Chapter 4: The large-scale use of enzymes in solution

The large-scale use of enzymes in solution

  

Many of the more important industrially useful enzymes have been referred to earlier (see Table 2.1). The value of the world enzyme market has rapidly increased recently from £110M in 1960, £200M in 1970, £270M in 1980, £500M in 1985 to an estimated £1000M for 1990, representing an increase from 10% of the total catalyst market in 1980 to almost 20% in the 1990s. This increase has reflected the rise in the number of enzymes available on an industrial scale at relatively decreasing cost and the increasing wealth of knowledge concerning enzymes and their potential applications. As enzyme costs generally represent a small percentage at most, of the cost of the final product, it can be deduced that enzymes are currently involved in industrial processes with annual turnovers totalling many billions of pounds. Several enzymes, especially those used in starch processing, high-fructose syrup manufacture, textile desizing and detergent formulation, are now traded as commodity products on the world's markets. Although the cost of enzymes for use at the research scale is often very high, where there is a clear large-scale need for an enzyme its relative cost reduces dramatically with increased production.

Relatively few enzymes, notably those in detergents, meat tenderisers and garden composting agents, are sold directly to the public. Most are used by industry to produce improved or novel products, to bypass long and involved chemical synthetic pathways or for use in the separation and purification of isomeric mixtures. Many of the most useful, but least-understood, uses of free enzymes are in the food industry. Here they are used, together with endogenous enzymes, to produce or process foodstuffs, which are only rarely substantially refined. Their action, however apparently straightforward, is complicated due to the effect that small amounts of by-products or associated reaction products have on such subjective effects as taste, smell, colour and texture.

The use of enzymes in the non-food (chemicals and pharmaceuticals) sector is relatively straightforward. Products are generally separated and purified and, therefore, they are not prone to the subtleties available to food products. Most such enzymic conversions benefit from the use of immobilised enzymes or biphasic systems and will be considered in detail in Chapters 5 and 7.

The use of enzymes in detergents

The use of enzymes in detergent formulations is now common in developed countries, with over half of all detergents presently available containing enzymes. In spite of the fact that the detergent industry is the largest single market for enzymes at 25 - 30% of total sales. details of the enzymes used and the ways in which they are used, have rarely been published.

Dirt comes in many forms and includes proteins, starches and lipids. In addition, clothes that have been starched must be freed of the starch. Using detergents in water at high temperatures and with vigorous mixing, it is possible to remove most types of dirt but the cost of heating the water is high and lengthy mixing or beating will shorten the life of clothing and other materials. The use of enzymes allows lower temperatures to be employed and shorter periods of agitation are needed, often after a preliminary period of soaking. In general, enzyme detergents remove protein from clothes soiled with blood, milk, sweat, grass, etc. far more effectively than non-enzyme detergents. However, using modern bleaching and brightening agents, the difference between looking clean and being clean may be difficult to discern. At present only proteases and amylases are commonly used. Although a wide range of lipases is known, it is only very recently that lipases suitable for use in detergent preparations have been described.

Detergent enzymes must be cost-effective and safe to use. Early attempts to use proteases foundered because of producers and users developing hypersensitivity. This was combatted by developing dust-free granulates (about 0.5 mm in diameter) in which the enzyme is incorporated into an inner core, containing inorganic salts (e.g. NaCI) and sugars as preservative, bound with reinforcing, fibres of carboxymethyl cellulose or similar protective colloid. This core is coated with inert waxy materials made from paraffin oil or polyethylene glycol plus various hydrophilic binders, which later disperse in the wash. This combination of materials both prevents dust formation and protects the enzymes against damage by other detergent components during storage.

Enzymes are used in surprisingly small amounts in most detergent preparations, only 0.4 - 0.8% crude enzyme by weight (about 1% by cost). It follows that the ability to withstand the conditions of use is a more important criterion than extreme cheapness. Once released from its granulated form the enzyme must withstand anionic and non-ionic detergents, soaps, oxidants such as sodium perborate which generate hydrogen peroxide, optical brighteners and various less-reactive materials (Table 4.1), all at pH values between 8.0 and 10.5. Although one effect of incorporating enzymes is that lower washing temperatures may be employed with consequent savings in energy consumption, the enzymes must retain activity up to 60°C.



Table 4.1 Compositions of an enzyme detergent

	 Constituent
	Composition (%)

	Sodium tripolyphosphate (water softener, loosens dirt)a
	38.0

	Sodium alkane sulphonate (surfactant)
	25.0

	Sodium perborate tetrahydrate (oxidising agent)
	25.0

	Soap (sodium alkane carboxylates)
	3.0 

	Sodium sulphate (filler, water softener)
	2.5

	Sodium carboxymethyl cellulose (dirt-suspending agent)
	1.6

	Sodium metasilicate (binder, loosens dirt)
	1.0

	Bacillus protease (3% active)
	0.8

	Fluorescent brighteners
	0.3

	Foam-controlling agents
	Trace

	Perfume
	Trace

	Water
	to 100%


a A recent trend is to reduce this phosphate content for environmental reasons. It may be replaced by sodium carbonate plus extra protease.



The enzymes used are all produced using species of Bacillus, mainly by just two companies. Novo Industri A/S produce and supply three proteases, Alcalase, from B. licheniformis, Esperase, from an alkalophilic strain of a B. licheniformis and Savinase, from an alkalophilic strain of B. amyloliquefaciens (often mistakenly attributed to B. subtilis). GistBrocades produce and supply Maxatase, from B. licheniformis. Alcalase and Maxatase (both mainly subtilisin) are recommended for use at 10-65°C and pH 7-10.5. Savinase and Esperase may be used at up to pH 11 and 12, respectively. The -amylase supplied for detergent use is Termamyl, the enzyme from B. licheniformis which is also used in the production of glucose syrups. -Amylase is particularly useful in dish-washing and de-starching detergents.

In addition to the granulated forms intended for use in detergent powders, liquid preparations in solution in water and slurries of the enzyme in a non-ionic surfactant are available for formulating in liquid 'spotting' concentrates, used for removing stubborn stains. Preparations containing both Termamyl and Alcalase are produced, Termamyl being sufficiently resistant to proteolysis to retain activity for long enough to fulfil its function.

It should be noted that all the proteolytic enzymes described are fairly non-specific serine endoproteases, giving preferred cleavage on the carboxyl side of hydrophobic amino acid residues but capable of hydrolysing most peptide links. They convert their substrates into small, readily soluble fragments which can be removed easily from fabrics. Only serine protease; may be used in detergent formulations: thiol proteases (e.g. papain) would be oxidised by the bleaching agents, and metalloproteases (e.g. thermolysin) would lose their metal cofactors due to complexing with the water softening agents or hydroxyl ions.

The enzymes are supplied in forms (as described above) suitable for formulation by detergent manufacturers. Domestic users are familiar with powdered preparations but liquid preparations for home use are increasingly available. Household laundering presents problems quite different from those of industrial laundering: the household wash consists of a great variety of fabrics soiled with a range of materials and the user requires convenience and effectiveness with less consideration of the cost. Home detergents will probably include both an amylase and a protease and a lengthy warm-water soaking time will be recommended. Industrial laundering requires effectiveness at minimum cost so heated water will be re-used if possible. Large laundries can separate their 'wash' into categories and thus minimise the usage of water and maximise the effectiveness of the detergents. Thus white cotton uniforms from an abattoir can be segregated for washing, only protease being required. A pre-wash soaking for 10-20 min at pH up to 11 and 30-40°C is followed by a main wash for 10-20 min at pH 11 and 60-65°C. The water from these stages is discarded to the sewer. A third wash includes hypochlorite as bleach which would inactivate the enzymes rapidly. The water from this stage is used again for the pre-wash but, by then, the hypochlorite concentration is insufficient to harm the enzyme. This is essentially a batch process: hospital laundries may employ continuous washing machines, which transfer less-initially-dirty linen from a pre-rinse initial stage, at 32°C and pH 8.5, into the first wash at 60°C and pH 11, then to a second wash, containing hydrogen peroxide, at 71°C and pH 11, then to a bleaching stage and rinsing. Apart from the pre-soak stage, from which water is run to waste, the process operates counter-currently. Enzymes are used in the pre-wash and in the first wash, the levels of peroxide at this stage being insufficient to inactivate the enzymes.

There are opportunities to extend the use of enzymes in detergents both geographically and numerically. They have not found widespread use in developing countries which are often hot and dusty, making frequent washing of clothes necessary. The recent availability of a suitable lipase may increase the quantities of enzymes employed very significantly. There are, perhaps, opportunities for enzymes such as glucose oxidase, lipoxygenase and glycerol oxidase as means of generating hydrogen peroxide in situ. Added peroxidases may aid the bleaching efficacy of this peroxide.

A recent development in detergent enzymes has been the introduction of an alkaline-stable fungal cellulase preparation for use in washing cotton fabrics. During use, small fibres are raised from the surface of cotton thread, resulting in a change in the 'feel' of the fabric and, particularly, in the lowering of the brightness of colours. Treatment with cellulase removes the small fibres without apparently damaging the major fibres and restores the fabric to its 'as new' condition. The cellulase also aids the removal of soil particles from the wash by hydrolysing associated cellulose fibres.

Applications of proteases in the food industry

Certain proteases have been used in food processing for centuries and any record of the discovery of their activity has been lost in the mists of time. Rennet (mainly chymosin), obtained from the fourth stomach (abomasum) of unweaned calves has been used traditionally in the production of cheese. Similarly, papain from the leaves and unripe fruit of the pawpaw (Carica papaya) has been used to tenderise meats. These ancient discoveries have led to the development of various food applications for a wide range of available proteases from many sources, usually microbial. Proteases may be used at various pH values, and they may be highly specific in their choice of cleavable peptide links or quite non-specific. Proteolysis generally increases the solubility of proteins at their isoelectric points.

The action of rennet in cheese making is an example of the hydrolysis of a specific peptide linkage, between phenylalanine and methionine residues (-Phe105-Met106-) in the -casein protein present in milk (see reaction scheme [1.3]). The -casein acts by stabilising the colloidal nature of the milk, its hydrophobic N-terminal region associating with the lipophilic regions of the otherwise insoluble - and -casein molecules, whilst its negatively charged C-terminal region associates with the water and prevents the casein micelles from growing too large. Hydrolysis of the labile peptide linkage between these two domains, resulting in the release of a hydrophilic glycosylated and phosphorylated oligopeptide (caseino macropeptide) and the hydrophobic para--casein, removes this protective effect, allowing coagulation of the milk to form curds, which are then compressed and turned into cheese (Figure 4.1). The coagulation process depends upon the presence of Ca2+ and is very temperature dependent (Q10 = 11) and so can be controlled easily. Calf rennet, consisting of mainly chymosin with a small but variable proportion of pepsin, is a relatively expensive enzyme and various attempts have been made to find cheaper alternatives from microbial sources These have ultimately proved to be successful and microbial rennets are used for about 70% of US cheese and 33% of cheese production world-wide.
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Figure 4.1. Outline method for the preparation of cheese.



The major problem that had to be overcome in the development of the microbial rennets was temperature lability. Chymosin is a relatively unstable enzyme and once it has done its major job, little activity remains. However, the enzyme from Mucor miehei retains activity during the maturation stages of cheese-making and produces bitter off-flavours. Treatment of the enzyme with oxidising agents (e.g. H2O2, peracids), which convert methionine residues to their sulfoxides, reduces its thermostability by about 10°C and renders it more comparable with calf rennet. This is a rare example of enzyme technology being used to destabilise an enzyme Attempts have been made to clone chymosin into Escherichia coli and Saccharomyces cerevisiae but, so far, the enzyme has been secreted in an active form only from the latter.

The development of unwanted bitterness in ripening cheese is an example of the role of proteases in flavour production in foodstuffs. The action of endogenous proteases in meat after slaughter is complex but 'hanging' meat allows flavour to develop, in addition to tenderising it. It has been found that peptides with terminal acidic amino acid residues give meaty, appetising flavours akin to that of monosodium glutamate. Non-terminal hydrophobic amino acid residues in medium-sized oligopeptides give bitter flavours, the bitterness being less intense with smaller peptides and disappearing altogether with larger peptides. Application of this knowledge allows the tailoring of the flavour of protein hydrolysates. The presence of proteases during the ripening of cheeses is not totally undesirable and a protease from Bacillus amyloliquefaciens may be used to promote flavour production in cheddar cheese. Lipases from Mucor miehei or Aspergillus niger are sometimes used to give stronger flavours in Italian cheeses by a modest lipolysis, increasing the amount of free butyric acid. They are added to the milk (30 U l-1) before the addition of the rennet.

When proteases are used to depolymerise proteins, usually non-specifically, the extent of hydrolysis (degree of hydrolysis) is described in DH units where:
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             (4.1)

Commercially, using enzymes such as subtilisin, DH values of up to 30 are produced using protein preparations of 8-12% (w/w). The enzymes are formulated so that the value of the enzyme : substrate ratio used is 2-4% (w/w). At the high pH needed for effective use of subtilisin, protons are released during the proteolysis and must be neutralised:

subtilisin (pH 8.5)                                        
H2N-aa-aa-aa-aa-aa-COO- [image: image3.png]


H2N-aa-aa-aa-COO- + H2N-aa-aa-COO- + H+         [4.1]
where aa is an amino acid residue.

Correctly applied proteolysis of inexpensive materials such as soya protein can increase the range and value of their usage, as indeed occurs naturally in the production of soy sauce. Partial hydrolysis of soya protein, to around 3.5 DH greatly increases its 'whipping expansion', further hydrolysis, to around 6 DH improves its emulsifying capacity. If their flavours are correct, soya protein hydrolysates may be added to cured meats. Hydrolysed proteins may develop properties that contribute to the elusive, but valuable, phenomenon of 'mouth feel' in soft drinks.

Proteases are used to recover protein from parts of animals (and fish) would otherwise go to waste after butchering. About 5% of the meat can be removed mechanically from bone. To recover this, bones are mashed incubated at 60°C with neutral or alkaline proteases for up to 4 h. The meat slurry produced is used in canned meats and soups.

Large quantities of blood are available but, except in products such black puddings, they are not generally acceptable in foodstuffs because of their colour. The protein is of a high quality nutritionally and is de-haemed using subtilisin. Red cells are collected and haemolysed in water. Subtilisin is added and hydrolysis is allowed to proceed batchwise, with neutralisation of the released protons, to around 18 DH, when the hydrophobic haem molecules precipitate. Excessive degradation is avoided to prevent the formation of bitter peptides. The enzyme is inactivated by a brief heat treatment at 85°C and the product is centrifuged; no residual activity allowed into meat products. The haem-containing precipitate is recycled and the light-brown supernatant is processed through activated carbon beads to remove any residual haem. The purified hydrolysate, obtained in 60% yield, may be spray-dried and is used in cured meats, sausages and luncheon meats.

Meat tenderisation by the endogenous proteases in the muscle after slaughter is a complex process which varies with the nutritional, physiological and even psychological (i.e. frightened or not) state of the animal at the time of slaughter. Meat of older animals remains tough but can be tenderised by injecting inactive papain into the jugular vein of the live animals shortly before slaughter. Injection of the active enzyme would rapidly kill the animal in an unacceptably painful manner so the inactive oxidised disulfide form of the enzyme is used. On slaughter, the resultant reducing conditions cause free thiols to accumulate in the muscle, activating the papain and so tenderising the meat. This is a very effective process as only 2 - 5 ppm of the inactive enzyme needs to be injected. Recently, however, it has found disfavour as it destroys the animals heart, liver and kidneys that otherwise could be sold and, being reasonably heat stable, its action is difficult to control and persists into the cooking process.

Proteases are also used in the baking industry. Where appropriate, dough may be prepared more quickly if its gluten is partially hydrolysed. A heat-labile fungal protease is used so that it is inactivated early in the subsequent baking. Weak-gluten flour is required for biscuits in order that the dough can be spread thinly and retain decorative impressions. In the past this has been obtained from European domestic wheat but this is being replaced by high-gluten varieties of wheat. The gluten in the flour derived from these must be extensively degraded if such flour is to be used efficiently for making biscuits or for preventing shrinkage of commercial pie pastry away from their aluminium dishes.

The use of proteases in the leather and wool industries

The leather industry consumes a significant proportion of the world's enzyme production. Alkaline proteases are used to remove hair from hides. This process is far safer and more pleasant than the traditional methods involving sodium sulfide. Relatively large amounts of enzyme are required (0.1-1.0 % (w/w)) and the process must be closely controlled to avoid reducing the quality of the leather. After dehairing, hides which are to be used for producing soft leather clothing and goods are bated, a process, often involving pancreatic enzymes, that increases their suppleness and improves the softness of their appearance.

Proteases have been used, in the past, to 'shrinkproof' wool. Wool fibres are covered in overlapping scales pointing towards the fibre tip. These give the fibres highly directional frictional properties, movement in the direction away from the tip being favoured relative to movement towards it. This propensity for movement solely in the one direction may lead to shrinkage and many methods have been used in attempts to eliminate the problem (e.g. chemical oxidation or coating the fibres in polymer). A successful method involved the partial hydrolysis of the scale tips with the protease papain. This method also gave the wool a silky lustre and added to its value. The method was abandoned some years ago, primarily for economic reasons. It is not unreasonable to expect its use to be re-established now that cheaper enzyme sources are available.

The use of enzymes in starch hydrolysis

Starch is the commonest storage carbohydrate in plants. It is used by the plants themselves, by microbes and by higher organisms so there is a great diversity of enzymes able to catalyse its hydrolysis. Starch from all plant sources occurs in the form of granules which differ markedly in size and physical characteristics from species to species. Chemical differences are less marked. The major difference is the ratio of amylose to amylopectin; e.g. corn starch from waxy maize contains only 2% amylose but that from amylomaize is about 80% amylose. Some starches, for instance from potato, contain covalently bound phosphate in small amounts (0.2% approximately), which has significant effects on the physical properties of the starch but does not interfere with its hydrolysis. Acid hydrolysis of starch has had widespread use in the past. It is now largely replaced by enzymic processes, as it required the use of corrosion resistant materials, gave rise to high colour and saltash content (after neutralisation), needed more energy for heating and was relatively difficult to control.
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Figure 4.2. The use of enzymes in processing starch. Typical conditions are given.



Of the two components of starch, amylopectin presents the great challenge to hydrolytic enzyme systems. This is due to the residues involved in -1,6-glycosidic branch points which constitute about 4 - 6% of the glucose present. Most hydrolytic enzymes are specific for -1,4-glucosidic links yet the -1,6-glucosidic links must also be cleaved for complete hydrolysis of amylopectin to glucose. Some of the most impressive recent exercises in the development of new enzymes have concerned debranching enzymes.

It is necessary to hydrolyse starch in a wide variety of processes which m be condensed into two basic classes:

1. processes in which the starch hydrolysate is to be used by microbes or man, and 

2. processes in which it is necessary to eliminate starch. 

In the former processes, such as glucose syrup production, starch is usually the major component of reaction mixtures, whereas in the latter processes, such as the processing of sugar cane juice, small amounts of starch which contaminate non-starchy materials are removed. Enzymes of various types are used in these processes. Although starches from diverse plants may be utilised, corn is the world's most abundant source and provides most of the substrate used in the preparation of starch hydrolysates.

There are three stages in the conversion of starch (Figure 4.2):

1. gelatinisation, involving the dissolution of the nanogram-sized starch granules to form a viscous suspension;  

2. liquefaction, involving the partial hydrolysis of the starch, with concomitant loss in viscosity; and 

3. saccharification, involving the production of glucose and maltose by further hydrolysis. 

 Gelatinisation is achieved by heating starch with water, and occurs necessarily and naturally when starchy foods are cooked. Gelatinised starch is readily liquefied by partial hydrolysis with enzymes or acids and saccharified by further acidic or enzymic hydrolysis.

The starch and glucose syrup industry uses the expression dextrose equivalent or DE, similar in definition to the DH units of proteolysis, to describe its products, where:
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            (4 .2)

In practice, this is usually determined analytically by use of the closely related, but not identical, expression:
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Thus, DE represents the percentage hydrolysis of the glycosidic linkages present. Pure glucose has a DE of 100, pure maltose has a DE of about 50 (depending upon the analytical methods used; see equation (4.3)) and starch has a DE of effectively zero. During starch hydrolysis, DE indicates the extent to which the starch has been cleaved. Acid hydrolysis of starch has long been used to produce 'glucose syrups' and even crystalline glucose (dextrose monohydrate). Very considerable amounts of 42 DE syrups are produced using acid and are used in many applications in confectionery. Further hydrolysis using acid is not satisfactory because of undesirably coloured and flavoured breakdown products. Acid hydrolysis appears to be a totally random process which is not influenced by the presence of -1,6-glucosidic linkages.



Table 4.2 Enzymes used in starch hydrolysis

	Enzyme 
	EC number 
	Source 
	Action  

	-Amylase 
	3.2.1.1 
	Bacillus amyloliquefaciens 
	Only -1,4-oligosaccharide links are cleaved to give -dextrins and predominantly maltose (G2), G3, G6 and G7 oligosaccharides 

	
	
	B. licheniformis 
	Only -1,4-oligosaccharide links are cleaved to give -dextrins and predominantly maltose, G3, G4 and G5 oligosaccharides 

	
	
	Aspergillus oryzae, A. niger 
	Only -1,4 oligosaccharide links are cleaved to give -dextrins and predominantly maltose and G3 oligosaccharides 

	Saccharifying -amylase 
	3.2.1.1 
	B. subtilis (amylosacchariticus) 
	Only -1,4-oligosaccharide links are cleaved to give -dextrins with maltose, G3, G4 and up to 50% (w/w) glucose  

	-Amylase 
	3.2.1.2 
	Malted barley 
	Only -1,4-links are cleaved, from non-reducing ends, to give limit dextrins and -maltose 

	Glucoamylase 
	3.2.1.3 
	A. niger 
	-1,4 and -1,6-links are cleaved, from the nonreducing ends, to give -glucose 

	Pullulanase 
	3.2.1.41 
	B. acidopullulyticus 
	Only -1,6-links are cleaved to give straight-chain maltodextrins




The nomenclature of the enzymes used commercially for starch hydrolysis is somewhat confusing and the EC numbers sometimes lump together enzymes with subtly different activities (Table 4.2). For example, -amylase may be subclassified as liquefying or saccharifying amylases but even this classification is inadequate to encompass all the enzymes that are used in commercial starch hydrolysis. One reason for the confusion in the nomenclature is the use of the anomeric form of the released reducing group in the product rather than that of the bond being hydrolysed; the products of bacterial and fungal -amylases are in the -configuration and the products of -amylases are in the -configuration, although all these enzymes cleave between -1,4-linked glucose residues.

The -amylases (1,4--D-glucan glucanohydrolases) are endohydrolases which cleave 1,4--D-glucosidic bonds and can bypass but cannot hydrolyse 1,6--D-glucosidic branchpoints. Commercial enzymes used for the industrial hydrolysis of starch are produced by Bacillus amyloliquefaciens (supplied by various manufacturers) and by B. licheniformis (supplied by Novo Industri A/S as Termamyl). They differ principally in their tolerance of high temperatures, Termamyl retaining more activity at up to 110°C, in the presence of starch, than the B. amyloliquefaciens -amylase. The maximum DE obtainable using bacterial -amylases is around 40 but prolonged treatment leads to the formation of maltulose (4--D-glucopyranosyl-D-fructose), which is resistant to hydrolysis by glucoamylase and -amylases. DE values of 8-12 are used in most commercial processes where further saccharification is to occur. The principal requirement for liquefaction to this extent is to reduce the viscosity of the gelatinised starch to ease subsequent processing.

Various manufacturers use different approaches to starch liquefaction using -amylases but the principles are the same. Granular starch is slurried at 30-40% (w/w) with cold water, at pH 6.0-6.5, containing 20-80 ppm Ca2+ (which stabilises and activates the enzyme) and the enzyme is added (via a metering pump). The -amylase is usually supplied at high activities so that the enzyme dose is 0.5-0.6 kg tonne-1 (about 1500 U kg-1 dry matter) of starch. When Termamyl is used, the slurry of starch plus enzyme is pumped continuously through a jet cooker, which is heated to 105°C using live steam. Gelatinisation occurs very rapidly and the enzymic activity, combined with the significant shear forces, begins the hydrolysis. The residence time in the jet cooker is very brief. The partly gelatinised starch is passed into a series of holding tubes maintained at 100-105°C and held for 5 min to complete the gelatinisation process. Hydrolysis to the required DE is completed in holding tanks at 90-100°C for 1 to 2 h. These tanks contain baffles to discourage backmixing. Similar processes may be used with B. amyloliquefaciens -amylase but the maximum temperature of 95°C must not be exceeded. This has the drawback that a final 'cooking' stage must be introduced when the required DE has been attained in order to gelatinise the recalcitrant starch grains present in some types of starch which would otherwise cause cloudiness in solutions of the final product.

The liquefied starch is usually saccharified but comparatively small amounts are spray-dried for sale as 'maltodextrins' to the food industry mainly for use as bulking agents and in baby food. In this case, residual enzymic activity may be destroyed by lowering the pH towards the end of the heating period.

Fungal -amylase also finds use in the baking industry. It often needs to be added to bread-making flours to promote adequate gas production and starch modification during fermentation. This has become necessary since the introduction of combine harvesters. They reduce the time between cutting and threshing of the wheat, which previously was sufficient to allow a limited sprouting so increasing the amounts of endogenous enzymes. The fungal enzymes are used rather than those from bacteria as their action is easier to control due to their relative heat lability, denaturing rapidly during baking.

Production of glucose syrup

The liquefied starch at 8 -12 DE is suitable for saccharification to produce syrups with DE values of from 45 to 98 or more. The greatest quantities produced are the syrups with DE values of about 97. At present these are produced using the exoamylase, glucan 1,4--glucosidase (1,4--D-glucan glucohydrolase, commonly called glucoamylase but also called amyloglucosidase and -amylase), which releases -D-glucose from 1,4--, 1,6-- and 1,3--linked glucans. In theory, carefully liquefied starch at 8 -12 DE can be hydrolysed completely to produce a final glucoamylase reaction mixture with DE of 100 but, in practice, this can be achieved only at comparatively low substrate concentrations. The cost of concentrating the product by evaporation decrees that a substrate concentration of 30% is used. It follows that the maximum DE attainable is 96 - 98 with syrup composition 95 - 97% glucose, 1 - 2% maltose and 0.5 - 2% (w/w) isomaltose (-D-glucopyranosyl-(1,6)-D-glucose). This material is used after concentration, directly for the production of high-fructose syrups or for the production of crystalline glucose.

Whereas liquefaction is usually a continuous process, saccharification is most often conducted as a batch process. The glucoamylase most often used is produced by Aspergillus niger strains. This has a pH optimum of 4.0 - 4.5 and operates most effectively at 60°C, so liquefied starch must be cooled and its pH adjusted before addition of the glucoamylase. The cooling must b rapid, to avoid retrogradation (the formation of intractable insoluble aggregates of amylose; the process that gives rise to the skin on custard). Any remaining bacterial -amylase will be inactivated when the pH is lowered; however, this may be replaced later by some acid-stable -amylase which is normally present in the glucoamylase preparations. When conditions are correct the glucoamylase is added, usually at the dosage of 0.65 - 0.80 litre enzyme preparation.tonne-1 starch (200 U kg-1). Saccharification is normally conducted in vast stirred tanks, which may take several hours to fill (and empty), so time will be wasted if the enzyme is added only when the reactors are full. The alternatives are to meter the enzyme at a fixed ratio or to add the whole dose of enzyme at the commencement of the filling stage. The latter should give the most economical use of the enzyme.
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Figure 4.3. The % glucose formed from 30% (w/w) 12 DE maltodextrin, at 60°C and pH 4.3, using various enzyme solutions. ———200 U kg-1 Aspergillus niger glucoamylase; -----------400 U kg-1 A. niger glucoamylase; ········· 200 U kg-1 A. niger glucoamylase plus 200 U kg-1 Bacillus acidopullulyticus pullulanase. The relative improvement on the addition of pullulanase is even greater at higher substrate concentrations.



The saccharification process takes about 72 h to complete but may, of course, be speeded up by the use of more enzyme. Continuous saccharification is possible and practicable if at least six tanks are used in series. It is necessary to stop the reaction, by heating to 85°C for 5 min, when a maximum DE has been attained. Further incubation will result in a fall in the DE, to about 90 DE eventually, caused by the formation of isomaltose as accumulated glucose re-polymerises with the approach of thermodynamic equilibrium (Figure 4.3).

The saccharified syrup is filtered to remove fat and denatured protein released from the starch granules and may then be purified by passage through activated charcoal and ion-exchange resins. It should be remembered that the dry substance concentration increases by about 11 % during saccharification, because one molecule of water is taken up for each glycosidic bond hydrolysed (molecule of glucose produced).

Although glucoamylase catalyses the hydrolysis of 1,6--linkages, their breakdown is slow compared with that of 1,4--linkages (e.g. the rates of hydrolysing the 1,4-, 1,6- and 1,3--links in tetrasaccharides are in the proportions 300 : 6 : 1). It is clear that the use of a debranching enzyme would speed the overall saccharification process but, for industrial use such an enzyme must be compatible with glucoamylase. Two types of debranching enzymes are available: pullulanase, which acts as an exo hydrolase on starch dextrins; and isoamylase (EC.3.2.1.68), which is a true endohydrolase. Novo Industri A/S have recently introduced a suitable pullulanase, produced by a strain of Bacillus acidopullulyticus. The pullulanase from Klebsiella aerogenes which has been available commercially to some time is unstable at temperatures over 45°C but the B. acidopullulyticus enzymes can be used under the same conditions as the Aspergillus glucoamylase (60°C, pH 4.0-4.5). The practical advantage of using pullulanase together with glucoamylase is that less glucoamylase need be used This does not in itself give any cost advantage but because less glucoamylase is used and fewer branched oligosaccharides accumulate toward the end of the saccharification, the point at which isomaltose production becomes significant occurs at higher DE (Figure 4.3). It follows that higher DE values and glucose contents can be achieved when pullulanase is use (98 - 99 DE and 95 - 97% (w/w) glucose, rather than 97 - 98 DE) and higher substrate concentrations (30 - 40% dry solids rather than 25 - 30%) may be treated. The extra cost of using pullulanase is recouped by savings in evaporation and glucoamylase costs. In addition, when the product is to be used to manufacture high-fructose syrups, there is a saving in the cost of further processing.

The development of the B. acidopullulyticus pullulanase is an excellent example of what can be done if sufficient commercial pull exists for a new enzyme. The development of a suitable -D-glucosidase, in order to reduce the reversion, would be an equally useful step for industrial glucose production. Screening of new strains of bacteria for a novel enzyme of this type is a major undertaking. It is not surprising that more details of the screening procedures used are not readily available.

Production of syrups containing maltose

Traditionally, syrups containing maltose as a major component have been produced by treating barley starch with barley -amylase. -Amylases (1,4--D-glucan maltohydrolases) are exohydrolases which release maltose from 1,4--linked glucans but neither bypass nor hydrolyse 1,6--linkages. High-maltose syrups (40 - 50 DE, 45-60% (w/w) maltose, 2 - 7% (w/w) glucose) tend not to crystallise, even below 0°C and are relatively non-hygroscopic. They are used for the production of hard candy and frozen deserts. High conversion syrups (60 - 70 DE, 30 - 37% maltose, 35 - 43% glucose, 10% maltotriose, 15% other oligosaccharides, all by weight) resist crystallisation above 4°C and are sweeter (Table 4.3). They are used for soft candy and in the baking, brewing and soft drinks industries. It might be expected that -amylase would be used to produce maltose-rich syrups from corn starch, especially as the combined action of -amylase and pullulanase give almost quantitative yields of maltose. This is not done on a significant scale nowadays because presently available -amylases are relatively expensive, not sufficiently temperature stable (although some thermostable -amylases from species of Clostridium have recently been reported) and are easily inhibited by copper and other heavy metal ions. Instead fungal -amylases, characterised by their ability to hydrolyse maltotriose (G3) rather than maltose (G2) are employed often in combination with glucoamylase. Presently available enzymes, however, are not totally compatible; fungal -amylases requiring a pH of not less than 5.0 and a reaction temperature not exceeding 55°C.

High-maltose syrups (see Figure 4.2) are produced from liquefied starch of around 11 DE at a concentration of 35% dry solids using fungal -amylase alone. Saccharification occurs over 48 h, by which time the fungal -amylase has lost its activity. Now that a good pullulanase is available, it is possible to use this in combination with fungal -amylases to produce syrups with even higher maltose contents.

High-conversion syrups are produced using combinations of fungal -amylase and glucoamylase. These may be tailored to customers' specifications by adjusting the activities of the two enzymes used but inevitably, as glucoamylase is employed, the glucose content of the final product will be higher than that of high-maltose syrups. The stability of glucoamylase necessitates stopping the reaction, by heating, when the required composition is reached. It is now possible to produce starch hydrolysates with any DE between 1 and 100 and with virtually any composition using combinations of bacterial -amylases, fungal -amylases, glucoamylase and pullulanase.



Table 4.3 The relative sweetness of food ingredients

	Food ingredient
	Relative sweetness (by weight, solids)

	Sucrose
	1.0

	Glucose
	0.7

	Fructose
	1.3

	Galactose
	0.7

	Maltose
	0.3

	Lactose
	0.2

	Raffinose
	0.2

	Hydrolysed sucrose
	1.1

	Hydrolysed lactose
	0.7

	Glucose syrup 11 DE
	<0.1

	Glucose syrup 42 DE
	0.3

	Glucose syrup 97 DE
	0.7

	Maltose syrup 44 DE
	0.3

	High-conversion syrup 65 DE
	0.5

	HFCS (42% fructose)a
	1.0

	HFCS (55% fructose)
	1.1

	Aspartame
	180


a HFCS, high-fructose corn syrup.

Enzymes in the sucrose industry

The sucrose industry is a comparatively minor user of enzymes but provides few historically significant and instructive examples of enzyme technology The hydrolysis ('inversion') of sucrose, completely or partially, to glucose and fructose provides sweet syrups that are more stable (i.e. less likely crystallise) than pure sucrose syrups. The most familiar 'Golden Syrup' produced by acid hydrolysis of one of the less pure streams from the cane sugar refinery but other types of syrup are produced using yeast (Saccharomyces cerevisiae) invertase. Although this enzyme is unusual in that it suffers from substrate inhibition at high sucrose levels ( > 20% (w/w)), this does not prevent its commercial use at even higher concentrations:
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Traditionally, invertase was produced on site by autolysing yeast cells. The autolysate was added to the syrup (70% sucrose (w/w)) to be inverted together with small amounts of xylene to prevent microbial growth. Inversion was complete in 48 - 72 h at 50°C and pH 4.5. The enzyme and xylene were removed during the subsequent refining and evaporation. Partially inverted syrups were (and still are) produced by blending totally inverted syrups with sucrose syrups. Now, commercially produced invertase concentrates are employed.

The production of hydrolysates of a low molecular weight compound in essentially pure solution seems an obvious opportunity for the use of an immobilised enzyme, yet this is not done on a significant scale, probably because of the extreme simplicity of using the enzyme in solution and the basic conservatism of the sugar industry.

Invertase finds another use in the production of confectionery with liquid or soft centres. These centres are formulated using crystalline sucrose and tiny (about 100 U kg-1, 0.3 ppm (w/w)) amounts of invertase. At this level of enzyme, inversion of sucrose is very slow so the centre remains solid long enough for enrobing with chocolate to be completed. Then, over a period of days or weeks, sucrose hydrolysis occurs and the increase in solubility causes the centres to become soft or liquid, depending on the water content of the centre preparation.

Other enzymes are used as aids to sugar production and refining by removing materials which inhibit crystallisation or cause high viscosity. In some parts of the world, sugar cane contains significant amounts of starch, which becomes viscous, thus slowing filtration processes and making the solution hazy when the sucrose is dissolved. This problem can be overcome by using the most thermostable -amylases (e.g. Termamyl at about 5 U kg-1) which are entirely compatible with the high temperatures and pH values that prevail during the initial vacuum evaporation stage of sugar production.

Other problems involving dextran and raffinose required the development of new industrial enzymes. A dextran is produced by the action of dextransucrase (EC 2.4.1.5) from Leuconostoc mesenteroides on sucrose and found as a slime on damaged cane and beet tissue, especially when processing has been delayed in hot and humid climates. Raffinose, which consists of sucrose with -galactose attached through its C-4 atom to the 1 position on the fructose residue, is produced at low temperatures in sugar beet. Both dextran and raffinose have the sucrose molecule as part of their structure and both inhibit sucrose crystal growth. This produces plate-like or needle-like crystals which are not readily harvested by equipment designed for the approximately cubic crystals otherwise obtained. Dextran can produce extreme viscosity it process streams and even bring plant to a stop. Extreme dextran problems arc frequently solved by the use of fungal dextranases produced from Penicillium species. These are used (e.g. 10 U kg-1 raw juice, 55°C, pH 5.5, 1 h) only in times of crisis as they are not sufficiently resistant to thermal denaturation for long-term use and are inactive at high sucrose concentrations. Because only small quantities are produced for use, this enzyme is relatively expensive. An enzyme sufficiently stable for prophylactic use would be required in order to benefit from economies of scale. Raffinose may be hydrolysed to galactose and sucrose by a fungal raffinase (see Chapter 5).

Glucose from cellulose

There is very much more cellulose available, as a potential source of glucose, than starch, yet cellulose is not a significant source of pure glucose. The reasons for this are many, some technical, some commercial. The fundamental reason is that starch is produced in relatively pure forms by plants for use as an easily biodegradable energy and carbon store. Cellulose is structural and is purposefully combined and associated with lignin and pentosans, so as to resist biodegradation; dead trees take several years to decay even in tropical rainforests. A typical waste cellulolytic material contains less than half cellulose, most of the remainder consisting of roughly equal quantities of lignin and pentosans. A combination of enzymes is needed to degrade this mixture. These enzymes are comparatively unstable of low activity against native lignocellulose and subject to both substrate and product inhibition. Consequently, although many cellulolytic enzymes exist and it is possible to convert pure cellulose to glucose using only enzymes, the cost of this conversion is excessive. The enzymes might be improved by strain selection from the wild or by mutation but problems caused by the physical nature of cellulose are not so amenable to solution. Granular starch is readily stirred in slurries containing 40% (w/v) solids and is easily solubilised but, even when pure, fibrous cellulose forms immovable cakes at 10% solids and remains insoluble in all but the most exotic (and enzyme denaturing) solvents. Impure cellulose often contains almost an equal mass of lignin, which is of little or no value as a by-product and is difficult an expensive to remove.

Commercial cellulase preparations from Trichoderma reesei consist of mixtures of the synergistic enzymes: 

a. cellulase (EC 3.2.1.4), an endo-1,4-D -glucanase; 

b. glucan 1,4--glucosidase (EC 3.2.1.74), and exo-1,4--glucosidase; and 

c. cellulose 1,4--cellobiosidase (EC 3.2.1.91), an exo-cellobiohydrolase (see Figure 4.4). 

They are used for the removal of relatively small concentrations of cellulose complexes which have been found to interfere in the processing of plant material in, for example, the brewing and fruit juice industries.



[image: image9.png]Cellulose (crystalline)
Endo-1 4-p-gucanase
Cellulose (non-crystalline)

Exo-cellobiohydrolase Endo-1 4-p-glucanase y—Exo-1 4-p-glucasidase

=

Cellobiose

Cellabiase
D-glucose




Figure 4.4. Outline of the relationship between the enzyme activities in the hydrolysis of cellulose. || represents inhibitory effects. Endo-1,4--glucanase is the rate-controlling activity and may consist of a mixture of enzymes acting on cellulose of different degrees of crystallinity. It acts synergistically with both exo-1,4--glucosidase and exo-cellobiohydrolase. Exo-1,4--glucosidase is a product-inhibited enzyme. Exo-cellobiohydrolase is product inhibited and additionally appears to be inactivated on binding to the surface of crystalline cellulose.



Proper economic analysis reveals that cheap sources of cellulose prove to be generally more expensive as sources of glucose than apparently more expensive starch. Relatively pure cellulose is valuable in its own right, as a paper pulp and chipboard raw material, which currently commands a price of over twice that of corn starch. With the increasing world shortage of pulp it cannot be seen realistically as an alternative source of glucose in the foreseeable future. Knowledge of enzyme systems capable of degrading lignocellulose is advancing rapidly but it is unlikely that lignocellulose will replace starch as a source of glucose syrups for food use. It is, however, quite possible that it may be used, in a process involving the simultaneous use of both enzymes and fermentative yeasts, to produce ethanol; the utilisation of the glucose by the yeast removing its inhibitory effect on the enzymes. It should be noted that cellobiose is a non-fermentable sugar and must be hydrolysed by additional -glucosidase (EC 3.2.1.21, also called cellobiase for maximum process efficiency (Figure 4.4).

The use of lactases in the dairy industry

Lactose is present at concentrations of about 4.7% (w/v) in milk and the whey (supernatant) left after the coagulation stage of cheese-making. Its presence in milk makes it unsuitable for the majority of the world's adult population, particularly in those areas which have traditionally not had a dairy industry. Real lactose tolerance is confined mainly to peoples whose origins lie in Northern Europe or the Indian subcontinent and is due to 'lactase persistence'; the young of all mammals clearly are able to digest milk but in most cases this ability reduces after weaning. Of the Thai, Chinese and Black American populations, 97%, 90% and 73% respectively, are reported to be lactose intolerant, whereas 84% and 96% of the US White and Swedish populations, respectively, are tolerant. Additionally, and only very rarely some individuals suffer from inborn metabolic lactose intolerance or lactase deficiency, both of which may be noticed at birth. The need for low-lactose milk is particularly important in food-aid programmes as severe tissue dehydration, diarrhoea and even death may result from feeding lactose containing milk to lactose-intolerant children and adults suffering from protein-calorie malnutrition. In all these cases, hydrolysis of the lactose to glucose and galactose would prevent the (severe) digestive problems.

Another problem presented by lactose is its low solubility resulting in crystal formation at concentrations above 11 % (w/v) (4°C). This prevents the use of concentrated whey syrups in many food processes as they have a unpleasant sandy texture and are readily prone to microbiological spoilage. Adding to this problem, the disposal of such waste whey is expensive (often punitively so) due to its high biological oxygen demand. These problems may be overcome by hydrolysis of the lactose in whey; the product being about four times as sweet (see Table 4.3), much more soluble and capable of forming concentrated, microbiologically secure, syrups (70% (w/v)).

Lactose may be hydrolysed by lactase, a -galactosidase.
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Commercially, it may be prepared from the dairy yeast Kluyveromyces fragilis (K. marxianus var. marxianus), with a pH optimum (pH 6.5-7.0) suitable for the treatment of milk, or from the fungi Aspergillus oryzae or A. niger, with pH optima (pH 4.5-6.0 and 3.0-4.0, respectively) more suited to whey hydrolysis. These enzymes are subject to varying degrees of product inhibition by galactose. In addition, at high lactose and galactose concentrations, lactase shows significant transferase ability and produces -1,6-linked galactosyl oligosaccharides.

Lactases are now used in the production of ice cream and sweetened flavoured and condensed milks. When added to milk or liquid whey (2000 U kg-1) and left for about a day at 5°C about 50% of the lactose is hydrolysed, giving a sweeter product which will not crystallise if condensed or frozen. This method enables otherwise-wasted whey to replace some or all of the skim milk powder used in traditional ice cream recipes. It also improves the 'scoopability' and creaminess of the product. Smaller amounts of lactase may be added to long-life sterilised milk to produce a relatively inexpensive lactose-reduced product (e.g. 20 U kg-1, 20°C, 1 month of storage). Generally, however, lactase usage has not reached its full potential, as present enzymes are relatively expensive and can only be used at low temperatures.

Enzymes in the fruit juice, wine, brewing and distilling industries

One of the major problems in the preparation of fruit juices and wine is cloudiness due primarily to the presence of pectins. These consist primarily of -1,4-anhydrogalacturonic acid polymers, with varying degrees of methyl esterification. They are associated with other plant polymers and, after homogenisation, with the cell debris. The cloudiness that they cause is difficult to remove except by enzymic hydrolysis. Such treatment also has the additional benefits of reducing the solution viscosity, increasing the volume of juice produced (e.g. the yield of juice from white grapes can be raised by 15%), subtle but generally beneficial changes in the flavour and, in the case of wine-making, shorter fermentation times. Insoluble plant material is easily removed by filtration, or settling and decantation, once the stabilising effect of the pectins on the colloidal haze has been removed.

Commercial pectolytic enzyme preparations are produced from Aspergillus niger and consist of a synergistic mixture of enzymes:

a. polygalacturonase (EC 3.2.1.15), responsible for the random hydrolysis of 1,4--D-galactosiduronic linkages; 

b. pectinesterase (EC 3.2.1.11), which releases methanol from the pectyl methyl esters, a necessary stage before the polygalacturonase can act fully (the increase in the methanol content of such treated juice is generally less than the natural concentrations and poses no health risk); 

c. pectin lyase (EC 4.2.2.10), which cleaves the pectin, by an elimination reaction releasing oligosaccharides with non-reducing terminal 4-deoxymethyl--D-galact-4-enuronosyl residues, without the necessity of pectin methyl esterase action; and 

d. hemicellulase (a mixture of hydrolytic enzymes including: xylan endo-1,3--xylosidase, EC 3.2.1.32; xylan 1,4--xylosidase, EC 3.2.1.37; and -L-arabinofuranosidase, EC 3.2.1.55), strictly not a pectinase but its adventitious presence is encouraged in order to reduce hemicellulose levels. 

The optimal activity of these enzymes is at a pH between 4 and 5 and generally below 50°C. They are suitable for direct addition to the fruit pulps at levels around 20 U l-1 (net activity). Enzymes with improved characteristics of greater heat stability and lower pH optimum are currently being sought.

In brewing, barley malt supplies the major proportion of the enzyme needed for saccharification prior to fermentation. Often other starch containing material (adjuncts) are used to increase the fermentable sugar and reduce the relative costs of the fermentation. Although malt enzyme may also be used to hydrolyse these adjuncts, for maximum economic return extra enzymes are added to achieve their rapid saccharification. It not necessary nor desirable to saccharify the starch totally, as non-fermentable dextrins are needed to give the drink 'body' and stabilise its foam 'head'. For this reason the saccharification process is stopped, by boiling the 'wort', after about 75% of the starch has been converted into fermentable sugar.

The enzymes used in brewing are needed for saccharification of starch (bacterial and fungal -amylases), breakdown of barley -1,4- and -1,3- linked glucan (-glucanase) and hydrolysis of protein (neutral protease) to increase the (later) fermentation rate, particularly in the production of high-gravity beer, where extra protein is added. Cellulases are also occasionally used, particularly where wheat is used as adjunct but also to help breakdown the barley -glucans. Due to the extreme heat stability of the B. amyloliquefaciens -amylase, where this is used the wort must be boiled for a much longer period (e.g. 30 min) to inactivate it prior to fermentation. Papain is used in the later post-fermentation stages of beer-making to prevent the occurrence of protein- and tannin-containing 'chill-haze' otherwise formed on cooling the beer.

Recently, 'light' beers, of lower calorific content, have become more popular. These require a higher degree of saccharification at lower starch concentrations to reduce the alcohol and total solids contents of the beer. This may be achieved by the use of glucoamylase and/or fungal -amylase during the fermentation.

A great variety of carbohydrate sources are used world wide to produce distilled alcoholic drinks. Many of these contain sufficient quantities of fermentable sugar (e.g. rum from molasses and brandy from grapes), others contain mainly starch and must be saccharified before use (e.g. whiskey from barley malt, corn or rye). In the distilling industry, saccharification continues throughout the fermentation period. In some cases (e.g. Scotch malt whisky manufacture uses barley malt exclusively) the enzymes are naturally present but in others (e.g. grain spirits production) the more heat-stable bacterial -amylases may be used in the saccharification.

Glucose oxidase and catalase in the food industry

Glucose oxidase is a highly specific enzyme (for D-glucose, but see Chapter 8), from the fungi Aspergillus niger and Penicillium, which catalyses the oxidation of -glucose to glucono-1,5-lactone (which spontaneously hydrolyses non-enzymically to gluconic acid) using molecular oxygen and releasing hydrogen peroxide (see reaction scheme [1.1]). It finds uses in the removal of either glucose or oxygen from foodstuffs in order to improve their storage capability. Hydrogen peroxide is an effective bacteriocide and may be removed, after use, by treatment with catalase (derived from the same fungal fermentations as the glucose oxidase) which converts it to water and molecular oxygen:

catalase                        
2H2O2 [image: image11.png]


2H2O + O2         [4.4]
For most large-scale applications the two enzymic activities are not separated. Glucose oxidase and catalase may be used together when net hydrogen peroxide production is to be avoided.

A major application of the glucose oxidase/catalase system is in the removal of glucose from egg-white before drying for use in the baking industry. A mixture of the enzymes is used (165 U kg-1) together with additional hydrogen peroxide (about 0.1 % (w/w)) to ensure that sufficient molecular oxygen is available, by catalase action, to oxidise the glucose. Other uses are in the removal of oxygen from the head-space above bottled and canned drinks and reducing non-enzymic browning in wines and mayonnaises.

Medical applications of enzymes

Development of medical applications for enzymes have been at least as extensive as those for industrial applications, reflecting the magnitude of the potential rewards: for example, pancreatic enzymes have been in use since the nineteenth century for the treatment of digestive disorders. The variety of enzymes and their potential therapeutic applications are considerable. A selection of those enzymes which have realised this potential to become important therapeutic agents is shown in Table 4.4. At present, the most successful applications are extracellular: purely topical uses, the removal c toxic substances and the treatment of life-threatening disorders within the blood circulation.



Table 4.4 Some important therapeutic enzymes

	Enzyme 
	EC number 
	Reaction 
	Use 

	Asparaginase 
	3.5.1.1 
	L-Asparagine H2O [image: image12.png]


L-aspartate + NH3 
	Leukaemia 

	Collagenase 
	3.4.24.3 
	Collagen hydrolysis 
	Skin ulcers 

	Glutaminase 
	3.5.1.2 
	L-Glutamine H2O [image: image13.png]


L-glutamate + NH3
	Leukaemia 

	Hyaluronidasea 
	3.2.1.35 
	Hyaluronate hydrolysis 
	Heart attack 

	Lysozyme 
	3.2.1.17 
	Bacterial cell wall hydrolysis 
	Antibiotic 

	Rhodanaseb 
	2.8.1.1 
	S2O32- + CN- [image: image14.png]


SO32- + SCN-
	Cyanide poisoning 

	Ribonuclease 
	3.1.26.4 
	RNA hydrolysis 
	Antiviral  

	-Lactamase
	3.5.2.6
	Penicillin [image: image15.png]


penicilloate
	Penicillin allergy

	Streptokinasec
	3.4.22.10
	Plasminogen [image: image16.png]


plasmin
	Blood clots

	Trypsin
	3.4.21.4
	Protein hydrolysis
	Inflammation

	Uricased
	1.7.3.3
	Urate + O2 [image: image17.png]


  allantoin
	Gout

	Urokinasee
	3.4.21.31
	Plasminogen [image: image18.png]


plasmin
	Blood clots


a Hyaluronoglucosaminidase
b thiosulphate sulfurtransferase
c streptococcal cysteine proteinase
d urate oxidase
e plasminogen activator



As enzymes are specific biological catalysts, they should make the most desirable therapeutic agents for the treatment of metabolic diseases. Unfortunately a number of factors severely reduces this potential utility:

a. They are too large to be distributed simply within the body's cells. This is the major reason why enzymes have not yet been successful applied to the large number of human genetic diseases. A number of methods are being developed in order to overcome this by targeting enzymes; as examples, enzymes with covalently attached external -galactose residues are targeted at hepatocytes and enzymes covalently coupled to target-specific monoclonal antibodies are being used to avoid non-specific side-reactions. 

b. Being generally foreign proteins to the body, they are antigenic and can elicit an immune response which may cause severe and life-threatening allergic reactions, particularly .on continued use. It has proved possible to circumvent this problem, in some cases, by disguising the enzyme as an apparently non-proteinaceous molecule by covalent modification. Asparaginase, modified by covalent attachment of polyethylene glycol, has been shown to retain its anti-tumour effect whilst possessing no immunogenicity. Clearly the presence of toxins, pyrogens and other harmful materials within a therapeutic enzyme preparation is totally forbidden. Effectively, this encourages the use of animal enzymes, in spite of their high cost, relative to those of microbial origin. 

c. Their effective lifetime within the circulation may be only a matter of minutes. This has proved easier than the immunological problem to combat, by disguise using covalent modification. Other methods have also been shown to be successful, particularly those involving entrapment of the enzyme within artificial liposomes, synthetic microspheres and red blood cell ghosts. However, although these methods are efficacious at extending the circulatory lifetime of the enzymes, they often cause increased immunological response and additionally may cause blood clots. 

In contrast to the industrial use of enzymes, therapeutically useful enzymes are required in relatively tiny amounts but at a very high degree of purity and (generally) specificity. The favoured kinetic properties of these enzymes are low Km and high Vmax in order to be maximally efficient even at very low enzyme and substrate concentrations. Thus the sources of such enzymes are chosen with care to avoid any possibility of unwanted contamination by incompatible material and to enable ready purification. Therapeutic enzyme preparations are generally offered for sale as lyophilised pure preparations with only biocompatible buffering salts and mannitol diluent added. The costs of such enzymes may be quite high but still comparable to those of competing therapeutic agents or treatments. As an example, urokinase (a serine protease, see Table 4.4) is prepared from human urine (some genetically engineered preparations are being developed) and used to dissolve blood clots. The cost of the enzyme is about £100 mg-1, with the cost of treatment in a case of lung embolism being about £10000 for the enzyme alone. In spite of this, the market for the enzyme is worth about £70M year-1.

A major potential therapeutic application of enzymes is in the treatment of cancer. Asparaginase has proved to be particularly promising for the treatment of acute lymphocytic leukaemia. Its action depends upon the fact that tumour cells are deficient in aspartate-ammonia ligase activity, which restricts their ability to synthesise the normally non-essential amino acid L-asparagine. Therefore, they are forced to extract it from body fluids. The action of the asparaginase does not affect the functioning of normal cells which are able to synthesise enough for their own requirements, but reduce the free exogenous concentration and so induces a state of fatal starvation in the susceptible tumour cells. A 60% incidence of complete remission has been reported in a study of almost 6000 cases of acute lymphocytic leukaemia. The enzyme is administered intravenously. It is only effective in reducing asparagine levels within the bloodstream, showing a half-life of about a day (in a dog). This half-life may be increased 20-fold by use of polyethylene glycol-modified asparaginase.

Summary and Bibliogaphy of Chapter 4

a. Many important enzyme processes involve the use of freely dissolved enzymes in solution. 

b. Proteases are particularly important for their use in food processing, the leather industry and detergents. 

c. Starch hydrolysis is the major industrial enzymic bioconversion. Different products and process conditions result in the production of different materials with various properties and uses. 

d.  A number of enzymes have useful therapeutic properties. Ways are being found to present them successfully to patients. 
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