requires more optimisation work using the screening windows. 

The optimisation of this enzyme should not be too difficult and very high yields and 

recoveries are expected, as it is commercially available as 3 times re-crystallised
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form (Wilcox, 1970). Further work would allow these crystals to be obtained faster 

and at greater yields than was achieved in this study.

Finally, the crystallisation of SADH showed that the Hampton screening kits are a 

valuable tool in helping to search for initial crystallisation conditions for enzymes 

that do not have their crystallisation conditions described in the literature. Once 

these are found the crystallisation screening windows were used to optimise and 

scale-up the process. Future work of this enzyme, particularly optimisation of 

crystallisation would only be possible if larger quantities of the enzyme were 

available. This enzyme also has a cofactor associated with it, NADPH. It would be 

interesting to investigate whether the cofactor was co-crystallised with the enzyme or 

whether it moved freely into and out of the crystals during catalysis. To this respect, 

St. Clair et a l, (2000) have shown that CLEC®s of horse liver alcohol dehydrogenase 

crystallised in the presence of cofactor showed good catalytic activity without the 

need to add additional cofactor.

The Hampton screening kit conditions are a useful tool only if previous 

crystallisation conditions are not available. If previous conditions are available then 

it can be easier to optimise these directly using the screening windows. The 

Hampton screening kits are very time consuming and the results obtained at a small 

scale (hanging drop) do not always present at a larger scale (batch crystallisation). 

This was observed during the crystallisation of SADH where two different crystal 

habits were observed at the two different scales.

Another important consideration during crystallisation optimisation is the amount of 

precipitate present. The levels of precipitate can vary with hardly any present in the 

C. rugosa lipase crystallisations and a substantial amount present in the SADH 

crystal preparations. The precipitates are very difficult to remove particularly after 

the crystals have been crosslinked. They can cause blocking and fouling of filtration 

processes and may interfere in catalytic reactions particularly where precipitates of 

contaminating proteins have formed.
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In summary the crystallisation studies carried out allowed the investigation of how 

the crystallisation conditions affected the size of the crystals and also the overall 

activity and protein recovery. The methods described were used successfully for a 

variety of enzymes including C. rugosa lipase, a-chymotrypsin and SADH in this 

study and also YADHI and transketolase in related work (Lee, 2000).

The second stage in the production of CLEC®s is the crosslinking of the enzyme 

microcrystals. Many crosslinking reagents are available but the cost of most is a 

disadvantage. Optimisation of crosslinking work requires a large quantity of 

crosslinker and therefore a cheap crosslinker would be ideal. Another consideration 

is the mechanism of crosslinking as different crosslinkers react with varying groups 

on the amino acid side chains of the enzymes. These were previously summarised in 

Section 1.5. Different reagents may result in CLEC®s with varying activities 

depending on the type of crosslinking that had occurred, particularly if sites within 

the active site had been crosslinked (Wold, 1972).

In this work, glutaraldehyde was found to be the easiest crosslinking reagent to use. 

It successfully crosslinked all enzyme crystals to which it was applied. The resulting 

CLEC®s had varied activities as some crystals lost activity at higher concentrations 

of glutaraldehyde (a-chymotrypsin) while others were not significantly affected (C 

rugosa lipase). Further work might involve a larger study that encompasses many 

more crosslinking reagents than were used here. The effect of varying concentration 

and crosslinking time would need to be investigated with each crosslinker. With the 

large number of experiments needed, a systematic and rapid way of establishing the 

conditions would be required. The use of robotics, as used in high-throughput 

screening, would ease the workload and allow a multitude of experiments to be 

carried out simultaneously. The scale could be very small, for example in microtitre 

plates that would reduce the amount of crosslinker required hence reducing its cost. 

This could also be applied to the crystallisation studies easing the workload and 

allowing many more parameters to be investigated simultaneously.
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The chemistry of crosslinking of glutaraldehyde within the enzyme crystals is not 

clearly understood. Further work in this area is required, as a better understanding of 

the mechanisms of reaction would allow more control of the properties of the CLEC® 

particles. A detailed study/examination into the mechanism of reaction with enzyme 

crystals would be advantageous for all the crosslinking reagents. These would allow 

production of CLEC®s with unusual properties, such as controlled rates of 

dissolution (Alexey et al, 1998).

The crosslinking of a-chymotrypsin with both glutaraldehyde and phthalaldehyde 

requires further optimisation work, as the quantities of crystals recovered following 

crosslinking were very low. Further work is also required on the crosslinking of 

YADHI crystals with EDC, and phthalaldehyde. Small-scale experiments indicated 

that these crystals remained insoluble following the crosslinking process. It would 

be interesting to produce large quantities of these CLEC®s and compare the effect of 

the three crosslinkers (glutaraldehyde, EDC, and phthalaldehyde) using the hierarchy 

of tests described in Chapter 5.

The hierarchy of tests that was proposed in Chapter 5 allows batches of CLEC®s to 

be systematically characterised using defined tests and parameters. The tests provide 

data on both catalytic and mechanical properties of the CLEC®s. The catalytic 

properties are relevant to the dynamics and stability of the enzyme at different 

reaction conditions. The physical properties are of particular importance at a larger 

process scale. This hierarchy was subsequently used in Chapters 6 and 7 to compare 

the different properties of CLEC®s.

The effect of the crystallisation conditions on CLEC® properties was investigated in 

Chapter 6. Two sets of conditions were reviewed. The first was to examine the 

effect of varying positions within the screening windows and the second investigated 

the effect of changing the crystallisation solvent on the properties of the CLEC®s. 

Unfortunately it was not possible to compare the CLEC®s directly to the free enzyme 

due to the varying lipase activities that were found particularly within the free
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enzyme. A substrate that has comparable activities with the free enzyme and 

CLEC®s would allow accurate comparison between the two. Alternatively, re

dissolved crystals could be used as pure enzyme.

The data in Chapter 6 showed that the position within the crystallisation windows did 

not affect the properties of the CLEC® particles considerably. The size distributions 

were different which may have processing and mass transfer implications but this 

needs to be investigated further. The effect of using a different crystallisation 

solvent, on the other hand, was quite significant. The IP A CLEC®s were 

advantageous over the MPD CLEC®s with greater stabilities at most of the 

temperatures investigated, at all the pH values tested and in the presence of 

exogenous protease. The IP A CLEC®s had a smaller size distribution compared to 

the MPD CLEC®s (Figure 6.10). The advantage conferred by the IP A CLEC®s may 

be a result of the size difference and not a property of the crystallisation agent. This 

needs to be investigated further.

The effect of varying the crosslinking conditions on the process characteristics of 

CLEC®s was investigated in Chapter 7. Two different effects were investigated. 

The first was the effect of varying crosslinker concentration and duration of 

crosslinking and the second was the effect of changing the crosslinking reagent. 

These investigations were limited by the number of positive results that were 

obtained in Chapter 4 on the evaluation of optimisation of different crosslinking 

reagents.

The concentration and time of crosslinking greatly influenced the properties of the 

CLEC®s. The CLEC®s crosslinked with 10% v/v glutaraldehyde had a greater pH 

and temperature stability and a greater resistance to proteolytic cleavage compared to 

the 1% v/v glutaraldehyde crosslinked crystals. In contrast, the 1% v/v CLEC®s had 

greater stabilities in organic solvents. The CLEC®s crosslinked with the higher 

concentration of glutaraldehyde also had a greater shear resistance. St. Clair et al 

(1999) also observed a difference in catalytic activity depending on the concentration 

of glutaraldehyde. They crosslinked crystals of human serum albumin with two
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concentrations of glutaraldehyde and found the lightly crosslinked crystals to be 

better than the heavily crosslinked crystals.

The lack of different crosslinking reagents that successfully crosslinked the same 

enzyme crystals hindered the investigation of the effect of the crosslinking reagent on 

the properties of the CLEC®s. For a-chymotrypsin, with the exception of resistance 

to proteolytic degradation and shear stability, the glutaraldehyde crosslinked crystals 

were far superior to the phthalaldehyde crosslinked crystals. The CLEC®s were 

better than the free enzyme in all the parameters investigated showing the advantage 

of the crystallisation followed by crosslinking procedure to form CLEC®s. The 

solvent tolerance of the a-chymotrypsin CLEC®s was unexpectedly high especially 

for the two-phase forming solvents. This is particularly advantageous, as industry is 

often required to move towards two-phase reactions due to insolubility of substrates 

in the aqueous phase (West, 1996) but have been hindered by reduced stabilities of 

the biocatalysts. The shear stability of the phthalaldehyde CLEC®s was marginally 

better than the glutaraldehyde CLEC®s but this may have been a result of the size 

difference between the two. A problem encountered with the a-chymotrypsin 

studies, which in many cases may be a generic problem, was the way in which the 

specific activities were calculated for the CLEC®s. The protein concentration was 

taken as the protein concentration before crosslinking, but this was known to be 

inaccurate due to the difference in the number of crystals remaining after 

crosslinking. One way of estimating the protein content more accurately would be to 

carry out a nitrogen content analysis of the CLEC®s.

In summary, the results from the hierarchy of tests as applied in Chapters 6 and 7 

showed that a large number of factors affected the overall properties of the CLEC®s. 

A systematic approach allowed these factors to be investigated in a comparable way 

such that any future work could also be compared to the data already obtained. The 

use of the hierarchy has thus been proven to be of utmost importance. A major 

parameter so far not investigated by the hierarchy is any substrate or product mass 

transfer limitations associated with CLEC® biocatalysts. The rate of substrate
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conversion by immobilised enzymes often depends on substrate transfer rates to the 

biocatalyst particles and can therefore differ considerably from the corresponding 

rate for the same amount of enzyme in homogenous solutions. Further work in this 

area would be to carry out experiments to investigate if any mass transfer limitations 

were associated with the particles and how a change in the size of the particles (using 

the continuous reactor) affected the kinetics. Several papers have described 

experimental methodologies and calculations to investigate this (Engasser and 

Horvath, 1973; Kasche and Kapune, 1979; Kasche, 1983).

Finally, the ability to control the size of the crystals was demonstrated in Chapter 8 

by the continuous crystallisation and immobilisation rig. The experiments that were 

carried out were preliminary in nature but proved the feasibility of the operation. It 

was found that varying the flowrate of the components of the crystallisation allows 

some control over the size distributions of the crystals formed. Also, the effect of 

impeller speed on size of crystals was examined. A lot of work is required in this 

area to fully understand crystal growth and how it can be controlled. Once a good set 

of conditions are established a cost comparison could be carried out comparing the 

continuous production of CLEC®s compared to batch production. It would also be 

interesting to see if a similar control in size was achieved with another enzyme. 

YADHI that forms two crystal habits (Lee, 2000) would be a good system to attempt 

to try to see if one form could be produced in preference to the other.
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In conclusion, the main findings and achievements of this thesis are the following:

1. Crystallisation process
♦ Simple crystallisation diagrams developed which give effective control of the 

conditions for the formation of microcrystals.
♦ The conditions for production of microcrystals have been found to be 

different to those for the growth of large crystals for crystallographic studies.
♦ Precipitation remains a problem and is a primary focus for future work.
♦ Catalytic data and the isoelectric focussing gels suggest that the crystals are 

not pure, future work required.
♦ Future work could be directed to lab automation (linked with the 

crystallisation diagrams) to more readily establish initial crystallisation 
conditions and then optimise them.

2. Crosslinking
♦ Curiously, only glutaraldehyde is generally effective despite the many 

reagents mentioned in the literature.
♦ Phthalaldehyde has worked for a-chymotrypsin but the catalytic activity of 

the resultant CLEC®s is low.
3. Hierarchy of tests
♦ The hierarchy has been demonstrated to be easy to apply and was effective in 

dismissing the alternatives available for a-chymotrypsin, showing the value of a 
systematic and consistent approach.

4. The merits of CLEC®s as biocatalysts
♦ From this study, CLEC®s are best suited for use in solvents or when a stable 

‘off the shelf catalyst is required for screening purposes. Other inherent 
properties show no significant advantage for their use.

5. Benefits of large-scale continuous crystallisation rig
♦ Crystallisation system has been developed where the protein concentration 

remains constant.
♦ Based on this finding, there is much scope for future work which will break 

new ground:
Control of crystal size?
Control of crystal purity?
Control of precipitation?
Utility in protein purification?
Do the same triangular diagrams apply?
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Appendix 1

A p p e n d ix  1 H a m p to n  s c r e e n in g  k it  r e a g e n t c o m p o s it io n s

Sa l t BUFFFEn PRECIPITANT
1. U.U2 M e alcium chloride dihydrate 1. 0.1 M Na Acetate pH 4.6 1. 30% v/v 2-methyl-2-4-pentanediol
2. None 2. None 2. 0.4 M k, Na Tartrate tetrahydrate
3. None 3. None 3. 0.4 M Ammonium dihydrogen phosphate
4. None 4. 0.1 M Tris Hcl pH 8.5 4. 2.0 M Ammonium sulfate
5. 0.2 M tri-sodium citrate dihydrate 5. 0.1 M Na Hepes pH 7.5 5. 30% v/v 2-methyl-2-4-pentanediol
6. 0.2 M Magniesium chloride hexahydrate 6. 0.1 M Tris HCL pH 8.5 6. 30% w/v PEG 4000
7. None 7. 0.1 M Na Cacodylate pH 6.5 7. 1.4 M Sodium acetate trihydrate
8. 0.2 M tri-sodium citrate dihydrate 8. 0.1 M Na Cacodylate pH 6.5 8. 30% v/v 2-propanol
9. 0.2 M Ammonium acetate 9. 0.1 M Na Citrate pH 5.6 9. 30% w/v PEG 4000
10. 0.2 M Ammonium acetate 10.0.1 M Na Acetate pH 4.6 10. 30% w/v PEG 4000
11. None 11.0.1 M Na Citrate pH 5.6 11. 1.0 Ammonium dihydrogen phosphate
12. 0.2 M Magniesium chloride hexahydrate 12.0.1 M Na Hepes pH 7.5 12. 30% v/v 2-propanol
13. 0.2 M tri-sodium citrate dihydrate 13.0.1 M Tris HCL pH 8.5 13.30% v/v PEG 400
14. 0.2 M Calcium chloride dihydrate 14.0.1 M Na Hepes pH 7.5 14. 28% v/v PEG 400
1 5. 0.2 M Ammonium sulfate 15.0.1 M Na Cacodylate pH 6.5 15. 30% w/v PEG 8000
16. None 16.0.1 M Na Hepes pH 7.5 16. 1.5 M Lithium sulfate monohydrate
17. 0.2 M I.itium sulfate monohydrate 17.0.1 M Tris HCL pH 8.5 17. 30% PEG 4000
18, 0.2 M Magniesium chloride tetrahydrate 18.0.1 M Na Cacodylate pH 6.5 18.20% PEG 8000
19. 0.2 M Ammonium acetate 19.0.1 M Tris HCL pH 8.5 19. 30% v/v 2-propanol
20. 0.2 M Ammonium sulfate 20.0.1 M Na Acetate pH 4.6 20. 25% w/v PEG 4000
21. 0.2 M Magniesium chloride hexahydrate 21.0.1 M Na Cacodylate pH 6.5 21. 30% v/v 2-methyl-2-4-pentanediol
22. 0.2 M Sodium acetate trihydrate 22.0.1 M Tris HCL pH 8.5 22. 30% w/v PEG 4000
23. 0.2 M Magnesium chloride hexahydrate 23.0.1 M Na Hepes pH 7.5 23. 30% v/v PEG 400
24. 0.2 M Calcium chloride dihydrate 24.0.1 M Na Acetate pH 4.6 24. 20% v/v 2-propanol
25. None 25.0.1 Imidazole pH 6.5 25. 1.0 Sodium acetate trihydrate
26. 0.2 M Ammonium acetate 26.0.1 M Na Citrate pH 5.6 26. 30% v/v 2-methyl-2-4-pentanediol
27. 0.2 M tri-sodium citrate dihydrate 27.0.1 M Na Hepes pH 7.5 27. 20% v/v 2-propanol
28. 0.2 M Sodium acetate trihydrate 28.0.1 M Na Cacodylate pH 6.5 28. 30% w/v PEG 8000
29. None 29.0.1 M Na Hepes pH 7.5 29. 0.8 M K, Na Tartrate tetrahydrate
30. 0.2 M Ammonium sulfate 30. None 30. 30% w/v PEG 8000
31. 0.2 M Ammonium sulfate 31. None 31. 30% w/v PEG 4000
32. None 32. None 32. 2.0 M Ammonium sulfate
33. None 33. None 33. 4.0 Sodium formate
34. None 34.0.1 M Na Acetate pH 4.6 34. 2.0 Sodium formate
35. None 35.0.1 M Na Hepes pH 7.5 35. 0.8 M Na Phosphate , 0.8 M K Phosphate
36. None 36.0.1 M Tris HCL pH 8.5 36. 8% w/v PEG 8000
37. None 37.0.1 M Na Acetate pH 4.6 37. 8% w/v PEG 4000
38. None 38.0.1 M Na Hepes pH 7.5 38. 1.4 M Sodium citrate dihydrate
39. None 39.0.1 M Na Hepes pH 7.5 39. 2% v/v PEG 400 &

2.0 M Ammonium sulfate
40. None 40.0.1 M Na Citrate ph 5.6 40. 20% v/v 2-propanol &

20% w/v PEG 4000
41. None 41.0.1 M Na Hepes pH 7.5 4L 10% v/v 2-propanol &

20% w/v PEG 4000
42. 0.05 M Potassium phosphate monobasic 42. None 42. 20% w/v PEG 8000
43. None 43. None 43.30%  w/v PEG 1500
44. None 44. None 44. 0.2 Magnesium formate
45. 0.2 M Zinc acetate dihydrate 45. 0.1 M Na Cacodylate pH 6.5 45. 18% w/v PEG 8000
46. 0.2 M Calcium acetate 46. 0.1 M Na Cacodylate pH 6.5 46. 18% w/v PEG 8000
47. None 47. 0.1 M Na Acetate pH 4.6 47. 2.0 M Ammonium sulfate
48 None 48.0.1 M Tris HCLpH 8.5 48. 2.0 M Ammonium dihydrogen phosphate
49. 1.0 M Litium sulfate monohydrate 49. None 49. 2% w/v PEG 8000
50. 0.5 M Lithium sulfate monohydrate 50. None 50. 15% w/v PEG 8000
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Appendix 1

3Â T T "BUFFET ----------------- PRECIPITANT--------------------
IU% w/v PbU 6000------------------------------
0.5 M Sodium chloride &
0.01 M Magnesium chloride hexahydrate

3. 25% v/v Ethylene glycol
4. 35% v/v Dioxane
5. 5% v/v isoproponal
6. 1.0 M Imidazole pH 6.5
7. 10% w/v PEG 1000, 10% w/v PEG 8000
8. 10% v/v Ethanol
9. 2.0 M Sodium chloride
10. 30% v/v MPD
11. 1 M I, 6 Hexanediol
12. 30% w/v PEG 400
13. 30% w/v PEG monomethylether 2000
14. 2.0 M Ammonium sulfate
15. 1.0 M Lithium sulfate
16. 4% w/v Polyethyleneimine
17. 35% v/v tert-butanol
18. 10% v/v Jeffamine M-600
19. 2.5 M 1.6 Hexanediol
20. 1.6 M Magnesium sulfate
21. 2.0 Sodium chloride

22. 12% w?v PEG 20,000
23. 10% v/v Dioxane
24. 30% v/v JefTamine M-600
25. 1.8 M Ammonium sulfate
26. 30% w/v PEG monomethylether 5000
27. 25% v/v PEG monomethylether 550
28. 1.6 M Sodium Citrate pH 6.5
29. 30% v/v MPD
30. 10% w/v PEG 6000, 5% v/v MPD
31. 20% v/v JefTamine M-600
32. 1.6 M Ammonium sulfate
33. 2.0 M Ammonium sulfate
34. 1.0 M Sodium Acetate
35. 70% v/v MPD
36. 4.3 M Sodium chloride
37. 10% w/v PEG 8000 &

8% v/v Ethylene glycol
38. 20% w/v PEG 10,000
39. 3.4 M 1,6 Hexanediol
40. 25% v/v tert-butanol
41. 1.0 M Lithium sulfate
42. 12% v/v Glycerol
43. 50% v/v MPD
44. 20% v/v Ethanol
45. 20% w/v PEG monomethylether 2000
46. 30% w/v PEG monomethylether 550
47. 2.0 M Magnesium chloride hexahydrate
48. 10%w/v PEG 20,000

None 
2. None

2.0 m Sodium chloride
2. 0.01 M C etyl tr im e th la m a o n iu m b ro m id e

3. N one
4. N one
5. 2 .0  M A m m o n iu m  su lfa te
6. N one
7. N one
8. 1.5 M S o d iu m  ch lo rid e
9. N one
10. 0 .2  M S o d iu m  ch lo rid e
11. 0.01 M C o b a lt ch lo r id e  h ex a h y d ra te
12. 0.1 M C ad ium  c h lo r id e
13. 0 .2  M A m m o n iu m  su lfa te
14. 0 .2  M K /N a T a rtra te
15. 0 .5  M A m m o n iu m  su lfa te
16. 0 .5  M S od ium  c h lo r id e
17. N one

18. 0.01 M Ferric c h lo rid e  h ex a h y d ra te
19. 0.01 M M anganese  c h lo r id e  te trah y d ra te
20. N one
21 . 0.1 M Na p h o sp h a te  m o n o b a sic  &

0 . 1 M K p h o sp h a te  m o n o b a sic
22. N one
23. 1.6 M .A m m onium  su lfa te
24 . 0 .05  M C esium  c h lo r id e
25. 0.01 M C obalt ch lo r id e  h ex a h y d ra te  
26  0 .2  M A m m o n iu m  su lfa te
27. 0.01 M Z inc su lfa te  h ep tah y d ra te
28. N one
29. 0 .5  M A m m o n iu m  su lfa te
30. N one
3 1. N one
32. 0.1 M S od ium  ch lo rid e
33. N one
34. 0 .05  M C ad ium  su lfa te  o c tah y d ra te
35. N one
36. N one
37. N o n e

38. N one
39. 0 .2  M M ag n esiu m  ch lo r id e  h ex a h y d ra te
40 . 0.1 M C alc ium  c h lo r id e  d ih y d ra te
41 . 0.01 N ickel c h lo r id e  h e x a h y d ra te
42 . 1.5 M A m m o n iu m  su lfa te
43 . 0 .2  M A m m o n iu m  p h o sp h a te  m o n o b a sic
44. N one

45 . 0.01 M N ickel c h lo r id e  h e x a h y d ra te
46. 0.1 M S o d iu m  c h lo rid e
47 . N one
48 . 2%  v/v D ioxane

None 
None 
None 
None 
None 
None 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0,1 M 
0.1 M 
0.1 M

0.1 M 
0.1 M

Sodium Acetate pH 4.6 
Sodium Acetate pH 4.6 
Sodium Acetate pH 4.6 
Sodium Acetate pH 4.6 
Sodium Citrate pH 5.6 
Sodium Citrate pH 5.6 
Sodium Citrate pH 5.6 
Sodium Citrate pH 5.6 
Sodium Citrate pH 5.6 
Sodium Citrate pH 5.6 
Sodium Citrate pH 5.6 
MES pH 6.5 
MES pH 6.5

MES pH 6.5 
MES pH 6.5 
MES pH 6.5 
MES pH 6.5 
MES pH 6.5 
MES pH 6.5

None 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M 
0.1 M

HEPES
HEPES
HEPES
HEPES
HEPES
HEPES
HEPES
HEPES
HEPES

pH 7.5 
pH 7.5 
pH 7.5 
pH 7.5 
pH 7.5 
pH 7.5 
pH 7.5 
pH 7.5 
pH 7.5

38. 0.1 M
39. 0.1 M
40. 0.1 M
41. 0.1 M
42. 0.1 M
43. 0.1 M
44. 0.1 M
45. 0.1 M
46. 0.1 M
47. 0.1 M
48. 0.1 M

HEPES pH 7.5 
Tris pH 8.5 
Tris pH 8.5 
Tris pH 8.5 
Tris pH 8.5 
Tris pH 8.5 
Tris pH 8.5 
Tris pH 8.5 
Bicine pH 9.0 
Bicine pH 9.0 
Bicine pH 9.0
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Appendix 2

Appendix 2 Optimisation of IPA precipitation of C.rugosa lipase

A precipitation study was carried out to establish the optimum concentration of  

isopropanol needed to precipitate the maximum non-lipase protein (Chan et a l ,  

1986). A baffled vessel (tank diameter = 38mm) stirred using a standard rushton 

impeller (diameter = 24mm), set at 750 rpm was used to study the isopropanol 

precipitation. The vessel was cooled to 4°C. Lipase (4g) was dissolved in RO water 

(40mL) and was stirred in the reactor. Isopropanol was added stepwise and increased 

to 80% (v/v). With each incremental increase in concentration material was removed 

to maintain a constant volume. Each time, a sample o f this material was centrifuged 

at 10,000 rpm for 10 minutes using a sigma microcentrifuge (Model 113, Sigma). 

The supernatants were assayed for protein (Bradford assay) concentration and lipase 

(spectrophotometric pNPA assay) activity.

Figure A2.1 shows the results o f the experiment to find the optimum isopropanol 

concentration at which to carry out an isopropanol precipitation. Both the protein 

and lipase levels decrease rapidly with increasing isopropanol concentration. 20% 

was chosen as being optimum as the levels o f protein and lipase are still fairly high at 

this stage.
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Figure A2.1 Optimisation of isopropanol precipitation of C rugosa lipase.
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Crosslinking reagent Linker arm 

(atoms)

Sigma (£) Pierce (£) ICN (£) Crosslinker type Other information

D iethyl n iaionim idate 3 5g =  £ I I .IO H om obifunctional W ater so luble

D im ethyl ad ip im idate 6 lg  =  £4 .60 50m g =  £29.80 H om obifunctional W ater so luble

D im ethyl 3 ,3 'd ith iob isp rop ion im ida te 8 lg  =  £80.20 lg  =  £35.65 H om obifunctional W ater so luble

D im ethyl pim elim idate 7 5g =  £35.60 50m g = £24.50 5g = £39.75 H om obifunctional W ater so luble

D im ethyl suberim idate 8 IOg = £30.30 lg  =  £35.00 10g = £35.95 H om obifunctional W ater so luble

G lutaraldehyde varies 25%  100niL =  £5.70 25%  100niL = £56.80 H om obifunctional U sed for p ro te in  con jugation

50%  100m L = £14.20

M aleim idioacetic  ac id  N H S  este r 5 iOmg =  £30.80 H eterobifunctional U sed for p ro te in  con jugation

3-M aleim idobenzo ic  ac id  N H S  este r 7 500m g =  £156.50 H eterobifunctional U sed for p ro te in  con jugation

y-M aieim idobutyric  acid  N H S  este r 7 100mg = £78.80 H eterobifunctional U sed  for p ro te in  con jugation

e-M aleim idocapro ic  ac id  N H S  este r 9 100m g =  £188.30 H eterobifunctional U sed fo r p ro te in  con jugation

4 -(N -M aleim idom ethy l)cyc lohexaiie  carboxy lic  ac id  N H S  este r 9 100m g =  £188.30 100m g = £77 H eterobifunctional U sed for p ro te in  con jugation

4 -(N -M aleim idom ethy l)cyclohexaiie  carboxy lic  ac id  3-su lfone N H S  este r 9 50m g -  £74.30 H eterobifunctional U sed  for p ro tein  con jugation

4-(p-m aleim idophenyI) bu ty ric  acid II 100m g =  £98.50 100m g = £77.95 H eterobifunctional U sed  for p ro te in  con jugation

P -M aleim idoprop ion ic  ac id  N H S  este r 6 100m g =  £69 lOOmg = £86.30 H eterobifunctional

N ,N ’-b is(3 -M ale im id o p ro p io n y l)-2 -h y d ro x y -l,3 -p ro p an ed iam in e 17 100m g =  £62.60 H om obifunctional W ate r so luble

3 -(2-P yridyltliio )propionic  ac id  N H S  este r 4 I00m g =  £119.90 H eterobifunctional U sed  for p ro te in  con jugation

1 ,4-Phenylene d iiso th iocyanate 8 lg  =  £12.90 H eterobifunctional

C yaiiuric ch loride - 2 50g =  £5 .20 250g =  £15.50 H om otrifunctional

H exam ethylene d iisocyanate - 25g = £8.80 H eterobifunctional V ery toxic

B is(su lfosucc in im idy l)-subera te 11.4 A 50m g = £49.40 H om obifunctional W ater so luble

N -y-M aleim idobutyrloxy  su lfosuccin im ide  este r 10.2 A 50m g = £143.20 H eterobifunctional

m -M ale im idobenzoy l-N -hydroxysu lfosucc in im ide  este r 9.9 A 50m g = £83.10 H eterobifunctional

S u lfosuccin im idy l(4 -iodo  acety l) am inobenzoate 10.6 A 50m g = £101.20 H eterobifunctional

S ulfosuccin im idyl 4-(A '-m aleim idom ethyl) cy c lo h e x a n e -1 -carboxy late l l . ô A 50m g = £87.60 H eterobifunctional

S ulfosuccin im idyl 4 -(/> m ale im id o p h en y l)b u ty rate 14.5 A 50m g = £101.20 H eterobifunctional

4 -(4 -M aleim ido  p heny l)bu ty ric  ac id  hydrazide. HCI 17.9 A 50m g = £103.30 H eterobifunctional

S u lfo succ in im idy l(4 -az ido-salicy lam ido)hexanoate 18 A 50m g = £228.20 H eterobifunctional

A ^-H ydroxysulfosuccinim idyl-4-azidobenzoate 9 .0  A 50m g = £50 H eterobifunctional

S ulfosuccin im idyl 2 (/> az idosa licy lam ido)e thy l-3 -d ith ioprop ionate 18.9 A 50m g = £165.20 H eterobifunctional
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Pro te in  

(Lowr>’ assay)

Lipase Assay 

(pN PA  assay)

L ipase  Assay 

(pH  s la t  assay  - S%  triace tin )

Lipase Assay 
(pH  s la t assay  - Z0% ethyl 

lactate)

L ipase Assay 
(pH  sta t assay - llexy l pheiioxy 

p ro p io n a te )

L ipase  Assay 
(pH  s ta t  assay  - Hexyl ch lo ro  

p ro p io n a te )

Volume
(mL)

(’u riflcaU on ot c ru d e  enzs tne - ZU*/» lo r  w /e
1 Og o f lipase In 100 mL Water 100
20%  IPA precipitation
Supernatant following centrifugation 94
Pellet following centrifugation 134
Dialysed supernatant 95
Dialysed pellet 68

PurlD catlon  o f c ru d e  enzx ine - 5 0 %  fo r w/e
lOg o f lipase in 1(X) mL W ater 100
50%  IPA precipitation
Superrratant following centrifugation 91
Pellet following centrifugation 125
Dialysed supernatant 68
Dialysed pellet 78

C rysta llisa tion
Enzyme crystallisation buffer - 20%  S 154
Enzyme crystallisation buffer - 50%  S 86
Enzyme crystallisation buffer - 50%  P 115,497

C rosslink ing
CLECs - 20%  S 30
CLECs - 50%  P 29

Volume
(mL)

lOg o f lipase in 100 mL Water 200
20%  IPA precipitation
Supernatant following centrifugation 173
Pellet following centrifugation 160
Dialysed supernatant 75
Dialysed pellet 75

Purification  of c ru d e  enzym e - 5 0 %  fo r Zhr
lOg o f lipase in 1(X) mL W ater 100
50%  IPA precipitation
Supernatant following centrifugation 87.5
Pellet following centrifugation 89
Dialysed supernatant 40
Dialysed pellet 28.5

C rysta llisa tion
Enzyme crystallisation buffer - 20%  S 115.5
Enzyme crystallisation buffer - 50%  S 38.5
Enzyme crystallisation buffer - 50%  P 19.25
Supernatant o f  20%  S cryst buffer 53

C rosslink ing
CLECs - 20%  S 24

CLECs - 50%  S 8

CLECs - 50%  P 26

Protein conc. 
mg'm L

1 otal Protein 
mg %

28.71 28.43 2857 100

15.14 15.66 1447 51
9.53 9.64 1284 45
18.73 18.78 1782 70
10.25 10.18 695 26

28.71 28.43 2857 100

10.83 10.65 977 34
14.18 14.32 1781 62
7.21 7.24 491 20

21.34 21.36 1665 68

3.84 3.82 590 27
1.10 1.08 94 6
5.07 5.12 588 31

2.50 2.56 76 4
5.36 4.08 137 8

Pro te in  

(L ow ry  assay)

Protein conc. 
mg/mL

1 otal Protein 
mg %

28.71 28.43 5714 100

13.15 13.31 2289 40
5.07 4.98 804 14

20.92 21.04 1573 28
8.57 8.40 636 11

28.71 28.43 2857 100

5.45 5.61 484 17
12.95 12.53 1134 40
7.01 7.04 281 10

23.73 24.15 682 25

10.82 10.68 1241 28
4.10 4.15 159 12
12.05 12.13 233 25
9.67 9.23 501 II

5.17 5.71 131 3.07
0.28 0.28 2 0.20
2.31 2.63 64 9

lo ta l activity 
U %

ispecitic
activity

Units/mg

143880 100 50

105750 73 73
30096 21 23
89604 70 50
12974 10 19

143880 100 50

4037 3 4
79400 55 45
1822 1 4

27556 22 17

50672 47 86
1336 2 14

75304 80 128

L ipase  Assay 

(pN PA  assay)

1 otal activity 
U %

Specific 
activity 

U nits'm g

287760 100 50

232720 81 102
48576 17 60
195840 70 124
32820 12 52

143880 100 50

4051 3 8
83571 58 74
3504 3 12

33106 24 49

88612 40 71
2184 3 14
18865 40 81

lo ta l activity 
Units %

Specific 
activity 

Units/mg

541 too 0.19

322 59 0.22
479 89 0.37
337 70 0.19
254 51 0.36

541 100 0.19

315 58 0.32
698 129 0.39
138 30 0.28
364 79 0.22

2671 656 4.53
120 39 1.28

2555 720 4.35

1138 289 14.99

1551 457 11.34

L ipase  Assay 

(pH  sta t assay  - SV. triace tin )

lo tal activity 
Units %

Specific
activity

Units/mg

1082 100 0.19

622 58 0.27
494 46 0.61
421 40 0.27
344 33 0.54

541 100 0.19

318 59 0.66
475 88 0.42
254 50 0.91
263 52 0.39

5059 602 4.08
191 76 1.20
973 553 4.18
419 50 0.84

2385 296.61 18.27
20 9.35 9.01

486 373 7.56

I otal activity 
U %

Speed 1C 
activity 

Units/mg

4586 100 1.61

2356 51 1.63
2590 56 2.02
1660 41 0.93
1417 33 2.04

4586 100 1.61

296 6 0.30
2095 46 1.18
125 3 0.25

1288 33 0.77

1056 31 1.79
157 6 1.67

1163 39 1.98

1516 45 19.96
106 3.67 0.77

L ipase Assay 
(pH  s ta t assay - Z0%  ethyl 

lactate)

lo tal
U

activity
%

Specdic
activity

Units/mg

9171 100 1.61

5256 57 2.30
3791 41 4.72
2233 25 1.42
2554 29 4.01

4586 100 1.61

1992 43 4.12
1904 42 1.68
102 2 0.36

1061 25 1.55

799 II 0.64
96 5 0.61

455 31 1.96
193 3 0.39

2518 36.94 19.29
28 1.49 12.15

347 31 5.40

L ipase <^say  
(pH  s ta t  assay - Hexyl phenoxy 

p ro p io n a te )

lo ta l activity 
Units %

Specific
activity

Units/mg

570 100 0.10

445 78 0.19
408 72 0.51
276 50 0.18
214 39 0.34

285 100 0.10

88 31 0.18
185 65 0.16
84 31 0.30
64 24 0.09

314 71 0.25
60 46 0.38
44 48 0.19
1 13 25 0.23

14.45 3.41 0.11
7.12 6.19 3.15

14 20 0.21

lu ta l activity 
Units % activity

Units/mg

1 otal activity 
Units %

Specdic
activity

Units/mg

285 100 0.10 238361 100 83

221 77 0.15 480754 202 332
352 123 0.27 113601 48 88
233 91 0.13 259245 122 145
163 62 0.23 42832 19 52

285 100 0.10 238361 100 83

93 33 0.10 40445 17 41
318 112 0.18 642039 269 360
71 29 0.15 11991 6 24
160 66 0.10 260893 128 157

380 177 0.64 327769 183 555
59 37 0.63 15121 11 161

300 160 0.51 286464 183 487

37 18 0.49 777 0.45 10
3 1.81 0.02 1703 1.14 12

L ip ase  Assay 
(pH  s ta t  assay  - Hexyl ch lo ro  

p ro p io n a te )

lo ta l activity 
Units %

Specdic
activity

Units/mg

476721 100 83

801361 168 350
236990 50 295
439152 95 279
201085 44 316

238361 100 83

45150 19 93
460479 193 406
32723 15 117

232444 103 341

635250 172 512
18252 17 115

128865 166 554
22488 6 45

1352 0.38 10
32 0.03 14

1208 2.11 19
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