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SUMMARY

Several continuous flow systemsutilising reactors containing 
soluble enzymes have been designed and built. Various reactor 
configurations have been examined using the urease catalysed 
hydrolysis of urea as a model. Preliminary experiments showed 
that the attainment of a steady state within a continuous 
stirred tank reactor was dependent on a number of environmental 
conditions. Loss of enzyme activity was partially prevented 
by using EDTA in the inlet feed. However enzyme activity was 
also partially lost in a thin channel reactor by shear forces 
and adsorption of the enzyme onto the membrane surface. Studies 
on the enzyme suggest that the shear effect is reversable.

Analysis of the residence time distributions in a thin 
channel reactor showed that under certain controlled conditions 
this reactor could be considered as ah ideally-mixed vessel.- 
Kinetic parameters obtained using this assumption agreed well 
with those obtained from steady state kinetics. The effect 
of flow rate on conversion and the minimising of substrate 
inhibition also indicated a similarity between this reactor and 
an ideally-mixed vessel. ' '

The possibility of using glycerol kinase within a thin 
channel reactor to produce sn-glycerol 3-phosphate was 
investigated. Results indicated that reactor operation at the 
pH optimum of the enzyme did not produce the greatest enzyme 
stability. Carbamate kinase was successfully used within the 
reactor to reconvert the ADP produced by glycerol kinase back 
to ATP, thus increasing the efficiency of cofactor utilisation.
To further increase the efficiency of ATP usage the cofactor 
was successfully immobilized to a soluble high molecular weight 
dextran by a new facile method so that ATP would be retained 
within the reactor. The immobilized cofactor acted as a
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substrate for glycerol kinase and several other kinases.
However it was not active with carbamate kinase obtained from 
Streptococcus faecal is R, and thus could not be used profitably 
within the reactor.



CONTENTS

IV

Acknowledgements 
Summary

Introduction

I Background 
Historical Ideas 
Commercial Uses of Enzyme 
Enzyme Preparation

II Enzyme Immobilization 
Covalent Bonding 
Adsorption
Entrapment .. .
Microencapsulâtion 
Ultrafiltration

III Reactors and Kinetics 
Reactor Characteristics 
Reactor Kinetics

TV Cofactor Utilisation

Methods -• .. .

Reactor Design 
Preparation of Carbamate Kinase 
Preparation of Carbamoyl Phosphate 
Enzyme Assays •. .

Chemical Estimations .,
Disc Gel Electrophoresis 
Shear Experiments 
Activation of Dextran T4O 
Chromatography 
Materials

1
ii

13

15
18
19

24

24
26

32

37

37
42
44
44
50
51 
51
53
55
56



Results (Section A) .. .. .. 59

I Preliminary Experiments with the CFSTR .. 59

Attainment of a steady state within
the reactor .. .. .. .. 59

The Effect of Flow Rate on Pressure .• 62
Enzyme Retention .. .. .. 65

II Experiments using the Thin Channel Reactor 65

Enzyme Stability .. .. 65

Quantitation of the Concentration Polarisation
Effect 69
Quantitation of the Shear Effect • • 71
Long Term Stability • • 74
Flow Characteristics of the Reactor • • 78
Enzyme Kinetics in the Reactor .. • • 79
Substrate Inhibition • • 88
Dependence of Reaction Rate on Volumetric Flow 88

Results (Section B) .. .. 92
Introduction .. .. .. .. 92

I The Attempted Preparation of NAD Derivatives 93
N^-Carboxymethyl NAD .. .. .• 93
~~6N -Aminoethyl NAD .. .. 93

II The Preparation of Immobilized ATP .. IO4

The Attachment of Adenosine to Sepharose 4B IO4

Specificity of Binding .. .. IO5

Formation of Dextran Ethylene ATP .. IO5

Formation of Dextran Phenylene ATP .. 106
Estimation of Binding •• .. 109
pH Dependence of Schiffs Base Formation 112
Kinetic Properties •• •• •• 116

III Reactor Experiments with Glycerol Kinase 120
pH Profile of Glycerol Kinase .. 120
Carbamate Kinase Recycling .. .. 123



VI

Discussion 126

Loss of Enzyme Activity 
Reactor Characteristics 
Cofactor Immobilization 
Future Work 
Appendix

127
130
131
136
138

References 139



I N T R O D U C T I O N



I BACKGROUND

Historical Ideas

Man has utilised enzymes since prehistoric times. Although 
not understanding the mechanism, ancient herdsmen realised that 
milk stored in animal stomachs produced cheese (see Messing,
1975)- Similarly extracts from the plants of the Bromelacea 
family have been used for meat tenderisation and as a method of 
contraception (Chedd, 1976), and malted barley has long been 
used for brewing and fermentation (Fox, 1974 )» Enzymes and 
fermentation processes were recognised as such in the late 19th 
century, but the concept of an enzyme substrate complex was not 
formalised until 1913 by Michaelis and Menton.

As early as 1908, Michaelis and Ehrenreich reported the 
adsorption of crude invertase activity onto charcoal, and 
similar reports followed from Nelson and Griffin (1916) and 
Nelson and Hitchcock (1921). It was not until the 1950*s that 
a significant number of reports were published. Zittle (1953) 
and McLaren (1954) described the adsorption of enzymes onto 
inorganic carriers. Bar Eli and Katchalski (196O) studied the 
covalent attachment of enzymes to organic polymers, and Mitz and 
Summaria (196I) studied the covalent attachment to cellulose. 
Methods such as entrapment within a gel matrix (Bernfield and Wan,
1963) and the use of bifunctional reagents rapidly followed 
(Quiocho and Richards, I964). Bar Eli and Katchalski (1963) and 
Lilly _et _al. (1966) produced and «verified kinetic equations for 
reactions catalysed by enzymes immobilized in packed beds.
Similar equations were later produced for continuous flow stirred 
tank (CFST) reactors (Lilly et al., 1968).



The proliferation of literature on immobilized enzymes in 
the late 1960*8 and early 1970*s created a need to rationalise 
the terminology associated with these catalysts. In 1972 an 
ad hoc committee composed of the major workers in the field made 
four important recommendations. These appertained to the method 
of immobilization (Fig. l), the expression of kinetic data, the 
stability of immobilized enzyme systems, and the parameters of 
the covalent coupling material, where appropriate (Sundaram et al.,
1972). These recommendations have now become widely accepted.

Commercial Uses of Enzymes

Isolated enzymes have a number of inherent advantages over 
chemical catalysts and fermentation processes. Side reactions 

are usually non-existent and enzymes are able to function under 
very mild conditions of pH and temperature (Vieth and 
Venkatasubramanian, 1973). Many enzymes are so specific as to be 
able to distinguish between optical isomers (see Dixon and Webb,
1964). If an enzyme can be sucessfully immobilized then the 
advantages are increased. It now becomes possible to recycle the 
catalyst and to separate it quickly and more easily from the 
reaction mixture. Enzyme instability to extreme environmental 
conditions can be disadvantageous, although these properties can 
be used to terminate reactions rapidly if the enzyme ..is dispensable 
(Wiseman, 1975).

Enzymes have been used in industry for many years. The 
principal consumer is the food industry and numerous reviews have 
appeared describing the various applications of enzymes (Fox,
1974; Olson and Richardson, 1974; Weetall, 1975; Wiseman, 1975).
The production of glucose and fructose syrups from starch and 
cellulose has received plenty of attention. After preliminary
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incubation with. 06 amylases or cellulases enzymes such as 
arayloglucosidase and glucose isomerase are added to obtain the 
desired end product. Proteases have been utilized for chill- 
proofing of beer, coagulation of milk and hydrolysing peptides. 
Certain enzymes such as naringinase have been used in flavour 
modification and glucose oxidase used to prevent oxidation of 
food materials.

Marconi (1974) has reviewed the use of enzymes in the 
pharmaceutical industry and several workers have reviewed the 
biomedical applications of enzymes (Anderson and Salo, 1973; 
Chang, 1975)* The pharmaceutical industry has principally 
utilized microorganisms to transform steroids and to produce 
antibiotics. But the production of 6-aminopenicillic acid from 
benzylpenicillin is reputed to now be superseded by enzymic 

methods (Marconi, 1974)- Medical uses of enzymes are numerous. 
Asparaginase has been used to treat asparagine dependant tumors 
with some degree of success. Work has also been progressing on 
artificial kidneys using urease and an adsorbant, and on enzyme 
replacement in instances of hereditary enzyme defects (Chang,
1975).

Immobilized enzymes have been applied to analytical work. 
Guilbault (1972; 1975) has reviewed this subject with emphasis 
on the construction and use of enzyme electrodes. Immobilized 
enzymes are also becoming more popular for analytical use in 
autoanalysers. Hornby ejt si. (l970) and Barker and Burns (1973) 
have developed immobilized enzyme'systems that will easily slot 
into autoanalysers.

Undoubtedly the most significant industrial use of 
immobilized enzymes to date is the utilization of immobilized 
L amino acid acylase for amino acid resolution. This was the 
first application of immobilized enzymes outside the laboratory.



Tosa 8jt (1967) established the method in Japan. However, 
although enzymes are frequently used in industry, the use of 
immobilized enzymes is still in its infancy.

Enzyme Preparation.

If enzymes are to be used as industrial catalysts, then cheap 
methods of bulk production are essential. Dunnill and Lilly (1972) 
calculated that of the 1300 different enzymes known in 1970, only 
140 were available for retail, and only 32 of these were available 
in quantities greater than lOg.

The bulk of enzymes that are commercially available are 
extracellular types from procaryotic cells. These tend to be of 
low molecular weight, relatively free of SH groups and stable; 
eucaryotic cells often produce large' glycoprotein type enzymes 
(Lampen, 1972). Extracellular enzymes are comparatively easy to 
purify and normally only require separation from the cells and 
nutrients. But, as extracellular enzymes are usually hydrolytic, 
enzymes for synthetic processes have to be obtained from 
intracellular sources.

The purification of intracellular enzymes is naturally more 
complex than for extracellular enzymes. Dunnill and Lilly (1 9 7 2) 
have considered these methods with-respect to continuous enzyme 
isolation procedures. They have also analysed the most frequently 
used methods of protein purification and related these to economic 
large scale production. Only recently has it been shown that the 
kinetics of ammonium sulphate precipitation are applicable to 
large scale enzyme purification (Foster 1 9 7 1). Dunnill
and Lilly (1 97 2) have also had some success in replacing relatively 
expensive streptomycin with certain Manganese (l) salts as 
nucleic acid orecipitants.



For either extra- or intracellular enzymes, microbial sources 
are preferable. Long growth cycles and the usually more difficult 
task of extraction make plant and animal sources of enzymes less 
economical. An outstanding example of this is microbial rennet, 
derived from Mucor miechei and Mucor pusillus. Traditionally 
rennet was obtained from calf stomach, but the fluctuations in 
beef availability and cost have enabled microbial: rennet to 
capture 50/̂  of the American market (Skinner, 1975)*

Enhancement of enzyme levels in microbial cells by a variety 
of genetic and environmental factors is well documented (Pardee, 
1969; Demain, 1972). These methods include strain selection, 
induction, derepression and mutation. The extent of change can be 
very large. There are examples of mutant E. coli producing 2Qfjo of 
total intracellular protein as ^ galactosidase (Norvick and 
Horiuchi, 1961) and derepressed E. coli producing 5/̂  alkaline 
phosphatase (Garen and Otsuji, I964). Often a combination of 
techniques is used to obtain the required results. Future 
advances in genetic engineering may have a profound effect on the 
production of biological material. It is also possible to induce 
enzymes in plants (Filner at ^ . , I969) and animals (Schimke and 
Doyle, 1970). Telling and Radlett (l970) have described a 
technique of large scale tissue culture. Methods such as these 
may prove to be superior to microbial sources in future, although 
there are numerous difficulties to overcome.

The tendency in the laboratory has been to obtain just one 
or two desired enzymes during a preparation procedure. Although 
this may be economical where large increases in selected enzyme 
concentrations can be induced, this is not always possible. The 
alternative is to produce and purify as many enzymes as possible 
during one process. Atkinson (l973) has shown this to be possible 
by purifying, simultaneously, sixteen enzymes from one organism.



Dunnill si. (196?) demonstrated the feasibility of 
producing a labile enzyme on a large scale. Using a 22 step 
process, 42g of prolyl tHNA synthetase was isolated from 25kg 
of Mung bean.



II ENZYME BMOBILIZATION

Zaborsky (l973) defines the immobilization of enzymes as an 
artificial physical confinement or localisation of enzyme molecules 
during a continuous catalytic process. Sundaram o t (1972) 
attempted to categorise the methods of immobilization into four 
classes (Fig. 1). Although his recommendation has been largely 
followed, there are a number of justifiable exceptions. Reviewers 
have often treated ultrafiltration (Bisaria and Pathak, 1973; 
Zaborsky, 1973; Weetall, 1975) and the use of multifunctional 
reagents (Zaborsky, 1973; Barker and Kay, 1975î Konecny, 1975; 
Messing, 1975) as techniques in their own right.

The principal methods of immobilization are shown 
diagrammatically in Fig. 2, but it must be emphasised that many 
cases of enzyme immobilization are a combination of techniques 
(Mosbach, 1970; Marshall and Walter, 1972).

Covalent Bonding.

This has been the most extensively utilised technique of 
enzyme immobilization. Ideally, non-essential amino ac-id residues 
in the enzyme are attached to activated supports. Howeverf some 
cases of unsuccessful enzyme immobilization have been reported. 
These may be caused either by a lack of attachment of the enzyme 
(Zingaro and Uziel, 1970) or by a loss of catalytic activity after 
successful attachment (Wilson _et , 1968; Barker et 1969;
Goldstein jet ^ . , 197l)« N?he-usebof a different carrier or 
activation procedure can usually overcome this problem.
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Protection of an enzyme during the immobilization procedure 
is not uncommon. The cysteine residues at the active sites of 
apyrase (Brown _et al., 1968), urease (Riesel _et ^ . , I964), papain 
(Goldstein _et aJ., 1970) and ficin (Hornby et , I966) have 
been protected during immobilization by mercurial compounds. 
Chymotrypsin activity was improved after immobilization onto 
Poliodals by the presence of a competitive inhibitor, g 
phenylpropionic acid (Brown and Racois, 1971).

Numerous methods have been used to covalently attach an 
enzyme to a carrier. Silraan and Katchalski (1966) have discussed 
which functional groups of a protein are available for covalent 
binding. Enzymes can be bound via the oL and € amino groups, the 

V carboxyl groups, the phenol ring of tyrosine, the thiol 
group of cysteine, the hydroxyl group of serine and threonine, 
the imidazole group of histidine and the indole group of tryptophan.

Most methods have utilized the amino groups for attachment. 
•Acylation of an amino group with carboxymethyl cellulose can be 
accomplished using activating agents such as carbodiimide (We1iky 
and Weetall, 1965; Weliky _et , I969). A variety of 
carbodiimides have also bee'n "used to couple enzymes to glass 
(Line £t al., 1971)> acrylic copolymers (Mosbach, 1970) and 
dextrans (Shaltiel, 1970). Woodwards Reagent K (N-ethyl 5" 
phenylisoxazoliura 3'-sulphonate) has been used similarly to 
attach enzymes to a wide range of supports (Patel _et , 1967»
1969).

One of the earlier methods used v/as to form the acid azide 
of carboxymethyl cellulose by allowing the acid group to react 
with hydrazine and nitrous acid (Mitz and Summaria, 1961;
V/harton _et , 1968; Hornby _et ^ . , 1968). A similar reation 
has been used to couple enzymes to polyacrylamide (Inman _et al., 
1969; Erlanger et al., 1970).
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A commonly employed reaction has been the activation of 
cellulose (Kay and Crook, 1967» Kay and Lilly, 1970; Wilson 
et al., 1968a), LEAS dextran and carboxymethyl cellulose (Wykes 
_et , 1971) with cyanuric chloride and its dichloro 
derivatives. This is an alkylation reaction between an amino 
group on the enzyme and the activated carbon of the s-triazine 
molecule.

Glutaraldehyde, although normally thought of as a 
multifunctional crosslinking reagent, can under controlled 
conditions, act as a ligand for enzyme attachment (Weston and 
Avrameas, 1971).

Phosgene and thiophosgene can be allowed to react with 
•various ligands to produce their isocyanate and isothiocyanate 
derivatives. These derivatives can react with amino and hydroxy 
groups on enzjmaes, but the bonds formed with the hydroxy groups 
are susceptible to hydrolysis. Thus enzymes are attached to the 
carrier via substituted urea or thiourea derivatives. This 
technique has been used to couple enzymes to esters of Sephadex 
G200 (Axen and Porath, I964), cellulose (Barker _et , 1969), 
glass (Weetall, 1969; Sovito and Kittrell, 1973), and acrylamide 
type copolymers (Barker and Epton, 1970).

Liazotisation has been the most commonly used coupling 
procedure. The reaction primarily involves the hydroxyl group on 
the tyrosine residue of the protein. It should be noted that the 
azo-linkage can be susceptible to reduction and hydrolysis. 
Enzymes have been attached to glass (Weetall and Baum, 1970; 
Weetall, 1970; 1971; Grove _et ^ . , 1971; Neurath and Weetall, 
1970), cellulose (Surinov and Manoilov, 1966; Hornby et 1968;
Lee, I97I; Sato _et ^ . , 1971), polyarainostyrene (Brown et al., 
1968a; Pilipuson and Hornby, 1970; Ledingham and Hornby, 1969), a
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copolymer of p amino phenylalanine and L leucine (Engel and 
Alexander, 1971; Levin _et_^., 19&4; Riraon_et_^., 1966; Cressv/ell 
and Sanderson, 1970), Enzacryl (Barker et al., 1970; 1970a; 1970b; 
Epton and Thomas, 1971), nylon tubes (Hornby and Pilipuson, 1970), 
collagen (Silman _et ^ . , 1966) and a starch-methylenedianiline 
resin (Goldstein _et al., 1970).

A number of more general reactions are available. Cyanogen 
halide activation ofpolysaccharides is a very versatile method.
It is possible to attach the enzyme directly to the polymer via the 
amino group of lysine, or to use a spacer arm such as

1,6-hexanediamine (Axen_et al., 1967; Chan, 1970; Matiasson and 
Mosbach, 1971; Sato _et , 1971). Bovara _et (1976) have 
developed a specific method to continuously monitor the attachment 
of enzymes to cyanogen halide activated compounds.

Axen _et (l97l) reported a novel method of activation 
based on the Ugi reaction. The reaction is unusual because it 
involves four functional groups, carbonyl, amino, isocyano and 
carboxyl. Therefore, there is the potential to bind protein to a 
wide number of polymer types.

Barker _et (l97l) developed a method of attaching enzymes 
to virtually any organic or inorganic support by transition metal 
activation. The most common salt used is Titanium (IV) chloride 
although other chlorides of titanium, tin, zirconium, vanadium 
and iron can be utilized. Enzymes have been attached to cellulose, 
nylon, glass, yeast cells and stainless steel by this method 
(Barker al., 1971; Hasselberger £t ^ . , 1974).

Early workers tended to bind enzymes to organic polymors; 
these compounds are often biodegradable and many are difficult to 
use in scaled-up reactions. This has led to a proliferation of 
inert inorganic carriers that are non-compressable and will not gel.
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Messing (l974) has shown the economic and physical advantages of 
using controlled pore ceramics. Similar properties are claimed 
for hornblende (Thornton at , 1975), ceramic monoliths (Benoit 
and Kohler, 1975), stainless steel (Hasselberger _et el., 1974), 
sand (Brotherton _ot ^ . , 1976), glass (Weibel at ^ . , 1973) and 
others. Attachment of enzymes to these materials is usually by 
transition metal activation or by silanization of the support 
followed by subsequent glutaraldehyde or diazo linkage. Lynn 
(1975) has fully reviewed the utilization of inorganic support 
materials.

It is not really possible to typify the properties of 
covalently bonded enzymes. Activités vary widely depending on the 
enzyme, the support and the reaction conditions. Zaborsky (1973) 
defines less than lOrag protein per gram of carrier as a low binding 
level and greater than 200mg protein per gram of carrier as a 
high level of binding. One fact that is becoming clear is that 
the activity of the enzyme increases with increasing solubility of 
the carrier (Axen _et ^1., 1970). Zaborsky (l973) gives a very full 
account of the effects of immobilization on pH profiles, stability 
and specificity of enzymes.

Adsorption.

Physical adsorption of an enzyme onto a carrier is one of the 
simpler methods of enzyme immobilization. As adsorption is a 
physical rather than a chemical process, reagents other than the 
protein and carrier are not usually required. Attachment of an 
enzyme to a support is mainly due to Van der Waals interactions, 
hydrogen bonding and salt linkages. As these are more flexible 
than covalent bonds, distortion and inactivation of the enzyme is 
probably less likely to occur. In these respects enzymes 
immobilized by adsorption m  vitro are probably the closest
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approximation to In  vivo membrane, bound enzymes (Katchalski ejt 
al., 1971; Brockman et al., 1973).

Adsorption is usually a reversable process. Changes in 
environmental conditions may cause elution of the enzyme (Mitz 
_et. al., 1956; 1961). Several cases of enzymes eluting from the 
carrier in the presence of their substrates have been reported 
(Goldman and Lenhoff, 1971; Tosa et , 1966; I967). Similarly, 
variations in pH (Messing, 1970), ionic strength (Chung et al., 
1968) or a combination of these (Mitz, 1956) can cause elution 
of the enzyme. One commercial process utilizes this property 
to advantage by replacing spent enzyme by a simple ion exchange 
process (Tosa e_t ^ . , 1969) . Although desorption of enzyme under 
varying conditions is to be expected, a number of examples of 
irreversable adsorption have been quoted in the literature 
(Thang _et ^ . ,  1968; Sundaram and Crook, 1971).

Most proteins will adsorb onto a carrier and could occupy 
otherwise useful binding sites, but as proteins tend to adsorb 
maximally at their isoelectric point (Hitchcock, 19^5) some 
degree of control can be exerted over the system; several 
purification methods for enzymes utilize this property.
Sundaram and Crook (l97l) suggest the possibility that urease 
was partially purified during adsorption onto kaolin.

Enzymes have been adsorbed onto a wide range of materials. 
There are examples of enzymes immobilized onto carbon (Nelson 
and Griffin, 1916; Chung ejt , 1968), alumina (Nelson and 
Hitchcock, 1921 ; Tosa et ^ . , 1966), cellulose (Mitz and 
Schlueter, 1959; Mandels et. ÈÏ'» 1971), kaolin (Ramirez and 
McLaren, I966; Sundaram and Crook, 1971), hydroxyapatite (Traub 
_et al., 1969; Schwabe, 1969), silica (Vorobeva and Poltorak, 
1966), collodion (Goldman at 1968; 1971) and collagen
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(Chem. & Eng. Nev/s, 1971 j Wang and Vieth, 1973). A variety of 
synthetic ion exchangers have also been used, such as DEAE 
cellulose (Bachler ejb ^ . , 1970; Mitz and Schlueter, 1959),
CM cellulose (Mitz, 1956; Nikolaev et al., 1961), DEAE Sephadex 
(Tosa at ^ . , 1967), CM Sephadex (Tosa at al., 1966), Dowex 50 
(Barnett and Bull, 1959) and phenolic resins (Stanley and Palter, 
1973). Messing (1974) also reports the adsorption of enzymes 
within controlled pore ceramics.

Previously adsorbed enzymes can be stabilized by allowing 
them to react with intermolecular crosslinking reagents. However 
the increased stability of the system is only attained at the 
expense of enzyme and carrier regeneration, increased cost and 
possible reduction in enzymic activity. Although glutaraldehyde 
has been the most widely used crosslinking reagent very little 
is known about its properties in solution or exact mechanism of 
action. Glutaraldehyde {Brown.ot al., 1969; 1970; Haynes and 
Walsh, 1969; Goldman at al., 197l7 and other crosslinking reagents 
(Goldman e_t , 1968) have been used to crosslink enzymes after 
adsorption. Crosslinking need not necessarily be preceded by 
adsorption and examples of crosslinking of enzymes on their own 
(Quiocho and Richards, 1966) and with other proteins (Avrameas 
and Guilbert, 1971) are in the literature. Weetall (1975) has 
considered the many different crosslinking reagents that are 
available and Wold (1967) has also reviewed the subject of 
bifunctional reagents.

Entrapment.

Enzymes may be trapped within the interstitial spaces of 
a highly crosslinked polymer. This is a physical process of 
immobilization which retains the enzyme because of its large
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molecular size, yet allows the passage of small substrate 
molecules within the network of the support. The method was 
first applied successfully to the immobilization of trypsin, 
chyraotrypsin and other enzymes in polyacrylamide (Bernfield and 
Wan, 1963). Although Dickey (l955) had reported the entrapment 
of urease and catalase within silica gel, activity was poor and 
Zaborsky (1973) considers at least part of the immobilization 
to be adsorption to the charged lattice.

The most popular matrix has been polyacrylamide gel.
Formed from the two monomers acrylamide and N,N'-methylene 
bisacrylamide, it is possible to control the pore size and 
mechanical rigidity of the gel by altering the ratio and total 
concentrations of these two components. Hicks and Updike (1966) 
studied the effects of monomer concentration on the activity of 
lactate dehydrogenase. They observed that high monomer 
concentrations produced gels of good mechanical stability whereas 
increasing the amount of crosslinking weakened the gel structure 
but gives improved immobilization yields. Polymerisation can 
be initiated by a variety of different catalytic systems. There 
are examples using riboflavin and a photocatalyst (Hicks and 
Updike, 1966), H,N,N',N‘,-tetramethylethylenediaraine (TEMED) 
and ammonium persulphate (Bernfield and Wan, 1963; Bernfield _et al, 
1968),  ̂diraethylaminopropionitrile and persulphate (Mosbach 
and Mosbach, 19^6; Degani and Miron, 1970) and X-ray irradiation 
(Dobo, 1970).

A number of other polymers are available for the entrapment 
of enzymes. These are silastic resin (Pennington _et , 1968; 
Guilbault and Das, 1970), starch gel (Bauman £t , 1965; 1967) 
and silica gel (Dickey, 1955)» Silastic resin or silicone rubber 
is polymerised by the addition of Tin (ll) octanoate.
Guilbault and Das (l970) found that the polymerisation process 
destroyed 80^ of the activity of urease. Silastic resin is also
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prone to cracking upon drying and will not reconstitute 
properly on-addition of water.

A very promising new method of entrapment is the 
immobilization of enzymes within the fibres of synthetic resins 
during a wet spinning technique. This method has recently been 
extensively reviewed by Dinelli e_t (1975)» Cellulose 
triacetate fibres appear to be the polymer of choice although 
a variety of substances have been tested for suitability.
As wet spinning techniques are widely used in polymer production, 
this method is ideally suited to full scale production. A wide 
range of applications are being investigated by these vTorkers.

Enzyme immobilization by lattice entrapment has a number 
of inherent disadvantages. Only low molecular weights 
substrates can be utilized by an enzyme. Johnson and Whateley 
(1971) demonstrated that^immobilized trypsin retained esterase 
activity towards BAEE (06-H-Benzoyl-L-arginine ethyl ester), but 
there v/as no detectable proteolytic activity with caesin. This 
v/as attributed to mutual charge repulsion and steric hindrance. 
Leakage of enzyme has been a problem (Bernfield and Wan, 1963» 
Guilbault and Montalvo, 1970) especially with starch gel 
(Guilbault and Das, 19 7 0; Guilbault and Kramer, 1965)»
Dinelli _et (l975) claim to be able to minimise this problem 
in spun fibres by control of the pore size. Enzyme kinetics 
in entrapped enzymes will always be prone to diffusion control.
A number of important advantages also exist. Microbial 
degradation of the enzyme is largely prevented and protection 
of the enzyme against antibodies m  vivo is also reduced 
(Bernfield and Wan, 1 9 6 3).
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Microencapsulation.

Enzymes can bo immobilized within permanent or non-permanent 
semipermeable microcapsules. Permanent microcapsules can be 
formed by either of two processes. Coacervation, a physical 
process, is dependant on phase separation within a polymer 
solution. Enzyme, soluble in an aqueous phase is emulsified in 
a polymer containing organic phase. As the polymer is insoluble 
in the aqueous phase a microcapsule is formed around microdroplets 
containing enzyme. This method has been used to form permanent 
microcapsules from collodion (Mogensen and Vieth, 1973;
Ostergaard and Marting, 1973), polystyrene (Chang, 1964), 
benzyhiLkoniura heparin collodion (Chang et ^ . ,  1967), ethyl 
cellulose (Kitajima et al., 1967) and cellulose acetate butyrate 
(Gardener _et al., 1971). The microcapsules require final 
hardening by addition of a water immiscible organic solvent.

With interfacial polymerisation, the polymer is formed 
during the microencapsulation process at the interface of two 
immiscible solvents. This is therefore a chemical method. An 
aqueous solution containing the enzyme and a monomer that is 
partially soluble in both phases, is emulsified in an immiscible 
organic phase containing the other monomer. At the interface 
of the emulsified microdroplet the two monomers are in contact 
and the polymer is able to form. Nylon, usually formed from
1,6-hexanediamine and 1,10-decanoyl chloride, has been the most 
usual polymer in this process (Chang and Poznansky, 1968; 
Boguslaski and Janik, 1971; Sundaram, 1973), but using this 
method microcapsules have also been formed from crosslinked 
proteins (Chang, I964), polyamines (Shiba a t ^ . ,  1970) and 
polyurea (Mori_et al., 1973).
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A third method of mioroerjcapsulation does exist although 
it has not often been used. Microcapsules of silicone type 
polymers have been formed by*a secondary emulsion technique.
An initially produced water-oil emulsion is added to another 
aqueous phase to form microcapsules (Kitajima _et al., 1969).

The immobilization of enzymes within a non-permanent 
microcapsule has been described by May and Li (l9?2). Micro
capsules are formed from an enzyme containing emulsion within 
a water immiscible phase. A method similar to this is the 
entrapment of enzymes within liposomes (Gregoriadis and Ryman,
1972; 1972a; Fishman and Citri, 1975) although it is not 
possible for substrate to transfer across liposomes.

Microcapsules have a number of disadvantages. Successful 
encapsulation of the enzyme requires very high protein 
concentrations. To economise on enzyme a less expensive protein 
such as bovine serum albumin is often used as a filler (Sundaram,
1973). The concentration of protein solutions may need to be 
as high as w/v (Boguslaski and Janik, 1971). As with the 
lattice entrapment method, this system is restricted to enzymes 
with small substrates (Chang, I964).

Chang (1975) has recently reviewed the biomedical applications 
of immobilized enzymes and considers microencapsulated enzymes 
to have a high potential therapeutic use. Microcapsules compare 
very favourably with cells for mechanical properties and the 
immobilized enzyme is protected from antibodies.

\

U11 rafiltrat ion.

Ultrafiltration has been a rather underused method of enzyme 
immobilization. Selective filtration of small molecules first
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became a reality with the advent of reverse osmosis, which v/as 
utilized to obtain potable water from seawater using cellulose 
acetate membranes. With the advent of more sophisticated 
membranes, that wore less susceptable to microbial or enzymic 
attack, the separation of biological macromolecules became" 
feasible (Michaels, 1968).

Ultrafiltration membranes can be divided into two types, 
microporous and diffusive, both of which can be either isotropic 
or anisotropic, Fig. 3 (Porter, 1972). Zaborsky (1973) considers 
these membranes in some detail. Anisotropic membranes are 
essential for use with macromolecules otherwise plugging or 
fouling of the pores can become a serious problem.

Ultrafiltration v/as first used in a biological context for 
protein purification, concentration and separation. Blatt _et al. 
(1965) concentrated proteins by ultrafiltration and noted the 
superiority of anisotropic membranes over the cellulose acetate 
type. Several reviews have appeared in the literature explaining 
the processes, and the problems involved (deFilippi and Goldsmith, 
I97O; Wang et al., 1970; Porter, 1972). The separation of several 
enzymes and a bacteriophage v/as demonstrated by Wang e_t al.
(1968). These workers later developed a system for continuously 
harvesting enzyme from a fermentation process (Wang _et al.,
1970). Recently it has been shown that an enzyme can be retained 
selectively in an ultrafilter by the presence of a bound inhibitor 
(Bartling and Barker, 1976).

In the lata 1960's enzymes were immobilized within 
ultrafiltration cells to allow the continuous conversion of 
substrates into products. The enzyme is not usually modified so 
that properties of the enzyme should not be altered. However, 
some workers have attached enzymes to polymers so that membranes 
of higher molecular weight cut off could be used with consequent
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Isotropic microporous membrane.

\1/

Anisotropic microporous membrane.

Anisotropic diffusive membrane.

Fig. 3. Diagrammatic Cross-sections of Different Ultrafiltration 
Membrane Types. (Taken from Charm and Lai, 1971)•



increase in permeation flux (V/ykes et , 1971)* Proteolytic 
enzymes in particular are advantageously immobilized to a 
polymer to prevent autodigestion (O'Neill e_t ^ *, 1971).
By selection of the appropriate membrane it has been possible 
to control the spectrum of product size from Soy protein during 
hydrolysis (Roozen and Pilnik, 1973)*

Tv;o problems are associated with ultrafiltration. These 
are the phenomenum of concentration polarization and a slow 
deactivation or loss of enzyme in the system. Basically 
concentration polarization is the accumulation of solute 
molecules, which have been excluded from passage through the 
membrane, at the membrane surface. This is counteracted by 
diffusion of the solute back into the bulk phase until a steady 
state is reached. With macromolecules, where diffusion is slow, 
the concentration of solute at the membrane surface increases 
until gel formation occurs (Pig. 4)* This phenomenum is 
explained more fully in reviews by Blatt at al. (l970) and 
deFilippi and Goldsmith (l970). The gel then acts as a 
secondary membrane and can seriously reduce flow rate. It is 
possible to reduce concentration polarization by increasing the 
flow tangentially to the membrane surface thus increasing 
diffusion.

The major drawback to ultrafiltration is the almost 
inevitable partial loss of enzyme activity. At present, no 
universal reason has been given for this. Butterv/orth ejt al. 
(1970), using oC amylase in a stirred ultrafiltration cell fitted 
with an Amicon PM 10 membrane, observed that up to 35^ of enzyme 
activity was lost through the membrane in the first two volume 
replacements. Conversely, other workers specifically state that 
this was not the case in their systems (Ohose and Kostick, 1970;
V/ang and Humphrey, 1969)* Bowski and Ryu (l974) claim that 
partial loss of activity of invortase in a thin channel reactor
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gel layer

membrane

J = permeation flux
C, = bulk concentration of solute b
C = gel concentration of solute w

Fig. 4* Gel Formation Schematic..
(taken from deFilippi and Goldsmith, 1970)



23

was caused jointly by adsorption of enzyme onto the membrane, 
and by the destruction of the enzyme by shear forces. Clearly 
this would make a very suitable topic for further investigation.

The major advantage of ultrafiltration is its simplicity 
and the use of native enzyme. This has enabled workers to use 
immobilized coenzymically active NAD with native enzymes in an 
ultrafiltration cell (Mosbach and Matiasson, 1970; Wykes _et al., 
1975 )• Fink and Rodwell (l975) consider situ regeneration 
and subsequent recovery of cofactor to be practical with hollow 
fibre membranes. If the bulk of the enzymes available are ever 
to be used in reactor systems then some satisfactory method of 
cofactor use must be devised.
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III REACTORS AND KINETICS.

Reactor Characteristics.

Enzyme reactors may he classified simply hy mode of 
operation, method of catalyst retention and flow charateristics 
(Lilly and Dunnill, 1971 )• Although batch operation is suitable 
for small isolated preparations, continuous operation is 
generally more advantageous (Denbigh and Turner, 1971). Major 
advantages are deminished labour costs, facilitation of 
automatic control and more constant reaction conditions.

Reactors are generally classified according to their flow 
characteristics. The two ideal cases are the well mixed and the 
plug flow reactor. The well mixed or stirred tank reactor implies 
uniform conditions throughout the vessel whereas the plug flow 
or tubular reactor assumes no mixing in the direction of flow. 
(Lilly and Dunnill, 1971)- In practice most reactors fall 
somewhere between these two extremes although it is possible to 
approach ideal conditions- Danckwerts (1953) established a - 
method of analysing the flow patterms within a reactor and 
further analyses are presented in a book by Cooper and Jeffreys 
(1971). Lilly £t (1966) used this method to confirm plug 
flow conditions in a column of immobilized enzyme.

Pitcher (l975) has reviewed the various tj^es of reactor 
and has considered their operational characteristics. The 
conventional ultrafiltration cell ‘is ideally suited to continuous 
flow stirred tank (CPST) operation as the stirrer can be used 
to ensure adequate mixing and minimise gel formation on the 
surface of the membrane by increasing diffusion back into the 
bulk liquid. CFST reactors have been used to immobilize both
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insoluble (Ledingham an^ Hornby,.-1969; Smiley, 1971) and water 
soluble enzymes (O'Neill at , 1971; Butterworth et al.,
1970). Lilly and Sharp (1968) derived kinetic equations for 
enzymes immobilized within CFST reactors based on similar work 
for packed bed reactors (Lilly et al., 1965) and O'Neill at al., 
(1971a) were able to verify the equations for a CFST reactor 
using immobilized amyloglucosidase. Lilly and Sharp (1968) 
also concluded that in theory a packed bed reactor would be 
more efficient than a CFST except when substrate inhibition 
occurs, but in practice it was found that the packed bed was 
less efficient than expected because of poor mass transfer 
(O'Neill, 1971a). O'Neill et (l971b) also showed the
possible existence of multiple steady states in CFST reactors 
with enzymes that are substrate inhibited;' this only appeared 
to occur at highconveraion rates and high substrate concentrations.

Diffusion limitations can be significant in either type 
of reactor (Lilly _et ^ . ,  1968). This is reflected in values of 
the apparent Michaelis constant, , which are higher than the 
true Michaelis constant. Km, if diffusion effects predominate. 
Wingard (1972) has considered the problems of diffusion as 
applied to all forms of immobilized enzymes. In CFST reactors 
it is possible to minimise diffusion problems and kinetic data 
has been obtained showing that under certain conditions diffusion 
may be ignored (O'Neill £t ^ . ,  1971a). Diffusion control is 
a problem with many hollow fibre reactors. Rony (l97l) first 
derived kinetic equations and effectiveness factors for hollow 
fibre systems and enzyme behavior has been studied both in 
theory (Waterland £t , 1974) and practice (Davis, 1974»
Fink and Rodwell, 1975)* Hamilton et al. (1974) have also 
considered the diffusional effects on kinetic plots for 
immobilized enzymes.
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Conventional stirred ultrafiltration cells have been used 
most often to find the kinetic parameters of enzymes during 
ultrafiltration, but the large volume of these systems and the 
poor membrane area to bulk volume ratio make these unsuitable 
for expensive enzymes. 'These problems can be overcome by using 
recycling thin channel reactors (Bowski and Ryu, 1974; Porter, 
1972) or hollow fibres (Davis, 1974; Fink and Rodwell, 1975)- 
Although the kinetics of enzymes contained within hollow fibres 
has been thoroughly documented little is known about the 
behaviour of recirculating thin channel reactors, and the 
reasons for the low values of the apparent maximum velocity,
V', that have been obtained (Bowski and Ryu, 1974).

Reactor Kinetics.

Lilly _et (1966) and Lilly and Sharp (1968) have 
derived equations to describe enzyme kinetic behaviour in packed 
beds and CFST reactors respectively. The conversion of substrate, 
S, to product, F, by an enzyme, E, may be represented by,

kf kg
S + E ̂ = ^ E S ---> E + F (1 ),

k_l

where k^, k  ̂ and kg are rate constants. The steady-state 
velocity, v, of an enzyme reaction is described by the 
Michaelis-Menton relationship (2).

V . kg (E).(S) (2)
^  + (s)

where (s) is the substrate concentration, (E) is the enzyme 
concentration and the Michaelis constant. Km, contains the rate
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constants as given by,

Km . ^-1 *̂ 2 (3)

When (s) the reaction rate approaches a limiting
maximum value V, which is defined in (4 ).

There are a number of very important assumptions that are made 
to derive these equations and these can be found in any book 
on enzyme kinetics.

Lilly £t aT. (1966) showed that immobilized enzymes in 
packed beds followed an integrated form of the Michaelis-Menton 
equation. Integration of (2) gives,

Sq - St = kg (E) t + Km In (St/S^) (5)

where S is the initial concentration of substrate, S is theO V
substrate concentration after time,t. Assuming plug flow through
the column, then the residence time, t, is related to Q the flow
rate and V , the void volume by (6).1

t . (6).

Q.
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The insoluble enzyme in a packed bed may be considered as a 
suspension of enzj-me in a volume equal to the total column 
volume, where E is the amount of enzyme. Thus,

(E) . __E___ (7)
Vtot

Substituting equations (6) and (?) into equation (5 ) gives

(S^ - St) - Km' In = kg (E/%) (8)

The apparent Michaelis constant. Km' , has been substituted for 
the Michaelis constant, ,as immobilized enzymes can showa 
abnormal kinetic behaviour under certain conditions. If P, 
the fraction of substrate reacted is defined as.

p = (St, -  St) /  St, (9 )

and ^ , the voidage of the column is defined as.

S / Vtot - , (10),

then equation (8) can be simplified by substitution of (9 ) and 
(10) to give.
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PS^ - Km' In (l - P) - kg E ^ - C/Q " (ll),
~

where C is referred to as the reaction capacity of the column 
in amount of substrate reacted per unit time. Rearrangement 
of (ll) gives, .

PS^ » Km' In (l - P) + C/Q (12).

Thus graphical plots of PS^ against In (l - P) at constant flow 
rates, should give straight lines with slopes equal to and 
an intercept on the PS^ axis of C/q .

An equation similar to (l2) may he derived for a CFST 
reactor. Lilly and Sharp (1968) consider the vessel to be 
perfectly and uniformly mixed. Consideration of the substrate 
balance gives.

Input * Output 4- Substrate removed by enzymic action.

Thus equation (2) may be considered as,

% (ŝ ) . % (s.) + kg (E) (S.) (12)
+ (Su)

where (s^) is the substrate concentration in the reactor and 
is the liquid volume of the tank. The enzyme concentration, (e ), 
may be defined as the total amount of enzyme, E, present in the 
total volume of the reactor, by.



30

(S) = (14)

Rearrangement of (13) with incorporation of (I4 ) gives,

Q ((Sg) - (Si)) . kg E/Ujoi Uj (15),
^'/(Sj_) + 1

where P is the fraction of substrate reacted as defined in (l6)
and 6, the ratio of liquid to total volume of the reactor is
described by (l?)*

P = 1 - (s.)/(So) (16)

e = V ^ t o t  (17)

Incorporation of (l6) and (l7) into (I5 ) gives,

P (Ŝ ) % = kg E c (18)

KS' / (Sq ) (1 - P) + 1

Rearranging, ■,
1

P (S^) + P/l - P Km' . kg E G « C/Q (l9)
§

where C, is the tank reaction capacity. A graphical plot of P (S )
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against P/l - P at constant flow rate should give straight lines 
with slopes of -Kra* and an intercept on the P (S^) axis of C/Q.
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IV COFACTOR UTILISATION

Although many enzymes have been insolubilized there has 
been little commercial exploitation, the successful cases 
being restricted to enzymes not requiring cofactors i.e. mainly 
hydrolases. There are a number of reasons v;hy many systems 
would not be cost effective in their present form. Messing 
(1974) has shown that with materials such as porous glass the 
cost of the carrier and immobilization can account for "JOp 

of the total cost. Even with controlled pore silica this still 
represents 27ÿ of the cost. Also a fairly pure preparation of 
enzyme is required if valuable coupling sites on the carrier 
are not to be occupied by extraneous protein. Although the 
stability of an enzyme can be enhanced by insolubilization the 
catalytic activity is frequently altered and often'impaired; 
thus maximum velocity values for insolubilized enzymes are almost 
invariably lower than those for the free enzyme* Also other 
catalytic properties such as pH dependence and the Michaelis 
constant are usually altered in a manner which is not always 
predictable a priori.

An attractive alternative to insolubilization involves 
ultrafiltration cells. Although capital costs of the equipment 
would be fairly high, suitable industrial size units are 
available and the running costs would be low (Porter, 1972).
It seems reasonable to assume that many of the kinetic properties 
of an enzyme in this sort of system could be extrapolated from 
classical steady state kinetic studies although some problems 
have occured (Bowski and Ryu, 1974). Such reactors could be 
used with fairly crude enzyme preparations provided that neither 
substrates nor products are acted upon by other enzymes present 
in the preparation. Such systems provide an ideal model for 
investigation especially if suitable immobilized cofactor 
derivatives can be developed as well.



33

If enzyme engineering is to progress and reactors 
producing complex products are to be developed then utilization 
of cofactors will become essential. Simple non-stoichiometric 
cofactors are not a problem. These are mono- and divalent ions 
which act in a classical catalytic manner, i.e. no overall 
change occurs during the reaction. As they are cheap, simple 
inorganic salts they may be added continuously to the reaction 
mixture without contributing unduly towards the cost of the 
process. The coenzymes are considerably more complicated. They 
are small, relatively unstable organic molecules that act as 
specific group carriers and therefore do not remain unchanged 
during the reaction. Organic cofactors are often very expensive 
so it is not economical to consider these reactions unless some 
method of immobilization and/or recycling can be achieved.

Bright (1975) considers that in the near future the only 
promising method of utilizing coenzymes economically will be to 
delimit a native enzyme within a semipermeable membrane with 
a dérivâtised coenzyme. As the molecular weight of cofactors 
is often of the same order of magnitude as that of the products 
derivatisation of the coenzyme is essential for differential 
retention to occur.

A considerable amount of literature has appeared describing 
methods of immobilizing coenzymes. This work has been mainly 
directed towards the development of suitable affinity 
chromatography ligands and has recently been reviewed in a book 
by Lowe and Bean (1974)• Methods are available for coupling of 
adenosine type coenzymes to inert carriers via the 6-amino 
group (Anderton at 1973; Barry and O'Cara, 1973; Harvey _et al., 
1974; Mosbach, 1974), the C8 position (Tesser at , 1972;
Trayer at 1974), the terminal phosphate (Berglund and
Eckstein, 1974; Hoffman and Blaklèy, 1975) and the ribose 
(Wilchek and Lamed, 1974). Often the exact mode of binding has not
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been conclusively established. Although coenzymic activity for 
NAD has been obtained when coupled to insoluble supports such 
as glass (Weibel e_t 1971) or agarose (Larsson and Mosbach,
1971) much more promising results have been obtained when the 
carrier is water soluble (Larsson and Mosbach, 1974; Wykes et al., 
1972; Weibel et el., 1974). Coughlin et al. (1976) have 
developed a soluble derivative of NAD coupled to alginic acid 
that may be easily recovered from solution by lowering the pH 
to below pH 3 .

If the coenzyme is retained within a reactor then suitable 
methods of situ regeneration must be developed. Most workers 
have used another enzyme system for regeneration (Wykes _et , 
1975; Lindberg _et ^ . , 1973), but recently a novel method based 
on electrolysis has been developed. Electrolytic regeneration 
of oxidised NAD (Aizawa _et ^ . ,  1975) and reduced NADH (Aizawa 
_et ^ . ,  1976) has been successfully accomplished. Unfortunately 
this method is only applicable to coenzymes that are involved 
in oxidoreductase type reactions.

The methods discussed for immobilization have not really 
been suitable for ATP. This coenzyme is very sensitive to 
hydrolysis of the  ̂ and V phosphate groups and therefore harsh 
conditions or long reaction times must be avoided. Although 
Eckstein _et aJ. (1975) have recently developed a method for the 
attachment of ATP to Sepharose the method is lengthy and the 
binding levels are low. Regeneration of ATP has been fully 
considered by Marshall (1973) and a method utilizing carbamate 
kinase has been developed. This would make an ideal regenerating 
system if a suitable coenzymically active derivative of ATP can 
be synthesised. Development of a suitably immobilized ATP and 
an associated regenerating system would enable cheap continuous 
production of phosphorylated biochemical intermediates.
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In this thesis a number of problems associated with 
‘native’ enzymes and soluble immobilized coenzymes delimited 
within ultrafiltration cells have been investigated.



M E T H O D S
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Reactor Design.

A series of reactors based on ultrafiltration cells were 
made in the workshops. Amicon PM30 membranes (molecular weight 
exclusion limit of 30,000) were used as the ultrafiltration 
membrane unless otherwise stated in the results section.

Reactor 1 was a stirred tank reactor based on standard 
stirred ultrafiltration cells (Amicon Ltd., High Wycombe, Bucks) 
Fig. 6 shows a cross-sectional diagram of the reactor with 
appropriate dimensions. All three pieces of the reactor were 
made from acrylic plastic and neoprene 'O' rings were used to 
seal the joints. The contents of the reactor were stirred by 
a magnetic bar rotating at approximately 600 rev /min , 2.0mm 
above the membrane surface. All connections wore made using 
6 mm to bsp thread nylon compression couplings and 6 mm 
internal diameter nylon pressure tubing. The 90 mm diameter 
membrane was supported by a porous plastic sinter. Fig. 7 
gives a diagrammatic layout of the reactor and peripheral 
equipment.

Reactor 2 was a recirculating thin channel device, built 
in two sections (Fig. 8). The total reactor volume including 
recycle was 9-5 nil and the membrane area was 23-25 sq cm.
Fig. 9 is a line diagram of the reactor and associated 
equipment. All connections were made using 4 nim to -g" bsp 
thread nylon compression couplings and 4 nim internal diameter 
nylon pressure tubing. The 90 mm diameter membrane was 
supported by a PTFE covered stainless steel frit.

Reactor 3 was a similar recirculating thin channel device 
but smaller using 43 mm diameter membranes. Built from acrylic 
plastic in a similar manner to Reactor 2, a choice of three 
different channel cross-section were available; triangular,
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Fig. 6 Cross Sectional Diagram of CFSTR. (2/3 Actual Size).

1 Top plate,
2 Pressure gauge fixing,
3 Substrate inlet.
4 -g" BSF Clearance hole.

7 Magnetic bar.
8 Ultrafiltration membrane
9 Sinter.

10 Bottom plate.
5 Variable length tubular section. 11 Product outlet.
6 Reaction chamber.

The tubular section v/as 76.2mm (250ml reactor) or 38.1mm long 
(l35%i reactor).



39

10

Fig. 7 Diagrammatic Layout of CFSTR

1 Substrate rasevoir.
2 Pump.
3 Millipore filter.
4 Pressure relief valve.
5 Water bath.
6 Pressure gauge.

7 Temperature recorder.
8 Reactor.
9 Magnetic stirrer.

10 pH meter.
11 Ammonium ion electrode.
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l/3rd Actual size.

M

Top plate Bottom plate

J |_ Channel shape (3mm wide x 1mm deep)

Fig. 8 Diagram of Reactor 2
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Fig. 9 Diagrammatic Layout of Thin Channel Reactor

1 Substrate resevoir
2 Inlet pump.
3 Millipore filter
4 Pressure relief valve
5 Recycle pump

6 Pressure gauge
7 Reactor
8 Electrodes
9 pH meter
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rectangular and trapezoid. Dimensions are shown in Fig. 10.
To minimise the volume of this reactor no ancilliary equipment 
such as pressure gauges or pressure relief valves were 
utilized. All connections were made using Altex PTFE connectors 
(1.5 mm to -g” npt) and 0.8 mm internal diameter PTFE tubing.

Micrometering pumps were used for all reactors. This 
ensured accurate delivery of liquids at all pressures 
encountered within the reactors. All parts of the pumps in 
contact with the liquid were either stainless steel, ceramic or 
PTFE. Temperature within the reactors v;as measured using a 
Radiospares TH-Sll thermistor coupled to a digital multimeter. 
This was calibrated against a mercury thermometer in a 
temperature controlled stirred water bath.

Preparation of Carbamate Kinase.

Carbamate kinase (EC 2.7 .2.2 ATP: carbamate 
phosphotransferase) was extracted from Streptococcus faecalis R 
(ATCC 8043) essentially by the method of Jones (1962). Cells 
wore maintained in deep stab cultures and induced to grow in an 
arginine rich medium which causes induction of carbamate kinase.
To disrupt the cells a French Pressure Cell was used in 
preference to an ultrasonicator. Cells were harvested in a 
Sharpies centrifuge; cell paste (lOg) was mixed with 0.02M 
phosphate buffer at 4°C (0.02M dihydrogen potassium orthophosphate 
adjusted to pH 6.6 with HaOH) to give a total volume of 40ral.
This v/as placed into a cooled Aminco French Pressure Cell and 
the. bacteria were ruptured at a pressure of 18,000 pounds/sq in. 
After centrifugation and overnight dialysis against 0.02M 
phosphate buffer, pH 6.6, the nucleic acids were precipitated 
with streptomycin sulphate. The supernatant was separated into 
three fractions by acid precipitation using O.5M acetic acid.
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Actual size.

Top plate Bottom plate

Channel shapes 

<----  3  ^

j L
Fig. 10 Diagram of Reactor 3 (All dimensions in mm).
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Details are shown in the flow chart (Fig. 11). A specific 
activity of 32 units/mg protein was obtained - total activity 
1440 units. One unit is that amount of enzyme required to form 
1 yumole of ATP/min at 25^0. This enzyme fraction could be 
stored frozen without loss of activity.

Preparation of Carbamoyl Phosphate.

Carbamoyl phosphate was synthesised as the dilithium salt 
by the method of Spector _et (l957)- Although this compound 
is unstable in aqueous solutions, negligible loss occurred in 
12 months when stored as a dry solid over phosphorous pentoxide 
in a vacuum desiccator. Jones and Lipmann (196O) have considered 
the stability in aqueous solutions in soma detail. Infra-red 
spectroscopy indicates that no cyanate is present in the 
preparation (Fig. 12). Using this method a yield of 13^ was 
obtained.

Enzyme Assays.

Urease (EC 3»5*1*5 Urea araidohydrolase) from Canavalia 
ensiformis (lyopholised powder) v/as assayed by three methods. 
Assay 1 - the effluent from the reactors v/as continuously 
monitored for ammonium ion concentration by using an EIL 
Potassium/Ammonium Ion specific glass electrode coupled to an 
EIL 7030 expanded scale pH meter and a chart recorder. The 
electrodes were mounted in a block of acrylic plastic and sealed 
with silicone rubber compound. Electrodes were calibrated situ, 
daily, with a standard solution of ammonium chloride in the 
appropriate buffer and temperature of the run. Sodium ions affect 
the response of the electrode and can limit the sensitivity of the 
method. ImM SDTA disodium salt was found to limit detection



Fig. 11 Flow Chart of Carbamate Kinase Preparation

Cell growth

Cell adaptation to arginine rich medium

Cells harvesting in Sharpies Centrifuge

Cell rupture in French Pressure Cell 
(18,000 pounds/sq in)

Centrifuge at 14,500 x g for Ip mins

Precipitate of Cell Debris Supernatent

Overnight dialysis against 
0.02M Phosphate buffer pH 6.6

l/5th volume of 5!̂  Streptomycin sulphate 
for 10 mins at 2°C

Centrifuge at 14,500 x g for I5 mins

Supernatent Precipitate of nucleic 
acid streptomycin complex

(continued on facing page)
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Pig. 11 Plow Chart of Carbaaata Kinase Preparation 
(continued from facing page)

Supernatent

Lower pH to pH 4»8» then centrifuge 
at 14,500 X g for 15 mins.

Precipitate Supernatant

I \  .
Aspartate transcaroamylase Lower pH to pH 3.8, then

centrifuge at 14,500 x g 
for 15 mins.

Precipitate Supernatent

Ornithine transcarbamylase Carbamate kinase



Fig. 12 IR Spectroscopy^ôf Carbamoyl Phosphate
Spectra were obtained using thin films of nujol mulls 
with air as a reference. The broad peak around 2200 
cm is typical of cyanate and is absent in the carbamoyl 
phosphate sample.
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bolov; 5 X 10 ammonium ion concentration. The electrodes were 
calibrated in the range of 10 ^  to 10"”̂ M ammonium ion 
concentration and the response v/as linear in the absence of alkali 
metal ions.

Assay 2 was based on the alkalimetric method of Gorin and 
Chin (1966). This method was used to establish the activity of 
urease during shear experiments. Activity was measured at 25^0 
directly after addition of the enzyme to the phosphate buffer 
and not left to stand for 2 hours as in the original method.

Batch kinetic data for urease was obtained by coupling the 
enzyme to glutamate dehydrogenase and M D H  and observing the 
decrease in E^^^in a Pye Unicam SPI80O UV spectrophotometer 
at 25^0 . The assay was a modification of the method of Talke 
and Schubert (1965); ADP was added as an activator of glutamate 
dehydrogenase. The reaction mixture, final volume 2 .5 ml,- 
contained urea, 0.326 ^mole NADH, 3.12 jamole o6 oxoglutarate,
0 .5 jdTCiOle ADP, 25 ^g glutamate dehydrogenase (calf liver, Img/ml) 
and urease. All solutions were made up in 5O21M Tris KOI buffer, 
pH 8.0, containing ImM EDTA (5»0mM Tris HCl and l.OmM EDTA 
disodium salt adjusted to pH 8‘.0 "with HaOH).

Carbamate kinase (EC 2.7 .2.2 ATP: carbamate 
phosphotransferase) v/as assayed by a differential phosphate 
analysis based on a method by Jones (1962), The reaction is 
measured in the reverse direction, i.e. utilization of carbamoyl 
phosphate, by loss of alkali labile phosphate. The assay mixture 
contained:- ■,
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100 ̂ 1 IM Potassium acetate buffer (ill potassium
acetate adjusted to pH 5*5 with acetic acid).

40 ul O.IM ADP

10 yil 0.4M Mg Clg

40 ̂ 1 O.IM Dilithium carbamoyl phosphate

made up to O .5 ml with a suitably diluted sample of enzyme. To 
minimise non-enzymic decomposition of carbamoyl phosphate the 
incubation period was 10 minutes at 25*̂ 0. The reaction was stopped 
by addition of O.p ml o-£- 0.2M ITaOH which hydrolysed the remaining 
carbamoyl phosphate. Inorganic phosphate was then measured using 
•a modified Piske SubbaRow me-thod. All the reagentswere made up 
according to Clark (1964). To a 1 ml sample or standard the 
following reagents were added

1 .3 ml of acid molybdate reagent

1 .3 ml of reducing reagent

1 .4 ml of distilled water

After shaking, the tubes were allowed to stand at room temperature 
for 10 minutes and ^550 Measured in a Pye Unicam SP5OÛ (seriesll) 
spectrophotometer. Results were compared with a calibration curve 
constructed using solutions of potassium dihydrogen 
orthophosphate in a range of 0 to 1.0 ̂ mole/ml.

Glycerol kinase (EO 2.7.1.30 ATP: glycerol phosphotransferase 
from Candida mycoderma could be measured by assaying fractions 
collected from the reactor effluent for ADP. If the nucleotide was
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recycled then glycerol kinase activity was measured hy assaying for 
^ - glycerol 3-phosphate. ADP was assayed hy the following method. 
The reaction mixture (total volume 3.00 ml) contained 2.76 ml of 
effluent in 50mM TEA HCl buffer (bOmM triethanolaraine HCl adjusted 
to pH 7.0, 8.0, or 9.0 with'HaOH), 0.6jpmole HADH, 1.5 ^raole 
phosphoenolpyruvate, 195 ^mole k "̂, 60 ̂ mole Mg^^, 100 ̂ g  lactate 
dehydrogenase (Rabbit muscle, 5 mg/ml), 50 pyruvate kinase 
(Rabbit muscle, 10 mg/ml). The decrease in was observed in
a Pye Unicam SP800 spectrophotometer at 25°C. Results were 
calibrated against standard solutions of ADP at each pH value.

_^-C'lycerol 3-phosphate was assayed enzymically using 
^-glycerol 3-phosphate dehydrogenase by the method of Hohorst 
(1965)- The ratio of total volume to sample volume did not 
exceed 2:1 so that excessive dilution of the hydrazine-glycine 
was prevented. Hydrazine-glycine buffer was used to move the 
equilibrium of the reaction to a more favourable position by 
trapping the product, dihydroxyaaetohe phosphate.

Batch kinetic experiments were performed by coupling the 
glycerol kinase reaction to pyruvate kinase and lactate 
dehydrogenase. Rates were observed in an SPI8OO spectrophotometer 
by observing the reduction in with time at 30°C. The
reaction mixture (total volume 1.00 ml) contained 0.9 ml of ATP 
in 25mM Tfis HCl buffer pH 7*5 (25mM Tris HCl adjusted to pH
7 .5  with HaOH) containing IH NaCl, 30 jil NADH (0.13^mole),
20 p.1 glycerol, 30 ̂ 1 phosphoenolpyruvat^ MgCl^ (3.04 ^mole/
2 .6 0 yimole), 100 jig lactate dehydrogenase (Rabbit muscle, 5 mg/ml) 
and 50yPg pyruvate kinase (Rabbit muscle 10 mg/ml). The reaction 
was started by addition of, typically, 5 of glycerol kinase 
(Candida mycoderma, 5 mg/ml).
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Chemical Estimations

Protein was estimated by the method of Lowry _et al.
(1951), using bovine serum albumin as a standard.

To estimate the protein adsorbed onto the surface of the 
membranes a Kjeldahl digestion procedure was used. The membranes 
were eux into strips and placed into 50 ml Kjeldahl flasks 
together with 3 ml of nitrogen-free sulphuric acid and 16 ml 
of distilled water. After approximately 4 hours of boiling the 
solutions went amber in colour. The flasks were cooled, 10 to 
20 drops of 100 vol hydrogen peroxide added, and then boiled for 
a further three hours. The flask contents were cooled and made 
up to 25 ml with distilled water. Nitrogen content was estimated 
using Conway units. 1 ml of boric acid solution (lO g boric 
acid in 1 1 of 20^ ethanol containing sufficient mixed indicator 
solution to give a faint red colour) was pipetted into the centre 
well. 1 ml of the sample or M /5 0  ammonium chloride standard was 
pipetted into one side of the outer chamber. A greased lid was 
placed on the unit with a small opening for the introduction of 
1 ml of alkali (20^ KOH, 70^ potassium metaborate) into the 
outside well. The unit was sealed and the contents gently mixed 
on a Conway shaker for 2 hours. After removing the lid the 
contents of the centre well were titrated with M/5 0  hydrochloric 
acid to the end point. All experiments were repeated in 
quadruplicate.

Total phosphorous was estimated by the method of Bartlett 
(1959) using potassium dihydrogen orthophosphate as a standard.
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Disc Gel Electrophoresis

Gels were prepared by the method of Blattler and Reithal 
(1970)? and contained 5 .Og of Cyanogum '4I' in 100 ml of 
distilled water. These were polymerised, under nitrogen, by 
the addition of 0.10 g of ammonium persulphate and, typically, 
10 ̂ 1 of TEMEB (NM'N'-tetraraethylethylenediaraine ). The 
solution was immediately transferred to the tubes and overlayed 
with a few drops of distilled water; they started to gel after 
about 20 minutes. Experiments were run in 5Cmî<î Tris acetate 
buffer, pH 8 .5 , containing 1.6mM EDTA {^C ïïM. Tris and 1.6mM 
EDTA disodium salt, adjusted to pH 8 .5 with acetic acid) in a 
Shandon Disc Gel Electrophoresis Apparatus at constant current. 
Bromothymol blue was used as a tracker dye.

Bands of urease in the gels were detected using both a 
specific enzymic stain (Fishbein, 1*969) and a general, prot-ein 
stain, Coomassie Brilliant Blue (Smith, 1968).

Shear Experiments

$00 jil Samples of urease were subjected to quantifiable 
shear forces in a Ferranti Shirley Cone and Plate Viscometer.
Fig. 13 is a diagrammatic representation of the instrument and 
the shear rate, % ,  can be considered according to (20).

Shear rate T  = 10 (20)

where 65, is the angular velocity and 9, is the angle between the 
cone and plate (Fig. 13). Thus,
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Fig. 13 Ferranti Shirley Viscometer (diagrammatic cross section)
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Shear rate T  = revT̂ rriin :c-2(7T ) (sec (2l)
(15) z 60

» rev/min x shear rate constant (22)

As the angle,13, v/as 0.006 radians (20* 36") the value of the 
shear rate constant v/as 17.4 5 * The radius of the cone was 3.5cm 
and the plate thermostatically controlled at 26°C. All estimations 
were performed in Ôm)à Tris KCl buffer, pH 8.0, containing ImM 
EDTA (50mîü Tris HCl and ImM EDTA disodium salt adjusted to pH 
8.0 with NaOH).

Activation of Dextran T4O

Doxtran T4O was activated with cyanogen bromide using the 
technique of Larsson and Mosbach (l974) (Fig. I4 ). Dextran T4O 
(5*0 g) was dissolved in $0 ml of water and a solution of 
0.25 g cyanogen bromide in 5 ml of water added. IM NaOH was 
added continuously to maintain the pH at 10.8; the reaction was 
judged complete when consumption of NaOH ceased (approx. 5 min).
O.IM HCl was added until the pH reached 8 .5 , and the reaction 
mixture was divided into tŵ o equal volumes. To one of these,
5 ml of 1,2-ethylenediamine (O.45 mmole) previously adjusted to 
pH 8 .5 with HCl v/as added. Similarly 5 ml of p phenylenodiamine 
(0.45 mmole), pH 8.5, was added to the other volume. Coupling 
was allowed to proceed overnight at room temperature while gassing 
with nitrogen. As an extra precaution the reactions were shielded 
from light. The solutions were each poured into I5 volumes of 
ethanol to precipitate the derivatives. These were filtered, 
washed with ethanol and ether, and stored dry in a vacuum 
desiccator. Sepharose 4B similarly activated with cyanogen 
bromide and p phenylenediamine was kindly supplied by Dr. W. V/hish 
(University of Bath).
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Pig. 14 Cyanogen bromide activation of Dextran T40 
(adapted from Zaborsky)
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Chromotography

Polyethyleneimine cellulose (PEI cellulose) thin layer 
chromotography plates (0 .25min absorbant layer thickness) wore 
pretreated to remove a yellow bloom present on the surface and 
to improve running characteristics. Plates were totally immersed 
in IM NaCl solution for-1 hour then rinsed in distilled water 
for 1 hour. They were allowed to dry at room temperature prior 
to use. Silica gel thin layer plates were prepared from Silica 
gel ^^254 with an adsorbent layer thickness of O.Ppmm. The 
silica gel was shaken vigorously with distilled water in the 
proportion 1:2 (w/v) for 2 min. The resulting slurry was applied 
to the glass plates (20cm x 20cm) using a Quickfit Thin Layer 
Plate Spreader. Plates were air dried at room temperature and 
activated by heating at llO^C for 1 hour immediately prior to 
use.

Anion exchangers were converted to the acetate form as shown 
in Table 1.

Table 1 Conversion of Anion Exchangers to the Acetate Form

Conversion Reagent
Used

Test for 
completion

Test for
completion
after water rinse

Cl" to OH" IM NaOH No ppt. with 
AgNO^

pH < 9

0H“ to IM acetic pH<2 pH > 4 .8
acetate acid
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Materials

All laboratory reagents were of Analar grade or the highest 
purity readily available and were purchased from B.D.H. Ltd., 
Poole, Dorset. Specialised chemicals and equipment were 
purchased from the following manufacturers

Aldrich Chemical Co. Ltd., (Gillingham, Dorset).

Cyanogen bromide 
p Phenylenodiamine 
1,2-Ethylenediamine

Amicon Ltd., (High Wycombe, Bucks).

PM 10, PM 30. Ultrafiltration membranes.

Anachem Ltd., (Luton, Beds).

l.^mm to npt PTFE connectors-

Anderman & Co. Ltd., (London).

Silica Gel GF^^^ (Merck) 

B.D.H. Ltd. (poole, Dorset).

Amberlite CG4OO anion exchange resin (2OO-4OO mesh) 
Bromothymol blue. ,
Bromocresol green.
Methyl red,
Cyanogum '4I'
Urea (Aristar grade).
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Eoehringer Corporation (London) Ltd» (Lewis, Sussex)»

All enzymes and coenzymes except NAD and ATP for 
derivatisation.

Circlex Ltd. (Fleet, Hants).

4mm to -y" bsp nylon compression joints.
6mm to bsp nylon compression joints.
4mm and 6mm id nylon tubing.

Diamed Diagnostics Ltd (Liverpool).

Baker Flex PEI Cellulose plates (20cms x 20cms)

Flurochem Ltd. (Glossop, Derbyshire).

Aziridine (redistilled).

Koch Ligh Laboratories Ltd. (Colnbrook, Bucks).

Potassium borohydride

Packard Instruments Ltd. (Caversham, Berks).

2,5-Diphenyloxazole (PPO)

Pharmacia (U.K.) Ltd. (London)
i\

\Dextran T40 
Sephadex G25 (fine)

Radiochemical Centre (Amersham) 

[U-^^c] Inosine.
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Sigma London Chemical Co. Ltd., (Kingston-u-Thames, Surrey)

ATP disodium salt (Grade II).
NAD (AA grade), 
p Nitro tétrazolium blue,

[2-^K] ATP, [2-^H] NAD, [5Me-^H] thymine and p 
phenylenediamine derivated Sepharose 4B were kindly supplied by 
Dr. W. Whish (University of Bath).



R E S U L T S

(section A)
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I PRELEfilNARY EXPSRiriSNl’S WITH THE CFSTR

Attainment of a steady state within the reactor.

Urease (1.48rag) was confined within the larger volume CFSTR 
(250ml volume). Substrata, l6.7mM urea, in 20mîÆ Tris sulphate 
buffer, pH 8.0, containing ImM EDTA (20raîvl Tris and ImM EDTA 
disodium salt, adjusted to pH 8.0 at 4&^C with H^SO^) was 
preheated in a water bath to 52^C and pumped continuously into 
the reactor at a volumetric flow rate of 17ml/min. The 
reactor also had a heated water jacket with circulating water 
maintained at 52°C.

The internal reactor temperature, product concentration in 
the effluent and the transmembrane pressure ware measured 
periodically and used as criteria of the attainment of a steady 
state (Fig. I5 ). Transmembrane pressure stabilised very quickly 
within about 12 min, which corresponds to 0.82 residence times. 
Reactor temperature (steady state value of 46«5°C) and product 
concentration (steady state value 7.6mM) took considerably longer 
to reach a steady state. Stability was not reached for 1 .4 hours 
which corresponds to 5-7'residence times.

A similar experiment v/as repeated using two CFSTR's of 
different volumes (250ml and 135ml). Ammonium ion concentration 
in the effluent was continuously monitored by an electrode to 
establish whether the steady state occurred after a fixed time 
or after a fixed number of reactor volumes had passed through 
the reactor. Pig. 16 shows that the attainment of a 
steady state under these conditions is dependent on the 
number of reactor volumes that have passed through the reactor. 
The steady state value is reached after 6 to 7 reactor 
volumes have passed through. Although this is
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slightly longer than would be expected from theoretical 
consideration (5 to 6 reactor volumes), some delay will be 
caused by the reactor only slowly reaching a constant reaction 
temperature (Fig. I5).

The Effect of Flow Rate on Pressure.

Transmembrane flux across an ultrafiltration membrane with 
solutions of macromolecules normally requires high pressures.
This is caused by the formation of a gel layer on the membrane 
surface with consequent restriction of flow (concentration 
polarisation). Although efficient stirring and increased 
temperatures help to increase diffusion from the gel layer to 
the bulk solution, the problem still exists. To establish 
the relationship between flow rate and pressure the following 
experiment was devised. 0.48mg of urease was placed in the 
135ml capacity CFSÏ reactor fitted with an Amicon PM30 membrane. 
20mM Tris sulphate buffer, pH 8.0, containing ImM SLTA (20mM 
Tris and ImM EDTA disodium salt adjusted to pH 8.0 with H^SO^), 
at a reactor temperature of 4 6.5^0 , was continuously pumped 
into the reactor at predetermined flow rates. The pressure 
at each flow rate was allowed to reach steady state (Fig. I7 ).
The transmembrane pressure was found to be proportional to the 
flow rate over the range measured.

A subsequent experiment was devised to establish whether 
the pressure drop was entirely due to the membrane. A 25mm 
diameter stainless steel in line membrane holder (Millpore, 
London) was fitted with either a porous stainless steel or a 
porous plastic sinter. The pressure across the unit v/as measured 
with and without Amicon 25mm diameter PM30 membranes (Table 2). 
The results show that the measurable pressure drop is entirely 
across the membrane.
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Plow rate 
(ml/min/sqin)

Pressure drop 
(pounds/sqin)

Metal sinter only 3.46 0

6.93 0

Plastic sinter only 3.46 0

6.93 ' 0

Plastic sinter + membrane 1.02 56

Metal sinter + membrane 1.02 56

Table 2 The effect of PM 30 membrane and sinter type on pressure 
All values were obtained,using prefiltered distilled 
water, $0^0, without stirring. Plow rate is expressed 
as a value per unit area of membrane.
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Enzyme Retention

The fact that the pressure drop remains constant after 
an initial period (Fig. 15) suggests that little or no enzyme ■ 
is lost. Stability of product formation supports this 
assumption. To establish if any enzyme loss through the 
membrane is occurring, the outlet from the thin channel 
ultrafiltration cell was continuously monitored for UV 
absorbance at 280nm using a Cecil CE212 UV monitor. Pig. l8 

shows a typical elution pattern from the reactor and the 
results are summarised in Table 3. Carbamate kinase was the 
only enzyme used that was found to leak from the reactor using 
a PM3Û membrane. As leaking of enzyme ceased before the 
attainment of the steady state (6 reactor volumes) loss of 
enzyme would not be easily measurable by following product 
concentration. The substitution of PMIO membranes for PM30 
successfully prevented leakage of carbamate kinase.

II EXPERU-^SFTS USING THE THIN CHANNEL REACTOR.

Enzyme Stability

The stability of urease within a recirculating thin channel 
reactor v/as considered. As urease is sensitive to heavy metal 
inactivation a chelating agent such as EDTA would probably 
enhance the stability of the enzyme in a continuous process.
An experiment was conducted in a recirculating thin channel 
reactor, using 20mM urea in Tris HCl buffer, pH 8.0
(50mM Tris adjusted to pH 8,0 with HCl) with and without 
IraîÆ EDTA disodium salt pumped into the reactor at a flow rate 
of 2.0ml/min, A recycle rata of lOml/min was used. Pig. 19 
shows that some decay of enzyme activity occurred even in the
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PIllO PM30

Urease - >9%&

Glycerol kinase - >99#

Carbamate kinase >995^ 79.5#

Tabla 3 Percentage retention of enaymes using Amicon membranes 
all values estimated as described in the methods 
section.
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presence of ImM EDTA, although this was not so extensive. 
Similar experiments using EDPA produced identical results, 
indicating that the loss' of activity in the presence of Inûl 
EDTA was probably not duo to heavy metal inactivation. The 
results in Fig. 20 are plotted as a logarithmic function to 
discover if the decay v/as a first order process. Fig. 20 
shows that two separate first order processes were occurring.

A series of experiments wore designed to establish the" 
causes of inactivation. Previous experiments (see Table 3) 
had shown that urease was not being lost through the membrane. 
There were two possibilities characteristic of this system to 
consider; partial loss 'enzyme activity due to formation of a 
gel layer of protein on the membrane surface, and deactivation 
of the enzyme by shear effects.

Quantitation of Concentration Polarisation Effect.

To establish the concentration of protein in the gel 
layer, the'membrane was subjected to Kjeldahl digestion and 
nitrogen was estimated by the Conway method. The previous 
experiment was repeated using ImM EDTA. After 5 hours reaction 
time, the reactor v/as flushed through with six reactor volumes 
of distilled water to remove the buffer and substrate, and the 
remaining enzyme solution was removed. The membrane was cut 
into strips and digested in a Kjeldahl flask (see methods); 
a control was run using a membrane that had not been 
incorporated within a reactor. To estimate the nitrogen in 
the sample, the contents of the Kjeldahl vessel were made up 
to 25ml , and 1ml used in the Conway estimations, which were 
performed in quadruplicate. A total of 2.48mg protein was 
found adsorbed to a 90mm PM30 membrane when $.8mg urease had 
been used in the reactor. This could account for the majority
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of the decrease in enzyme activity hy the faster of the two 
first order processes (pig. 20). By nitrogen estimation,
42.6^ of the protein v/as found to be polarised onto the membrane 
This compares favourably with the faster first order decay 
process (Pig. 20) which caused a loss of approximately 53^ of 
the enzyme activity.

If this loss is caused by concentration polarisation of 
enzyme then increasing the recirculating flow rate should help 
to minimise this effect. Pig. 21 shows that an increase in the 
pulsing rate from 20 pulses/min to 100 pulses/min without an 
increase in the overall recycling rate (lOml/min) causes a very 
substantial reduction in the loss of activity. Concentration 
polaristion is greatly reduced although the secondary first 
order decay process has been slightly increased. Subsequent 
increases in recycle rate at the higher pulse rate do little to 
alter the situation although there is some small reduction in 
the amount of decay (Pig. 22).

Quantitation of the Shear Effect.

Enzymes subjected to severe shear stress conditions are 
prone to deactivation (Charm and Wong, 1970)* The results 
obtained above tend to indicate that shear is responsible for 
the slower first order decay process i.e. increased recycle flow 
rates cause faster decay by this process. In an attempt to 
quantify the shear effect, samples of urease were subjected to 
shear in a Ferranti Shirley Cone and Plate Viscometer. Samples 
of urease (500^ 1 ) of concentration 2mg/ml were placed in the 
centre of the thermostated plate (26°C). The cone was gently . 
brought into contact with the plate and allowed to revolve at a 
constant rate (usually $00 rev/min) for various lengths of time. 
Immediately after shear 420^1 of enzyme v/as transferred to a test
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tuhe and assayed by the method of Gorin and Chin (see methods). 
Pig. 23 shows that even high values of shear strain (shear x time) 
produced no permanent measurable decrease in activity.

Urease is a multi-subunit enzyme that exists in many 
polymeric forms. It may be that the loss of activity was due 
to a change in the aggregation of the subunits. To establish 
if this v/as so, samples of urease before and after use in the 
reactor were subjected to polyacrylamide disc gel electrophoresis. 
Fig. 24 shows diagramraatically a selection of typical gels 
after staining. When necessary different parts of the gels 
were subjected to the dyes for different lenghts of tim'e to 
prevent overstaining. The different polymeric species are " 
designated be greek letters according to Fishbein ejb (l969a). 
Tubes were loaded with approximately $0^g samples of enzyme in 
50ni!vl Tris HCl, pH 8.0, containing Imîü EDTA ($OmM Tris and ImM 
EDTA disodium salt, adjusted .to pH 8.0 with HCl) and run for 
1.75 hours at a constant current'of 2)ThA per tube, Bromophenol 
blue (O.lÿ w/v) was used as a tracker dye.

Long Term Stability.

The long term stability of urease in the thin channel 
reactor was also studied. Urease (^.Smg) in ^OmM Tris HCl buffer 
containing EDTA (pOmM Tris and EDTA disodium salt adjusted 
to pH 8.0 with HCl) was recycled at lOml/min, 100 pulses/min with 
substrate (20mM urea) added at a constant flow rate of 2ml/min.
The ammonium ion concentration v/as monitored periodically
(Fig. 25).
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Flow Characteristics of the Reactor.

It is possible to establish whether a reactor is behaving 
in a plug flow or perfectly mixed mode by analysing the residence 
time distribution. If some property of the inlet stream e.g. 
indicator concentration is rapidly altered to a new value, then 
observation of the concentration change in the outlet stream 
with time will show whether the reactor is deviating from 
ideal stirred tank conditions. A graphical plot of this is 
known as an F diagram. Dankv/erts (1953) fully explains the 
theory behind the method. The curve for a perfectly mixed 
vessel can be expressed by,

F(i) = 1 - e'St/Vf (23),

where F(t) is the fractional change observable in the output 
stream at time t, is the volume of the vessel and Q, is the 
volumetric flow rate. Three parameters may be measured from 
graphs of F(t) versus Qt/V^; F is the value of F(t) when 
Qt/v^ = 1, and equals 1 - l/e for perfectly mixed vessels. The 
holdback, H, represents the deviation from plug flow and is the 
area under the F diagram between Qt/v^ = 0 and Qt/V^ «= 1 (24); 
the segregation. S', represents the efficiency of the mixing in 
the system, and is the area between the theoretical line for a 
perfectly mixed vessel and the actual line obtained. Equation 
(25) represents S'if the two lines intersect at Qt/V^ = 1

H =
V

F(t)*dt (24)
r

t = 0
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s'
t = 0

Vr/%
F(t)* dt - dt (25),

where F(t)* represents the theoretical value and F(t)** 
represents the actual value of F(t).

To establish these constants for the thin channel reactor 
the following experiment was conducted. The effluent from the 
reactor was connected directly to a UV monitor adjusted to zero 
with distilled water. A solution of 4 .81^ 5 'AMP 
^^259 " 35 .3 X 10^ l/mole at pH 7»0) was rapidly substituted for 
distilled water as the inlet solution, and the absorbance of the 
effluent monitored at 259nra for a variety of recycle rates 
(20 pulses/min). A typical elution pattern is shown in Fig. 26 
and Table 4 summarises the values of F, H and S'that were 
obtained. These results were obtained by plotting data on 
graph paper and counting squares. Fig. 27 shows a plot of log 
1 - F(t) versus Q,t/V^ and enables an estimation of the volume 
of the reactor that is acting as a CFST to be made (see Cooper 
and Jeffreys, 1971).

Enzyme Kinetics in the Reactor.

As the previous experiment indicated that under certain 
conditions of high recycle rate the thin channel reactor can be 
approximated to an ideally mixed system, it should be possible 
to determine the kinetic parameters of an enzyme in this reactor 
using the equations derived by Lilly and Sharp (1968). To 
establish if this is a correct assumption, kinetic parameters
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Recycle Rate 
ml/min

F s' H

0 0.797 -0.31 0.35
2 0.713 -0.105 0 .36

5 0.642 0.040 0.325
10 0.625 0.086 0 .30

Theoretical
Plug Plow - 0.368 0

Theoretical
CF3TR 0.632 0 0.368

Table 4 Values of F diagram constants.
obtained at a variety of recycle rates (20 pulses/min), 
Q = 2ml/min. Theoretical values are included for 
comparison
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for urease in a thin channel reactor under varying recycle rates 
were compared to parameters obtained from batch data. The 
assays used have been described in the methods section. As 
enzyme activity decreases with time in the thin channel reactor, 
the recycle pump was set at 20 strokes/min and readings taken 
after I .5 hours. Reaction rates were normalised for activity 
at this time (i.e. 44^ of original activity).

The kinetic parameters of urease in the batch assay were 
plotted by the Direct Linear Plot (Eisenthal and Cornish Bowden, 
1974) and are shov/n in Fig. 28. A value of l.l^mM-was obtained 
for the batch Michaelis constant, Km, and the value of V was 
18.7 nmoles/min at pH 8.0, As l6pg of enzyme was used for the 
assay the true value of V v/as 1,17 ;imole s/m in/mg enzyme. The 
kinetics of urease within the reactor were estimated at 21°C 
using identical reaction conditions. Fig. 29 shows a graph 
of PSo versus p/l - P; kinetic values of 1.01 mM for and 
0,543 mmoles/l for the intercept, C/Q,. A s  Q was 2ml/min and 
2.1mg of urease was used in the reactor, a value of 0.517 
^moles/min/mg enzym e was obtained for V' at a recycle rate of 
lOml/min (20 pulses/min). Attempts to repeat the experiments 
using a recycle rate of 2ml/min (20 pulses/min) unfortunately 
produced a non linear graph (Fig. 30). Kinetic parameters were 
not determined from this graph.

Identical experiments were performed for the small CFST 
reactor, except that the reaction temperature was 4 8.5^0 and 
the flow rate was 17ml/min, Fig. 31 shows a graph of P2o versus 
p/l - P for the small CFST reactor, when . Im g of urease was 
used in the reactor. Kinetic parameters of 1.15mM for the 
Mlchaelis constant, , 'and 7-10 ̂ moles/min/mg enzyme for V'.
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Substrate Inhibition

Urease is susceptible to substrate inhibition and is 
therefore an interesting enzyme to use in an ideally mixed 
reactor. Well mixed reactors should tend to minimise the 
effect of substrate concentration, because the internal reactor 
concentration is equal to that at the exit. To investigate 
this property, high concentrations of urea were pumped into 
the thin channel reactor to see if an optimum substrate 
concentration occurs. Fig. 32 shows the results obtained in 
the thin channel reactor with a flow rate of 2ml/min and a 
recycle rate of ICml/min at 25^C. It is notable that the 
product concentration continues to increase even up to 
concentrations of IM substrate. This is in direct contrast 
to the batch system (Fig. 33) where a maximum is reached at 
approximately l6CmM. This system was assayed by linking the 
urease reaction to glutamate dehydrogenase in a similar way to 
the batch kinetic experiments. Glutamate dehydrogenase reaction 
rates were not affected by IM urea. In both experiments low 
rates were measured deliberately to minimise any effect from 
product inhibition, and 50mîi Tris HCl buffer, pH 8.0 containing 
ImM EDTA was used (50mL' Tris HCl and lmî5 EDTA disodium salt 
adjusted to pH 8.0 with HaOH).

Dependence of Reaction rate on Volumetric Flow.

To ascertain the effect that changes in flow rate have 
on the reaction the following experiment was performed. Urease 
(5*2mg) was placed in the reactor and 5«OoAi Urea in Tris HCl 
buffer (50ml<; Tris and 1 mil EDTA adjusted to pH 8.0 with HCl) v/as 
pumped into the reactor at different flow rates and recycle rates 
(20 pulses/min). Fig. 34 shows the effect that flow rate has 
on the rate of production of ammonium ions in the output stream 
expressed as a fractional conversion.
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INTRODUCTION

If cofactor-requiring enzymes are to be used in reactors, 
then economic methods of cofactor regeneration must be devised.
A method which has shown great promise with oxidoreductases 
has been the immobilization of NAD to a soluble doxtran 
(Larsson and Mosbach, 1974)« This allows retention of the 
active cofactor within an ultrafiltration cell without using 
very low molecular weight cut-off membranes.

Three methods of immobilizing ATP have been considered 
using glycerol kinase as a model. Two of these used published 
methods of NAD immobilization with proposed subsequent conversion 
of dextran-NAD to dextran-ATP using NAD pyrophosphorylase.

Daxtran-NAD +PPi ----------> NLRf +Dextran-ATP -

Attempts to repeat these methods of NAD immobilization were only 
partially successful and were eventually abandoned because of 
poor yields of active NAD derivatives. To overcome the problem, 
a new facile method of immobilization was devised and used 
successfully to immobilize ATP with retention of coenzyme 
activity. Some experiments were devised using carbamate kinase 
as the recycling enzyme within a reactor.
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I THE ATTEMPTED PREPARATION OF NAD DERIVATIVES.

N^-Carboxymethyl NAD

N^-carboxymethyl NAD was synthesised by the method of 
Lindberg _et al. (l973), Fig. 35* These workers obtained a 
yield of 23/o with 555® coenzymic activity by using yeast alcohol 
dehydrogenase. However, the 12^ yield obtained, only contained 
16^ coenzymic activity. The assay was performed in O.IM 
sodium pyrophosphate buffer, pH 10.5, containing O.IM ethanol 
(O.IM sodium pyrophosphate adjusted to pH 10.5 with HCl). A 
suitable sample of the derivative in 100 ̂ 1 of distilled water 
was placed in a silica cuvette with 2,0 ml of buffer. Typically, 
10 JU.1 yeast alcohol dehydrogenase (lOmg/ml) was added and the 
extent of change of determined.

The N^-carboxymethyl NAD and starting materials had been 
separated on a Dowex 1-X8 column (Cl ; 1.2 x 4 •5cm) using a 
linear CaCl^ gradient (Fig. 36). Although the product was 
eluted as a single peak, thin layer chromatography plates were 
very heterogeneous. This method was abandoned as being 
unsuitable for the synthesis of dextran ATP.

N^-Aminoethyl NAD.

Weibel et al. (l974) have published a method of immobilizing 
NAD to dextran via the N -amino group using aziridine. Although 
this method v/as based on similar experiments using ethylene oxide 
by Windmueller and Kaplan (l96l) no experimental details are 
given by Weibel _et The following method v/as therefore used.
Fig. 37 shows the reaction sequence that was followed and was 
the same rearrangement step as the carboxymethyl derivative. The 
Dimroth rearrangement involves a ring opening procedure and
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NAD

ICHgCOO
pH.6.5

\!/

l-carboxymethyl M D

R

Dimroth rearrangement 
1

r-O,2, pH 11, 75 C for one hour
3. . CĤ CHO', yeast alcohol dehydrogenase

V

N H C H XO O '

H -carhoxymethyl NAD

R = rihose, rihose, nicotinamide

Fig. 35 Synthesis of N^-carhoxymethyl NAD

(taken from Lindherg _et .(1973))
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NAD +
H/ N \

HgC CH;
Aziridine

R
l-aminoethyl FAD

* Dimr&th rearrangement

F -aminoethyl NAD

R = rihose, rihose, nicotinamide

Pig. 37 Synthesis of N^-aminoethyl NAD
(taken from V/aihel ejb al. (l974))
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rearrangement. NAD must he reduced with dithionite to remain 
stable in strong alkali.

To form 1-aminoethyl NAD from NAD the following procedure 
was used. A solution of aziridine (2ml aziridine in 20ml 
water) was adjusted to pH 6 .5 with perchloric acid at 4°C. To 
this solution, l.Og of NAD (AA grade), tritiated on the 
position (4 .3 X 10^ cpm ) was added and the pH adjusted to 
6.0. The reaction mixture was left for 24 hours during which 
time the pH was maintained at 6.0 hy periodic addition of 2M 
NaOH. Ten ml of the reaction mixture was added to 60ml of
acetone (4°C) giving a chalky white solid (O.4692g) and a
clear yellow liquid. To ascertain the extent of the reaction 
prior to precipitation, 1^1 samples of the reaction mixture 
were applied xo PEI cellulose thin layer plates in 1cm strips.
The plates were run for 3cm in 0.2% LiCl and 10cm in l.OM LiCl. 
After approximately 1 hour the plates were dried, cut into 
0 .5cm wide horizontal strips and the adsorhant was scraped into 
scintillation vials containing 30(^1 of IM LiCl and 3ml 
Triton-toluene scintillant (0.p% PPO in 30:70 triton-toluene 
v/v). values of O .56 for NAD and O .84 for 1-aminoethyl NAD 
were obtained (pig. 38). By TLC GOfp of the NAD was estimated 
to he converted to 1-aminoehtyl NAD.

To separate NAD from the derivative, 1.3mg of the precipitate
v/as dissolved in 1ml of distilled water. A 0.3ml sample of this
solution (7964 cpm) was applied to a Dowex 1-X8 column (acetate 
form; 0.9cm x 2.8cm) previously equilibrated with distilled water, 
and the effluent continuously monitored at 254nm with an Altox 
UV Biochemical Monitor (imm path length). The column v/as eluted 
with 26ml- of distilled water and gave a fraction which contained 
3,257 cpm i.e. 4 0.9^ of the sample.(Fig. 39). Further elution of 
the column with step wise increases in acetic acid concentration 
caused two further peaks to ho eluted (Fig. 39). The peak eluted
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Fig. 39 Fractionation of IfAD and 1-aminoethyl NAD on Dowex 1-X8 
(details in text)
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in 400mM acetic acid contained 3,699 cpm i.e. 4 6.5^ of the 
sample and v/as identified as NAD by its UV spectrum and TLC 
(V/eibel ot al., 1974)- Similarly the peak eluted with distilled 
water was identified by its characteristic UV spectrum as 
1-aminoethyl NAD. The p"eak fluted, with lOOmîl acetic acid v/as found 
to be an artefact of the spectrum caused by air bubbles eluted 
from the column. Samples of 1-aminoethyl NAD and NAD eluted from 
the column were completed with IM sodium cyanide to give a 
characteristic peak around 32pnm showing that the nicotinamide 
ring v/as intact. Reduction of samples with ]_g dithionite in 
100ml of 1^ sodium bicarbonate showed a peak at 340nm 
characteristic of reduced NAD and its derivatives. Details of the 
absorbance ratios are shown in Table 5 . The remainder of the 
reaction mixture was resolved into 1-aminoethyl NAD and NAD in a 
similar manner from a larger Dov/ex 1-X8 column (acetate form;
3.0cm X 8.0cm), Fig. 40.

The Dimroth rearrangement of the aminoethyl group from the 
1 to the N^ position v/as performed using exactly the same 
conditions as for the formation of N -carboxymethyl NAD. However, 
thin layer chromatography of the reaction mixture on PEI cellulose 
failed to resolve the two derivatives and attempts to separate 
them were abandoned. Fig. 4I shows three TLC plates which were 
scraped and counted in a Packard TriCarb Scintillation counter 
as previously described.
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1 Aminoethyl 
NAD

NAD Theoretical * 
NAD

^max 259nm 259nm 260nm

325:259rmi ratio 
in IM NaCN

0.33 0.31 0.33

340:2p9nm ratio 
after dithionite, 
pK 10.0

0.26 0.31 0.34

Table 5 UV data for NAD and 1 aminoethyl NAD
* Specifications and Criteria for Biochemical Compounds, 
National Academy of Sciences - National Research Council, 
Publication 719, Washington D.C. Cited in PL 
Biochemicals Inc. Catalogue.
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II THF PREPARATION OF IMMOBILIZED ATP

Theoretically it should he possible to link ATP 
specifically via the N^-amino group to an amino containing ' 
carrier using glutaraldehyde. The aldehyde moiety could react 
with the amino groups to form Schiffs bases under very mild 
conditions, obviating the need to use the troublesome Dimroth 
rearrangement• This chemistry.is similar to the technique of 
immobilizing enzymes by using crosslin^ing reagents.

The Attachment of Adenosine to Sepharose 4B«

Sepharose 4P previously activated by treatment with cyanogen 
bromide and p phenylenediamine was kindly supplied by Dr. W . Whish 
(University of Bath). The Sepharose derivative was stored at 4*̂ C 
in ^0% ethanol (v/v) containing approximately lOmM mercaptoethanol 
to prevent oxidation. 1.2ml of packed, damp derivatised Sepharose 
was thoroughly washed with 250~3C0aü. of distilled water on a 
Buchner funnel. This was placed in a conical glass centrifuge tube 
with 2ml of distilled water and 3sal of 2$^ aqueous glutaraldehyde. 
After 30 min at room temperature, the solution was filtered and 
washed with distilled water to remove excess glutaraldehyde.
The activated gel was added to 15ml of 50mM citrate buffer, pH 
6.0 (41.5ml of O.IM trisodium citrate and 9.5ml of O.IM citric 
acid made up to 100ml with distilled water), containing 238 ̂ mole 
[2-^h] adenosine (4*34 % 10^ cpm/pmole). The reaction was allowed 
to proceed for 30 min at room temperature with occasional gentle 
shaking. To reduce the Schiffs bases the pH of the reaction 
mixture was adjusted to pH 9«0 with 2M NaOH and approximately 
200mg of potassium borohydride added. After filtration the gel 
was placed in a Pasteur pipette column and flushed extensively 
with 100ml distilled water and 100ml of IM NaCl to remove any
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non-cûvalently bound material. A total activity of 9.24 x lO^cpm 
was associated with each ml of Sepharose. This corresponds to 
2.13 yUmole of adenosine bound/ml of Sepharose. The proposed 
reaction scheme is shown in the discussion section.

Specificity of Binding

5To confirm that binding was specifically via the N— 
amino group of adenosine the following experiment was devised. 
Inosine, a purine and analogue of adenine was subjected to 
exactly the same reaction conditions as adenosine. But, as 
inosine has no N— -amino group no binding should occur. Using 
[ U-^^c] inosine (sp. act. 2,703 cpra/,umole), 408 cpm (0 .I5 ^mole) 
were found associated with each ml of Sepharose. This 
corresponds to 7^ of the binding that occurred with adenosine. As 
binding may have occurred with the rihose moiety, the same 
experiment was repeated using [5Ma-^H] thymine. Binding was 
found to be even less significant with a mere 25 nmole bound per 
ml of Sepharose i.e. 0.12^ of the binding observed with adenosine.

Formation of Dextran Ethylene ATP

Dextran T4O derivatised with cyanogen bromide and 
1,2-ethylenediamine (ig) was dissolved in 7:̂ 1 of distilled water. 
A 25^ aqueous solution of glutaraldehyde (3ml) was added and the 
reaction allowed to proceed at room temperature for 30 min.
The activated dextran was precipitated by adding 100ml of ethanol, 
filtered and washed with ethanol and ether. The precipitate was 
dissolved in 15ml of pOmfd citrate buffer, pH 6.0 (41*5®1 of 
O.IM trisodium citrate and 9*5^1 of O.IM citric acid and made up 
to lOOml with distilled water), containing I65 umola of
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[ 2-^hJ at? (1.44 X 10^ cpm/^raole). After 30 min, 2M NaOH 
v/as added to adjust the solution to pH 9.0 and approximately 
200mg of potassium borohydride added to reduce the Schiffs base. 
The solution was poured into 10 volumes of ethanol and left 
to precipitate overnight at 4°C. The precipitate was collected 
by centrifugation at 40,000 x g from I5 min and redissolved in 
40ml of distilled water and stored at -30^0.

Samples of dextran ethylene AT? were chromatographed on 
Sophadox G2p (fine) (O.^cm x 46.0cm) in 25mîi Tris HCl buffer, 
pH 7*5 (ZpmM Tris adjusted to pH 7*5 with HCl) and all the ATP, 
as monitored by radioactivity, was eluted in the void volume. 
However the same result was obtained when free ATP v/as mixed 
with the dextran ethylene derivative (Pig. 42), and the fractions 
monitored for absorbance at 259nm. When samples of dextran 
ethylene ATP wore run in buffer containing IM NaCl all the 
radioactivity associated with the ATP was found to be included 
by the Sophadex (Pig. 43). It was therefore concluded that 
ionic and not covalent bonding of ATP to the dextran ethylene 
derivative had occurred.

Formation of Dextran Phenylene ATP

Reaction of glutaraldehyde with dextran, previously 
activated with cyanogen bromide and p phenylenediamine led to 
severe crosslinking of the matrix and a green coloured insoluble 
gel. Attempts to link ATP to the gel were unsuccessful. To 
overcome this problem the reaction sequence was altered.

AT? (82.5 ^mole) was dissolved in 2ral of citrate
buffer, pH 6.0. To this solution was added 3nil of 25^ aqueous 
glutaraldehyde and the reaction v/as allowed to proceed at
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room temperature for 30 rain. The derivatised AT? was 
precipitated in I5 volumes of ethanol and centrifuged at
40,000 X g for 15 min. The precipitate v/as dissolved in 
15ml of pOmL! citrate buffer, pH 6.0, containing 0,5ff of 
dextran phenylenediamine. After 30 rain the pH v/as adjusted 
to pH 9,0 with 2M HaOH and approximately 200mg of potassium 
borohydride added. The solution was made up to 20ml and stored 
at -30°C. Samples, (O.^al), were chromatographed on Sephadex 
025 (fine) in 25raM Tris HCl buffer, pH 7 «5 with and without 
IM HaCl (Figs. 44? 45)* Using Triton toluene scintillant 
(0,5^ PPG in triton:toluene 30:70v/v) it was found that the 
radioactivity of samples v/as severely quenched when dextran 
was present (Fig. 45)* These chromatograms showed qualitatively 
that ATP had been covalently bound to dextran phenylenediamine.

Estimation of Binding

To establish the amount of AT? bound to dextran 
phenylenediamine, three separate assays ware used. An estimate 
of the total phosphorous associated with the dextran was obtained . 
Dextran (iP.pmg) derivatised with ATP v/as chromatographed on 
Sephadex G2p in PpmM Tris HCl buffer, pH 7*5? containing 1 M 
HaCl as previously described to remove free ATP. The material 
eluted in the void volume v/as collected, made up to 20ml, and 
Irai samples taken for total phosphorous estimation (see methods). 
Each sample v/as found to contain 49 nmole of phosphorous i.e.
78 ^mole of phosphrous per Ig of dextran. On the assumption that 
the phosphorous is from ATP then 26 ^raole ATP is bound par Ig of 
dextran.

Dextran phenylene ATP was found to be coenzymically active 
with yeast hexokinase. Estimates using the method of Woodward
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(1971) showed that l8.8umola AT? v/as bound per Ig dextran. 
Hydrolysis of the dextran with a crude preparation of 
bacterial amylase did not increase this value.

The UV absorption spectrum of dextran phenylene ATP is 
shown in Fig. 4 6, using dextran phenylenediamine as a reference, 
This can only give an approximate estimation of the extent of 
binding as the true value of the extinction coefficient of 
liganded AT? is unknown. A X max of 266nm v/as observed and a 
A min of 230nra; if Gggg assumed to be 15,700 l/mola then
the extent of binding is 22.6 ̂ mole per Ig of dextran.

In an attempt to estimate if any Ah? was bound, the void 
peak from the column (l2.5mg dextran/Oml) was collected and 
treated with O .4 iu. of alkaline phosphatase (Boehringer - 
calf intestine - Grade l) for 35 min at room temperature. A 
sample (0.5ml) of this solution was applied to the Sephadex 
G25 (fine) column (0 .5 x 46.0cm) and the fractions assayed for 
total phosphorous. The elution pattern is shown in Fig. 47»

pH Dapandonce of Schiffs Bass'Formation.

The formation of Schiffs bases is normally pH dependent.
To establish if this was the case with AT? immobilization the 
following experiment v/as carried out. Sepharose 4B 
phenylenediamine derivative was prepared and treated as 
previously described for adenosine except that AT? was used for 
coupling and the 50mI(I citrate buffer was used at four different 
pH values; 3.0, 4.0, 5*0, 6.0. Pig. 48 shows that binding 
increases as the pH is lowered.
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Kinetic Properties.

Kinetic parameters for glycerol kinase were determined 
at pH 7*5? 25^0, with both free and immobilized ATP (see 
methods). Concentrations of dextran phenylene ATP are 
calculated on the basis of the total phosphorous assay, which 
gave an estimate of binding of 26^mole ATP per Ig dextran.
As this method is a coupled assay, pyruvate kinase and lactate 
dehydrogenase concentrations were adjusted so that glycerol 
kinase v/as the limiting enzyme. Adding dextran phenylenediamine 
to free ATP did not alter the rates. Pig. 49 shows that at 
saturating concentrations of glycerol ($00mK), the ^  for free 
ATP is 138. and 19.^1 for dextran phenylene ATP. The 
relative maximum velocity, V, was decreased from 1.0 for free 
ATP to 0.122 for immobilized ATP. However the ^  for glycerol 
did not vary significantly whether free or immobilized AT? v/as 
used. Pig. 50 and Fig. 51 show direct linear plots for various 
fixed concentrations of free and imraoblilized ATP. Values of V 
for dextran phenylene ATP are approximately l/lOth of the values 
for free ATP. Median intersections of direct linear plots were 
calculated on a programmed Texas Instruments SR52 calculator.
All values of v are directly comparable in Figs. 49, 50 and 5I .
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III REACTOR EXPERIMEIJTS WITH GLYCEROL KIHASS

Preliminary experiments were performed to establish the' 
potential of reactors utilising glycerol kinase for the 
production of sn-glycerol 3-phosphate. All experiments were 
run using 50mM TEA HCl buffer (50mli TEA HCl adjusted to pH 
7 .0 , 8.0 or 9-0 with HaOH) in the small recycle thin channel 
reactors.

An initial experiment was designed to establish if any 
difference in reaction rate or stability of the enzyme could 
be attributed to the reactor channel shape. The substrate 
solution contained O.̂ nl/I glycerol, O.lmM ATP, 2.0mM KgClg in 
pH 9 .0 buffer, pumped into the reactor at Iral/min and using 
a recycle of 5ml/min. Glycerol kinase (2^1, 5mg/ml) was 
placed into the reactor in the presence of O.^ndl glycerol. 
Fig. 52 shows that there was no detectable difference in 
output concentration of ALP between the three reactors.

pH Profile of Glycerol Kinase.

The pH profile of glycerol kinase within the reactor 
was studied. All reactors were fed with a substrate stream 
containing 2.0mM LlgCl^, lOOmli HaCl, glycerol, O.lmM ATP,
at a flow rate of Iml/min and recycle of lOml/min in 50mM TEA 
HCl buffer, pH 7*0, 8.0, 9«0. Fig. 53 shows that although pH
9 .0  produces the highest initial rate, the rate at pH 7*0 does 
not drop so rapidly.
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Carbamate Kinase Recycling.

If carbamate kinase is placed in the reactor with glycerol 
kinase and carbamoyl phosphate is added to the inlet stream 
then some re-use of the coenzyme should be possible, giving 
higher yields of product. Pig. 54 shows the effect of the 
presence of 64 units of Carbamate kinase on sg-glycerol 
3-phosphate production. The inlet solution contained 0,̂ TrHa 
glycerol, O.lmll ATP, 20m!i YgClg, lOmM carbamoyl phosphate in 
50mLÎ TEA HCl buffer, pH 7«0, pumped into the reactor at 
0.5ml/min with a recycle of lOml/min. Glycerol kinase (2Cjil, 
5mg/ml), was used in these experiments. Attempts to replace 
free ATP with dextran phenylene ATP (0.39^mole ATP) immobilized 
within the reactor were unsuccessful. Pig. 55 shows^that only 
0.39pmole of sn-glycerol 3-phosphate were produced initially 
and then no further reaction occurred, showing that carbamate 
kinase was unable to recycle the dextran phenylene ADP produced 
in the glycerol kinase reaction. Amicon PMIO membranes were 
used in both of these experiments.
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The experiments with the CPSTR demonstrated several 
important points concerning the attainment of a steady state.
Pressure drop across the membrane v/as found to rise rapidly 
to a steady state value in less than one residence time, whereas 
reactor temperature and product concentration took considerably 
longer (5*7 residence times). This suggests that the formation 
of a gel layer on the membrane occurs rapidly and is relatively 
unaltered during a 6 to 7°C rise in internal reactor temperature.
The reactor temperature took longer to reach a steady state, as 
might be expected, because of heat loss and the tharraocapacity of 
the system. As the reaction rate is dependent on temperature, the 
product concentration in the outlet stream would tend to reach steady 
state somewhat later than does xho internal reactor temperature.
Fig. 16 shows that the time for attainment of the steady state in 
different volume reactors depends on the number of reactor 

volumes that have passed through the reactor, and not on absolute 
time values. This concurs with the results of Dankwerts (l953) 
who has shown that in ideally mixed systems changes are 
exponentially related to the number of reactor volumes.

Several workers have shown that the pressure drop across 
an ultrafiltration membrane increases with increased flow rate 
(Michaels, 1968; Blatt at al., 1970). A linear relationship was 
found between the pressure drop and flow rate (Fig. 17) when 
urease (O.hSmg) was used within the reactor. Blatt et al.
(1970) obtained analogous results for similar concentrations of 
bovine serum albumin (O^65$ w/v), but non-linearity did occur- 
at higher concentrations (6.5^ ^/v). Table 2 shows that all the 
measurable pressure drop was across the membrane and that the 
nature of the sinter was irrelevant. deFilippi and Goldsmith 
(1970) have considered concentration polarisation in detail and 
conclude that excessive pressure drops are inevitable for tv/o 
reasons; the back diffusion of macromolecules into the bulk phase
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will always be low because of their high molecular weights, and 
in high concentrations, i.e. at the membrane surface, 
macromolecules have abnormal rheological properties and form 
highly viscous gelatinous layers.

Loss of Enzyme Activity

Ultrafiltration membrane molecular weight cut-off values 
are only approximate; proteins of slightly greater molecular 
weight than the nominal cut-off value may leak through the 
membrane. Amicon PM30 membranes (molecular weight cut-off 
30,000) were used in the thin channel reactor and only carbamate 
kinase (40,000) v/as found to leak (Table 3). Urease (483,000) 
and glycerol kinaso (251,000) were completely retained. 
Substitution of a PMIO membrane (10,000) prevented the leakage 
of carbamate kinase. However V/ang _et al. (l970) have found 
that o6 amylase (50,000) will leach through PMIO membranes 
during the first two reactor volumes. Carbamate kinase behaved 
similarly with PM30 membranes and only leached out for a limited 
period. It is suggested that during this transient period a 
gel layer of enzyme is formed on the membrane surface acting as 
a secondary barrier. Alternatively, the membrane may compact 
slightly during the initial stages and thus prevent leakage by 
partial pore closure. It has been suggested that carbamate-kinase 
could exist as a dimer (paijman and Jones, 1973). If this was 
so then dissociation inxo monomers (20,000) would be a possible 
cause of leakage through PM30 membranes.

Urease, in common with* many other enzymes containing 
sulphydryl groups, is extremely susceptable to heavy metal 
inactivation. Fig. 19 shows that irreversable inhibition of the 
enzyme by heavy metals can be successfully prevented in the short
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term by the addition of 2DTA. However, in the longer term 
experiment (Fig. 25) activity is still lost after the concentration 
polarisation and shear effects have been taken into account. It 
may well be that some inactivation by heavy metals present in the 
inlet stream is occurring. Although an excess of EDTA is present 
the stability constant for heavy metals with this chelating agent_l8'
is in the order of 10 (Dawson _et al., 1969) compared to around 
10 for the heavy metal sulphides (Vogel, I96I). It would
be inevitable that some of the heavy metals would bind with 
urease causing irreversable deactivation of the enzyme; this 
would only be a progressive effect because of the high concentration 
of EDI A relative zo the enzyme and heavy metal concentrations.

Fig. 20 shows that even when SDTA is present in short term 
runs that two first order decay processes are occurring. These 
have been attributed to concentration polarisation and shear 
effects. At low recycle rates in the thin channel reactor 42.8^ 
of the urease (protein estimation) was found associated with the 
membrane. Klima _et (l97l) similarly found that caesin 
polarised in a thin channel device, but no experimental details 
are available. Although the presence of a membrane layer of 
urease may have been completely due to concentration polarisation, 
it is possible that adsorption of the enzyme onto the membrane 
surface may have been partly responsible. Amicon Ltd., claim 
that PM type membranes are non-ionic, but do make the point that 
some compounds may be adsorbed onto the membrane. Therefore, 
perhaps urease may have been adsorbed onto the membrane by 
hydrophobic or other non-ionic interactions.

Protein deposition onto the membrane was considerably reduced 
by increasing the pulsing rate, at constant overall flow rate, 
of the recycle system (Fig. 2l). Granger (1973) found that 
fouling of the membrane in a CFSTR could be lessened by using a



129

pulsating pump in preference to a peristaltic pump for delivery 
of the inlet feed. Although the concentration polarisation 
effect can he minimised by more frequent pulsing, enzyme 
deactivation by shear increases. Subsequent increases "in 
recycle flow rate at these higher pulsing values only increases 
the shear effect very slightly. This could be explained by 
assuming that this type of enzyme deactivation process is 
reversable and considering the increased loss of enzyme activity 
in terms of relaxation t û m e s Although at the higher pulse 
rates the value of shear is not altered the time between periods 
.of shear is minimised, perhaps to a point where the enzyme has 
insufficient time to regenerate. Charm and Wong (l970) showed 
that rennet could recover full activity after shear by 
relaxation for fairly lengthy periods of time (ca 1 hour), 
dependent on the original degree of deactivation. However, 
Tirrell and Middleman (l975) showed that with urease most of the 
loss of activity could only be measured while the enzyme was 
actively being subjected to shear. Attempts to measure the 
permanent shear showed that very high values of shear strain are 
necessary before permanent deactivation becomes observable. The 
apparent stability of urease when subjected to shear in the 
Ferranti Shirley viscometer (Fig. 23) can thus be explained. As 
it took about one minute to transfer the enzyme sample from 
the viscometer to the sample medium the enzyme activity would 
have recovered and no decrease in activity would be observable.

Study of the polymeric forms of urease by polyacrylamide 
gel electrophoresis before and after use in the reactor showed 
no permanent alteration in the distribution of molecular weight 
aggregates (Fig. 24). Urease activity was not lost in any of 
the bands; probably more important was the lack of appearance 
of any extraneous protein bands representing non-active species. 
However two points must be considered when making these 
interpretations. Firstly, the time taken to perform the
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experiment may well have allowed reaggregation to occur, and 
secondly, the protein stain is considerably less sensitive 
(ca l/lOth) than the specific catalytic stain.

Reactor Characteristics.

Under certain conditions the thin channel reactor can be 
considered to approach Ideally.mixed conditions. Constants 
tabulated from F diagrams show that ideal, conditions are 
approached when the recycle rate exceeds the input flow rate 
(Table 4 ). However, a serailogarithmic plot (Fig. 27) of an F 
diagram for the thin channel reactor at high flow rate shows 
that 0.25 reactor volumes are still under plug flow conditions. 
This is a predictable result because calculation of the 
Reynolds number for the thin channel section, which represents 
approximately 0.25 reactor volumes, 'gives a value of 100 

under these conditions. As the value is estimated from the 
hydraulic mean diameter this can only indicate that laminar 
flow is a probability.

Further evidence that this reactor can be considered as 
well mixed is provided by the kinetic experiments with urease. 
Using the equations derived by Lilly and Sharp (1968) for 
CPSTR's it has been possible to show that kinetic parameters 
may be accurately determined providing that the recycle rate 
exceeds the input flow rate. This is in agreement with the F 
diagram data. Conversely under conditions of poor mixing 
(see Table 4 ) It was not possible^to obtain a linear relationship 
between PSo and P/l-P (Fig. 30). The small CFSTR gave a Km* 
for urease of 1.15mM which v/as in close agreement with the batch 
and thin channel data. Unfortunately it was not possible to 
directly compare V'for this reactor with the other results because 
of the temperature differential. However, a calculation of the
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cxpoctod maximum rate under these conditions can bo obtained 
using published data (Gorin and Chin, 1966; Miller _ot al.,
1968). The theoretical value of 7 *40^ 1̂ 0 le s/m in/mg compares well 
with the corrected value of 7-lO^moles/min/mg obtained from the 
CFGTR.

Experiments to investigate the effects of substrate 
inhibition within a thin channel reactor (Fig. 32) show that 
reaction rates do not peak at an optimum substrate concentration 
as found in batch experiments (Fig. 33)• However visual 
inspection of Fig. 32 indicates a value of approximately 
50mM for the thin channel system which is considerably higher 
than the value obtained in batch experiments using low substrate 
concentrations. Weetall and Hersh (1969) found that urease 
coupled to glass packed in a column v/as more severely inhibited 
at high substrate concentrations than v/as found in batch 
experiments reported in this thesis'(Fig. 33). This tends to 
indicate that all three systems are subject to substrate 
inhibition, with packed bods affected most and well mixed 
systems affected least.

Fig. 34 shows the variation of fractional conversion with 
flow rate for a thin channel reactor. At both recycle rates the 
curve follows a pattern similar to that expected for a well mixed 
system. This and the evidence provided by the F diagrams and 
kinetic data suggest that thin channel reactors may be considered 
as well mixed systems. However, scale-up of the reactor may 
well produce anomolies because of mixing difficulties and mass 
transfer effects.

Cofactor Immobilization

Attempts to produce^NAD'sùbstituted in the position
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using published methods were unsuccessful. Both of the attempted 
methods involved lengthy reactions which produced numerous 
by-products as detected by TLC. Although the method of Weibel 
ct al. (1974) was an improvement, the Bimroth rearrangement common 
to both methods was unsatisfactory. Separating the produce free 
from contaminants was found to be extremely difficult because 
of the similarity of the starting materials and products.
Both of these methods were considered as unsuitable for facile 
production of either immobilized NAB or ATP.

The method of attaching adenine-containing nucleotides to a
carrier by direct activation with glutaraldehyde and subsequent
borohydride reduction v/as found to be vastly superior. Experiments
with the attachment of adenosine to p phenylenediamine dérivâtised
Sepharose 4B showed that the linkage was stable in high ionic
strength buffers and was thus non-ionic. A proposed reaction
scheme is shown in Fig. 56. This scheme was partially verified
by the lack of significant attachment of inosine or thymine

6which both lack an N primary amino group. The small quantity of 
inosine covalently bound to Sepharose may have been due to an 
interaction between glutaraldehyde and the ribose moiety. In 
this context it is noticeable that the binding of thymine was 
considerably less. Another possibility is that the compounds- 
could have been subject to hydrophobic interactions. The high 
molarity of salt used to wash the Sepharose after the reaction 
ensured that the nucleotides were not ionically bound to 
Sepharose.

ATP was found to bind covalently to dextran derivatised 
with p phenylenediamine but not with ethylenediamine. This may 
be explained in terms of Schiffs base formation. Roberts and 
Casserio (1964) show that the mechanism requires the amino group 
to be unprotonated, the carbonyl group to be protonated and that
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step 1 of Pig. $6 is the rate limiting step. As the carbonyl 
group will only he protonated at very low pK values and the 
pK of p phenylenediamine and ethylenediamine is 4*5 and 10.5cl
respectively, it is evident that the p phenylenediamine 
derivative is more likely to bind ATP successfully. However 
ATP might be expected to bind ionically to the ethylenediamine 
derivative, and this was found to be so (Pig. 42). Another 
point to consider is that aromatic aldehydes may help to stabilize 
the Schiffs base by délocalisation. Further evidence that the 
attachment is via Schiffs base formation is provided by 
experiments with the attachment of adenosine to p phenylenediamine 
derivatised Sopharose at different pH values (Pig. 4 8). As 
expected the amount of adenosine bound increased with decreasing 
pH. The classic pH optimum was not seen due to susceptability 
of ATP to hydrolysis at low pH.

Dextran ATP/a EP was found to be coenzymically active with 
a number of enzymes; glycerol kinase, pyruvate kinase and 
hexokinase. The latter enzyme v/as used to estimate the extent 
of ATP binding to dextran. A result of l6.8^mole ATP/g could 
not be improved upon by digestion of the dextran with a crude 
bacterial amylase preparation.’ This suggests''that all the ATP 
that v/as coenzymically active v/as readily accessible to 
hexokinase, or that some impurity in the amylase preparation 
may have inactivated the hexokinase or hydrolysed any remaining 
ATP. Acid hydrolysis of the dextran ATP with subsequent 
estimation of phosphorous produced a higher value of 26.0^mole/g, 
assuming that all the phosphorous was derived from ATP.
However the suggestion that some of the 'excess phosphorous' 
may have been derived from AÎ P or ATP is probably not valid as 
Ü''/ estimation of binding gives a value of 22.6^mole/g. A ratio 
of 3.3:1 is obtained when the UV estimation is compared to the 
total phosphorous estimation (78^mole/g) suggesting that all 
the nucleotide was ATP. No endogenous ATP could be detected with 
pyruvate kinase.
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Attempts to measure whether All? v/as hound to the dextran 

gave inconclusive results. Chromatography of the alkaline 
phosphatase digest (Fig. 47) produced three peaks as well as the 
original void peak. Boehringer do state that their preparation 
of alkaline phosphatase may contain a number of impurities, e.g. 
adenosine deaminase, which would cause spurious peaks.

The kinetic parameters of glycerol kinase obtained with free 
and immobilized ATP showed some surprising results. Although the 
Km for glycerol remained unaltered, the ^  for dextran ATP was 
almost an order of magnitude lower than the ^  for free ATP. 
However the V estimations obtained for AT? and glycerol were both 
an order of magnitude lower when dextran ATP v/as used as substrate 
These results are in stark contrast to t;^pical results obtained 
with dextran NAD and dehydrogenases (V/eibel _et ah., 1974). Here 
the ^  for NAD v/as increased. This probably indicates a 
different mechanism of a&tion'botween these two classes of enzymes 
as may be expected. NAD and the substrate are considered to bind 
to the same binding site (Everse and Kaplan, 1973) whereas the 
results obtained with glycerol kinase tend to suggest that the 
sites may be independent.

Several important conclusions may be made about the 
experiments with glycerol kinase in the reactor. Fig. 52 shows 
that channel shape has no measurable effect on enzyme stability. 
Differences in enzyme stability would be expected if the channel 
shape was a significant factor in enzyme deactivation. This 
result, coupled with the results of urease deactivation in a 
reactor tend to indicate that the non-return valves in the 
recycling pump are the cause of enzyme deactivation. The pH 
profile of glycerol kinase in the reactor showed that although 
the maximum rate was obtained at pH 9.0? greatest stability was 
obtained at pH 7.0. This is an important factor to be considered 
in reactor design where it may well be profitable to utilize the
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enzyme at a pH other than the optimum, so that stability may be 
enhanced.

The use of carbamate kinase for ATP regeneration v/as first 
shown to be practical by Marshall (l973). Pig. 54 shows hov/ the 
addition of carbamate kinase to the reactor increases the 
efficiency of ATP usage by effectively increasing the ATP 
concentration. This is reflected in the increased output of 
sn-glycerol 3-phosphate, which has been increased more than 4 
fold. Similar results have been found by workers using 
dehydrogenases and NAD (Lindberg _et , 1973 j Wykes e_t al., 1975)
Attempts to use carbamate kinase in a reactor as a recycling 
enzyme with dextran ATP were disappointing (Fig. 55). The total 
quantity of sn-glycerol 3-phosphato produced v/as only equivalent 
to the original concentration of dextran ATP, indicating that 
carbamate kinase from S treptococcus faecalis R was unable to 
utilize dextran ATP.

Future Work

Several questions remain unanswered, and future work could 
be directed in a number of different directions. The stability of 
urease in the reactor could be further investigated and protectors 
such as cysteine and mercaptqethanol used in an attempt to 
eradicate the long term inactivation of this enzyme. Stabilisers 
such as bovine serum albumin may be of greater use as no 
.contamination of the product would occur. The shorter term 
inactivation may possibly be decreased by adjusting the ionic 
strength of buffers to prevent adsorption of urease onto the 
membrane surface. Alternatively higher recycle rates may help 
to minimise this problem, although this would increase the shear 
effect. This might be obviated by using a peristaltic pump for 
the recycling system.
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Further studies on the flow behavior of thin channel 

reactors are necessary if kinetic data is to be considered 
reliable. Evidence is required to establish how F diagrams 
and kinetic parameters alter as reactors are scalod-up.
Obviously if any of the systems studied were to be considered 
for pilot planx operation then comparisons with other methods 
of immobilization would be required as well.

No attempts have been made to optimise the amount of 
binding of cofactors to carriers using glutaraldehyde. The 
addition of cyanoborohydride to the reaction mixture may 
improve binding by spontaneously reducing the Schiffs bâses 
without reducing the free aldehyde groups too readily.- 
Optimising the pK of gchiffs base formation may increase 
cofactor binding, but too acidic conditions would not be 
computable with the use of cyanoborohydride. An accurate 
estimation of the proportion of bound nucleotide that is AMP 
is required. Alkaline phosphatase derived from ^  coli may be 
of use as contaminating enzymp activities can be removed by 
boiling the enzyme preparation for several minutes.

As carbamate kinase from Streptococcus faecal is R is not 
capable of recycling dextran ADP it will be necessary to screen 
for an alternative enzyme. Carbamate kinase obtained from 
alternative sources have been shown to be very different in both 
physical structure and nucleotide specificity (Raijman and Jones, 
1973)» and may be active with dextran ADP. Alternatively acetate 
kinase might be suitable although this enzyme has a less easily 
produced substrate.

Should an alternative recycling system be discovered then the 
project may be extended to include other commercially interesting 
kinases such as NAD kinase for the production of NADP.
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Appcnaix

Since this work v/as completed, Mansson _et a_l. (1976) have 
published a very similar method of cofactor immobilization using 
glutaraldehyde. Although the Schiffs base v/as formed under 
similar conditions, it was not subsequently reduced with 
borohydrido. The extent of binding was similar but the ligand 
was unstable over a period of several days.



R E F E R E N C E S



139

Aizawa, K.; Coughlin, R.W.; Charles, M. (l975) Biochim. Biophys. 
Acta. 385, 362-370

Aisav/a, M.; Coughlin, R.W.; Charles, M. (1976) Biotechnol. Bioeng,
18, 209-215

Anderson, ÎP.M. and Sale, W.L. (1973) Minnesota Medicine
^6̂  1036-1040

Anderton, B.K.; Hulla, P-.IV. ; Fasold, H. ; White, H.A. (1973) FEES 
Lett. 37, 338-341

Atkinson, A. (1973) Process Biochem. 8 (8), 9-12, 28

Avrameas, S. and Guilhert, B. (1971 ) Biochimie 6O3-6I4

Anen, R. and Porath, J . (1964) Acta.' Chem* Scand. 1^, 2193-2195

Axon, R.; Porath, J .; Ernback, S. (1967) Nature 214, I302-I304

Axen, R.; Vretblad, P.; Porath, J. (l97l) Acta. Ch^m. Scand.
2 ,̂ 1129-1132

.Bachler, M.J.; Strandberg, G.W.; Smiley, K.M (l970) Biotechnol. 
Bioeng. 12, 85-92

Bar Eli, A. and Katchalski, E. (i960) Nature 1^, 856-857

Barker, S.A.; Somers, P.J.; Epton, R. (1969) Carbohyd. Res.^
9, 257-263

Barker, S.A. and Epton, R. (l970) Process Biochem. 14-15

Barker, S.A.; Somers, P.uL; Spt'on̂ '.R.; McLaren, J.V. (l970a) 
Carbohyd. Res. I4 , 287-296



140

Barker, S.A.; Somers, P.J.; Epton, R. (l970b) Carbohyd. Res. I4 ,
323-326

Barker, S.A.; Emery, A.N.; Novais, J.M. (1971) Process Biochem.
6, 11-13

Barker, S.A. and Burns, R.F. (l973) Chemistry and Industry
801-802

Barker, S.A. and Kay, I._ (1975) 1̂  ̂Handbook of Enzyme Technology 
(V/iseman, A. ed) pp. 89-IIO, Ellis Horwood Ltd., 
Chichester, England.

Barnett, L.B. and Bull, H.B. (1959) Biochim. Biophys. Acta.
36, 244-246

Barry, S. and O'Cara, P. (l973) FE3S Lett. 134-139

Bartlett, G.R. (l959) J. Biol. Chem. 2M, 466-468 '

Bartling, G.J. and Barker, C.W. (1976) Biotechnol. Bioeng.
]_8, 1023-1027

Bauman, E.K.; Goodson, L.H.; Guilbault, C.G.; Kramer, B.N. (1965) 
Anal. Chem. 37, I378-I38I

Bauman, E.K.; Goodson, L.H.; Thomson, J.R. (1967) Anal. Biochem.
1 9, 587-592

Benoit, M.R. and Kohler, J.T. (l975) Biotechnol, Bioeng. F?,
1617- 1626



141

Berglund, 0. and Eckstein, F. (l974) Ir: Methods in Ensymology 
(Colowick, S.P. and Kaplan, N.O. eds) Vol. 34, 
pp. 253-261, Academic Press, London.

Eernfield, P. and Wan, J. (1963) Science IjE, 678-679

Bernfield, P.; Bieher, R.E.; MacDonnell, P.O. (1968) Arch.
Biochem. Biophys. 127, 779-786

Bisaria, V.3. and Pathak, A.N. (l973) Chem. Age of India
24, 419-427

Blatt, W.F.; Feinherg, M.P.; Hopfenherg, H.P.; Saravis, C.A.
(1965) Science l^O, 224-226

Blatt, W.F.; Bravid, A.; Michaels, A.S.; Nelsen, L. (l970) in 
Membrane Science and Technology (Flinn, J.E. ed) 
pp. 47-97, Plenum, New York.

Blattler, P.P. and Reithel, F.J. (l970) J. Chromatog. 4 6,
286-292

Boguslaski, R.C. and Janik, A.M. (l97l) Biochim. Biophys. Acta.
250, 266-269

Bovara, R.; Pasta, P.; Cremonesi, P. (1976) Biotechnol. Bioeng.
18, 1017-1021

Bowski, L. and Ryu, B.Y. (1974) Biotechnol. Bioeng. 1^, 697-699

Bright, H.J. (l975) Immobilized Enzymes for Industrial Reactors 
(Messing, R.A. ed) pp. 137-149, Academic Press, London.

Brockman, K.L.; Law, J.H.; Kezdy, F.J. (l973) J . Biol. Chem.
248, 4965-4970



142
Brothorton, J.E.; Emery, A.; Rodwell, V.W. (1976) Biotechnol. 

Bioeng. l8, 527-544

Broun, G.; Salegny, E.; Avrameas, S.; Thomas, D. (1969) Biochim.
Biophys. Acta. I85, 260-262

Broun, G.; Selegny, E.; TranMinh, C.; Thomas, D. (l970) FEBS
Lett. 2, 223-226

Brown, E. and Racois, A. (l97l) Bull. Soc. Chim. Fr. No 12, 
4357-4362

Brown, K.B.; Patel, A.B.; Chattopadhyay, S.K.; Pennington, S.N.
(1968) Enzymologia 35, 215-232

Brown, H.B.; Patel, A.B.; Chattopadhyay, S.K.; Pennington, S.N. 
(1968a) Enzymologia _35? 233-238

Butterworth, T.A.; V/ang, B.I.C.; Sinskey, A.J. (l970) Biotechnol. 
Bioeng. 1 2 , 6I5-63I

Chan, \V.V;-C. (l970) Biochem. Biophys. Res. Commun. 41, 1198-1204

Chang, T.M.S. (1964) Science I46, 524-525

Chang, T.M.S.; Johnson, L.J.; Ransome, O.J. (1967) Can. J . Physiol. 
Pharmacol. 4^, 705-715 -

Chang, T.M.S. and Poznansky, M.J. (1968) Nature 2l8, 243-245

Chang, T.M.S. (l975) izi Immobilized Enzymes, Antigens, Antibodies 
and Peptides (Wcetall, H.H. ed) Vol. 1, pp. 245-292,
Marcel Bekker, New York.



143

Charm, S.E. and Wong, B.L. (l970) Biotechnol. Bioeng. 12, 
1103-1109

Charm, S.E. and Lai, C.J. (1971) Biotechnol. Bioeng. 13, 185-202

Chedd, G. (1976) New Scientist 69, 454-455

Chemical and Engineering News (l97l) ^  (26), 23

Chung, S-T.; Hamano, M.; Aida, K.; Uemura, T. (1968) Agr. Biol.
Chem. 32, 1287-1291

Clark, J.M., Jr. (1964) Experimental Biochemistry, pp. 214, 
Freeman and Co., San Francisco.

Cooper, A.R. and Jeffreys, G.V. (l97l) Chemical Kinetics and
Reactor Design, pp. 250-303', Oliver and Boyd, Edinburgh.

Coughlin, R.V/.j Aisav/a, M. ; Charles, M. (1976) Biotechnol. Bioeng,
18^ 199-208

Cressv/ell, P. and Sanderson, A.R. (l970) Biochem. J. 119,
447-451

Danckwerts, P.V. (l953) Chem. Engng. Sci. 2, 1-13

Davis, J.C. (1974) Biotechnol. Bioeng. 1^, 1113-1122

Dawson, R.M.C.; Elliott, D.C.; Elliott, W.H.; Jones, K.M,
(1969) Data for Biochemical Research, 2nd edn, pp. 423, 
Oxford University Press, Oxford.

Degani, Y. and Miron, T. (l970) Biochim. Biophys. Acta. 212, 
362-364



144

Demain. A.L. (1972) in Biotechnol. Bioeng. Symp. No, 3»
21-32

Denbigh, K.G. and Turner, J.G.R. (l97l) Chemical Reactor Theory:
An Introduction, Cambridge University Press, Cambridge.

Dickey, F.H. (l955) J» Phys. Chem. ^9, 695-70?

Dinellie, D.; Marconi, W.; Morisi, F. (l975) Immobilized 
Enzymes, Antigens, Antibodies and Peptides (Weetall,
H.H. ed) Vol. 1, pp. 171-243, Marcel Dekker, New York.

Dixon, M. and Webb, E.C. (1964) Enzymes, 2nd edn, Longmans Green, 
London.

Dobo, J. (1970) Acta. Chim. Acad. Sci. Hung. (Budapest) 63,
453-456 (cited in Chemical Abstracts (l970) 72: 96979m)

Dunnill, P.; Dunnill, P.M.; Boddy, A.; Houldsworth, M.; Lilly,
M.D. (1967) Biotechnol. Bioeng. 9, 343-356

Dunnill, P. and Lilly, M.D. (1972) in Biotechnol. Bioeng. Symp.
No. 3, 97-113 . .

Eckstein, F.; Gourmet, M.; Wetzel, R. (l975) Nucleic Acids Res. 2,
1771-1775

Eisenthal, R.S. and Cornish-Bowden, A. (l974) Biochem. J. 139,
715-720 , . .

Engel, A.M. and Alexander, B. (l97l) J. Biol. Chem. 246, 1213-1221

Epton, R. and Thomas, T.H.(l97l) Aldrichimica Acta. 4 , 6I-65



145

Erlanger, 3.G.; Isambert, M.F.; Michelson, A.M. (l970) Biochem. 
Biophys. Ras. Commun. 40, 70-76

Eversa, J. and Kaplan, N.O. (l973) in Advances in Enzymology
(Meister, A. ed), Vol 37, PP- 61-133, Interscience, London.

deFilippi, R.P. and Goldsmith, R.L. (l970) in Membrane Science 
and Technology (Flinn, J.E. ed.) pp. 33-46, Plénum,
Now York.

Filippusson, H. and Hornby, W.E. (l970) Biochem. J . 120, 215-219

Filner, P.; V/ray, J.L.; Varner, J.E. (1969) Science I63, 358-367

Fink, B.J.'and Rodwell, V.V/. (1975) Biotechnol. Bioeng. 17,
1029-1050

Fishbein, V/.N. (1969) in 5th International Symposium of Chromatography 
and Electrophoresis, Brussels (1969), pp. 238-241, Presses 
Académiques Europeenes, Brussels.

Fishbein, W.N.; Spears, C.L.; Scurzi, W. (l969a) Nature 223,
191-193

Fishman, Y. and Citri, N. (1975) FEBS Lett, 60, 17-20

Foster, P.R.; Dunnill, P.; Lilly, M.D. (l97l) Biotechnol. Bioeng.
1 3, 713-718

Fox, P.F. (1974) in Industrial Aspects of Biochemistry (Spencer,
B. ed.) Vol. 1, pp. 213-239, North Holland Publishing 
Co., London.



146

Gardner, D.L.; Falb, R.D.; Kim, B.C.; Emmerling, B.C. (l97l)
Trans. Am. Soc. Art if. Intern. Organs. _17, 239-245

Garen, A. and Otsuji, N. (1964) J . Mol. Biol. 8, 84I-852

Ghose, T.K. and Kostick, J .A. (l970) Biotechnol. Bioeng. 12,
921-946

Goldman, R.; Kedem, 0.; Silman, I.E.; Caplan, S.R.; Katchalski,
S. (1968) Biochemistry 7, 486-5OO

Goldman, R. and Lenhoff, K.M. (l97l) Biochim. Biophys. Acta
242, 514-518

Goldman, R.; Kedem, 0.; Katchalski, S. (l97l) Biochemistry 10,
165-172

Goldstein, L.; Pecht, M.; Blumberg, S.; Atlas, D.; Levin, Y.
(1970) Biochemistry 9, 2322-2334

Goldstein, L.; Lifshitz, A.; Sokolovsky, M. (l97l) Int. J. Biochem.
2 , 448-456

Gorin, G . and Chin, C-C. (1966) Anal. Biochem. 1_I, 49-59

Granger, P.H. (1973) MSc Thesis, University of Bath.

Gregoriadis, G. and Ryman, B.2. (1972) Sur. J. Biochem. 24,
485-491 '

Gregoriadis, G . and Ryman, B.E. (1972a) Biochem. J. 129, 123-133

Grove, M.J. Strandberg, G.W.; Smiley, K.L. (l97l) Biotechnol. 
Bioeng. 13, 709-711



147

Guilbault, G.G. and Kramer, D.N. (196$) Anal. Chem. I675-I68O

Guilbault, G.G. and Bas, J. (l9?0) Anal. Biochem. 341-355

Guilbault, G.G. and Montalvo. J.G. (l9?0) J. Am. Chem. Soc.
92, 2533-2538

Guilbault, G.G. (1972) in Biotechnol, Bioeng. Symp. No. 3
361-376

Guilbault, G.G. (1975) In Immobilized Enzymes, Antigens, Antibodies 
and Peptides (Weotall, H.H. ed) Vol 1, pp. 293-417,
Marcel Bekker, New York.

Hamilton, B.K.; Gardner, C.R.; Colton, C.K. (1974) A.I.Ch.E.
Journal 20 (3), 503-510

Harvey, M.J.; Craven, B.B.; Lowe, C.R.; Dean, P.B.G. (l974)
in Methods in Enzymology (Colowick, S,P. and Kaplan,
N.O. eds) Vol 34, P?« 242-253, Academic Press, London.

Hasselberger, P.X.; Allen, B.; Puruchuri, S.K.; Charles, M.;
Couglin, R.W. (1974) Biochem. Biophys. Res. Commun. 

1054-1062

Haynes, R. and Walsh, K.A. (1969) Biochem. Biophys.Res. Commun.
36^ 235-242

Hicks, G.P. and Updike, S.J. (1966) Anal. Chem. 726-730

Hitchcock, D.I. (1925) J* Gen. Physiol. 8, 61-74 (cited in
Chemical Abstracts (1925) A; ii, IO54)



148

Hoffmann, P.J. and Blakley, R.L. (l975) Biochemistry I4 ,
4804-4812

Hohorst, HtJ . (1965) in Methods of Enzymatic Analysis (Bargmeyer, 
H.U. ed) 1st edn, pp. 215-219, Academic Press, London.

Hornby, V/.E.; Lilly, M.D.; Crook, E.M. (1966) Biochem, J.
98, 420-425

Hornby, W.E.; Lilly, M.D.; Crook, E.M. (1968) Biochem. J. IO7 ,
069-674

Hornby, W.S. and Filippusson, H. (l97,0) Biochim. Biophys. Acta. 
220, 343-345

Hornby, W.E.; Filippusson, H.; McDonald, A. (l970) FEBS Lett.
9, 8-10

Inman, K. and Dintzis, H.M. (1969) Biochemistry 8, 4074-4082

Johnson, P. and Whatelay, T.L. (l97l) J . Colloid. Interface Sci, 
37, 557-563

Jones, M.E. and Lipmann, F. (196O) Proc. Nat. Acad. Sci. 4 6,
1194-1205

Jones, M.E. (1962) in Methods in Enzymology (Colowick, S.P. and 
Kaplan, N.O. eds) Vol. 5 , PP* 903-925, Academic Press, 
London.

Kay, G. and Crook, E.M. (1967) Nature 216, 514-515

Kay, G. and Lilly, M.D. (l970) Biochim. Biophys. Acta. I98, 
376-285



149

Katchaiski, S.; Silman, I.; Goldman, R. (l97l) in Advances in 
Enzymology (Meister, A. ed) Vol. 34, pp. 445-536, 
Interscience, London.

Kitajima, M.; M iyano, S.";- Kondo, A. ( 19,69) Kogyo. Kagaku.
Zasshi. 72, 493-499 (cited in Chemical Abstracts (l969)
70: 118067a)

Klima, A.; Winge, L.; Dejmak, P.; Hallstrom, B. (l97l) Kem-Tek 
2 Congress, Copenhagen Nov. 4, 1971 (cited by Bowski,
L. and Ryu, B.Y.)

Konecny, J.* (l975) Chimia 29, ' 95-102

Lampen, J.O. (1972) in Biotechnol. Bioeng. Symp. No. 3 37-41

Larsson, P.O. and Hosbach, K. (l97l)" Biotechnol. Bioeng. 1_3, 
393-398

Larsson, P.O. and Mosbach, K. (l974) FEBS Lett. 119-122

Ledingham, W.M. and Hornby, W.S. (1969) FEBS Lett. 2 , 118-120

Lee, J.C. (1971) Biochim. Biophys. Acta. 235, 435-441

Levin, Y.; Pecht, M.; Goldstein, L.; Katchalski, E. (1964) 
Biochemistry 3, 1905-1913

Lilly, M.D.; Hornby, W.E.; Crook, E.M. (1966) Biochem. J.
100, 718-723

Lilly, M.D.; and Sharp, A.K. (1968) Chemical Engineer CE12-CE18



150

Lilly, M.D.; Kay, G.; Sharp, A.K.; Wilson, H.J.H. (1968)
Biochem. J. 107, 5p

Lilly, M.D. and Dunnill, P. (l97l) Process Biochem. ^(6),
29-32

Lindberg, M.; Larsson, P.O. Mosbach, K. (1973) Eur. J. Biochem. 
iQ, 187-193

Line, W.E.; Kwong, A.; Waetall, H.H. (l97l) Biochim. Biophys. 
Acta. 242, 194-202

Lowe, G.R. and Dean, P.D.G. (l974) Affinity Chromatographypp. 
9O-I49 John Wiley, London.

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. (l95l)
J. Biol. Chem. L93, - ̂ 65-275

Lynn, M. (1975) Immobilized Enzymes, Antigens, Antibodies 
and Peptides (V/eetall, H.H. ed) Vol. 1, pp. I-4 8,
Marcel Dekker, New York.

Mandels, M .; Kostick, J .; Parizek, R. (l97l) J * Polyra. Sci. Part 
C, No. 36, 445-459

Mansson, M.O.; Mattiasson, 3.; Gestrelius, S.; Mosbach, K. (1976) 
Biotechnol. Bioeng. 1_8, ,1145-1159

1

Marconi, W. (l974) in Industrial Aspects of Biochemistry (Spencer, 
B. ed) Vol. 1, pp. 139-170, North Holland, London.

Marshall, D.L. and Walter, J.L. (1972) Carbohydr. Res. _2̂ ,
489-495



151

Marshall; D.L. (l973; Biotechnol. Bioeng. _15? 447-453

Matiasson, 3. and Mosbach, K. (l97l) Biochim. Biophys. Acta 
235, 253-257

May, 3.W. and Li, N.N. (1972) Biochem. Biophys. Res. Commun.
£7, 1179-1165

McLaren, A.D. (l954) J* Phys. Chem. 129-137

Messing; R.A. (1970) Enzymologia 39-42

Messing, R.A. (l974) Process Biochem. 9, 26-28

Mossing, R.A. (l975) In Immobilized Enzymes for Industrial Reactors 
(Messing, R.A. ed) pp. 1-10, Academic Press, London.

Michaels, A.S. (1968) Chem. Eng. Prog. ^ ( l 2 ) , 31-43

Miller, R.J.; Pinkham, C . ; Overman, A.R.; Dumford, S.V/. (1968) 
Biochim. Biophys. Acta 167, 6O7-609

Mitz, M.A. (1956) Science 123, 1076-1077

Mitz, M.A. and Schlueter, R.J. (1959) J . Am. Chem. Soc. 8l , 
4024-4028

Mitz, M.A. and Summaria, L.J. (196I) Nature I89, 576-577

Mogensen, A.O. and Vieth, W.R. (l973) Biotechnol. Bioeng.
15, 467-482

Mori, T.; Tosa, T.; Chibata, I. (l973) Biochim. Biophys. Acta
321, 653-661



152

Mosbach, K. and Mosbach, R‘. '( 1-966)* Acta Chem. Scand. 20,
2807-2810

Mosbach, K. (1970) Acta Chem. Scand. £4, 2084-2092

Mosbach, K. and Mattiason, B. (l970) Acta. Chem. Scand. 24, 
2093-2100

Mosbach, K. (l974) in Methods in Enzymology (Colov/ick, S.P.
and Kaplan, N.O. eds) Vol. 34, PP* 229-242, Academic 
Press, London.

Nelson, J.M. and Griffin, E.G. (l9l6) J. Am. Chem. Soc. 38,
1109-1115

Nelson, J. M. and Hitchcock, D.J. (l92l) J. Am. Chem. Soc.
i3, 1956-1961

Neurath, R.A. and V/eetall, H.H. (l970) FEBS Lett. 8, 253-256

Nikoloov, A.Y. and Mardashav, S.R. (l96l) Biokhimya £6, 64I-645  

(cited by Zaborsky, O.R.)

Novich, A. and Horiuchi, T. (1961) Cold Spring Harbor Symp.
Quant. Biol. 26, 239-245

Olson, N.F. and Richardson, T. (l974) J * Food Sci. 653-659

O'Neill, S.P.; Wykes, J.R.; Dunnill, P.; Lilly, M.D. (l97l) 
Biotechnol. Bioeng. ]£, 319-322

O'Neill, S.P.; Dunnill, P.; Lilly, M.D. (l971a) Biotechnol. Bioeng.
13, 337-352



153

O'Neill; S.P.; Lilly, M.D.; Rowe, P.N. (l971b) Chem. Eng. Sci.
26, 173-175

Ostergaard, J.C.W. and Martiny, S.C. (1973) Biotechnol. Bioeng.
1^^ 561-564

Pardee, A.B. (l9&9) in Ferment, Advan., Pap. Int. Ferment. Symp., 
3rd, 1968 pp. 3-14; Academic Press, New York.

Patel, R.P.; Lopiekes, D.V.; Brown, S.P.; Price, S. (1967) 
Biopolymers 577-582

Patel, A.N.; Pennington, S.N.; Brown, H.B. (1969) Biochim.
Biophys. Acta 1?8, 626-629

Penhoet, E .; Kochtnan, M. ; Valentine, R. ; Rutter, W.J. (1967) 
Biochemistry _ 6 , ' 2940,-2949*

Pennington, S.N.j Brown, H.D.; Patel, A.B.; Knowles, C.O. (1968) 
Biochim. Biophys. Acta I67, 479-481

Pitcher, W.H.Jr. (l975) in Immobilized Enzymes for Industrial
Reactors (Messing, R.A. ed) pp. 151-199, Academic Press, 
London.

Porter, M.C. (1972) in Biotechnol. Bioeng. Symp. No. 3, 115-144

Quiocho, F.A. and Richards, F.M. (1966) Biochemistry 4O62-4076  
*

Ramirez, J.R. and McLaren, A.B. (1966) Enzymologia 31, 23-38

Riesel, E. and Katchalski, E. (1964) J . Biol. Chem. 239,
1521-1524

* see p. 160



154

Rimon, A.; Alexander, B.; Katchalski, S. (1966) Biochemistry
792-798

*
Rony, P.R. (l97l) Biotechnol. Bioeng. 13, 431-447

Roozen, J.P. and Pilnik, W. (1973) Process Biochem. 8(7),
24-25

Rovito, B.J. and Kittrell, J.R. (l973) Biotechnol. Bioeng.
11, 143-162

Sato, T.; Mori, T.; Tosa, T.; Chibata, I. (l97l) Arch. Biochem. 
Biophys. 147, 788-796

Schimke, R.T. and Doyle,D. (l970) Ann. Rev. Biochem. 39,
929-976

Schwabe, C, (1969) Biochemistry 8, 795-802

Shaltiel, S.; Mizahi, R.; Stupp, Y.; Sela, M. (l970) Eur. J.
Biochem. I4 , 509-515 '' "

Shiba, M.; Toraioka, S.; Koishi, M.; Kondo, T. (l970) Chem. Pharm.
Bull. 18, 803-809

Silman, I.H.; Albu-Weissenberg/ M;f Katchalski, E. (1966) 
Biopolymers 4, 441-448 .

Oilman, I.E. and Katchalski, E. (1966) Ann. Rev. Biochem. 35,
873-908

Skinner, K.J. (1975) Chemical and Engineering News 13(33), 22-41

* see p. 160



155

Smiley, K.L. (l97l) Biotechnol-' Bioeng. _13, 309-317

Smith, I. (1968) Chromatographic and Electrophoretic Techniques 
Vol. 2, 2nd edn, p. 383, Interscience, New York.

Spector, L.J Jones, M.E.; Lipmann, P. (l957) in Methods in 
Enzymology (Colowick, S.P. and Kaplan, N.O. eds)
Vol. 3, pp. 653-655, Academic Press, London.

Stanley, W.L. and Palter, R. (1973) Biotechnol. Bioeng. H ,  
597-602

Sundaram, P.V. and Crook, E.M. (l97l) Can. J . Biochem. 49,
1388-1394

Sundaram, P.V.; Pye, E.K.; Chang, T.M.S.; Edwards, V.H.;
Humphrey, A.E.; Kaplan, N.O.; Katchalski, E.; Levin,
Y .; Lilly, M.D.; Manecke, G .; Mosbach, K .; Patchornik, 
A.; Porath, J .; Weetall, H.H.; Wingard, L.B.Jr. (l972) 
in Biotechnol. Bioeng. Symp. No. 3, 15-18

Sundaram, P.V. (1973) Biochim,Biophys. Acta. 321, 319-328

Surinov, B.P. and Manoilov, S.E. (1966) Biokhiraiya 387-397
(cited in Chemical Abstracts (1966) 6^: 2568d)

Talke, H. and Schubert, G.E. (1965) Klinische Wochenschrift 
43, 174-175

Telling, R.C. and Radlett, P.J. (l970) in Advances in Applied 
Microbiology (Perlmen, D. ed) Vol. 13, pp. 91-119, 
Academic Press, New York.



156

Tesssr, G.I.; Fisch, H-U,; Schwyzer, R. (1972) FEBS Lett.
23, 56-58

Thang, M.N.: Graffe, M .; Grundberg-Manago, M. (1968) Biochem.
Biophys. Res. Commun. 1-8

Thornton, D.; Flynn, A.; Johnson, D.B.; Ryan, P.B. (1975) -̂----
Biotechnol. Bioeng. 17_, 1679-1693

Tirrell, M. and Middleman, S. (l975) Biotechnol. Bioeng.
17, 299-303

Tosa, T.; Mori, T.; Fuse, N.; Chibata, I. (1966) Enzymologia
31, 225-238

Tosa, T.; Mori, T.; Fuse, N .; Chibata, I. (1967) Biotechnol.
Bioeng. 9, 603-615

Tosa, T.; Mori, T.; Fuse, N .; Chibata, I. (1969) Agr. Biol. Chem.
33, 1047-1052

Traub, A.; Kaufmann, E .; Teitz, Y. (1969) Anal. Biochem. 28,
469-476

Trayer, I.P.; Trayor, H.R.; Small, D.A.P.; Bottomley, R.C. (1974) 
Biochem. J. 139, 609-623

Vieth, W.R. and Venkatasubramanian, K. (l973) Chem. Tech.
677-684

Vogel, A.I. (1961) A Textbook of Quantitative Inorganic Analysis,
3rd edn, p. II66, Longmans, London.

Vorobeva, E.S. and Poltorak, O.M. (1966) Vesin, Mosk. Univ. Sec.
II £l, 17-20 (cited in Chemical Abstracts, (1967) 62194%)



157

V/ang, D.I.C.; Sonoyaraa, T.; Matelas, R.I. (1968) Anal. Biochem.
26, 277-287

Wang, B.I.C. and Humphrey, A.E. (1969) Chem. Eng. 76, 108-120

Wang, B.I.C.; Sinskey, A.J.; Butterworth, T.A. (l970) in Membrane 
Science and Technology (Flinn, J.E. ed) pp. 98-119,
PIenum, Nev/ York.

Wang, S.S. and Vieth, W.R. (l973) Biotechnol. Bioeng. 15,
93-116

Waterland, L.R.; Michaels, A.S.; Robertson, C.R. (l974) A.I.
Ch.E. Journal 20, 50-59

Weetall, H.H. (1969) Science 166, 6I5-6I7

Weetall, H.H. and Hersh, L.S. (1969) Biochim. Biophys. Acta
185, 464-465

Weetall, H.H. (l970) Biochim. Biophys. Acta. 2]£, 1-7

Weetall, H.H. and Baum, G. (l970) Biotechnol. Bioeng. 12,
399-407

Weetall, H.H. (l97l) Nature 2^, 473-474

Weetall, H.H. (1975) 1% Immobilized Enzymes for Industrial 
Reactors (Messing, R.A. ed) pp. 201-226, Academic 
Press, London.

Weotall, H.H. (l975%) 1% Immobilized Enzymes for Industrial 
Reactors (Messing, R.A. ed) pp. 99-123, Academic 
Press, London.



158

V/oiDal, K . D . ; V/eotall, K.H.; Bright, H.J. (l97l) Biochera.
Biophys. Res. Commun. 347-352

V/eihel, M.D. ; Britschilo, V/.; Bright, H.J.; Humphrey, A.E.
(1973) Anal. Biochem. 402-4I4

Weibel, M.K.; Puller, C.V/.; Stadel, J.M.; Buckrnann, A.F.E.P.;
Boyla, T.; Bright, H.J. (l974) in Enzyme Engineering 
(?ye, E.K. and V/ingard, L.B.,Jr. eds) Vol. 2, 
pp. 203-208, Plenum, Hev/ York.

V/eliky, H.; Brown, P.S.; Dale, E.G. (1969) Arch. Biochem.
Biophys. 131> 1-8

V/eliky, N. and Weetall, H.H. (1965) Immunochemistry 2, 293-322

Weston, P.D. and Avrameas, S. (l971)' Biochem. Biophys. Res. Commun.
45̂  1574-1580

Wharton, C.W.; Crook, E.M.; Brocklehurst, K. (1968) Eur. J .
Biochera. _6, 565-571

V/ilchek, M. and Lamed, R. (1974) in Methods in Snzyraology 
(Colowick, S.P. and Kaplan H.O. eds) Vol. 34, pp.
475-479, Academic Press, London.

Wilson, R.J.H.; Kay, G.; Lilly, M.D. (1968) Biochem. J. 109,
137-141

Wilson, R.J.H.; Kay, G.; Lilly, M.D. (l968a) Biochera. J. IO8

845-853

Windmueller, E.G. and Kaplan, H.O. (196I) J. Biol. Chain. 236,
2716-2726



159

Wingard, L.B. Jr. (l972) Advan. Biochera. Eng. 2, I-48

Wiseraan, A. (l975) Handbook of Enzyme Biotechnology Part 1, 
p. Ill, Ellis Korvood, England.

Wold, F. (1967) in Methods of Enaymology (Colov/ick, S.P. and
Kaplan, H.O. eds) Vol. 11, pp. 617-64O, Academic Press, 
He?/ York.

Woodward, 3. (1971 ) PhD Thesis, University of Bath, p. 56

V/ykes, J.R.; Dunnill, P.; Lilly, M.D. (l97l) Biochira. Biophys. 
Acta. 2^, 522-529

Wykes, J.R.; Dunnill, P.; Lilly, M.D. (l972) Biochira. Biophys. 
Acta. 286, 260^268

Wykes, J.R.; Dunnill, P.; Lilly, M.D. (l975) Biotechnol. Bioeng. 
17, 51-68

Zaborsky, O.R, (1973) Immobilized Enzymes, CRC Press, Cleveland, 
Ohio.

Zingaro, R.A. and Uziel, M. (1970) Biochira. Biophys. Acta.
213, 371-379

Zittle, C.A. (1953) in Advances in Enzymology (Meister, A. ed) 
Vol. 14, pp. 319-374, Interscience, London.



160

Additional References

Raijman, L. and Jones, M.S. (l973) in The Enzymes (Boyer, P.D. ed),
3rd edn, Vol. 9~\Part/B)j_pp. 97-119, Academic Press,
London.

Roberts, J.B. and Casserio, M.C. (1964) Basic Principles of Organic
Chemistry, p. 452, Y/.A. Benjamin Inc., Hew York.


