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Abstract

Abstract

The application of in-situ product removal (ISPR) (the concurrent recovery of a 

product during the product formation process) has been investigated as a means of 

in^roving the productivity o f biotransformations. An Escherichia coli 

transketolase (TK) catalysed reaction was chosen as a representative system, where 

glycolaldéhyde and p-hydroxypyruvate were converted to L-erythrulose and carbon 

dioxide. The principal components o f the reaction were small, hydrophilic, polar 

and non-volatile molecules.

Ion exchange methods, heterocomplex formation, carbonaceous adsorbents and 

separations based on phenylhoronate-diol interactions were investigated as 

potential ISPR techniques for the recovery o f L-erythrulose. Each method was 

assessed on the basis of its capacity, selectivity, interference and reversibility 

characteristics within the reaction medium Affi-Gel® 601 and Ambersorb® 572 

were chosen to perform ISPR from the test biotransformation in combination with 

a number o f operational strategies to help overcome low selectivities exhibited by 

these carriers.

Although there was little or no indication for the use of either ISPR method to 

increase productivities within the representative system, with other more complex 

TK catalysed reactions, the benefits o f ISPR should become more apparent. Hence, 

from studying this type o f reaction, we have devised a systematic approach for 

selection and testing of an ISPR method. The necessaiy steps are to characterise 

the process and its components, to assess any selectivity or interference problems 

o f the potential ISPR technique, and to appraise the benefits of the selected ISPR 

method.
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Introduction

1. Introduction

1.1 Introduction

The contents o f this thesis serve to describe the approach and apphcation o f in-situ 

product removal (ISPR) as a means o f improving the performance o f enzyme 

catalysed biotransformations. The term ISPR refers to the concurrent recovery of a 

product formed during the process o f its production. The significance o f this 

approach is that for some bioprocesses, the formation of a product leads to 

associated problems that consequently constrain productivity.

In some processes, the product itself may be inhibitory or toxic to the production 

mechanism, or may interfere with other components m the reaction medium. 

Alternatively, the reaction may be reversible in nature, thereby conforming to an 

equilibrium. Finally, the desired product may be unstable or be a reactive 

intermediate under those conditions used in the reaction. All o f these features 

hinder maximum conversion to product.

A  representative system with which to illustrate the principles and potential benefits 

of ISPR was chosen. Transketolase, an enzyme which catalyses the transfer o f a 2- 

carbon ketol group, was used to convert P-hydroxypyruvate and glycolaldéhyde to 

L-erythrulose and carbon dioxide. Through the apphcation o f ISPR to the 

relatively simple model system, the intention was to obtain general information 

about ISPR, reactor operation and transketolase catalysed bioconversions. In
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addition, a structured approach for the application of ISPR to enzyme catalysed 

biotransformations was formulated and tested.

This introductory chapter primarily provides the reader with a framework of 

information based around the potential aspects o f product recovery from a 

transketolase catalysed biotransformation.

An overview of enzyme catalysed biotransformations and some o f the common 

product recovery operations of such bioprocesses is given. The philosophy behind 

the use o f ISPR in biotransformations and the published work that currently exists 

on the topic is also addressed. ISPR will then be assessed with emphasis placed on 

its suitability for the representative transketolase catalysed reaction. Main aspects 

of research carried out with E.coli transketolase will also be discussed.

1.2 Biotransformations - an Overview

Biotransformations are those reactions brought about by the application of 

biological catalysts. The biocatalyst, may either be free in t ^  reaction mixture, 

immobilised, or within a whole cell system, which again may be mobile or attached 

to a support.

1.2.1 Enzymes

There are several advantages and disadvantages to using enzymes to effect a 

reaction rather than enq>loying chemical means, and a few o f these are briefly 

mentioned below. Faber, (1992) and Poppe & Novak, (1992) provide a 

comprehensive and well conçiled list o f the benefits and problems encountered 

with the use of biocatalysts.
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• Enzymes have the abihty to catalyse a number o f different classes o f reaction. 

They may be used as an alternative to chemical methods, or may be used to 

perform those reactions that cannot be brought about using chemical means.

• The source o f activation energy with the use o f enzymes is the conformational 

change in the proteins’ structures. With other processes, this activation energy 

must be provided, usually as thermal energy.

• Enzymes fimction optimally under nnld reaction conditions. These moderate 

environments are easy to create and increase the stabihties o f labile conq)onents 

involved in the reaction. The use o f toxic, highly reactive chemicals is eliminated, 

thus decreasing the risk environmental damage.

• Those conditions that affect enzyme activity and selectivity, e.g. temperature, 

pH and reactant/product concentrations, can be manipulated in order to achieve a 

desired effect in the biotransformation.

• Enzyme catalysed reactions are selective with regard to the substrates used and 

the type of reaction catalysed. Some biocatalysts are capable o f specifically 

producmg optically active molecules in an enantiomericaUy pure form. This can 

allow resolution o f racemic mixtures of substrates or can result m asymmetric 

syntheses.

There are also disadvantages associated with the use o f enzymes:

• Although there are a large number of enzymes that have been characterised, 

relatively few are commercially available in either fi:ee or immobilised form.

• Due to their biochemical origins, enzymes do not fimction well in conditions 

away fi*om their optima; for exan^le, enzymes usually work best in aqueous 

environments, although this may not be the ideal medium for the other reaction 

components.

• Enzymes are usually sensitive to certain concentrations o f reactants and 

products, which can limit the amounts present in a reactor, by being toxic or 

inhibitory. The types of inhibition possible in an enzyme catalysed reaction are
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shown in Figure 1.1. Different forms o f product inhibition are represented in Figure

1. 2 .

• Pure enzymes are expensive, and some enzymes are unstable.

• Some enzymes are highly specific with regard to the substrates they use. An 

ideal enzyme would be able to utilise a wide range of substrates, whilst maintaining 

a high degree of stereoselectivity.

1r 
It -►B

Figure 1.1 Inhibition effects within a biotransformation: S = substrate, P = 

product, B = by-product; (1) product inhibition, (2) feedback inhibition, (3) 

substrate inhibition, (4 & 5) unspecific inhibition by side-products (obtained from 

Mattiasson & Holst, 1991).

No product inhibition
(Michaelis-Menten

kinetics)
_ Non-specific 

; deactivation

Competitive product 
inhibition

Non-competitive 
product inhibition

(S]

Figure 1.2 Types of product inhibition (obtained from Poppe & Novak, 1992).
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Although there are drawbacks associated with the use o f biocatalysts in 

biotransformations, most o f these can be alleviated in one way or another. Enzymes 

may be expensive and some^\iiat labile, but there are methods o f inçroving their 

stability. Genetic modification, removal o f proteolytic agents, immobilisation and 

the use o f stabilisers all contribute toward bringing the costs o f biocatalysts down 

by increasing their stability. Likewise, the use o f clarified enzyme preparations are 

cheaper than using purified enzyme. Hence, the special properties o f enzymes, e.g. 

their cbemoselectivity, regioselectivity, diastereoselectivity, enantioselectivity and 

the fact that they are chiral catalysts can be used to perform biotransformations 

whilst retaining stabihties.

1.2.2 Examples and applications

There are numerous enzymatic reactions that can be executed to perform useful 

organic chemistry. Broadly, they can be classified into the following types: 

oxidoreductases, transferases, hydrolases, lyases, isomerases and hgases.

-Again, Faber, (1992) and Poppe & Novak, (1992) provide in-depth reviews of 

well-estabhsbed biotransformations. More recent reviews o f the latest 

developments in biotransformations are provided by Roberts & Turner, (1992) and 

Roberts et ah, (1995). A summary o f those biotransformations performed on an 

industrial scale are covered by Kieshcb, (1991) and Lihy, (1992).

1.2.3 Biotransformation process design

The design o f a biotransformation involves the integration and development of 

various aspects o f molecular biology, reactor design and operation, fermentation 

and downstream operation methodologies, such that there is a maximal quantity of 

product formed with minimal expense, time and effort.

To operate an efficient biotransformation, the following should be implemented:
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• The correct choice o f  biocatalyst must be made; it must perform the desired 

bioconversion with relative ease, for example, such that its activity is not easily 

decreased with slight changes in temperature.

• A good biocatalyst production system should be available. This normally 

involves using a recombinant host organism containing a plasmid vector holding 

genetic information necessary for the expression o f the desired enzyme. This 

recombinant host must be easy to grow on a large scale, possess a means o f  

identifying recombinant cells from non-recombinants, maintain high levels o f  

plasmid retention and have a straightforward approach to obtaining the enzyme in a 

form that allows it to be used for the biotransformation.

• There are several factors that need consideration in the conq)letion and 

inq)lementation o f the actual biotransformation reaction. ExaiDples are catalyst 

preparation, reactor selection and reactor kinetics.

• Finally the recovery o f the product from the bioreaction mixture requires 

consideration. The information needed in choosing a relevant downstream 

processing protocol will discussed in the following section. Reviews into the 

criteria for the correct selection of design and operation parameters of 

biotransformation processes are provided by Lilfy, (1992), Lilly & Woodley, 

(1996) and Woodley & Lilly, (1994).

1.3 Product Recovery

1.3.1 Objectives

Biotechnology and molecular biology are developing at rates such that there has 

been a rapid growth in the formation of industrial processes to produce valuable 

biological substances.
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Biotechnology is considered to be a merge between biological and technological 

processes to create an efficient system The biological aspects deal with the 

manipulation o f a biogenic unit and its environment to lead to a desirable result. 

The technological aspects are concerned with developing and optimising the use o f  

the suitably altered biological material within an assigned process.

In contrast with these external manipulations are the natural control mechanisms o f  

the producing unit. Efficient energy utilisation is essential to the survival of any 

organism and so several levels of control exist within its structure. These be^ to 

regulate and prevent the unnecessary production o f certain conçonents.

A wide variety o f metabolic control methods exist, including enzyme inhibition via 

several modes and regulation at the gene level o f  the organism Whereby the aim o f  

the bioprocess is to produce maximal quantities o f product, the organism's aim is to 

be as efficient as possible and prevent "biologically futile' reactions j&om taking 

place.

A number o f factors must be considered with regard to the recovery of a newly 

formed product from a biotransformation. The scale o f the process and the 

chemical nature o f the product should be noted. Other inq)ortant considerations are 

process costs and characteristics. A typical biotechnological process usually 

produces a dilute product stream with relatively low productivity. From a 

technological stance, this is clearly undesirable due to the increased number o f  

steps required to purify and concentrate the product to a suitable form

Optimising a bioprocess involves either genetic modification of the 

organism/biocatalyst or ircçrovement o f the process technology. Some of the ways 

in which a process is optimised is by dealing with the product and/or formation 

mechanism Examples include cell modification such that the product is excreted 

before reaching inhibitory concentrations inside the cell, or mutating the cells so 

that certain enzymes involved in product or feedback inhibition are modified or 

eliminated. Other considerations such as product stabibty once outside a cell are 

also inq)ortant to note.

34



Introduction

A brief review o f the current methods en^loyed to recover products from 

bioprocesses follows. The majority o f these methods deal with cellular products, 

however, others are more apphcable to molecular structures.

1.3.2 Established methods of product recovery

Unit operations are an integral aspect of all bioprocesses. This is because the 

product formed usually exists at low concentrations in a medium that contains 

other molecules and particles. Reviews on downstream processing operations in 

biotechnological processes are given by Aiba et al., (1973) Atkinson & Mavituna,

(1983) and Bu Lock & Kristiansen, (1987). van Brakel & Kleizen, (1990) report 

on the shortfalls and problems of downstream processing methods and research. 

Table 1.1 hsts the main types of unit operations available and the principles upon 

which they separate mixtures.

Separation Principle Separation Method Particle Size (nm)
particle size fibre filtration >2x10^-1x10^

microfiltration 2x10^-5x10^
density sedimentation >1x10^

décantation 1x10^-5x10^
centrifugation 1x10^-5x10^
ultracentrifugation 2x10^-20

molecule size ultrafiltration 2xl0^-5
gel chromatography 2x10^-03
hyperfiltration 8-0.25
dialysis 2-0.25

temperature evaporation <2
crystalhsation <2

solubility adsorption <2
extraction <2

electric charge electrophoresis 2x10^-20
electrodialysis 20-0.25
ion exchange 20-0.25

Table 1.1 Main types o f product recovery methods (obtained from Bu’Lock & 

Kristiansen, 1987).
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A large number o f the methods listed in Table 1.1 are applicable only to particles or 

macromolecules such as proteins. Methods based on particle size and density are 

inapphcable for the recovery of small molecules (which are less than 1 nm in 

length). In many enzyme catalysed biotransformations, products are usually 

molecules much smaller in size than proteins. For the recovery o f these compounds 

methods based on volatility, charge, solubility and specific interactions such as 

biorecognition are used. A  conçrehensive summary o f the main types o f in-situ 

product recovery methods is given by Mattiasson & Holst, (1991).

1.3.3 Choosing the best product recovery method

In order to determine whether it would be practicable for a process to have a 

particular product recovery method applied to it, a number of characteristics need 

to be defined. These features, once established provide a framework with which to 

achieve maximum product recovery with minimum expenditure. The bioprocess 

should initially be characterised as fully as possible. One should also characterise 

the various compounds present in the medium, including the product molecule. 

These parameters are discussed in further detail in chapter 2.

There are other factors to consider when choosing the best type of recovery 

method. These have been listed by Stanbury & Whitaker, (1993) and are briefly 

summarised here; the desired purity of the product in its final form, which is related 

to its intended use, the scale of the production process, the time spent and costs 

incurred when choosing a particular recovery process, and whether the financial 

value of the product warrants the use of a particular product recovery method. 

Proportions o f costs incurred from unit operations can be as high as 80-90% of the 

overall costs for the production o f therapeutic proteins (Dwyer, 1984), and as a 

result, significantly contributes to the final value of the product. Downstream 

processing costs can vary for other types of products as listed in Table 1.2, 

however can still play a significant role in the overall economics o f the process. 

The relationship between the number of unit operations and starting product
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concentration helps to e^lain downstream processing costs, as illustrated in Figure

1.3. In addition, the efficiencies o f each unit operation are intrinsic to the number 

o f downstream operation steps required and hence should also be considered.

Product Recovery/fermentation costs
ethanol 0.16
penicillin 1
glucose isomerase 2
L-asparaginase 3

Table 1.2 Ratio o f recovery to costs for fermentation products (obtained from van 

Brakel & Kleizen, 1990).

Starting product concentration

Purification requisite

Number of DSP steps required

DSP costs incurred

Losses of product from DSP

Final cost of product

High

Low

Few

Low

Low

Low

Low

High

Many

High

High

High

Figure 1.3 Relative effects o f starting product concentration on downstream 

processing and product costs.
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1.3.4 //i-siVw product removal

A  possible approach with which to produce maximal quantities o f product with 

minimal disruption of the overall process is by the application o f ISPR, whereby 

product is continuously removed during the production process.

ISPR can he^ overcome diflBculties encountered with processes o f low 

productivity as a consequence o f thermodynamic and kinetic constraints effected 

by the presence o f product. The circumstances wdiich affect the rate or degree of 

conversion to product in this way are listed below.

• The reaction may be reversible in nature, e.g. as in the enzymatic hydrolysis o f 

N-acetylamino acids using aminoacylase (Wandrey & Flaschel, 1979).

• The presence of product may cause interference by affecting further product 

formation via inhibition or toxicity, for example end-product inhibition of 

tryptophanase by tryptophan (Ribiero et al., 1995).

• The product may be rapidly degraded or converted into another compound in 

the reactor, as with the production of the labile antibiotic, thienamycin (Wang et 

al., 1989).

• The product may cause physico-chemical changes such as pH fluctuations and 

changes in viscosity, e.g. with the production o f propionic acid by propionic 

bacteria resulting in a pH fall (Blanc & Goma, 1987).

Productivity can thus be increased and production costs brought down with the use 

oflSPK

According to Freeman et al., (1993) and Mattiasson & Holst, (1991) ISPR is 

constructed to optimise yield and productivity of a process in the following ways;

• by eliminating interference o f the product with the producing cell or enzyme 

and allowing continued production;

• by minimising the level o f product loss and decreasing the number of 

downstream processing steps.
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Extensive studies have been performed on the theoretical aspects o f integrating 

bioprocesses with subsequent downstream operations. Some, such as RofiQer et a/.,

(1984) Szathmary & Grandies, (1990) and Wang, (1983) express the inq)ortance of 

integrating fermentations with product recovery. Others, including Dauguhs, 

(1988) Holst et ah, (1987) and Kobayashi, (1991) refer to the effect o f in-situ 

product recovery on both fermentations and biotransformations, with examples. 

Biedermann, (1994) Freeman et al., (1993) and Dauguhs, (1988) cover the 

approaches used to estabhsh the best means o f ISPR, with a major enq)hasis on 

characterisation of the product molecule. Only Biedermann, (1994) stresses the 

importance o f characterising all parts o f a bioprocess to facihtate the choice o f a 

product removal method, although ah the papers mention the major advantages 

that could ensue from using ISPR

1.3.5 Established ISPR techniques-a review

Once it has been estabhshed which ISPR methods are apphcable to the specified 

process, the optimum product recovery method must be chosen. An overview of 

some of the techniques specificahy employed for ISPR fohows.

1.3.5.1 Evaporation

ISPR techniques based on differences in boiling point are best suited to those 

systems whose products are low molecular weight, volatile compounds. Several 

such methods exist, and have been most closely associated with alcohol-producing 

fermentations.

• Vacuum fermentation

Rofder et a l ,  (1984), Mattiasson & Larsson, (1985) and Sundquist et a l ,  (1991) 

describe the general principles of vacuum fermentation, with examples o f processes 

employing this method, and an appraisal of its use. The process removes volatile
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products continuously during a fermentation by creating a vacuum within the 

fermenter. As a result, the product evaporates off at an ambient temperature. This 

ISPR method is used mostly in ethanol production, where productivity normally 

suffers due to product inhibition. The continuous nature o f the process prevents 

ethanol inhibition by keeping product concentrations low in the fermentation 

medium, thereby driving the overall production process. Disadvantages o f the 

process include the increased risk o f by-product and feed component inhibition.

• The flashferm process

In this process, ethanol is recovered continuously by circulating fermentation broth 

to a vacuum chamber, usually performed with yeast fermentations (Maiorella et al., 

1981). Continuous ethanol recovery helps to reduce its inhibitory effect on the 

yeast. The fermenter itself is not under pressure and so alleviates problems dealing 

with carbon dioxide and oxygen in the vapour product stream, as encountered in 

vacuum fermentation (Dauguhs, 1988).

• The biostil process

This process is used for systems employing whole cells. A loop external to the 

fermenter passes through a centrifuge to concentrate and recycle the ceUs. The 

remaining medium containing the volatile product, such as ethanol, is then passed 

through a distihation unit, where it is recovered (Daugulis, 1988; Ehnstrom et at., 

1991).

• Gas stripping

Gas stripping basically involves separation o f a volatile confound by nature o f it 

possessing a higher vapour pressure (Le. lower boiling point) than water. A stream 

of carbon dioxide is passed through the reactor either concurrently or counter- 

currently, which strips the volatile entity. They are then separated by condensation 

(Daugulis, 1988).

• Pervaporation

As the name implies, this ISPR technique involves separation o f the product from a 

liquid mixture on the basis o f its difrusivity through a solid membrane, after which 

it is evaporated and recovered by condensation (Daugulis, 1988). Pervaporation is
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best suited to those processes involved in the production o f small volatile 

compounds such as primary alcohols. Shabtai et a l ,  (1991) describe the continual 

production and recovery o f ethanol using pervaporation. Groot et al., (1991) and 

Matsumura et al., (1992) describe the use o f pervaporation for the recovery of 

butanol.

1.3.5.2 Extraction

Compounds may be recovered during a fermentation by contacting the broth with 

an immiscible solvent. Selective partitioning of the product into the differing phase 

allows recovery from this extractive process. It is advantageous to choose a 

solvent that has a high capacity for the product, is selective for the product and is 

non-toxic to the organism/biocatalyst. ISPR techniques based on extraction have 

wider apphcabdity than evaporation-based methods (Freeman et al., 1993). Hauer 

& Marr, (1994) review existing extraction methods. Bruce & Dauguhs, (1991) 

describe strategies to employ when choosing the best solvent for extractive 

biocatalysis.

• Organic solvent extraction

In this method, an organic solvent is used to extract a product from a fermentation 

broth mixture. The organic solvent must come into contact with the broth at some 

point, either with direct addition o f the solvent or with contact occurring in an 

external vessel (Rofder et al., 1984). Hence, the solvent must be bioconq)atible, as 

weU as satisfy various other criteria, as hsted in Table 1.3.

• Aqueous two-phase extraction

Aqueous two phase systems are created by mixing aqueous solutions o f two 

different polymers, or a polymer and a salt to recover molecules o f product. The 

separation is based on the surface properties of the product and the conq)osition of 

the phase system The integration o f product recovery via extraction, and 

production in a bioreactor system increases the rate o f product inhibited processes.
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Although the capacities o f organic solvents to extract products are generally high, 

there is a tendency for solvents to be toxic towards biocatalysts or cells. (Roffler et 

al., 1984) and the environment. In addition, their selectivities are low. The use o f  

aqueous bi-phasic extractive systems offer advantages with the phases being 

bioconq)atible and allowing higher mass transfer during the reaction, with increased 

control o f the process (Kaul & Mattiasson, 1991). The system holds many 

advantages from an overall process view, being a relatively simple technique that 

eliminates the use o f elaborate equipment and increases the ease o f scale-up. There 

is still need to define the economic characteristics o f this method o f extraction, 

which will mainly be dependent on the cost o f the polymer (Diamond & Hsu, 1992; 

Kaul & Mattiasson, 1991).

Criteria for solvent selection
High distribution coefficient
Bio-compatibility
Low viscosity
Less emulsible in aqueous phase
Large difference in density compared with water
Sterilizable or autoclavable
Immiscible with water
Easily separated from product
Low cost
High selectivity
Non-biodegradabihty
Non-hazardous
Available in bulk quantities
Low emulsion-forming tendency______________

Table 1.3 Criteria for selection o f solvents for use in extraction methods (obtained 

from Daugulis, 1988 and Diaz, 1988).

• Supercritical fluid extraction and retrograde condensation

This process generally involves using a gas that has been heated and pressurised to 

its critical tençerature and pressure. Advantage is taken o f the fact that the density
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o f the supercritical fhiid produced is the same as for Hquids, but the viscosity is 

much lower.

The supercritical fluid is passed through to a vessel containing the product o f  

interest. The temperature and pressure are manipulated so that the product is 

maximally soluble in the solvent. The solution o f the solvent and product is then 

drawn off and the pressure lowered. The product no longer remains soluble and 

can then be precipitated. This process is termed retrograde condensation. The 

solvent can then be repressurized and recycled. The solvent most commonly used is 

supercritical carbon dioxide. The criteria to consider when choosing a supercritical 

solvent are much the same as those for choosing a liquid solvent, as mentioned in 

Table 1.3. Little is known about the apphcabihty of this technique for use with 

whole cells or enzymes in general (Mansoori et a i ,  1988). It is likely that the 

selectivity o f the supercritical solvent can be manipulated with slight changes in 

temperature and pressure. Although this may be advantageous for efficient product 

removal, difficulties in selectivity may occur if these parameters are difficult to 

control.

• Centrifugal partition chromatography

In centrifugal partition chromatography, separation is based on the difference in 

distribution o f compounds between two immiscible hquid phases. The stationary 

phase o f the chromatography column is less dense than the mobile phase. The 

components to be separated are fed in with the mobile phase and as a resuh o f a 

centrifugal force being applied to the column and the varying distribution 

coefficients o f the conq>onents, are separated when they come out of the column 

(van Buel et a/., 1994).

1.3.5.3 Size selective permeation

In these methods, the basis for product recovery is molecular size and/or the 

diffiisional properties o f the product relative to other medium components. Size 

selective permeation techniques are normally used to recover non-volatile
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corqpounds, A  review o f those size selective methods employing the use of 

membranes is given by Strathmann, (1985).

• Reverse osmosis

This method has been apphed to butanol and ethanol production processes. The 

principle involves working against a difiusional gradient whereby water molecules 

are forced from a region of low concentration, i.e. a concentrated solution to a 

region of high concentration, i.e. a dilute solution. This helps to further increase the 

product concentration and helps recycle the medium (Daugulis, 1988).

• Dialysis

The process o f dialysis causes separation according to molecule size. Pores in a 

semi-permeable membrane allow small molecules to difiiise across the partition, 

but prevent bigger molecules from doing so. In dialysis fermentation, a selectively 

permeable membrane separates a culture chamber where fermentation occurs, from 

a medium reservoir. Nutrients difruse into the culture chamber and products diSuse 

from the chamber back into the medium reservoir. This helps to alleviate the 

problem of product inhibition by decreasing product concentration in the culture 

chamber. Although several advantages are associated with using this method of 

product recovery, such as cell retention, and reducing the scale o f the process to 

still produce the same product quantities, there are also inherent disadvantages. 

Most are concerned with using a membrane, such fouling and high costs. Another 

disadvantage is the high recovery costs incurred due to the highly diluted product 

concentration resulting (Dauguhs, 1988).

• Perstraction

The process o f perstraction involves the combined use o f membrane permeation 

and solvent extraction. By virtue o f the protective role assumed by the membrane 

upon the producing cell/enzyme, recovery of the product can be undertaken using a 

solvent that may not normally be used for such a process. This means that a solvent 

which may extract a product very well, but appears to be toxic to the ceUs may 

now be used. There will sthl be quantities of solvent present, but only up to 

saturating level, and not in excess. Problems stih may occur with the use of some
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solvents, as they may be too toxic in any concentration, so it should still be noted 

that the criteria mentioned in Table 1.3 must still be satisfied (Daugulis, 1988; 

Matsumura, 1991).

• Hollow fibres

The use o f hollow fibres with different molecular weight cut-off points allows 

ready diffusion o f small confounds and retention o f larger molecules o f interest. 

Dauguhs, (1988) provides exartq)les o f processes employing hollow fibres and a 

detailed study o f the merits o f hoUow fibre reactors is described by B effort, (1989).

• Microcapsules

This involves the encapsulation o f viable ceUs within a membrane so that they can 

multiply and excrete quantities o f the desired product aU within the membrane 

boundary. The apphcation o f this process has been mainly carried out on antibody 

production. Advantages associated with its use are the initial high product purity 

obtained and the reduced number o f steps needed for fiirther purification. 

Disadvantages are numerous; as ceh density increases with fiirther growth, 

diffiisional limits ensue, ahowmg the product to cause inhibition to the production 

process. There are also difficulties associated with producing microcapsules. In 

addition, problems associated with the use of membranes also need to be 

considered (B effort, 1989; Dauguhs, 1988).

1.3.5.4 Complexation o f product

This method o f ISPR uses a suitable conq)onent to conq)lex with the product 

molecule. Product recovery is facihtated by easier recovery o f the complex formed 

and the ease with which the complex dissociates. The conplexing compound can 

be a chemical or a biological.

Some chemicals conplexers include cyclodextrins (Shity & Bar, 1992), Tris buffer 

to form a Schififs base (Shachar-Nishri et al., 1993), and phenylboronate ions

45



Introduction

(Herbert et al., 1990). Other developments include the use o f reversibly soluble 

polymers as affinity hgands (Fujii & Taniguchi, 1991) and employing molecular 

in^rinting to produce highly specific separation materials (Ekberg & Mosbach, 

1989; Mosbach & Ramstrom, 1996; Muldoon & Stanker, 1996).

Biological complexing materials include modified antibodies or proteins that 

specifically bind to the desired product.

This technique has the widest potential apphcabihty but the fewest cited examples, 

especiaUy employing the use o f biological confounds to recover chemical 

products. Most conq)lexation methods have been developed so that the conq)lexing 

reagent is attached to an inert matrix, leading to immobilisation o f the product with 

the added benefits o f easier recovery and increased stability.

1.3 .5 .5 ISPR by product immobilisation

Product recovery by immobilisation can be apphed to a variety o f different product 

categories. Different types o f adsorption exist, depending on the sort o f binding 

forces that occur between an adsorbent and adsorbate. This is ihustrated in Table

1.4.

Adsorption type___________________ Binding forces involved_________________
Exchange Electrostatic attachment; ionic species displacement based on

electrostatic affinity levels.
Physical van der Waals forces (London dispersion & electrostatic

forces).
Chemical Chemisorptive bond formed between adsorbate and adsorbent.
Specific Functional group interaction o f adsorbent with adsorbate (no

_________________ transformation o f adsorbate molecule).______________________

Table 1.4 Principles o f adsorption.
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Ion exchange occurs when the charged species o f the polymer matrix is displaced 

with the product carrying a charge. Hydrophobic adsorption as a means o f product 

immobilisation involves hydrophobic interactions occurring between the absorbing 

matrix and the product. Biorecognition based adsorption involves a biological 

afiBnity hgand which specifically interacts with the product. The results of these 

specific interactions cause the product to be immobilised onto the polymer matrix. 

The product can then be de-mobilised from the matrix by altering conditions so 

that the binding forces between adsorbate and adsorbent are weakened (Holst & 

Mattiasson, 1991). The criteria for choosing a sorbent material are shown in Table

1.5.

Criteria for selection of solid sorbents________
ffigh capacity for the desired compound 
No adsorption of biocatalyst 
Low costs
Good regeneration system 
No degradation and attrition 
No adsorption o f nutrients 
Non-toxic 
Sterilisable
No adsorption o f intermediates and precursors

Table 1.5 Criteria for selection o f sorbents for product recovery (obtained from 

Holst & Mattiasson, 1991).

The principles o f adsorption are described well by Holst & Mattiasson, (1991) and 

Slejko, (1985). A  number o f processes report the use o f adsorbents. Garcia, (1991) 

reviews the use o f polymeric adsorbents to recover products from fermentations, 

while Green & Wase, (1986) examine the use o f inorganic adsorbents in 

downstream operations. Krings et al., (1993) investigated the separation of a 

mixture of 12 aroma confounds on 31 sorbents. From a biological adsorption 

stance, Yarmush et al., (1992) review the use o f immuno-adsorbents and the 

strategies employed for re-use.

Examples o f specific appUcations o f adsorbents for product recovery follow.
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• Activated carbon

Khan et a l ,  { \9 9 \)  used activated carbon as part o f their product removal protocol 

to purify L-xylulose. Davison & Scott, (1992) described the use o f activated 

carbon to purify lactic acid.

• Zeohtes

Arai et al., (1987) describe the removal o f y-linoleic acid ethyl ester using zeohtes 

and Cheng & Lee, (1992) use zeohtes to separate mixtures containing glucose and 

fiuctose.

• Polymeric neutral resins

The use of polymeric neutral resins is also widespread. Apphcations include the 

recovery of tissue plasminogen activator (Mitsuda et al., 1991), the recovery of 

pigments (Evans & Wang, 1984), the antibiotic, myxovirescin A (Hecht et al., 

1987), cycloheximide (Payne & Wang, 1989) and L-tryptophan (Ribiero et al., 

1995).

• Chitosan beads

In addition, cyclodextrin recovery by using chitosan beads has been reported by 

Kobayashi, (1991).

• Ion exchangers

The use o f ion exchangers is probably the most common method o f recovering 

compounds via adsorption. Ozdamar et al., (1989) described the ion exchange 

separation o f glutamic acid. Wilhelm et al., (1989) described separation o f xylose- 

mannose mixtures. Jandera & Churacek, (1974) reviewed the ion exchange 

chromatography o f aldehydes, ketones, ethers, alcohols, polyols and saccharides.

• Biospecific adsorption

In the area o f bio specific adsorption, Wang et al., (1989) describe the use of 

immobilised cells and immobilised p-lactamase to recover thienamycin. The 

technique of using metal afiSnity chromatography has been investigated as a novel 

means o f product recovery by Arnold, (1994). Phenylboronate ligands that have 

been attached covalently to inert matrices have been used to recover products
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(Fulton, 1981) although this method is technically considered to be group specific 

as opposed to biospecific, which is the case o f lectin afiBnity binding.

1.3.5.6 Summary

In summary the ISPR methods described have been applied to and mainly 

developed for a few main product categories, these being organic solvents (ethanol 

and acetone-butanol) and organic acids (lactic, acetic, propionic and butyric). Little 

information exists on the recovery o f high-cost, low-vohime products.

The information presented here provides a general overview of the types o f ISPR 

techniques available. However, a more detailed study must be executed in order to 

develop or adopt an ISPR technique for a specific biotransformation. In addition, 

dififerent modes of operating both the ISPR technique and the bioconversion should 

be considered.

An exançle o f where it may be advantageous to apply an ISPR protocol is a 

biotransformation brought about by an enzyme called transketolase (TK). This 

enzyme has been used in studies to efiFect a variety of reactions as part o f larger 

organic syntheses o f high value confounds. What follows is a detailed 

backgrounding in the development o f TK to bring about biotransformations 

resulting in the production of dififerent 2-ketoses.

1.4 Transketolase Catalysed Reactions

The asymmetric synthesis o f carbon-carbon bonds forms the cornerstone of 

modem organic synthesis. Considerable progression has been made in the 

development o f chiral based systems that exert stereoselectivity during the carbon- 

carbon bond forming step. Transketolase is an example of a chiral catalyst used for 

stereoselective carbon-carbon bond formation, creating homochiral products of  

high synthetic potential.
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1.4.1 TK function

Transketolase catalyses the transfer o f a 2-carbon ketol group from a ketose to an 

aldose. In vivo it is involved in the pentose phosphate pathway. The role o f this 

metabohc pathway is to produce NADPH, in order to utilise free energy o f  

metabolite oxidation for otherwise endergonic reductive biosynthesis. The pentose 

pathway has the overall reaction as shown in Figure 1.4.

3G6P + 6NADP^ + SH^O <-----------  ̂ 6NADPH + 6H  ̂+ SCO  ̂+ 2F6P + GAP

Figure 1.4 The overall reaction o f the pentose phosphate pathway: G6P = glucose- 

6-phosphate, F6P = fructose-6-phosphate, GAP = glyceraldehyde-3-phosphate.

The conversion o f three pentose molecules to two hexoses is brought about by TK 

and transaldolase. Transaldolase catalyses the transfer of 3-carbon units from 

sedoheptulose-7-phosphate to glyceraldehyde-3-phosphate, yielding erythrose-4- 

phosphate and fructose-6-phosphate.

TK catalyses the transfer of a 2-carbon unit from xylulose-5-phosphate to ribulose- 

5-phosphate, yielding glyceraldehyde-3-phosphate and sedoheptulose-7-phosphate; 

and also catalyses the transfer o f a ketol group from xyhdose-5-phosphate to 

erythrose-4-phosphate. A  generalised form of TK catalysed reactions is shown m 

Figure 1.5.
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O
OH+ R i^ ^ H  TK.Mg**,TPP

6. * ' ^
(1) (2) (3) (4)

Figure 1.5 Generalised transketolase catalysed reaction: (1) = ketol donor, (2) = 

an acceptor aldehyde, (3) = resultant aldehyde, (4) = resultant product (ketol group 

added onto acceptor aldehyde).

1.4.2 Enzyme requirements

For TK to function it requires two cofactors; these being thiamine pyrophosphate 

(TPP) and divalent metal ions (Racker et al., 1953). The active form of the enzyme 

exists as a dimer consisting of subunits, each having a molecular weight o f 73 kD 

(Littlechild et al., 1995). The active sites o f TK are located at the interface 

between the two monomers (Lindqvist et al., 1992).

1.4.3 Sources of TK

The two main sources o f TK to date have been spinach (Villafranca & Axehod, 

1971) and S.cerevisiae (Datta & Racker, 1961) although the enzyme is found in all 

organisms that have been examined albeit in varying quantities (Racker, 1961). 

Other sources o f high TK activity are rabbit liver and Torula yeast (Racker, 1961).

To perform large-scale synthetic apphcations o f TK, it would be useful to find 

some means o f producing the enzyme cheaply and in large quantities with relative 

ease. Transketolase was thus produced firom recombinant E.coli, where the 

transketolase gene was over-expressed (Draths & Frost, 1990; French & Ward,
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1995), and then grown in fermentations at 20L and lOOOL scale (Hobbs et al., 

1993; Hobbs et a l ,  1996).

1.4.4 Structure elucidation

Lindqvist et a l, (1992) have elucidated the yeast TK 3D structure and have shown 

that the active site of the enzyme is made from residues o f both subunits, which 

proved that the monomeric unit was not functional. Two cofactor binding sites 

exist and each is also made from residues from both o f the subunits.

TPP attacks the ketol donor, by the nucleophihc nature o f the thiazolium ion ring 

and forms a complex which then reacts with the acceptor aldehyde to form a 

ketose and the regenerated TPP (Racker, 1961). The function of the divalent metal 

atom is thought to have some role in stabihsing the joining of the two subunits 

together.

Littlechild et a l ,  (1995) have purified and crystallised E.coli TK This has been 

done using PIPES buffer, pH 6.4 and ammonium sulphate. The resulting crystals 

grow as large plates, with an orthorhombic crystal system When X-ray 

crystallography studies were performed, a significantly high level of diffraction 

occurred with 1.9À resolution obtained. The structure o f E.coli TK has been 

solved using the technique o f molecular replacement, using the yeast enzyme 

structure as a search model.

Comparing the structure o f yeast and E.coli TK, it was found that the areas where 

there were the most insertions and deletions of amino acids were on the surface 

loops of the structure, probably because regions on the surface o f protein 

structures are more susceptible to mutation. Regions of conserved sequences were 

found at sites where the cofactors bind to the enzyme. The 2 N-termini of the 

E.coli subunits were both loose. This has attracted information with regard to 

immobilising the enzyme onto a polymeric matrix (Brocklebank et a l ,  1996).
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1.4.5 Enzyme assay

Several methods o f assaying TK activity are currently in use, however, the most 

widely used is a linked assay based on the rearrangement o f ribose-5-phosphate. It 

involves 5 enzymes and monitoring of activity is based on a spectrophotometric 

change in absorbance at 340 nm by the oxidation o f NADH (Villafranca & 

Axehod, 1971). The advantages associated with using this enzyme assay are that 

the assay is continuous, sensitive, relatively fast and reliable and also that the 

various con^onents o f the assay do not need to be added in a certain order or 

configuration.

There are also disadvantages, concerned with the high cost o f the numerous 

enzymes, and also due to the problem of the linked assay becoming rate 

determining because o f the quantities o f each linking enzyme. In addition, TK 

properties cannot be studied due to the multizymic nature o f the assay.

A HPLC assay that detects reactant and product concentrations of a particular TK 

catalysed reaction has been developed (Mitra & Woodley, 1996). The reactants 

detected are glycolaldéhyde and P-hydroxypyruvate, and the product is L- 

erythrulose. This method measures enzyme activity by quantifying the rate o f  

reaction during a given biotransformation. This assay is useful for measuring the 

activity of hmnobilised TK (Brocklebank et a/., 1996). Its range of apphcabihty 

includes TK catalysed reactions that use water-soluble aldehyde acceptor 

substrates (Mitra & Woodley, 1996). However, the HPLC assay run time is long, 

in contrast with the multi-linked enzyme assay (36 minutes vs. 10 minutes).

1.5 Enzyme Production

Numerous techniques o f recombinant DNA technology were used to construct a 

vector containing the TK gene. The main objective was to construct a stable 

recombinant organism that would express TK in the absence of inducers.
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Molecular biology and genetic manipulation can also help in the recovery and 

immobilisation of the recombinant protein by adding a selective feature such as 

poly-amino acid tails. Also, the ability to change the biocatalyst to suit process 

requirements, such as increasing structure stability and activity by the alteration of 

certain amino-acids via site-directed mutagenesis, is possible. In addition, the range 

o f reactions that an enzyme can catalyse can be enhanced by altering the degree o f  

substrate specificity.

What follows is an overview into the reasoning behind choosing E.coli as the host 

organism and also the attempts to construct the best possible vector.

1.5.1 E.coli: the host organism

The evolution of molecular biology including breakthroughs collectively termed 

recombinant DNA technology has been intimately linked to the study o f E.coli. 

Although the wild type strains o f this bacteria have some characteristics that may 

cause problems, such as pathogenicity, the ability to produce endotoxins and the 

fact that extracellular enzymes are retained in the periplasmic space; there are 

modified strains in which most o f  these difficulties have been eliminated. With 

regard to its suitability for use in large scale bioprocesses, it is favoured due to its 

simple genetics, rapid growth rate and good characterisation.

1.5.2 Construction of a vector

The TK gene was cloned fi'om the E.coli chromosome into the low copy plasmid 

pBR325, to give plasmid pKD112A (Draths & Frost, 1990). This 5 kb fi*agment, 

containing BamHl restriction sites at each end was sub cloned into an ampicülin 

resistant high copy plasmid, pUC18 to generate pQR182 and pQR183 plasmids. 

Alternatively, the firagment was cloned into the kanamycin resistant pBGS18 

plasmid to give pQRTOO and pQR701 constructs. The TK gene used its own
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promoter, and hence the need for induction was eliminated. The plasmids were 

transformed into E.coli JM107. The TK produced by the new plasmid constructs 

were four times higher in specific activity than those produced by the BJ502 

transformants containing the pKD112A plasmid Wien grown m complex growth 

medium (French & Ward, 1995).

1.5.3 Fermentation and enzyme isolation

Use of minimal growth media fed-batch fermentations with pQR700 constructs 

gave yields of 4gL * o f soluble intracellular TK (Hobbs et al., 1996; Lilly et a l,

1996). Cells were harvested using centrifugation and resuspended in low 

concentration phosphate buffer. The cells were then disrupted and centrifiiged to 

produce a clarified cell extract. It has been estimated that up to 40% of the total 

cell protein is TK.

Although there is scope for further developing the recovery and purification of TK, 

the clarified enzyme solutions produced were sufficiently pure for use in most 

apphcations. —

1.5.4 Enzyme immobilisation

Faber, (1992) describes different methods of actuating enzyme immobihsation. The 

advantages to such measures are given by Poppe & Novak, (1992), and are hsted 

below.

• Biocatalyst immobilisation facUitates removal of the enzyme from the reaction 

medium, so that it can re-used, or kept away from toxic conditions present as part 

of the bioprocess.

• Continuous systems become feasible with the use o f hnmobihsed enzymes, 

hence bringing costs down.
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• Desirable properties o f the immobilised enzyme, e.g. stability, activity and 

selectivity, may become enhanced.

• Handling and storage o f immobilised systems is generally easier than with free 

preparations.

The possibility o f TK immobilisation is being addressed (Brocklebank et aL, 1996) 

using covalent bond formation between the enzyme and a porous, poly-oxirane 

support called Eupergit C®. Research is also being performed to immobilise TK 

onto a neutral polymeric resin, Amberlite® XAD® 7 via activation o f the support by 

glutaraldehyde polymerisation. Hence, the benefits of TK immobilisation may 

become apparent through improvements in re-use, recovery and retention of  

activity.

1.6 Biotransformations using TK

As discussed previously, the general reaction TK catalyses in vivo is as shown in 

Figure 1.5. This reaction is reversible, whereby the newly formed aldehyde and 

ketose are readily converted back to the starting reactants to conqily to the 

established equilibrium Racker et al., (1953) reported that p-hydroxypyruvate can 

be used as a ketol donor, and the advantage with using this compared to a ketose is 

that the reaction is rendered irreversible due to one of the products formed being 

carbon dioxide (Srere et al., 1958). This is shown in Figure 1.6.
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OH T TK, Mg ,TPP
■OîCr O OH

(1) (2) (3) (4)

Figure 1.6 TK catalysed reaction with p-hydroxpymvate as ketol donor: (1) = p- 

hydroxpymvate, (2) = acceptor aldehyde, (3) = product, (4) = carbon dioxide.

The potential apphcations o f this enzyme (Draths et al., 1992; Myles et al., 1991) 

especially in the production of novel 2-ketoses, have been noted, (Bolte et al., 

1987; Demuynck et al., 1991; Effenberger et al., 1992; Kobori et al., 1992) and 

therefore it was decided by Hobbs et al., (1993) to develop the production o f  

transketolase for use in various carbon-carbon bond forming biotransformations.

An existing enzyme which has been used in carbon-carbon bond formation to 

produce carbohydrates has been fructose 1,6-diphosphate aldolase. However, there 

is an advantage with using TK over aldolase to perform the same reactions as it 

does not require phosphorylated substrates, which are difficult to obtain. 

AdditionaUy, as with aldolase, TK exhibits enantioselectivity, and yields homochiral 

products.

1.6.1 Reactants and products

As mentioned earher, TK is known to catalyse the transfer o f 2 carbon ketol units 

from a ketol donor (usuaUy a ketose) to an aldehyde acceptor. Because o f the 

irreversibihty o f the reaction when P-hydroxypyruvate is used, this corrq)ound has 

been chosen as the sole ketol donor in all recombinant E.coli TK catalysed 

biotransformations. There is a variety o f aldehyde acceptors that can be used, both 

a-hydroxylated and simple a-unsubstituted aldehydes (Hobbs et al., 1993).
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Some o f the substrates used in E.coli TK catalysed biotransformations by Hobbs et 

a i ,  (1994) and Hun^hrey et al., (1995), are shown in Table 1.6 on the next page.

Both Kobori et al., (1992) and Demuynck et al., (1991) report on substrate 

specificities for yeast TK They have also investigated spinach TK substrate 

specificities. It was found that the two enzymes had similar preferences to the types 

of aldehyde they would use. Hobbs et al., (1993) reported on the substrate 

specificities for E.coli TK, and for all three enzymes it was observed that many 

aliphatic aldehydes were good substrates, especially if they were a-hydroxylated or 

had an oxygen atom at the a  or P carbon, although this was not a necessity.

Reaction rates also decreased as the number o f carbon atoms o f the substrate 

increased. Cyclic aldehydes were not used as substrates very well; this was 

probably due to steric hindrance at the enzyme's active site. However, it was 

concluded that TK had low specificity requirements for the aldehyde acceptor.

Kobori et al., (1992) attençted to use some analogues of P-hydroxypyruvate with 

TK; however none of them were utilised by the enzyme.

1.6.2 The test biotransformation and associated problems

The most single and rapid of the types of reactions catalysed by TK is when p- 

hydroxypyruvate is reacted with glycolaldéhyde to give L-erythrulose and carbon 

dioxide. This reaction is depicted in Figure 1.7. It is this biotransformation that we 

primarily have interest in to develop and scale-up, before proceeding with further 

biotransformations. However, even with this, the representative reaction, a number 

of problems are encountered.
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Substrate Product Name of compounds

j C02-
Ket(d donor in all cases

"4---------------------------------------
1 = p-hydroxypyruvate

=oJLH
2 3 OH

2 = ÿycdaldehyde
3 = L-erythrulose

o j;
4 ° s OH

4 = (R)-2-hydroxy-3-phenyl- 
propanal 

5 = (3S,4R)-3,4 hydroxy-5-phen^ 
pentan-2-one- l-ol

OH

6

OH 0

, OrY '̂
6 = (R)-2-hydroxy-2-phenyl- 

ethanal
7 = (3S,4R)-3,4 hydroxy-4-phen^ 

butanone-l-dl

8 0

Oc-JX»
 ̂ OH

8 = (+-)-2-hydroxy-(benzyIoxy)- 
propanal 

9 = (3S,4R)-3,4 hydroxy-S-benzy! 
oxy-pentan-2-one-l-ol

OH

"'"'AC2H50 0
10

OH 0 

C2H5O OH

10 = 3,3-diethoxy-2-hydroxy- 
propanal 

11 = 1, l-dlethoxy-2,3,5- 
trihydroxy-pentanone

OH

12

OH 0 

OH13

12 = (DL) ÿyceraldehyde 
13 = l,3,4,5-tetrahydroxy-2- 

pentanone

n
14 15 OH

14 = propanal 
15 = l,3-dihydroxy-2-pentan«ie

0

A
16

0 0

17 OH

16 = pyruvaldehyde 
17 = l,3-dihydroxy-2,4- 

pentandione

oni
18

No product formed
18 = phenylacetaldehyde

19 OH

No product formed 19 = (+)-2-hydroxybut-3-enal
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O
9  „ „  + T K ,M g '* ,T P P  ^  +  CO.

HO
O z C / ^ ^  Ô O H

(1) (2) (3) (4)

Figure 1.7 Transketolase catalysed reaction: production o f L-erythrulose (3) and 

carbon dioxide (4) from glycolaldéhyde (2) and (3-hydroxypyruvate (1).

1.6.2.1 Carbon dioxide & pH

As a result o f using p-hydroxypyruvate as the ketol donor in the model 

biotransformation, carbon dioxide is produced as a side product o f the reaction. As 

carbon dioxide dissolves in water, it forms carbonic acid, which dissociates into 

carbonate and bicarbonate ions. Due to the net consumption o f acid during the 

reaction, the pH increases.

Hence two problems exist: how to deal with the production of carbon dioxide, 

which may contribute towards the destruction o f the bio catalyst and how to deal 

with an alkaline reactor environment which will affect the stability o f both reactants 

and product (Woodley et a/., 1996). Both are important issues to consider when 

choosing reactor configuration for the biotransformation. The current method of 

maintaining a neutral reaction pH is to add quantities of IM HCL This is not an 

ideal solution, as reactor volume will increase and diflSculties may arise with poorly 

mixed systems.
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1 .6 .2.2 P-hydroxypyruvate

p-hydroxypyruvate is an expensive substrate to use and attempts have been made 

to determine an alternative, cheaper method of production. Clearly, the cost o f one 

of the fundamental requisites of the biotransformation is bound to have some effect 

over the whole process.

It has been observed that the solubility o f the hthium salt o f P-hydroxypyruvate in 

water has an upper limit o f ~0.6M. This has consequences with respect to the 

potential scalability o f the biotransformation.

In addition, some consideration must be given to the stability of P- 

hydroxypyruvate. It is particularly labile at temperatures above 35°C. It is also 

unstable in the presence o f buffer salts such as MOPS and at pHs above 8  (Mitra et 

a l ,  submitted).

1 .6 .2 .3 Glycolaldéhyde

Glycolaldéhyde also presents some problems as a substrate. As a solid, the 

compound exists multimerically. When dissolved, it is recommended that the 

solution be left for 24 hours to allow the compound to monomerise.

With regard to the stability o f glycolaldéhyde, it is again labile at alkaline pH and 

high temperature, especially in the presence of buffers.

Glycolaldéhyde is the sinq)lest acceptor aldehyde that TK can use and has been 

found to be toxic to the enzyme (Woodley et a l ,  1996). Its detrimental effect is 

probably due to the formation o f Schiffs bases between the aldehyde and the 

primary amine groups on the surface o f the enzyme. For other TK catalysed 

reactions where alternative aldehyde acceptor substrates may be used, their toxicity 

towards TK may be higher. Additionally, maximising the performance of the 

biotransformation and recycling o f the biocatalyst may not be possible if the 

enzyme has prolonged exposure to high levels o f acceptor aldehyde.
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1.6.2.4 L-erythrulose

L- erythrulose can potentially behave as a conq)etitive inhibitor o f TK (Gyamerah 

& Willetts, 1996). It is thought that it probably conçetes with P-hydroxypyruvate 

for the role o f ketol donor. This observation ties in with the theory that L- 

erythrulose undergoes a futile TK catalysed reaction with glycolaldéhyde to form 

the same products (Hobbs, 1994). Again, this is not a desirable feature of the 

reaction.

Additionally, L-erythrulose is unstable at alkahne pH, which creates further 

impHcations for choice o f bioreactor operation o f the reaction (Woodley et al., 

1996).

1.6.3 Enzyme kinetics

The mechanism by which TK catalyses its reactions is by the Ping Pong Bi Bi 

method. This rather unusual terminology describes the way in which:

• p-hydroxpyruvate enters the active site o f the enzyme and the first product, 

CO2 is released firom the active site;

• glycolaldéhyde next enters the catalytic centre and reacts with the ketol group 

to form the second product, L-erythrulose.

Recently, the Vmax and K^ values for glycolaldéhyde and hydroxypyruvate have 

been determined and the approximate values for each are given in Table 1.7 

(Gyamerah & Willetts, 1996).

It has also been found that L-erythrulose is a competitive inhibitor of TK, and the 

Ki value for this is also given in Table 1.7 (Gyamerah & Willetts, 1996). These data 

will help to decide how best to operate the test TK catalysed biotransformation.
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Kinetic parameter Value
Vmax 5.3 mMol/L.min
Km P-hydroxypyruvate 13.2 mMol/L
Ki p-hydroxypyruvate 42.2 mMol/L
Km glycolaldéhyde 16.1 mMol/L
Ki glycolaldéhyde 597.6 mMol/L
Ki L-eiythrulose 565.8 mMol/L
Kcat 84,6 s'

Table 1.7 Summary of kinetic parameters established for representative E.coli TK 

catalysed biotransformation (obtained jfrom Gyamerah & Willetts, 1996).

1.6.4 Problem solving strategies

A number of strategies exist to inq)rove the efficiency of the test biotransformation. 

Feeding substrates to a biotransformation at appropriate rates can reduce any toxic 

or inhibitory effects they might have on the enzyme, such as the destabilising effect 

o f glycolaldéhyde on E. coli TK Substrate feeding can also help maintam certain 

conditions within the biotransformation. Feeding the free acid form of p- 

hydroxypyruvate can be used to maintain the pH of the reaction. Additionally, the 

free acid form of this ketol donor is more soluble in water than the hthium salt 

(Woodley a/., 1996).

Using p-hydroxypyruvate as a ketol donor provides major advantages to the 

biotransformation. Using this conçoimd, one affords CO2 as the side product, 

which makes the reaction irreversible. If another ketol donor was used, then there 

would be a reversible reaction to contend with, which would be difficult to drive to 

completion.

It was found that the product molecule, L-erythrulose competitively inhibits TK, 

and as a result, may react with glycolaldéhyde to give a futile reaction.

If a product molecule is inhibitory or toxic to a biocatalyst, then the procedure of 

ISPR could be apphed. This would help to decrease the concentration o f product in
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the reactor, thus minimising any detrimental effects that might ensue. Alternatively, 

the stability or specificity o f the enzyme could be engineered such that the product 

molecule would not have such an effect.

1.7 ISPR and TK Catalysed Biotransformations

While for the model system it appears that the major requirement for ISPR is to 

overcome competitive inhibition of TK by L-erythrulose, for other TK catalysed 

reactions, the importance o f ISPR will be greater.

Depending on the types o f substrates used and whether feeding strategies are 

employed, ISPR may prove particularly useful There will be cases where the 

reaction is not rendered irreversible, this being when p-hydroxypyruvate is not used 

as a ketol donor, (although there is httle logic for this measure). Problems will then 

exist o f how to cause the reaction to proceed in the desired direction to 

completion. In other cases, the product may have more inhibitory or toxic 

properties, which will greatly affect the productivity o f the process.

1.8 Assessment of Literature Review

The hterature cited falls short of providing any immediately appHcable processes to 

perform ISPR from the test TK biotransformation. Most techniques are 

appropriate for bioprocesses that produce distinctly characteristic products, e.g. 

volatile conq)ounds or a conq)ound that is quite different in structure, or behaviour 

to its precursors or reactants. Unfortunately, in most single-step 

biotransformations, the changes brought about by a catalyst to a particular 

compound are minor, (compared to products obtained from multi-step 

bioconversions and fermentations) so that the behaviour and molecular weight of 

the product and reactants are usually quite similar and probably indistinguishable by 

many o f the current ISPR techniques. The need to recycle the unused reactants and
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enzyme also plays an inq)ortant role in choosing the appropriate method. Many 

factors come into play than just the physical and chemical characteristics o f the 

desired product (Freeman etal.^ 1993).

1.9 Project Aims

In spite o f the amount o f literature available, a systematic approach for the correct 

selection o f ISPR methods does not exist. Here, we address this issue using a test 

reaction catalysed by E.coli TK as an example.

It is suggested that L-erythrulose can act as a conq)etitive inhibitor o f TK This 

ketose may therefore compete with P-hydroxypyruvate for the active site o f the 

enzyme. ISPR would reduce this effect thus increasing the efficiency o f the 

reaction and hence this is an excellent model for the study o f ISPR

Through the apphcation of the ISPR rationale to this simple test system, a 

substantial amount o f information can be obtained and used to select and rapidly 

inclement a suitable ISPR method. This is not only for the recovery o f a product 

from more complex TK catalysed reactions, but also for product recovery from 

biotransformations in general.
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2. Experimental Design

2.1 Concept of ISPR

ISPR can be defined as the simuhaneous removal o f a product during its formation 

process. Different modes o f ISPR operation can exist, depending on the location of 

the carrier in relation to the reactor, as shown in Figure 2.1. Further variations are 

possible if the biocatalyst is immobilised and kept away from the carrier and/or if 

the carrier is regenerated throughout the process. In addition, ISPR can be 

employed to completely remove the product fi'om the reactor (recommended for 

highly toxic products), or to maintain concentrations below a certain threshold 

level (for less inhibitory products).

In the previous chapter, ISPR was introduced as a potential means of increasing 

the productivities o f biotransformations by:

minimising product interference on the

• biocatalyst (inhibition, toxicity);

• reaction components (side reactions);

• reaction (reaction equilibria, physico-chemical effects such as viscosity or pH); 

and minimising product losses fi'om

• degradation (through lability but not side reactions);

• the interferences described above.
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Here, the application of ISPR to biotransformations is addressed, with the 

formulation of a structured approach with which to improve the performance of 

such bioprocesses.

A: None B: Internal C: External

Key
£7  Catalyst 

#  O Substrate 
/ \  Desired Product 
/ \  Co-Product

Product Carrier

Figure 2.1 Concept of ISPR; A = no ISPR, B = carrier located internally, C = 

carrier external to reactor.

2.2 Guidelines for ISPR Selection and Implementation

Currently no guidelines exist for the correct implementation of ISPR to 

bioprocesses. In this chapter, a structured approach for the application of this 

theory to enzyme catalysed biotransformations is described. In addition, the 

principles of the ISPR methods chosen for the representative reaction are reported.

In order to rapidly select the most suitable ISPR method for a particular 

bioconversion, it is necessary to perform a number of crucial characterisation
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experiments. The structured approach can be divided into three parts: 

characterisation, assessment and evaluation.

Characterising the biotransformation and all o f its components will establish which 

ISPR methods are suitable and also help to decide the level o f demand for ISPR, 

(assuming that all other constraints o f the biotransformation have been removed). 

Once an ISPR method has been chosen, the next stage involves its experimental 

assessment, where any interference or selectivity problems can be identified. The 

ISPR method is then evaluated to establish whether its use is o f real benefit to the 

productivity o f the process.

The three stages of the proposed ISPR rationale are described in further detail, 

explaining their role and significance.

2.2.1 Biotransformation characterisation

Prior to choosing an ISPR method, the biotransformation should be fully 

characterised. The following should be defined:

• the requirements o f the system, i.e. operating conditions o f the reaction;

• any physical or chemical changes the system undergoes as a result of the 

process occurring, for instance if there is a shift in temperature or pH;

• location o f the product formed, i.e. within a cell or extracellularly produced;

• whether the process complies to a reaction equilibrium and the nature of the 

equilibrium constant;

• effects the product and the other conq)onents in the medium have on the 

system, e.g. physico-chemical effects, toxicity or inhibition.

68



Experimental Design

2.2.2 Product characterisation

The following categories have been suggested by Freeman et at, (1993) as shown 

in Table 2.1, to systematically characterise a compound with respect to choosing a 

particular product recovery method. Although mentioned with special reference to 

ISPR methods, the princçle o f conq)onent characterisation can be applied to aid 

selection for any mode o f product recovery.

Factor Limiting values
Molecular Weight < R.M.M. = 1000 <
Hydrophobicity < L ogP  = 0 .8< *
Volatility < Boiling Point = 80°C <
Charge Negative, Neutral, Positive
Specific Elements Binding Constant > 10̂ ***

Table 2.1 Molecule characterisation factors for product recovery evaluation 

(obtained from Freeman et al, 1993). *RM.M. = relative molecular mass. **Log P 

defined by Laane et al, (1987). ***binding constant based on afiSnity binding.

This exercise allows the product molecule to be classified into a category such that 

a number o f potentially suitable ISPR techniques are rapidly suggested for further 

examination. In addition, those techniques that are clearly not applicable are 

immediately disregarded (Freeman et al., 1993). This is depicted in Table 2.2.

2.2.3 Reaction component characterisation

All components present in the reaction medium should also be characterised. In this 

way, one can establish the nature of the inq)urities in the reaction mixture. The 

product alone must be removed from the reaction medium when ISPR is employed. 

Hence, this is an important exercise, as it can provide indication as to which
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distinguishing feature o f the product molecule should be used as a means of  

removing it from the other molecules in the associated environment.

Product categories*
ISPR Technique Low molecular wt. Ifieh molecular wt.

I 2 3 4 5 6 7 8
Evaporation + +
(all methods)
Extraction
organic solvent + + 4- + +
aqueous biphasic + + + + +
Size selective permeation
dialysis + + + + +
electrodialysis +
perstraction + + + +
Complexation
chemical + + + + + + + +
biological + + + + + + + +
Immobilisation
hydrophobic adsorption + + +
ion exchange + +
biorecognition based + + + + + + + +

* 1 = hydrophobic-volatile
2  = hydrophobic-non-volatile
3 = hydrophilic-neutral-volatile
4 = hydrophilic-neutral-non-volatile
5 = hydrophilic-charged
6  = hydrophobic
7 = neutral
8  = charged

Table 2.2 Possible ISPR techniques for different product categories (obtained from 

Freeman et al., 1993).

2.2.4 Capacity

Characterising the reaction and the reaction components o f the biotransformation 

should provide enough information to be able to select a number o f potential ISPR
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methods for further investigation. The capacities o f the product recovery methods 

are experimentally determined, to quantitatively establish the amount o f product 

recovered per specified unit amount o f carrier. If the capacity o f a carrier is low, 

then more of it is required to recover the same amount o f product than a carrier 

with a high capacity. Low capacity-carriers create a number o f operational and 

financial constraints with regard to the scale of the biotransformation in relation to 

the scale of the ISPR mode, and hence are avoided, if  possible.

2.2.5 Selectivity and interference

A particular product recovery method may have a high capacity for a specified 

product o f a bioconversion, however, it may not be appropriate as an ISPR 

technique because o f its low selectivity and/or toxic effects.

An ideal ISPR technique should be biocompatible (i.e. toxicity or other interference 

effected by the carrier such as non-specific binding should be avoided). These 

effects usually arise from the low selectivity of the carrier.

Low selectivities o f product removal methods can cause other components present 

in the reaction medium to be removed by the carrier. Although product removal 

may sthl take place, this effect is clearly undesirable. The removed components 

may be essential to the bioconversion and as a result, may cause the reaction to 

cease. The level o f non-specific removal will affect the purity o f the recovered 

product. Also, the capacity o f the carrier will be lowered for the desired product, 

due to interactions with the other reaction moieties.

Those product removal methods that depend on selective elution protocols for 

separation, as opposed to selective binding, are not suitable as ISPR techniques, 

although they may be used in conventional downstream processing methods. The 

sole aim o f the carrier is to remove only the product fi'om the reaction medium 

The importance o f this requisite is illustrated in Figure 2.2.

By definition, enzyme catalysed biotransformations often contain a number of 

components that are structurally similar and share many physical and chemical 

characteristics. These common features pose difficulties when selecting a suitable
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ISPR method, as the product molecule may not possess a select difference that 

facihtates its removal.

2.2.6 Reversibility

The interactions between product and carrier molecules should be sufficiently 

strong so that the capacity of the ISPR technique is at a maximum However, 

another important feature of a good ISPR method is the ability to easily separate 

the product from the carrier, once the product has been removed from the reactor. 

Hence, reversibility of product recovery should be easily performed by 

manipulating conditions such that the product can be eluted from the carrier with 

no losses incurred by either species.

A: Selective Binding B: Selective Elution

Elution

Key

E3 Catalyst 
#  O Substrate 
/ \  Desired Product 
/ \  Co-Product 
BS Product Carrier

Elution profile

Elution

e o A  A

Elution profile

Figure 2.2 The importance of selective binding for ISPR use versus selective 

elution protocols.
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2.2.7 Stability and re-use of carrier

In addition to those parameters described in sections 2.2.4-2.2.6, it is important for 

any carrier material to be stable and capable of being re-used. These features 

contribute greatly to the overall cost o f an ISPR technique and also to the level of 

interference effected by the carrier within the bioprocess.

2.2.8 Mode of biotransformation operation with ISPR

Some techniques are disregarded as potential ISPR methods for a particular 

biotransformation due to problems associated with low selectivities and high 

interference. However, these constraints can be overcome by employing 

operational strategies to either the recovery method, the reaction, or both. In order 

to avoid unfavourable interactions between reaction components and the carrier, 

feeding, selective partitioning and immobilisation techniques can be used. These 

techniques can therefore contribute towards increasing the actual capacities and 

selectivities achieved during ISPR by minimising interferences.

In addition, different means o f operating within each strategy also exist. For 

example, options for partitioning a carrier away from the main reactor can be 

performed using a membrane, or packing the material into a column. These 

methods create a further number o f options, as they can also be employed in many 

ways.

2.2.9 Cost of ISPR method

The selected ISPR method must perform well enough such that its use is 

economically justified. Hence, the productivity o f the biotransformation must 

suitably increase with the ISPR method inq)lemented. In association with this 

consideration are criteria that must be satisfied. These have been described in 

previous pages. Stabihty and cost o f the ISPR carrier and cost o f the product are 

also o f importance.
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2.2.10 Summary of ISPR rationale

Summarised in Figure 2.3 are the main factors for consideration when selecting an 

ISPR method for a given biotransformation: characterisation, assessment and 

evaluation.

Characterisation

Reaction

System Requirements

Thermodynamic Properties |

Kinetic Properties ]

Reaction Components

Physical Properties

Chemical Characteristics

Assessment of ISPR Choice

Capacity

Reversibility

Stabili^ and Re-use ~|----Mode of reaction and ISPR operationj

Selectivity

Interference J

^Feedingsfrate^es^

— Immobilisation

Physical partitioning |

Evaluation of ISPR

^ o d u c ^ ^  ^ ost^ flS P R ^ Ieth o^

Cost of Product Ease of Application |

Figure 2.3 ISPR rationale: a structured approach for the efficient selection and 

testing of product recovery protocols for bioprocesses.
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Many parts o f the ISPR rationale proposed here are also appUcable when choosing 

conventional product recovery methods. In such cases, characterising the 

biotransformation and determining interferences will not be necessary, as the 

reaction will be complete when product recovery is performed. Additionally, 

selective elution protocols may be used; although selectivity will still be an 

important parameter, aflfecting the efiBciency o f the product recovery step and 

overall costs (section 1.3.3).

2.3 Application of ISPR to the Test Reaction

As mentioned in section 1.6, transketolase catalysed biotransformations may 

encounter operational difficulties as a result o f the presence o f product. Hence, the 

structured approach proposed here was used to investigate and implement ISPR 

for the representative TK catalysed reaction: the condensation o f P- 

hydroxypyruvate and glycolaldéhyde to give L-erythrulose.

A number of product removal techniques have been chosen for the in-situ recovery 

of L-erythrulose. The principles upon which they may separate the desired product 

from the other reaction components are described.

2.3.1 Principles of ion exchange chromatography

Ion exchange chromatography separates molecules on the basis o f their net charge. 

Suitably charged functional groups are covalently attached to a matrix to give an 

ion exchange support. There are four types o f  ion exchangers: strong or weak, 

anion or cation. When a charged molecule is apphed to an ion exchange resin of 

opposite charge it is adsorbed by electrostatic forces. Those molecules that carry 

the same charge as that o f the ion exchanger, or are neutral, will not adsorb onto 

the resin.
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Selecting the best type o f ion exchange material to adsorb the desired compound 

depends on pH, as shown in Figure 2.4. At solution pHs above a molecule’s pKa, 

the molecule will be negatively charged and at solution pHs below the pKa the 

molecule will carry a positive charge. The stability of the molecule at différent pH 

values will also determine the type o f ion exchanger used. In turn, the operating pH 

will affect the choice o f ion exchange material, as weak exchangers lose their 

capacity at pHs away from the pKa o f their frmctional groups.

The ionic form o f an ion exchange resin refers to the counterion initially present on 

the resin’s functional group. Different counterions will have varying levels of 

selectivity for a particular functional group. The ionic form should be chosen such 

that the sample molecule has a greater selectivity for the resin than the primary 

counterion. Hence, the sample will displace the counterion and be adsorbed by the 

resin.

When elution o f the bound compound is required, a salt or pH gradient is used. 

The elution step will contain counterions that possess a greater selectivity for the 

resin than the sample ion.

stability
molecules

Charge of 
molecules

Reaction
conditions

Capacity of 
ion exchanger

Type of ion exchange resin

Figure 2.4 Effect o f pH on ion exchange resin selection.
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Ion exchange chromatography is the most frequently used purification tool and is 

used in a large number o f applications. The separation and purification o f biological 

molecules, inorganic ions and removal of salts are a few examples. The advantages 

of ion exchange chromatography are its low cost, high capacity, good resolving 

power, easy scale-up and reusability.

However, it is a non-selective purification method. Ion exchange separation may 

pose difficulties when more than one species in a given mixture is o f similar charge; 

especially for ISPR protocols, where selective elution is not feasible. Additionally, 

some consideration must be made with regard to the effect o f the counterions 

eluting off the resin on the performance of the biotransformation, as it may be 

possible that they have an interfering consequence.

2.3.2 Chemical complexation with phenylboric acid

It has been well established that a variety o f borates complex with compounds 

containing vicinal or 1,3-diols (Bergold & Scouten, 1983; Evans et al, 1979; 

Ferrier, 1978; Lorand & Edwards, 1959; Zittle, 1951). Phenylboric acid (PBA) has 

been commonly used to form these types of complexes. As PBA is a Lewis acid, 

hydration and subsequent ionisation gives the tetrahedral phenylboronate anion. 

Ionisation o f the boronic acid is important, as it is the tetrahedrally co-ordinated 

anion, and not the trigonal geometry of the structure that partakes in complex 

formation. This is shown in Figure 2.5.

OH

(1) (2)

OH
OH

OH

Figure 2.5 Ionisation o f phenylboric acid from the coplanar form (1) to the 

tetrahedral form (2 ).
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Phenylboric acid can be used in free and immobilised forms. A typical reaction 

between an immobilised phenylboronate ligand and a cw-diol is depicted in Figure 

2 .6 . Numerous reviews and theoretical papers discuss the use of various types of 

im m obilised boronates, of which there are several commercially available (Adamek 

et al, 1992; Benes et al, 1993; Dean et al, 1983; Mazzeo & KruU, 1989). These 

resins vary in the support matrices to which the Hgands are covalently attached, and 

the number of hgands present. A common feature they share, however, is the 

various operating parameters that can be manipulated to optimise binding of a 

particular cw-diol to the resin.

-HN
OH + 2H ,0

B"

OH

-HN
,O H

" O H

OH

+ H ,0

HO.
R.

V--OH
\  H O '
OH

.---R.

R, R,

■HN

■OH>

Figure 2.6 (A) Ionisation of immobihsed phenylboric acid from trigonal to anionic 

tetrahedral form. (B) Proposed reaction of phenylboronate hgand with a \,2-cis- 

diol (obtained from Fulton, 1981).

A number of different variables exist which affect the binding of cw-diols to 

immobihsed boronates. These are hsted below in Table 2.3. The most important of 

these are pH, buffer type, ionic strength and hgand concentration.

Complex foiTuation and breakage with phenylboronates is effected by changes in 

pH As PBA has a pKa of 8 .8 6 , it ionises into the reactive tetrahedral anion, in an
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alkaline environment. This facilitates corqplex formation. An acidic pH breaks 

complexes as the phenylboronate anion reverts back into the neutral form.

Factor Comments
Sample In as concentrated a form as possible.
pH 8.0-10.0, ideally above 8.5.
Ionic strength 500mM>ionic strength>10mM.
Ligand concentration As high as possible.
Divalent cations 10-30mM required for some nucleotides and

macromolecules.
Detergents, solvents may he required to solubilise a target molecule; useful to
and chaotropic agents limit hydrophobic binding.
Buffer ions Some (morpholine, HEPES) promote binding and reduce

pH required; others (Tris, triethanolamine) block binding.
Column dimensions length: diameter ratios o f 20:1-50:1 optimal
Temperature 5- 10°C favours diol binding

Table 2.3 Important variables in binding of cw-diols with immobihsed 

phenylboronates (based on Fulton, 1981).

Due to the selectivity of boronates to conq)lex with cw-diols and other very similar 

structures, there are advantages to their use in separation and purification. Both 

immobilised and free phenylboronates have been used to complex with a number of 

different diol containing compounds. These include carbohydrates, nucleotides and 

nucleosides, glycoproteins, nucleic acids and a variety of small molecules (Fulton, 

1981).

Free PBA is a cheap, reusable reagent that can be used to selectively remove cis- 

diols. Stoichiometric equivalents required are at a 1:1 ratio to the target molecule 

for conq)lexation. Unfortunately, the conqilexation/breakage process requires 

changes in pH which may create operational constraints and affect the stabihty of 

the target molecule. From an ISPR point of view, both the presence o f phenylboric 

acid in the reactor and the operating conditions for conçlex formation may affect 

the performance of the biotransformation through a variety o f interferences.
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Immobilised phenylboronates may be used as an alternative to free PBA for ISPR, 

as the resin can be kept away from the reactor and its contents. Then operating 

requnements are often less barsb than those for free systems. However, 

commercially available phenylboronates are expensive and have very low 

capacities, and again, then use reqmre variations in pH.

2.3.3 Heterocomplex formation

An alternative means o f utibsing borate-diol interactions is by the creation of 

beterocomplexes. As the name mq)Hes, different conq)lexes are formed as part of 

this process. It is thought that borate can be used to bind cw-diols without the 

creation of a boronate anion, i.e. without an alkaline reactor pH. This can be 

achieved by contacting a chelating agent (such as dimethyl glyoxime or dimethyl 

phthalate) with borate ions, resulting in the formation o f a conq)lex by the use o f 

two borate bonds out o f a possible four. The remaining two bonds are stabihsed 

and available for binding with a cw-diol. This is shown in Figure 2.7.

The possible advantage o f this method is that the removal o f c/j-diols may be 

effected in the absence o f high pH, which may inq)rove the stabihty o f the target 

molecule. However, there are now two different components required to form a 

complex, and the nature o f these materials must be estabhshed with regard to 

interference before heteroconq)lexation can be used for ISPR.

2.3.4 Ambers orb® carbonaceous adsorbents

This class o f adsorbents are derived from the pyrolysis o f a macroreticular styrene 

divinylbenzene ion exchange resin. The pyrolysis step causes the resin to have a 

greater micro porosity, which results in high overall capacity. It also allows control 

of the surface properties o f the resin (degree o f hydrophobicity) and gives the resin 

mechanical stabihty. As a result of the degrees of micro, meso and macro porosities
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within the beads, there is the advantage o f fast kinetics and mass transfer with their 

use.

3HC OH
H y ^ o p h o b i^  Berate
region binding region

3HC OH

Dhnetbyl glyoxime

<pH3

?
Hydrophobic Borateregion bmding region

?
CHj

Dimethyl phthalate

Bind to ^  ^  Bind to
chelating ^ B \ “* ds-diol
agent

BORATE

Figure 2.7 Proposed formation of heterocon^lexes between borate, chelating 

agent and cw-diol.

As mentioned previously, physical adsorption occurs due to electrostatic and 

covalent interactions between the adsorbate and adsorbent (section 1.3.5.5). In 

general terms, it can be said that hydrophihc materials will be attracted to 

hydrophilic surfaces and hydrophobic materials will be attracted to hydrophobic 

surfaces. Ambersorb® resins come in a variety o f surface polarities, and hence they 

can be used to adsorb a number of different compounds.
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The adsorbent can be used in either batch or column modes. Hydration of the 

beads is required prior to use. Elution o f bound conçonents is performed by 

washing the beads with an organic solvent, or by regeneration using steam

Possible disadvantages o f this method may be concerned with the non-specific 

nature of binding. This may create difficulties in its use as an ISPR method.

2.4 Summary

For all o f the product removal methods described here, an assessment of their basic 

properties must be made before they can be used as ISPR techniques. Those 

features that require examination have been stated in the guidelines for the 

structured approach to ISPR for biotransformations, and are: capacity, selectivity, 

interference and reversibility. In the following chapter, the e?q)erimental assessment 

of each of the potential ISPR methods described here has been performed. In 

addition, optimisation studies have been carried out for some o f these techniques.

82



Materials and Methods

3. Materials and Methods

3.1 Analytical Methods

3.1.1 High performance liquid chromatography

3.1.1.1 HPLC apparatus

The HPLC system consisted o f an ISS-100 auto sampler (Perkin Elmer Ltd., 

Beaconsfield, Buckinghamshire, England) with a Series 200-LC pump (Perkin 

Elmer Ltd.). Detection was by refractive index using a Shodex RI-71 detector 

(Showa Denko K.K., Japan). The data capture unit was a PC driven Prime® 

version 2.2.3 chromatography data station (HPLC Technology Ltd., Macclesfield, 

Cheshire, England).

3.1.1.2 HPLC assay conditions

HPLC analysis to quantify L-erythrulose, glycolaldéhyde and P-hydroxypyruvate 

concentrations was performed using methodology developed by Mitra and 

Woodley, (1996). The separation was carried out using two Aminex® HPX-87H 

columns (300 mm x 7.8 mm, purchased from Biorad Ltd., Hemel Hempstead, 

Hertfordshire, England) in series at 65°C using 6 mM sulphuric acid (H2 SO4 ) as the
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mobile phase. Flow rates through the columns were set at 0.45 mLmin'  ̂resulting in 

retention times o f approximately 22, 32 and 34 minutes for P-hydroxypyruvate, L- 

erythrulose and glycolaldéhyde respectively. Samples were diluted to a suitable 

concentration (below 5mM) using the mobile phase and filtered to 0.45pm prior to 

analysis.

3.1.2 Spectrophotometric analyses

3.1.2.1 Spectrophotometer

For all analyses using spectrophotometric measurements, a Kontron Uvikon 922 

spectrophotometer (Kontron Instruments Ltd., Watford, Hertfordshire, England) 

was used.

3.1.2.2 Muki-enzyme linked assay for TK

To quantitate TK activity, a variation of the linked enzyme spectrophotometric 

assay developed by Vülafiranca and Axelrod (1971) was used (French and Ward, 

1995; Mitra and Woodley, 1996). The components o f the assay were added in the 

following amounts (1.5mL final volume): lOOmM glycyl glycine buffer, pH 7.6, 

0.5mgmL'^ bovine serum albumin (BSA), 0.25mM thiamine pyrophosphate (TPP), 

9mM magnesium chloride hexahydrate (MgCl: 6 H2O), 0 .154mM nicotinamide 

adenine dinucleotide, (reduced form; NADH) 0.2UmL'* a-glycerophosphate 

dehydrogenase-triosephosphate isomerase, 0.2UmL* phosphoriboisomerase, 

0.2UmL'^ D-ribulose-5-phosphate-3-epimerase, a suitably diluted sample 

containing transketolase and 3mM ribose-5-phosphate (added last). The addition of 

ribose-5-phosphate to the assay mixture initiated the reaction, and the subsequent 

oxidation o f NADH was measured spectrophotometrically. Assay conditions were
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set at 35°C, pH 7.6. All components for the assay were obtained from Sigma- 

Aldrich Company Ltd. (Poole, Dorset, England).

3.1.2.3 Protein assay

Assay reagent purchased from Biorad Ltd. was diluted 1/5 with reverse osmosis 

water (RO water). 1.45mL of the assay reagent was added to 50|iL o f a suitably 

diluted sample containing protein. This mixture was allowed to stand for at least 10 

minutes and the absorbance at 595nm then measured. The value obtained was 

compared with calibrated values obtained with BSA, to quantify levels o f protein 

present in the sample.

3.2 Test Biotransformation Components

3.2.1 Transketolase and cofactors

Transketolase was released from E.coli JM107/pQR700, in which the enzyme is 

expressed at high levels (French and Ward, 1995; Hobbs et al., 1996). Centrifuged 

cells were resuspended in lOmM phosphate buffer, pH 7 (10% w/v). Cell extracts 

were prepared by homogenising the cell suspensions. Subsequent centrifugation 

gave clarified enzyme solutions with an activity o f about 200UmL’\

Both thiamine pyrophosphate chloride and magnesium chloride hexahydrate were 

obtained from Sigma-Aldrich Company Ltd.
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3.2.2 Substrates and products

L-erythmlose hydrate was obtained from Fluka Chemicals Ltd. (Gillingham, 

Dorset, England). Glycolaldéhyde, hthium P-hydroxypyruvate and P- 

hydroxypyruvic acid, were from Sigma-Aldrich Conçany Ltd.

3.3 Ion Exchange Methods

The ion exchange resins that were used are shown in Table 3.1.

Bead Name Bead Type Ionic Form Supplier*
AG-50W X8 Strong cation H" 1

Amberlite® IR 120 + Strong cation Na^ 2

Dowex® 50W Strong cation I f 3
Amberhte®IR118H Strong cation H" 2

Amberlite® IRA 4000H Strong anion OH 2

Dowex® 1 Strong anion OH 3.
Amberlite® IRA 400 Strong anion Cl" - 2
Amberlite® IRA 900 Strong anion Cl 2

Amberlite® IRA 743 Borate q)eci6 c anion free base 2

Amberlite® IRC 50 Weak cation H" 2

Duolite® C433 Weak cation H" 2

Amberlite® IRA 6 8 Weak anion free base 2

Amberlite® ERA 93 Weak anion free base 2

Table 3.1 Ion exchange resins used in adsorption studies. * 1 = Biorad Ltd. 2 = 

Rohm & Haas (UK) Ltd. (Croydon, Surrey, England) 3 = Dow Chemical Company 

(Midland, Michigan, U.S.A.).
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3.3.1 Batch adsorption using different ion exchangers

Residual levels o f liquid were removed from all washed resins by pipetting. Ig of 

each o f the ion exchange resins listed in Table 3.1 were washed with SOOmL of RO 

water. The resins were then incubated with 5mL solutions o f different 

concentrations o f L-erythrulose, glycolaldéhyde and p-hydroxypymvate. These 

batch adsorption experiments were performed at pH 4, 7 and 10 by adding suitable 

volumes o f IM HCl or IM NaOH to the mixtures. The solution conq)ositions used 

are given in Table 3.2. These mixtures were gently shaken for 5 hours at room 

tenq)erature. Compound concentrations in the solution supernatants were 

monitored via the HPLC assay described in section 3.1.1.2.

Concentration (mM)
Stage o f reaction simulated (% conversion)

0 50 1 0 0

L-erythrulose 0 1 0 2 0

glycolaldéhyde 2 0 1 0 0

P-hydroxypyruvate 2 0 1 0 0

Table 3.2 Substrate and product concentrations in simulated biotransformation 

mixtures for ion exchange adsorption studies.

3.3.2 Determination of pKa

The relative pKa values for L-erythrulose, glycolaldéhyde and p-hydroxypyruvate 

were determined by performing titration experiments. To lOmL of IM solutions of 

each compound were added aliquots o f IM NaOH. The pH was monitored after 

each addition o f base.
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3.3.3 Production of different ionic forms of Dowex® 1

DifiFerent ionic forms of Dowex® 1 were created by incubating lOg o f resin with 

100 mL of IM (or the maximum sohibihty permitted for poorly water-soluble salts) 

solutions of the appropriate sodium salt for 1 hour. The resin was then washed 

with copious quantities o f RO water. Sodium propionate, sodium formate, sodium 

iodate, sodium hydrogen carbonate and sodium acetate were obtained from Merck 

Ltd. (BDH) (Lutterworth, Leicestershire, England).

3.3.4 Batch adsorption of L-erythrulose with different ionic forms of Dowex® 1

2mL of each o f the ionic forms o f Dowex® 1 were added to 5mL of 100 mM L- 

erythrulose. The mixtures were shaken for 1 hour at room temperatme and the 

solution supernatants assayed for L-erythrulose via HPLC.

3.4 Boron Containing Compounds

3.4.1 Recovery using free borates and boronates

0.5g of phenylboric acid, 0.5g boric acid or 0.5g sodium tetraborate (obtained from 

Sigma-Aldrich Conçany Ltd.) were separately added to 5mL o f 0.5M solutions of  

L-erythrulose, glycolaldéhyde and P-hydroxypyruvate and a solution containing 

0.5M concentrations of each o f the three. The mixtures were stirred at room 

temperature, and pH 7 for 5 hours. The mixtures were filtered and the filtrates 

analysed by HPLC.
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3.4.2 The effect of mixing phenylboric acid with l-erythrulose

0.5g o f phenylboric acid was mixed with 5mL o f either 0.5M or 5mL of 0 .15M L- 

erythnilose at room tenq)erature and pH 7. Samples were taken at 24 hour 

intervals for 48 hours. The sançles were filtered and the filtrates analysed by 

HPLC.

3.4.3 Analysis of precipitates

In addition to the HPLC assay used to monitor any reaction between L-erythrulose 

and phenylboric acid, the following methods were also apphed.

• Any white precipitate produced in the mixtures described was filtered and 

analysed by proton nmr spectroscopy, and infi-a-red spectroscopy. This was 

compared with profiles obtained for phenylboric acid and L-erythrulose.

• The melting points o f the sohds were determined and compared to the melting 

points o f pure phenylboric acid and L-erythrulose.

• The solubihty o f the precipitate in methanol was compared with the solubihties 

of L-erythrulose and phenylboric acid in the same solvent.

• In addition, the mixtures were analysed by TLC whereby a plate was spotted 

with a sample o f the solution and placed in a 1 0 % (v/v) methanol in ethyl acetate 

mobile phase. This plate was subsequently stained with 2,4-dinitrophenylhydrazine 

and heated and conqiared with standards.

3.4.4 Protocols for reacting phenylboric acid with L-erythrulose

Different modes o f complexation o f phenylboric acid with L-erythrulose were 

investigated. The variations ençloyed are given in Table 3.3. This involved 

incubating 5% (w/v) solutions o f L-erythrulose (500 mg) with stoichiometric
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equivalents o f phenylboric acid (507 mg). These mixtures were mixed for up to 5 

hours. The supernatants were assayed by HPLC.

3.4.5 Soluble complex formation between phenylboric acid and L-erythrulose

The pH values investigated ranged from 7 to 9. The following aqueous solutions 

were prepared: (A) 3mM phenylboric acid (B) 20mM L-erythrulose and (C) both 

3mM phenylboric acid and 20mM L-erythrulose. AH solutions were adjusted to the 

required pH by addition o f IM NaOH and were then analysed for uv absorbance 

between 200nm and 300nm using a Kontron Uvikon 922 spectrophotometer. 

Scans o f solution (C) were subtracted from the corresponding scans o f (A) and (B) 

to generate a difference spectrum

Method #____________________________ Procedure__________________________
1 raise pH to 12.5, then lower to 7.4, based on Herbert et at., (1990)
2 raise pH to 12.5 then lower to 1.5, variation on Herbert, et a l ,( 1990)
3 no pH changes made

_4_________ L-erythrulose pH adjusted to 7 before addition o f phenylboric acid

Table 3.3 Various protocols to optimise complexation o f L-erythrulose with 

phenylboric acid.

3.4.6 Phenylboric acid effects on enzyme

TK solution was added to a lOmL solution o f 0, 50, 100 and 500mM phenylboric 

acid, pH 7, giving an activity o f 10UmL'\ The mixtures were stirred for 5 hours 

and the residual enzyme activity measured every hour by the method given in 

section 3.1.2.2. Protein levels were also measured by the method described in 

section 3.1.2.3.
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To lOmL of RO water, lOOmM L-erythrulose, lOOmM phenylboric acid and a 

solution of the two compounds at lOOmM, was added TK solution to give an 

activity of 10UmL'\ The solutions were stirred for 5 hours at pH 8.1 at room 

temperature with total protein levels and residual TK activity measured every hour.

3.4.7 Contacting L-erythrulose with phenylboric acid-packed columns

All low pressure column chromatography was performed using EconoPac® 

columns (120 mm x 15 mm, total column volume 30 mL; obtained from Biorad 

Ltd.). These polypropylene columns could be used in two ways: (a) with a 

polyethylene frit laid on top of the column bed, acting as a bed support. This bed 

support prevented the bed from running dry and also caused the flow of Hquid 

through the column to be gravity mediated; (b) with an Econo-Cohimn® flow 

adapter, (Biorad Ltd.) which allowed a variety o f flow rates to be used. One of two 

peristaltic pumps were used to control flow rates: a Gilson® Minipuls 3 peristaltic 

pump (Gilson®, Villiers-le-Bel, France) and a Pharmacia LKB P-1 peristaltic punq) 

(Pharmacia Biotech AB, Uppsala, Sweden).

6 mL of 0.15M or IM L-erythrulose was prepared in lOOmM phenylboric acid. The 

resultant solution pH was adjusted to 7.0. These solutions were each passed 

through an EconoPac® column packed with 3g of phenylboric acid using a 

Pharmacia LKB P-1 peristaltic pump, at a flow rate o f O.SmLmin*̂  for 1 hour. 

Samples were taken for analysis by HPLC.

3.4.8 Contacting phenylboric acid with XAD* resins

ImL of 3mM phenylboric acid was added to either O.lg o f Amberlite® XAD® 2 or 

XAD® 4, obtained from Rohm & Haas (UK) Ltd. The pH values o f the mixtures 

were adjusted to 4 or 9.5 by the automated addition of IM NaOH or IM HCl and
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were incubated for 1 hour. The samples were spectrophotometrically analysed by 

monitoring uv absorbance between 2 0 0 nm and 300nm

3.4.9 Contacting test reaction substrates and product with XAD* resins

ImL o f lOOmM glycolaldéhyde, P-hydroxypyruvate or L-erythrulose was 

contacted with 0. Ig o f XAD* 2 or XAD* 4 resin. The pHs of all the mixtures were 

adjusted to pH 7 and were allowed to mix for 1 hour. Samples were taken for 

analysis on the HPLC to quantify residual levels o f each reaction component.

3.5 Immobilised Boronates I-Optimisation and Assessment

3.5.1 Effect of buffers and pH on binding

5mL buffered solutions of 40mM L-erythrulose, p-hydroxypyruvate, 

glycolaldéhyde were used. The buffers used were phosphate, carbonate, 

pyrophosphate, HEPES, borate (all O.IM) and barbital (50mM) at pH values 

within their respective buffering ranges from 8  to 9.5 in 0.5 unit increments. These 

solutions were incubated in batch with ImL of Affi-Gel*601 gel (purchased from 

Biorad Ltd.) that had been previously equilibrated in the appropriate buffer at the 

required pH. The resulting mixtures were shaken and the supernatants assayed by 

HPLC. With borate and phosphate buffers, only the adsorption of L-erythrulose 

was studied.
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3.5.2 Effect of buffer ion on reaction component stability

Carbonate and barbital buffers at 50 and lOOmM concentrations and RO water at 

pH 9.5 were used. To 5mL of each solution was added TK solution to give an 

activity o f IGUmL'V The solutions were stirred for 5 hours at room temperature 

and the residual activities measured every hour by the TK assay. The stabilities of 

the other reaction components were also monitored in the presence of these 

buffers, by preparing lOOmM solutions o f L-erythrulose, glycolaldéhyde and P- 

hydroxypyruvate. The mixtures were shaken for 5 hours and assayed by HPLC 

every hour.

3.5.3 pH, temperature and organic solvent effects on the batch adsorption 

and stability of L-erythrulose

The stability o f L-erythrulose and binding to AfB-Gel*6 Gl was tested at various 

pH values, temperatures and ethanol concentrations.

Experiments that required a controlled pH environment in the absence o f buffers 

were performed using an ABU8 G autoburette, PHM82 standard pH meter, TTT8 G 

titrator and TTA8 G titration assembly, all obtained from Radiometer Ltd. (Crawley, 

West Sussex, England) which in total comprised a pH-stat unit. pH was controlled 

by the automated addition of either IM NaOH or IM HCl. The reaction vessel 

(2GmL) was agitated (using a 3.5mm diameter impeller) and temperature 

controlled.

All experiments were performed in the presence and absence o f Af5-Gel®6Gl gel. 

For each value tested, 2mL of Affi-Gel®6 Gl was pre-swollen with RO water at the 

required pH. IGmL of 5GmM L-erythrulose was prepared and the pH adjusted. The 

pH was maintained at the required pH for 2 hours via the automated addition of  

IM NaOH, during which sangles were taken for analysis by HPLC.
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3.5.4 Appraisal of immobilised boronates

An EconoPac® column was packed with an equilibrated boronate resin. A  test 

solution containing the target molecule was then apphed to the column until the 

effluent concentration was equal to that o f the concentration in the feed solution.

A 50mL solution o f 20mM L-erythrulose was prepared in 50mM barbital buffer 

(pH 9.5) for each resin to be analysed. The following immobilised boronates were 

each washed, prepared in barbital buffer, and packed into an EconoPac® column: 

(1) 5mL of Matrex™ gel PBA-60 (obtained from Amicon Ltd., Stonehouse, 

Gloucestershire, England); (2) Ig (volume o f 4mL) o f m-amino-phenylboric acid 

on acryhc (obtained from Sigma-Aldrich Company Ltd.); (3) Ig o f Affl-Gel®601 

gel (volume o f 6 mL). Identical columns were also prepared for each resin as a 

control, where the gels and solutions o f L-erythrulose were prepared using RO 

water. ImL ahquots o f the L-erythrulose solution were apphed to the appropriately 

equihbrated column and the effluent fractions cohected for analysis by HPLC.

3.5.5 Batch adsorption isotherms of Affi-Gel®601

6 g o f Affi-Gel®601 gel were mixed with SOOmL o f 50mM barbital buffer at pH 9.5. 

lOmL of L-erythrulose, glycolaldéhyde and p-hydroxypyruvate solutions were 

prepared in 50mM barbital buffer, pH 9.5 at 0, 10, 50, 100, 250 and 500mM 

concentrations. ImL ahquots o f the swoUen resin were portioned into each solution 

and shaken for 3 hours. The solutions were assayed by HPLC prior to and after 

contact with the resin.
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3.5.6 Frontal uptake profiles of P-hydroxypyruvate, glycolaldéhyde and L- 

erythrulose

lOmL of 20mM solutions o f p-hydroxypyruvate, glycolaldéhyde and L-erythrulose 

were prepared in 50mM barbital buffer, pH 9.5. For each solution prepared, AfB- 

Gel®601 was pre-swollen in the same buffer and packed into an EconoPac® 

column, to give a bed volume o f 2mL. As a control, solutions o f P- 

hydroxypyruvate, glycolaldéhyde and L-erythrulose and columns packed with Affi- 

Gel®601 gel were prepared using RO water. ImL ahquots o f each solution were 

apphed to a column and the effluent fractions cohected. These were then analysed 

by HPLC.

3.5.7 Elution of bound reaction components from Affi-Gel®601

Nine columns were packed with 2mL of Affi-Gel®601 gel, pre-swoUen with RO 

water at pH 9.5 using the pH-stat. 5 mL of 50mM L-erythrulose, pH 9.5, prepared 

in RO water was apphed to three columns, and aUowed to ehite. The three columns 

were then washed with either lOmL of RO water, 6 mM H2SO4 or 60mM H2SO4. 

The eluted hquid was cohected for analysis by HPLC. This procedure was also 

performed using glycolaldéhyde or p-hydroxypyruvate with the remaining columns 

ofAffi-Gel®601.

3.5.8 Effect of solution composition on binding capacity of AfG-Gel®601 for 

L-erythrulose, glycolaldéhyde and P-hydroxypyruvate.

Three different solutions were prepared: (A) 50mM L-erythrulose, glycolaldéhyde 

and P-hydroxypyruvate; (B) 50mM L-erythrulose and glycolaldéhyde and (C) 

50mM L-erythrulose and P-hydroxypyruvate, ah in 50mM barbital buffer, pH 9.5.
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15mL of each solution were applied to separate columns packed with 2mL of Affi- 

Gel®601 gel, pre-swollen using 50mM barbital buffer, pH 9.5. Once the solutions 

had passed through, 8 mL of 60mM H2SO4 was apphed to each column, and 

subsequently cohected for analysis by HPLC.

3.5.9 Stability of reaction components bound to Affi-Gel®601

20mL o f 50mM solutions o f L-erythrulose, glycolaldéhyde and P-hydroxypyruvate 

were prepared in lOOmM barbital buffer, pH 9.5. lOmL of each solution were 

apphed to an EconoPac® column packed with 0.32g o f Afh-Gel®601 gel pre- 

swoUen using lOOmM barbital buffer (pH 9.5) to give a bed volume o f 2mL. Hence 

in total, there were six columns; two for each target molecule used. One o f each of 

the columns was taken and immediately washed with lOmL o f 60mM H2SO4. The 

remaining columns were washed with lOmL of 60mM H2SO4 after 5 hours. Ah of 

the eluted solutions were cohected for analysis by HPLC.

3.5.10 Binding of enzyme and cofactors to Afii-Gel®601

0.5g o f AfQ-Gel®601 was pre-swohen with lOOmM barbital buffer, pH 9.5. This 

was packed into an EconoPac® column to give a bed volume o f 3mL. TK solution 

was pre-incubated with an equivalent volume o f cofactor solution (1.8mM Mg^̂ , 

4.8mM TPP, at pH 7) and was added to lOOmM barbital buffer, pH 9.5 to give an 

activity o f 4UmL’  ̂ in a final volume o f 7.5mL. This mixture was re-circulated 

through the column at a flow rate o f 2mLmin"  ̂ using an Econo-Column® flow 

adapter and a Minipuls 3 peristaltic punq). Satcples were taken at hourly intervals 

and assayed for residual TK activity and total protein. The procedure was repeated 

for TK solution that had not been pre-incubated with cofactor solution.

A frontal uptake profile was performed to determine if  TPP bound to Affi- 

Gel®601. Affi-Gel®601 gel was pre-swohen in lOOmM carbonate buffer, pH 9.5
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and packed into an EconoPac® column, to give a bed volume o f 2mL. 5mL of  

2mM TPP were prepared in the same buffer. As a control, the steps involving use 

of buffer were replaced with RO water. O.SmL ahquots o f each solution were 

apphed to a column and the effluent fractions cohected. These were then analysed 

for uv absorbance between 200nm and 300nm and conq)ared with uv scans o f the 

original feed solution.

3.5.11 The effect of target molecule concentration on its column adsorption

The effect o f varying L-erythrulose concentration on its column adsorption was 

studied by performing frontal uptake analyses. Four different concentrations of L- 

erythrulose were used: 10, 20, 50, and lOOmM. They were ah prepared using 

50mM barbital buffer, at pH 9.5. 0.32g of Affi-Gel®601 was pre-swohen using the 

same buffer for each concentration o f L-erythrulose to be used. This gel was then 

packed into EconoPac* columns. Control columns were also set-up where the L- 

erythrulose solutions were made up using RO water at neutral pH and the resin 

was swohen using the same. 0.5mL ahquots o f the L-erythrulose solution was 

apphed to the column and the effluent fractions cohected and analysed by HPLC.

3.5.12 Comparison of Afff-Gel*601 gel swelling methods: effect on binding 

capacity for L-erythrulose

0.32g o f Affl-Gel®601 gel was pre-swohen using either RO water or 50mM 

barbital buffer both at pH 9.5. The two sets o f Affi-Gel*601 gel were each packed 

into an EconoPac® column. Their bed volumes were noted. lOmL of 50mM L- 

erythrulose was prepared in RO water or 50mM barbital buffer, both at pH 9.5, 

and apphed to the appropriately prepared column. Once ah the solution had passed 

through, 12mL o f 60mM H2SO4 was apphed to both columns. This eluant was then 

cohected for analysis by HPLC.
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3.5.13 Effect of buffer ionic strength on binding capacity of Afîî-Gel*601 for 

L-erythrulose

Barbital or carbonate buffers at pH 9.5 were prepared at lOmM, 50mM and 

lOOmM concentrations. 0.32g o f AflB-Gel®601 gel was added to 25mL o f each 

buffer and the mixtures were gently shaken for 30 minutes. The resin gel was then 

packed into EconoPac* columns, giving bed volumes of 2mL. lOmL lots o f 50mM 

L-erythrulose was prepared using the same buffers that were used to swell the 

resin. The solutions were applied to the appropriate column and allowed to elute. 

The columns were then washed with lOmL o f 60mM H2SO4 each, which was 

collected for analysis by HPLC.

3.5.14 Study of Affi-Gel*601 effect on solution ionic strengths

8  solutions o f NaCl were used, ranging in concentration from 10 to 500mM. ImL 

of AfB-Gel® 601 prepared in RO water at pH 9.5 was added to 5mL of each NaCl 

solution o f known ionic strength. New ionic strength readings were taken using a 

Philips PW 9505 conductivity meter (Philips B V , Eindehoven, The Netherlands).

3.5.15 Rate of sample application to Affi-Gel®601: effect on binding capacity 

of L-erythrulose

30mL o f 50mM L-erythrulose was prepared in 50mM barbital buffer, pH 9.5. Two 

EconoPac® columns were packed with 2mL o f Affi-Gel®601 gel pre-swollen in 

50mM barbital buffer, pH 9.5. Through the use o f a Pharmacia PI peristaltic punq) 

and an Econo-Column® flow adapter, 15mL o f this solution was apphed to one 

column at a flow rate of 0.3mLmin \  Once this was done, SmL of 60mM H2SO4 

was apphed to the column at 0.3mLmin'% and cohected for analysis by HPLC. The
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procedure was repeated for the second column with the remaining L-erythrulose 

solution, at a flow rate o f ImLmin \

3.6 Immobilised Boronates H-In~Situ Product Removal from Test 

Reaction with Affi-Gel®601

A diagrammatic representation o f the test system used is shown in Figure 3 .1. All 

biotransformations were performed in the pH-stat vessel at 25°C. Reaction time 

was 5 hours for the batch reactions and 6 hours for the fed-batch reactions. ISPR 

was performed on both batch and fed-batch reactions. AH reactions were 

monitored via analysis on the HPLC. Reaction mixture pH was also monitored. 

When ISPR was performed, initial dead volumes of buffer in the columns were not 

allowed to enter the reactor. Elution of bound components was performed 

externally by passing through 12mL of 60mM H2SO4. The first bed volume to exit 

the column was re-introduced into the reactor. The remaining eluant was collected 

and analysed by HPLC.

3.6.1 Batch pH uncontrolled biotransformation

The batch test reaction mixture consisted of lOmL of 250mM glycolaldéhyde, 

250mM P-hydroxypyruvate (hthium salt), 0.9mM Mĝ ,̂ 2.4mM TPP, pH 7, 2mL 

o f TK solution (400U) and 3mL of cofactor solution (l.SmM Mg^\ 4.8mM TPP, 

pH 7). The TK and cofactor solutions were pre-incubated together for 15 minutes 

prior to adding to the substrate solution to give a total volume o f 15mL. Reaction 

pH was not controUed.

ISPR was implemented as foUows. 10 EconoPac* columns were packed with Affi- 

Gel*6Gl that had been pre-swohen in lOOmM barbital buffer, pH 9.5, to give a bed 

volume of 3mL per column. The reaction stream was passed and re-circulated

99



Materials and Methods

through one of the columns at a flow rate of 2mLmin ' using an Econo-Column® 

flow adapter and a Minipuls 3 peristaltic pump. The first column was introduced at 

3 minutes and each column was subsequently replaced at 14, 29, 40, 61, 93, 115, 

150, 180 and 244 minutes.

COLUMN 
PACKED 

WITH 
RESIN 

(NEXT IN USE)

02.446! O  : 0 T TRAT ON

STIRRER t- 07.65 pH M ETER

VALVE

REACTION 
STREAM  PU M P

SU BSTRATE 
FEEDING 

PU M P

COLUMN
PACKED

WITH
RESIN

SUBSTRATEJACKETED 
REACTION VESSEL RESERVOIR

X V A L V E

L BLEED

Figure 3.1 Schematic of the test reaction incorporating ISPR with AfiB-Gel®601.

3.6.2 Batch pH controlled biotransformation

The batch test reaction mixture consisted of lOmL of 250mM glycolaldéhyde, 

250mM (3-hydroxypyruvate (lithium salt), 0.9mM Mĝ ,̂ 2.4mM TPP, pH 7, 2mL 

of TK solution (400U) and 3mL of cofactor solution (l.SmM Mg^\ 4.8mM TPP, 

pH 7). The TK and cofactor solutions were pre-incubated together for 15 minutes 

prior to adding to the substrate solution to give an initial volume of 15mL.
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Reaction pH was controlled by the automated addition o f IM HCl. ISPR was 

implemented in the same way as described previously. The first column was 

introduced at 3 minutes and each column was subsequently replaced at 16, 26, 42, 

61, 91, 122, 151, 181, and 241 minutes.

3.6.3 Fed-batch pH uncontrolled biotransformation

2mL o f TK solution (400U) and 3mL o f cofector solution (1.8mM Mg^, 4.8mM 

TPP, pH 7), were pre-incubated together for 15 minutes prior to starting the 

reaction. lOmL of 250mM glycolaldéhyde, 250mM P-hydroxypyruvic acid), 

0.9mM Mg^ ,̂ 2.4mM TPP, pH 3 was fed into the reactor containing the pre

activated TK, at a flow rate of TOpLmin'  ̂ (20pmoles/min) using a Pharmacia LKB 

P-1 peristaltic pump. In ISPR, the first column was introduced at 96 minutes and 

each column was subsequently replaced at 113, 142, 160, 185, 200, 220, 246, 303, 

and 324 minutes. Residual TK activity was measured at the end of both reactions 

using the multi-enzyme linked assay.

3.7 Heterocomplex Formation - Preliminary Studies

3.7.1 Complex formation between L-erythruIose, boric acid and dimethyl 

phthalate

The following solutions were prepared: ImL of 20mM L-erythnilose with the pH 

adjusted to 7 (A). 5mL of 5mM dimethyl phthalate (obtained fi’om Fhika Chemicals 

Ltd.) was prepared in RO water and mixed vigorously (B). Boric acid was added 

to solution (A) to give a concentration o f 50mM (C). After further mixing, L- 

erythrulose was added to solution (B) to give a concentration of 20mM (D). In all 

cases, the pH was maintained at 7 by the automated addition of IM NaOH. All
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four solutions were analysed by monitoring absorbance o f uv light between 220 

and 320 nm Subtracting scans o f solutions (A), (B) and (C) from scan (D) 

generated a difference spectrum.

3.7.2 Complex formation between dimethyl phthalate and L-erythmlose, p- 

hydroxypyruvate and glycolaldéhyde

The following solutions were prepared: ImL of lOmM L-erythrulose (A l), 

glycolaldéhyde (A2), or p-hydroxypyruvate (A3) with the solution pH adjusted to 

7. 5mL of 5mM dimethyl phthalate was prepared in RO water and mixed 

vigorously (B). L-erythrulose, glycolaldéhyde or P-hydroxypyruvate was added to 

solution (B) to give a concentration o f lOmM (C l, C2, C3, respectively). In all 

cases, the pH was maintained at 7 by the automated addition o f IM NaOH. All 

solutions were analysed by monitoring their absorbance o f uv hght between 220 

and 320 nm Subtracting corresponding scans o f solutions (A) and (B) from scan 

(C) generated a difference spectrum

3.7.3 Complex formation between dimethyl glyoxime, boric acid and L- 

erythrulose

In a similar manner as described in section 3.7.1, the following solutions were 

prepared: ImL of 20mM L-erythrulose with the pH adjusted to 7 (A). 5mL of  

5mM dimethyl glyoxime (obtained from Fluka Chemicals Ltd.) was prepared in RO 

water and mixed vigorously (B). Boric acid was added to solution (A) to give a 

concentration o f 50mM (C). After further mixing, L-eiythrulose was added to 

solution (B) to give a concentration o f 20mM (D). In all cases, the pH was 

maintained at 7 by the automated addition o f IM NaOH. All four solutions were 

analysed by monitoring absorbance o f uv light between 220 and 320 nm
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Subtracting scans of solutions (A), (B) and (C) from scan (D) generated a 

difference spectrum

3.7.4 Adsorption of dimethyl glyoxime and dimethyl phthalate onto XAD® 

resins.

2 mL of 5mM dimethyl glyoxime or dimethyl phthalate was prepared and the 

solution pH adjusted to 7. 0. Ig o f XAD® 4 was mixed with 1 mL of either solution 

for 1 hour. The mixture supernatants were taken and their absorbance o f uv light 

monitored between 220 and 320 nm.

3.8 Ambersorb® Adsorbents I: Assessment

3.8.1 Batch adsorption isotherms of Ambersorb* 575 & 572

lOmL of L-erythrulose, glycolaldéhyde and p-hydroxypyruvate solutions were 

prepared in RO water at 0, 10, 50, 100, 250 and 500mM concentrations, with the 

pH adjusted to 7. 0.5g lots of either Ambersorb® 572 or Ambersorb® 575 were 

portioned into each solution and shaken for 3 hours at room ten^erature. The 

solutions were assayed by HPLC prior to and after contact with the resins.

3.8.2 Effect of reaction components on TK activity in presence and absence 

of Ambersorb® 572

15.6mL o f the following solutions were prepared: (A) 0.5M glycolaldéhyde, (B) 

0.5M P-hydroxypyruvate, (C) 2mM TPP & 0.72mM Mĝ ,̂ (D) 0.5M
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glycolaldhyde & 2mM TPP & 0.72mM Mg^ ,̂ (E) 0.5M p-hydroxypymvate & 

2mM TPP & 0.72mM (F) 0.5M p-hydroxypymvate, 0.5M glycolaldéhyde &

2mM TPP & 0.72mM Mĝ "̂ , (G) 0.5M glycolaldéhyde and 0.5M P- 

hydroxypymvate. The solution pH values were adjusted to 7, and then sufficient 

TK solution was added to each, giving an activity o f 80 units in 16mL (400pL).

8mL of each solution was then shaken at room tenq>erature for 2 hours. The 

remaining 8mL of the various solutions were each incubated with 0.5g o f hydrated 

Ambersorb® 572, and also shaken at room tenq)erature for 2 hours. The residual 

TK activity remaining in each solution was then measured using the TK muhi- 

enzyme linked assay.

3.8.3 Binding of enzyme to Ambersorb® 572

TK solution was added to RO water to give an activity of lOUmL*' in a final 

volume o f 15mL. The solution was introduced to an EconoPac® column packed 

with Ig o f washed Ambersorb® 572. The solution was re-circulated through the 

column at a flow rate o f ImLmin^ using an Econo-Cohimn® flow adapter and a 

Minipuls 3 peristaltic punq). Samples were taken hourly for up 5 hours to measure 

the residual TK activity remaining and protein levels.

The procedure was repeated for TK solution that had been pre-incubated with an 

equivalent volume o f cofactor solution (1.8mM Mĝ ,̂ 4.8mM TPP, pH 7) for 15 

minutes prior to diluting with RO water.

3.8.4 Binding of TPP to Ambersorb® 572

lOmL of 2mM TPP was prepared in RO water. 3g of hydrated Ambersorb® 572 

was added to the TPP solution. The mixture was gently shaken and a sample o f the 

solution supernatant was immediately taken for spectrophotometric analysis. This
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was done by monitoring absorbance o f uv light between 200 and 300nm This step 

was repeated after 1 minute of contact and the two scans compared with a scan o f  

the original 2mM TPP solution.

3.8.5 Elution of bound components from Ambersorb* 572

The resin regeneration procedure used was recommended by Rohm & Haas (UK) 

Ltd. (Technical Notes, 1992). Elution o f those components bound to Ambersorb® 

572 was performed by washing the resin with 4 times the resin bed volume with a 

suitable organic solvent. In these studies, methanol was used.

3.9 Ambersorb® Adsorbents II: InSitu Product Removal from the 

Test Reaction using Ambersorb® 572

3.9.1 Fed-batch pH controlled biotransformation-cofactor feeding strategies

These biotransformations were performed in the pH-stat vessel at 25°C, with pH 

control at 7 by automated addition o f IM HCl. Reaction time was dependent on 

the residual TK activity remaining for up to 6 hours. All reactions were monitored 

via analysis by HPLC. The volume o f titrant added to the reactor was also 

monitored. When ISPR was performed, hydrated Ambersorb® 572 of known water 

content was added to the reactor in batch. Elution o f bound conçonents was 

performed at the end of the biotransformation by washing the recovered resin with 

methanol 4 times its bed volume. This eluant was collected and analysed by the 

HPLC assay.
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3.9.1.1 No cofactor feeding (all in reactor)

ImL of TK solution (200U) and ImL of cofactor solution (1.8mM 4.8mM

TPP, pH 7), were pre-incubated together for 15 minutes prior to starting the 

reaction. This was added to 8mL of RO water containing 1.5mM Mĝ  ̂and 3.9mM 

TPP. 5mL of IM glycolaldéhyde and IM P-hydroxypyruvate (free acid), pH 3 was 

fed then into the reactor containing the pre-activated TK, at a flow rate of 

20|iLmin'^ (20pmoles/min) using a Pharmacia LKB P-1 peristaltic pump. With 

ISPR, 3g (dry weight) o f hydrated Ambersorb® 572 was also added to the reactor. 

Residual TK activities were measured during both reactions using the multi

enzyme linked assay.

3.9.1.2 Cofactor feeding (both in feed and reactor)

The biotransformation set-up was identical to that described in section 3.9.1.1, 

except that the 5mL of substrate feed solution contaiued 0.9mM Mĝ  ̂ and 2.4mM 

TPP and the 8mL of RO water in the reactor contained 0.9mM Mĝ  ̂ and 2.4mM 

TPP.

3.9.2 Fed-batch pH uncontrolled biotransformation

The following set o f biotransformations were performed in the pH-stat vessel at 

25°C, with no pH control. Reaction time was 5 hours. All reactions were 

monitored via analysis by HPLC. Reactor pH was also monitored. When ISPR was 

performed, 3g (dry) of hydrated Ambersorb® 572 o f known water content was 

again added to the reactor in batch. Elution of bound components was performed 

at the end of the biotransformation by washing the recovered resin with methanol 4 

times its bed volume, which was then collected and analysed by the HPLC assay.
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2mL of TK solution (400U) and 3mL o f cofactor solution (1.8mM 4.8mM

TPP, pH 7), were pre-incubated together for 15 minutes prior to starting the 

reaction. lOmL o f 250mM glycolaldéhyde, 250mM P-hydroxypyruvate (free acid), 

0.9mM Mg^ ,̂ 2.4mM TPP, pH 3 was fed into the reactor containing the pre

activated TK, at a flow rate o f 80|iLmin*' (20p,moles/min) using a Pharmacia LKB 

P-1 peristaltic pump. In ISPR, 3g (dry weight) o f hydrated Ambersorb® 572 was 

added to the reactor. Residual TK activity was measured during both reactions 

using the multi-enzyme linked assay.

3.9.3 Fed-batch pH uncontrolled biotransformation - higher feed rate

These biotransformations were identical in their set-up to those described in section 

3.9.2, except that the rate of feed applied to the reactor was 200pLmin * 

(50pmoles/min).

3.9.4 Fed-batch pH uncontrolled biotransformation using immobilised TK

3.9.4.1 Preparation o f immobilised TK

A cell extract was prepared by homogenising a 15% (w/v) suspension o f E.coli 

JM107/pQR700 prepared in IM phosphate buffer, pH 7.0. Subsequent 

centrifugation gave clarified enzyme solutions with an activity o f 180UmL'% and a 

specific activity o f 12Umg'\

1800U (lOmL) o f the enzyme solution was presented to Ig (dry) of Eupergit C®. 

The mixture was shaken for 72 hours, after which the supernatant was assayed for 

protein and TK content.

The resin was then washed with 3 x 20mL of ImM phosphate buffer, containing 

2.4mM TPP and 0.9mM Mĝ  ̂at pH 7.5. The washed Eupergit C® was next mixed
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with 20mL of 5% 2-mercaptoethanol solution, pH 7.5, and was left at 4®C 

overnight. After this period, the resin was finally washed with 3 x 15mL of ImM 

phosphate buffer containing cofactors at pH 7.5.

Solutions ftom each wash stage were collected and assayed for protein content and 

TK activity. The water content o f the resin was also calculated by weighing the wet 

Eupergit C® after preparation.

3.9.4.2 pH controlled batch reaction to check starting activity o f immobilised TK

This reaction was performed in the pH-stat vessel at 25°C, with pH control at 7 by 

automated addition of IM HCL Reaction time was 60 minutes and its progress 

monitored via analysis by HPLC. The volume of titrant added to the reactor was 

also monitored. 1.1 g of wet Eupergit C® containing TK was added to 9mL of RO 

water containing the following compounds to give a final concentration of lOOmM 

glycolaldéhyde, lOOmM lithium p-hydroxypyruvate, 0.9mM Mg^  ̂and 2.4mM TPP 

at pH 7.

3.9.4.3 Fed-batch pH uncontrolled biotransformation using jftee TK

This reaction was carried out in the pH-stat vessel at 25 ®C, with no pH control. 

Reaction time was 6 hours. All reactions were monitored via analysis by HPLC. 

Reactor pH was also monitored.

0.5mL of TK solution (lOOU) and 1.5mL of cofactor solution (1.8mM Mg^\ 

4.8mM TPP, pH 7), were pre-incubated together for 15 minutes prior to starting 

the reaction. The enzyme solution was added to 11.5mL o f RO water in the reactor 

containing 0.9mM Mĝ  ̂and 2.4mM TPP 5mL of 500mM glycolaldéhyde, 500mM 

P-hydroxypyruvic acid, 0.9mM Mg^̂ , 2.4mM TPP, pH 3 was fed into the reactor 

containing the pre-activated TK, at a flow rate of 20|iLmin'^ (10[imoles/min) using
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a Pharmacia LKB P-1 peristaltic pump. In ISPR, 3g (dry weight) o f hydrated 

Ambersorb® 572 was added to the reactor. Residual TK activity remaining was 

measured at the end o f the reaction using the multi-enzyme linked assay.

3.9.4.4 Fed-batch pH uncontrolled biotransformation using immobihsed TK

The following set o f biotransformations were again performed in the pH-stat vessel 

at 25°C, with no pH control. Reaction time was 6 hours. All reactions were 

monitored via analysis by HPLC. Reactor pH was also monitored.

Ig o f wet Eupergit C* containing TK was added to lOmL o f RO water in the 

reactor vessel containing 0.9mM Mĝ  ̂ and 2.4mM TPP. 5mL of 500mM 

glycolaldéhyde, 500mM P-hydroxypyruvic acid, 0.9mM Mĝ "̂ , 2.4mM TPP, pH 3 

was fed into the reactor containing the pre-activated TK, at a flow rate of 

20pLmin * (lOpmoles/min) using a Pharmacia LKB P-1 peristaltic pun^. In ISPR, 

2.5g (dry weight) o f hydrated Ambersorb® 572 was packed in an EconoPac® 

column to give a bed volume of 5mL. ISPR was initiated 46 minutes after the 

reaction had started. This was performed by passing and re-circulating the reaction 

stream through the column at a flow rate o f 2mLmin'  ̂ using a Econo-Cohmm® 

flow adapter and a Minipuls 3 peristaltic pump. The tubing used to withdraw the 

reaction medium out o f the reactor had its opening covered in a piece o f fine wire 

mesh to prevent any Eupergit C® to enter the ISPR system Elution o f the column 

was performed at the end o f the biotransformation by applying 20mL of methanol. 

This was then collected and analysed by the HPLC assay. Residual TK activity 

remaining was measured at the end of the reaction using the multi-enzyme linked 

assay.
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3.9.4.5 pH controlled batch reaction to check residual activity of immobilised TK

The Eupergit C® containing immobilised TK used to perform those reactions 

outlined in section 3.9.4.4 was recovered and washed with ImM phosphate buffer, 

pH 7.5 containing 0.9mM Mĝ  ̂and 2.4mM TPP. Ig each of wet Eupergit C* from 

the reactions with and without ISPR was used in a separate biotransformation 

identical to that outlined in section 3.9.4.2.
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4. Results I-First Level Screening

In chapter 2, it was stated that the correct selection of an ISPR method could be 

made by adhering to certain guidelines. The first level of screening recommended in 

this structured approach was to perform a set o f characterisation studies. The 

parameters to characterise were primarily the biotransformation and the various 

components of the reaction.

4.1 Biotransformation Characterisation

The test biotransformation has been fiilly characterised by Mitra et a l,  (submitted) 

and the main findings have been described in section 1.6. However the data has 

been briefly summarised below. This has been performed using the guidelines for 

biotransformation characterisation that were proposed in section 2.2.1.

4.1.1 System requirements

Conditions for the test reaction have been set at pH 7 and 25°C, to maximise 

stabihty of both substrates and L-erythrulose. TK is stable between pH 6.5 and 9.0, 

with optimum activity at pH 7.6 (Mitra et a l ,  submitted). The enzyme requires 

optimum cofactor concentrations of 2.4mM TPP & 0.9mM Mĝ .̂ The substrates
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o f the reaction are P-hydroxypyruvate and glycolaldéhyde. The biotransformation 

is performed in aqueous conditions.

4.1.2 Physical/chemical changes during the biotransformation

As a result o f the reaction occurring, there is an overall increase in pH. The 

substrate, P-hydroxypyruvate is consumed and carbonic acid (in equilibrium with 

carbon dioxide) is produced. The levels o f CO2 gas produced and reactor pH are 

co-dependent and also vary according to the amount of P-hydroxypyruvate 

consumed. Both pH changes and CO2 formation have implications on reactor 

design and operation.

4.1.3 Reaction equilibrium

Transketolase catalysed reactions are reversible in vivo. However in the test 

reaction, by nature o f the use o f p-hydroxypyruvate as the ketol donor, the 

reaction is rendered virtually irreversible, by the release of CO2 gas.

4.1.4 Reaction components-effects on enzyme

L-erythrulose is a competitive inhibitor o f TK, hence the performance o f the 

reaction may be reduced by the presence o f this conçound. Glycolaldéhyde is 

thought to be toxic to TK, by Schiffs base formation. The presence o f TPP causes 

the holoenzyme to be more susceptible to oxidation, and P-hydroxypyruvate can 

affect the stability o f the apoenzyme. Kinetic data relating to the test 

biotransformation are listed in Table 1.7.
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4.2 Characterisation of Reaction Components

Table 4.1 lists several physico-chemical properties o f the test reaction product and 

substrates. In addition, all confounds present in the biotransformation were 

characterised. This set o f data is shown in Table 4.2.

COMPONENT SUBSTRATES PRODUCT
CHARACTERISTIC glycolaldéhyde P-hydroxypyruvate L-erythrulose
Molecular formula C2H4O2 C3H3O4 C4H8O4

Molecular weight low low low
(M.W. =60.1) (M.W. = 104) (M.W. = 120.1)

Size (A) 5 6.9 9.4
pKa >12 ~2.2 (fi:ee acid) >12
Hydrophobicity ^ hydrophilic hydrophilic hydrophilic

(Log P = -2.12) (Log P = -3.85) (Log P = -4.68)
Volatility non volatile non volatile non volatile

(mp. 96-97°C) (decomp. 81°C) (flashpoint 110®C)
Charge
Functional groups ^

neutral negative neutral

aldol y X X
ketol X y y
hydroxyl y y y(3)«
carboxyl X y X
carbonyl y y y

Table 4.1 Characterisation o f substrates and product o f E.coli transketolase 

catalysed test reaction. (Based on work of Freeman et a l ,  (1993). f  Defined by 

Laane et a l ,  (1987). { Where /  and X represent the presence or absence of 

fimctional groups respectively. § Indicates multiple).

4.3 Product Recovery Methods Chosen

The following carrier materials were examined with regard to their use as ISPR 

techniques for recovery o f L-erythrulose fi*om the test reaction:
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FACTOR ERY GLY HPA TPP Mg'" TK CO2 HCO3 Li" Cl

Molecular weight 120.1 60.1 104 425.3 24.3 2x73kD 44 61 60 6.9 35.5

Hydrophobicity H2O V H2O V H2O V H2O V H2O V H2O V H2O V H2O V H2O V H2O V H2O V

Volatihty non non non non non non gas non non non non

Charge 0 0 -1 +1 4-2 0 0 -1 -2 +1 -1

Table 4.2 Physical & chemical characteristics o f all test reaction components (ERY = L-erythrulose; GLY = glycolaldéhyde; HPA = P- 

hydroxypyruvate; H2O V = hydrophihc).
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• Ion exchangers: weak, strong, cationic and anionic;

• Boron containing compounds: boric acid, sodium tetraborate (borax) and 

phenylboric acid (soluble & insoluble);

• Immobilised phenylboronates: Affi-Gel® 601, Matrex Gel PB A-60, m- 

Aminophenylboric acid on acrylic and phenylboric acid on XAD® 4;

• Heterocomplexation: dimethyl phthalate and dimethyl glyoxime;

• Carbonaceous adsorbents: Ambersorb® 572 and Ambersorb® 575.

4.4 Summary

The first level o f screening performed with regard to choosing appropriate 

techniques with which to carry out ISPR fi*om the test reaction gave the following 

information. The test biotransformation did not have a high degree o f demand for 

the implementation o f ISPR, as the reaction was irreversible (driven to completion) 

and the product, L-erythrulose was not strongly inhibitory. All major components 

of the reaction were polar, hydrophilic, non-volatile, small molecules. Using these 

data, a number o f potential methods were chosen for further examination.
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5. Results Il-Second Level Screening

Those product recovery methods described in chapter 2 and selected as stated in 

chapter 4 were each tested and evaluated for their suitability as ISPR methods to 

recover L-erythrulose from the test reaction. They were each assessed on the basis 

of four major characteristics: capacity, selectivity, interference and reversibihty. In 

the following sections are the experimentally derived results o f each o f the 

techniques examined.

5.1 Ion Exchange Methods

5.1.1 Batch adsorption with different exchangers

Whether a particular ion exchange resin could be used as a potential ISPR method 

for the test reaction was studied by screening a number o f different resms by batch 

adsorption. The residual levels o f the major reaction conqionents remaining in 

solution after contact with the ion exchangers were measured using the HPLC 

assay described in section 3.1.1.2. These results are depicted in Figure 5.1. The 

observations were identical regardless o f solution composition or pH.

The use o f both weak and strong cation exchangers in the experiment resulted in 

neither the substrates nor the product o f the test reaction binding. Strong anion 

exchangers o f the hydroxide ionic form appeared to remove all three o f the major 

reaction components from solution.
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Figure 5.1 Batch adsorption o f  #### | p-hydroxypynivate, } - y',\ glycolaldéhyde

and ' j L-erythrulose using ion exdiange resms; ( 1 )-(4) = strong cation, 

(5 )-(8 ) = strong amon, (9 )  =  borate-specific amon, ( 10)-( 11) = weak cation, 

(12 )-(13) = weak anion.
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With the strong anion exchangers o f the chloride ionic form, only P- 

hydroxypyruvate was conçletely removed, although some levels o f glycolaldéhyde 

and L-erythrulose were also adsorbed (Amberlite* IRA 400 and Amberhte® ERA 

900).

Batch adsorption using weak anion exchangers also resulted in p-hydroxypyruvate 

being the compound most removed from solution. With Amberlite® IRA 68, both 

p-hydroxypyruvate and glycolaldéhyde were completely adsorbed, as well as 

approximately 50% o f L-erythrulose. With Amberlite® ERA 93, only 50% of P- 

hydroxypyruvate and 25% of glycolaldéhyde were removed.

Residual levels o f P-hydroxypyruvate, L-erythrulose and glycolaldéhyde remaining 

in simulated solutions used as controls, (i.e. in the absence o f ion exchange resins) 

are listed in Table 5.1. The decrease in reaction component concentrations at pH 

10 was a result o f degradation occurring over time. They all remained stable at pH 

7 and 4.

Compound
Component stability (% remaining)

p-hydroxypyruvate 
glycolaldéhyde 
L-erythrulose_____

pH=4 pH=7 pH=10
100 100 67
100 100 52
100 100 59

Table 5.1 Stability o f  reaction components at different solution pH.

It was established that aU three conq)ounds were anionic as they bound to anion 

exchangers but did not bind to any cation exchangers over a wide range of pH. The 

ionic form with least selectivity for the anion exchange resins was the hydroxide 

form, with which aU three reaction components were removed from solution. The 

most selective was the chloride form, and only P-hydroxypyruvate was completely 

removed from solution, followed by levels o f glycolaldéhyde and very low amounts 

of L-erythrulose.
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5.1.2 Determination of pKa

Figure 5.2 shows the pH profiles o f L-erythrulose, glycolaldéhyde and 3- 

hydroxypyruvic acid wiien titrated with IM NaOH The point at which the 

concentration o f acid in solution equalled that o f the concentration o f the conjugate 

base was read off the titration curve to give a pKa value for that acid. pKa values 

were assigned to L-erythrulose, glycolaldéhyde and P-hydroxypyruvic acid.

P-hydroxypyruvic acid was the most acidic out o f the three conq)ounds (pKa «  

2.2). pKa values for L-erythrulose and glycolaldéhyde were similar to each other, 

being weakly acidic in nature (pKa > 12). These data were corroborated by looking 

at the relative quantities o f reaction component removed firom solution wdien anion 

exchangers o f different ionic forms were used. It was found that p- 

hydroxypyruvate was the most anionic in character, then glycolaldéhyde and finally 

L-erythrulose.

5.1.3 Batch adsorption of L-erythrulose with different ionic forms of Dowex® 1

The quantities o f L-erythrulose removed fi'om solution by contact with different 

ionic forms of Dowex® 1 are shown in Figure 5.3. Only with the hydroxide form of  

Dowex® 1 was all o f the L-erythrulose removed fi'om solution. The next best ionic 

forms of Dowex® 1 for L-erythrulose adsorption were the propionate and iodate 

forms.

Different ionic forms of Dowex® 1 for the adsorption of L-erythrulose resulted in 

no significant removal o f this conqround except with the hydroxide form, further 

demonstrating that L-erythrulose was a very weak acid.
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Figure 5.3 Batch adsorption of L-erythrulose with different ionic forms of Dowex 1.
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5.2 Borates and Boronates

5.2.1 Recovery using free boronate compounds

The effects o f incubating solutions o f the three test reaction compounds with 

quantities o f sodium tetraborate (borax), boric and phenylboric acids were 

investigated. During incubation with phenylboric acid, the proportion o f the L- 

erythrulose removed from solution was much greater than for the other 

compounds, as shown in Table 5.2. This was coupled with the appearance of a fine 

white precipitate which was assumed to be the complex formed between the cis~ 

diol fimctional groups o f L-erythrulose and phenylboric acid.

Confound
Added

Amount removed from solution (% initial after 5 hours)
L-erythrulose glycolaldéhyde p-hydroxypyruvate

None (Control) 0 0 0
Phenylboric acid 52 4 8
Boric acid 2 0 8
Sodium tetraborate 30 -  25 20

Table 5,2 The effect o f contacting borates and boronates with L-erythrulose, 

glycolaldéhyde and p-hydroxypyruvate solutions.

5.2.2 The effect of mixing phenylboric acid with l-erythrulose

Complex formation between phenylboric acid and L-erythrulose was investigated 

by altering the concentration of the ketose solution. As shown in Figure 5.4, it was 

observed that after 48 hours of incubating 0.15M solutions o f L-erythrulose with 

phenylboric acid, only 10% of the total amount present was removed. However, 

with 0.5M solutions o f L-erythrulose, 71% was removed.
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It was deduced that the concentration o f L-erythrulose was a major factor affecting 

the level o f insoluble complex formation between itself and phenylboric acid at 

neutral pH.

5.2.3 Analysis of precipitates

The fine white precipitate produced as L-erythrulose and phenylboric acid were 

contacted with each other (section 5.2.1) was filtered off and dissolved in 

chloroform or deuterated water (D2O). Analysis by proton nmr spectroscopy and 

conq)arison o f the spectra o f the two suspensions showed discrepancies in the 

peaks formed. Some that were present on the spectrum using chloroform were 

absent when D2O was used. The nmr spectrum o f phenylboric acid was also 

observed when dissolved in the same two solvents. The spectra of the white 

precipitate and phenylboric acid were very similar.

Infi'a-red spectra o f the white precipitates were conq)lex and difficult to interpret, 

and no significant information was obtained.

The melting point o f the white solid ranged fi'om 125°C to 140°C, in contrast to 

the flashpoint of L-erythrulose (110°C) and the melting point o f phenylboric acid 

(220°C).

The white precipitate was only slightly soluble in methanol, whilst phenylboric acid 

and L-erythrulose were fiilly soluble in the same solvent.

Analysis o f the mixtures containing L-erythrulose and phenylboric acid by TLC 

indicated that there was a significant quantity o f L-erythrulose present that did not 

diminish with time.

The analysis o f the precipitates recovered showed that they conqrrised a mixture o f 

phenylboric acid and the phenylboronate ester, as proton nmr and infra-red spectra 

indicated the presence o f more than one compound. The melting points of the 

white solids ranged from 125°C to 140°C.

124



Results II

Corq)aring these values with the flashpoint of L-erythrulose o f 110®C and the 

melting point o f phenylboric acid o f 220°C indicated the presence o f some 

impurities in the wiiite precipitate. The precipitates were found to be only slightly 

soluble in methanol, whilst phenylboric acid and L-erythrulose were individually 

fully soluble, giving further evidence for the formation of a complex. No data was 

obtained fi'om TLC as it did not provide indication as to wdiether conq)lex 

formation had occurred or not.

5.2.4 Different protocols of reacting phenylboric acid with l-erythrulose

Section 3.4.4 described a number o f methods attençted to optimise chemical 

complexation between L-erythrulose and phenylboric acid.

With method #1, where the pH was first increased to 12.5 and then reduced to pH 

7.4, it was seen that the amount o f white precipitate formed at neutral pH was 

relatively low. However, the amount o f L-erythrulose removed fi’om solution was 

60% o f the initial concentration.

With method #2, whereby the pH was lowered to 1.5, it was seen that more white 

precipitate was formed than with the previous method, and the amount of L- 

erythrulose removed from solution was 75% of the original concentration present.

With method #3 where no pH changes were made, it was seen that while there was 

formation of a white precipitate in the solution, it took longer for it to appear than 

for the first two methods where the appearance o f white solids became apparent as 

soon as the pH was lowered. In this case 40% of L-erythrulose was removed from 

solution.

With method #4, \riiere the pH o f L-erythrulose was increased to a neutral value 

before the addition o f phenylboric acid, the rate o f precipitate formation was also 

slow. 60% of the initial concentration o f L-erythrulose was removed from solution 

when analysed by HPLC.
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It was concluded that complex formation between L-erythrulose and phenylboric 

acid was greatly enhanced with increasing pH, although degradation o f the ketose 

was also known to occur in alkaline conditions.

5.2.5 Soluble complex formation between phenylboric acid and L-erythrulose

Soluble con^lexes between the borate confounds and L-erythrulose were not 

detected by the HPLC assay, most probably due to con^lex cleavage in the acidic 

mobile phase. Hence, in order to detect the formation o f a soluble complex 

between L-erythrulose and phenylboric acid, and determine the optimum pH for 

this step, uv absorbance difiference spectra were generated.

Figure 5.5 shows the effect o f pH on the absorbance o f uv light by phenylboric 

acid, which decreased as the solution pH became more alkaline. This effect was not 

exhibited by L-erythrulose. Figure 5.6 depicts the difference spectra obtained by 

deducting scans A  and B from scan C. Peak heights at 266nm from scan D were 

used as an indicator o f the level o f soluble complex formed between L-erythrulose 

and phenylboric acid. It was inferred that the optimum pH for soluble complex 

formation was pH 8.1. These data are shown in Figure 5.7.

5.2.6 Phenylboric acid effects on TK

Figure 5.8 shows the effect on incubating TK with varying concentrations of 

phenylboric acid. At concentrations o f lOOmM and above, TK activity rapidly 

decreased.

The co-presence of L-erythrulose reduced the destabilising effect o f phenylboric 

acid on TK, due to the formation o f a conplex between the two compounds. This 

is shown in Figure 5.9, although the ketose itself did affect the enzyme activity to 

some degree.
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Figure 5.5 Effect of pH on the absorbance of uv light by 
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Figure 5.6 Soluble complex formation between L-erythrulose and phenylbonc acid, 

difference spectra generated at different pH values: — •—  pH 7, — •—  pH 7.5,
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5.2.7 Contacting L-erythrulose with phenylboric acid-packed in columns

When 0 .15M L-erythrulose was passed and re-circulated through a column packed 

with phenylboric acid, 8% of the total L-erythrulose present was removed from 

solution after 5 hours.

Upon apphcation o f IM L-erythrulose to an identical column, the phenylboric acid 

bed rapidly sohdified to form a compact pellet, through which no solution could be 

passed. All tubing became blocked with fine white precipitate that had also formed. 

Hence, it was not possible to calculate the amount o f L-erythrulose removed from 

solution by this means, although it was inferred that insoluble complex was rapidly 

formed through the interaction o f phenylboric acid and the concentrated solution of 

L-erythrulose.

5.2.8 Contacting phenylboric acid with XAD® resins

It was observed that incubating phenylboric acid with XAD® 2 and XAD® 4 

resulted in the compound being adsorbed by both resins, shown by the wavelength 

scans o f each mixture in Figure 5.10. However, XAD® 4 was generally more 

efficient at removing phenylboric acid than XAD® 2. Adsorption was also 

facilitated at lower pH values.

5.2.9 Contacting test reaction substrates and product with XAD® resins

In Table 5.3 are the summarised results of incubating L-erythrulose, glycolaldéhyde 

and P-hydroxypyruvate with XAD® 2 and XAD® 4 resins. XAD® 2 appeared to 

remove the least amounts o f each reaction component it was contacted with.
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Compound
% o f initial amount removed

None XAD® 2 XAD® 4
L-erythrulose 0 4 10
glycolaldéhyde 0 0 9
p-hydroxypyruvate 0 1 6

Table 5.3 Batch adsorption o f test reaction conq)onents by XAD® resins.

5.3 Immobilised Boronates I: Optimisation and Assessment

5.3.1 Effect of buffers and pH on reaction component binding

The use of a number buffers at different pH values was examined with regard to 

the adsorption o f either L-erythrulose, glycolaldéhyde or P-hydroxypyruvate onto 

AfB-Gel® 601 gel. The results are listed in Table 5.4.

5.3.1.1 Phosphate buffer

Phosphate buffer was used only at pH 8. Batch adsorption was performed solely 

with L-erythrulose. No significant change in L-erythrulose concentration occurred 

with either experimental or control solutions with time.

5.3.1.2 Carbonate buffer

Carbonate buffers were used at pH 9.2 and 9.5. With increasing pH, the stabihty o f  

L-erythrulose was affected, as approximately 15-20 % of the original concentration 

was reduced in the control solutions. For the experimental solutions containing
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AfB-Gel* 601 gel, the amount of L-erythrulose removed from solution significantly 

increased with increasing pH. Solutions containing glycolaldéhyde were not 

significantly altered with changes in pH. Concentrations in the experimental 

solutions also did not greatly vary with pH increases. P-hydroxypyruvate stability 

was affected by increasing buffer pH. Again, concentrations o f experimental 

solutions did not significantly change with respect to the controls.

Buffer type Buffer
pH

Amount remaining in solution (% initial concentration)
ERY

control
ERY 

+ resin
GLY

control
GLY 

+ resin
HPA

control
HPA 

+ resin
phosphate 8 100 80 - - - -

carbonate 9.2 85 50 100 85 80 77
9.5 80 35 95 80 75 77

pyrophosphate 8 100 75 100 82 - -

8.5 100 70 97 82 - -

9 100 45 95 81 - -

9.5 100 41 93 78 - -

barbital 8.5 100 77 100 85 100 85
9 98 72 98 83 96 81
9.5 95 65 95 81 93 78

HEPES 8.2 90 60 125 135 0 30
borate 8 100 85 - - - -

8.5 100 84 - - — — -

9 99 77 - - - -

9.5 98 75 - - - -

Table 5.4 Batch adsorption o f test reaction conçonents with AflB-Gel® 601 gel 

with varying buffer type and pH (All buffers used at lOOmM concentration, except 

barbital buffer, which was at 50mM).

5.3.1.3 Pyrophosphate buffer

The use of pyrophosphate buffers did not affect L-erythrulose stability with 

increasing pH, but did do so slightly for glycolaldéhyde. Binding o f L-erythrulose 

increased, as with glycolaldéhyde, but to higher proportions. It was not possible to 

obtain information about the bmding or stability o f P-hydroxypyruvate in the
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presence o f pyrophosphate. Pyrophosphate ions co-ehited with P-hydroxypyruvate, 

when samples were analysed by the HPLC assay described in section 3.1.1.2, 

resulting in identical retention times.

5.3.1.4 Barbital buffer

With increasing buffer pH, stabilities o f the three reaction components were 

maintained, with slight decreases in concentration at pH 9.5. For L-erythrulose, 

amounts removed from solution when incubated with Affi-Gel® 601 increased with 

higher pH. Concentrations of P-hydroxypyruvate and glycolaldéhyde when 

incubated with the afBnity resin decreased slightly, although the amounts bound 

remained the same with changes in pH. The batch adsorption profiles for the three 

reaction components by Affi-Gel® 601 in barbital buffer are given in Figure 5.11.

5.3.1.5 HEPES buffer

HEPES buffer appeared to adversely affect the concentrations o f P- 

hydroxypyruvate and glycolaldéhyde. With glycolaldéhyde, the concentrations 

appeared to increase for both the experimental and control solutions. With P- 

hydroxypyruvate, concentrations decreased to nil in the control solutions, but 

increased when mixed with Affi-Gel® 601 gel. L-erythrulose was stable in the 

buffer, and with Affi-Gel® 601 gel, the concentrations decreased.

5.3.1.6 Borate buffer

The effect of borate was similar to the effect o f pyrophosphate and barbital buffers, 

in that the amount o f L-erythrulose remaining in solution after incubation with Affi- 

Gel® 601 gel decreased with increasing pH.
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However, the coirq)ound’s stability was not as affected by pH as with the other 

buffers. The stability or binding o f P-hydroxypyruvate and glycolaldéhyde was not 

examined.

5.3.1.7 Summary o f Data

Some general trends were noted from the data presented in Table 5.4. For all the 

test reaction components, stabilities decreased with increasing buffer pH. 

Incubating the solutions with Affi-Gel® 601 gel resulted in L-erythrulose being 

removed in the highest proportion, which was enhanced by increasing buffer pH  

Table 5.5 Hsts the adjusted levels o f reaction component removed by Affi-Gel® 601 

gel. The values were obtained by accounting for losses through degradation. The 

graphs of Figure 5.11 are typical o f those obtained from the experiments described 

in section 3.5.1, for all buffers studied. These profiles can be found in Appendix 1 

(Figures A 1.1 - A1.5).

It was observed that the higher the pH of each buffer used, the better the degree of 

binding of L-erythrulose achieved. The best buffers for binding were found to be 

barbital and carbonate. Binding o f L-erythrulose to the resin was buffer dependent, 

as certain types interfered with the mechanism o f binding or with the stability o f the 

biotransformation confounds. For exançle. Tris or borate buffers were not 

suitable (Fulton, 1981). Tris buffer ions contain l-hydroxy-2-amino groups that 

cause the buffer itself to bind to the phenylboronate ligand and conçete with the 

target molecule for binding sites on the resin. Borate conçetes with the resin for 

the target molecule, as it also forms complexes with c/5-diol compounds and hence 

borate buffer was also unsuitable. It is beheved that buffers with primary or 

secondary amine groups, such as barbital and HEPES enhance binding o f diols at 

lower pH interactions (Fulton, 1981); however, the use o f HEPES was avoided as 

it greatly affected the stability o f glycolaldéhyde and P-hydroxypyruvate (Mitra and 

Woodley, 1996). Phosphate and pyrophosphate buffers had a tendency to interfere
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with the HPLC assay used to quantify confound concentrations. In addition, 

phosphate buffer did not have good buffering capacity at pH values above 8.

5.3.2 Effect of buffer ion on reaction component stability

The effect o f barbital and carbonate buffers and pH-stat conditions were 

investigated with regard to the stabilities o f the main reaction components. The 

results are shown in Table 5.6.

Buffer type Buffer pH
% of initial removed from solution

ERY GLY HPA
phosphate 8 20 - -
carbonate 9.2 41 15 4

9.5 56 16 0
pyrophosphate 8 25 18 -

8.5 30 15 -

9 55 15 -

9.5 59 16 -

barbital 8.5 23 15 15
9 27 15 16
9.5 32 15 16

HEPES 8.2 33 -8 -

borate 8 15 - -

borate 8.5 16 - -

9 22 - -

9.5 23 - -

Table 5.5 Adsorption o f test reaction conq)onents by Affi-Gel® 601 with varying 

buffer type and pH (adjusted for losses through degradation).

It was observed that with carbonate buffers, the stability o f P-hydroxypyruvate 

decreased significantly. With barbital buffers, this effect was reduced. 

Glycolaldéhyde and L-erythrulose stabihties were generally equal in both buffered 

systems. Solutions o f the reaction substrates and product were less stable in pH- 

stat conditions than with buffered solutions. Increasing buffer ionic strength
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generally decreased stabilities o f the test reaction components. TK stability was not 

examined at the lower buffer ionic strengths. It was stable, however, in both 

lOOmM barbital and carbonate, and also in pH-stat conditions.

% initial remaining in solution
Solution type ERY GLY HPA TK
pH-stat 58 46 65 91
50mM barbital 94 93 86 -

lOOmM barbital 91 91 79 86
50mM carbonate 89 100 84 -

lOOmM carbonate 75 86 37 87

Table 5.6 The effect o f buffer ion on reaction conq)onent stability at pH 9.5.

Because carbonate buffers were shown to have a destabilising effect on P- 

hydroxypyruvate, their use was avoided. Barbital buffers appeared to be the less 

interfering of the two, and were used in all subsequent e^eriments.

Hence, it was found that barbital buffer was most suitable as it had buffering 

capacity within the desired pH range and did not affect the resin or the 

biotransformation components. In addition, it did not interfere with the HPLC 

assay.

5.3.3 pH, temperature and organic solvent effects on the batch adsorption 

and stability of L-erythruIose

5.3.3.1 pH effects

Figure 5.12 contains three pH profiles. The first is the stability o f L-erythrulose 

with varying pH. The second profile is the fraction o f maximum binding capacity 

achieved at that pH
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Figure 5.12 The effect of pH on L-erythrulose stability — binding to

Affi-gel 601 — , and the optimum pH derived A' .
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The third profile is the product of the data o f the first and second graphs to give an 

‘optimum pH’ value. By assigning equal value to L-erythrulose stability and 

binding, the optimum pH was calculated to be 9.5.

Additionally, the stability o f L-erythrulose with varying pH and tençerature is 

depicted in Appendix 2 (Figures A2.1 & A2.2).

5.3.3.2 Temperature effects

The first graph o f Figure 5.13 illustrates the stability o f L-erythrulose at different 

temperatures. The second shows the binding achieved and the third represents the 

two sets o f data in one curve. It can be seen that the optimum ten^erature for 

binding with minimal losses fi'om degradation was 15°C at pH 9.5. The stability o f  

L-erythrulose was enhanced with lower temperatures.

5.3.3.3 Effect o f ethanol concentration

The first profile in Figure 5.14 shows the stability o f L-erythrulose at different 

ethanol concentrations, the second shows the binding achieved under these 

conditions and the third is produced as a result o f multiplying the two sets o f data. 

The stability o f L-erythrulose at pH 9.5 was enhanced with increasing ethanol 

concentration up to 50mM. Binding was not enhanced by the presence of ethanol. 

An optimum ethanol concentration o f 50mM for binding and stability was 

calculated.

5.3.3.4 Summary

Although alkaline conditions favour binding, it was also observed that the stabihty 

of L-erythrulose was greatly lowered when solutions were incubated at alkaline 

pH.

142



Results II

j j
3

0.6

%e«
B

'o

i 0.4s
2

0.2

0.0

10 15 20

Temperature°C

25 30 35

Figure 5.13 The eflfect of temperature on L-erythrulose stability — , binding to 

Affi-gel 601 # '  , and the optimum temperature derived - A  .

143



Results II

3
« 5

Oa

S% 0.6 a(4-1o
§

2b

0.4

0.2

0 20 40 60 80 100

Ethanol concentration (mM)

Figure 5.14 The efifect of ethanol concentration on L-erythrulose stabihty — 

binding to Affi-gel 601 #  , and the optimum ethanol concentration derived

144



Results II

Reportedly, low temperatures increase boronate ligand-molecule binding and 

minimise hydrophobic interactions (Fulton, 1981). However, this was not observed 

in these studies as increasing temperature increased the degree o f binding. 

Likewise, it was expected that the inclusion o f ethanol may alter the configuration 

of the target molecule or increase its solubihty interactions (Fulton, 1981). 

However, ethanol did not significantly affect the degree of binding.

5.3.4 Calculations performed using frontal uptake profiles

It is possible to obtain several important pieces o f data from frontal profiles. These 

simple calculations have been given by Fulton (1981) and are listed as follows.

5.3.4.1 Binding capacity

The binding capacity of a particular resin under specified operating conditions can 

be calculated by:

y  [T]
Binding capacity = --------  Equation 5.1

Vf is the frontal volume, which is the difference in elution volume between 50% 

saturation point for binding and control breakthrough curves (mL). Vt is the resin 

bed volume (mL). [T] is the concentration o f the target molecule in the feed 

solution (pmolesmL'^). Binding capacities ((pmolesmL'*) quantify the amount of 

target molecule bound per specified unit o f carrier.
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5.3.4.2 Apparent dissociation constant

The apparent dissociation constant, Kd,ss (apparent) (M) is calculated using the 

following formula, where [L]is the gel hgand concentration (jimolesmL '). The 

value obtained is the equihbrium constant of reversible complexation reaction.

Kdi^(apparent) = [^]) Equation 5.2

The lower the Kd,ss (apparent) value, the greater the strength of product binding to 

the phenylboronate hgands.

5.3.4.3 Partition coefficient

The partition coefficient, 8 can be calculated as

a = ^  + +4[L], Kji,. Equation 5.3
2[L]„

where A=(K<iiss+[T]o+[L]o) (M). [L]o is the total hgand concentration (pmolesmL'*) 

and [T]o is the total target molecule concentration (pmolesmL'^). The values 

obtained are also indicative of how the complexation reaction equihbrium hes. It is 

recommended that partition coefficients for a carrier should be no greater than 0.1 

for practical apphcation as a chromatographic method (Fulton, 1981). One way of 

decreasing the partition coefficient is by increasing the hgand concentration of the 

resin. Hence, the desired hgand concentrations of each of the resins tested were 

calculated by using the foUowing equation:
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[T]<
[L]. -  Y ĵ:  ̂ I Equation 5.4

5.3.5 Appraisal of immobilised boronates

An evaluation o f a few o f the commercially available immobilised phenylboronates 

was performed. This included a conq)arison o f the data calculated from frontal 

uptake profiles for each resin used (Figure 5.15) and the results obtained for the 

systems investigated here are shown in Table 5.7.

Afifi-Gel® 601 showed the greatest potential, as it possessed the highest ligand 

concentration of the three resins studied.. The binding capacity was highest and the 

apparent dissociation constant value the lowest for AfB-Gel® 601. The partition 

coefficient and the desired resin hgand concentration values were also lowest for 

Affi-Gel® 601 and hence this material was chosen for all further work.

Resin name
Parameter Affi-Gel® Matrex™ gel APBA*

601 PBA-60 on acryhc
Gel [hgand] (pmolesmL*^) 130 59 115
Binding capacity (pmolesmL’*) 40-50 10 5
Apparent dissociation constant, Kdiss (M) 0.046-0.032 0.098 0.44
Partition coefficient, Ô 1.71-1.56 3.48 5.67
[Ligand] desired (frmolesmL'*) 340-480 1000 4420

Table 5.7 Data obtained from frontal profiles o f l-erythrulose on different 

boronate resins (* APBA = m-aminophenylboric acid on aciyhc).
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Figure 5.15 Frontal uptake analysis o f 20mM L-erythrulose by immobilised boronates 

— pH 9.5 in 50mM barbital buffer, - e -  pH 7 in water (control): (A) AfB-Gel 601, 

(B ) Matrex gel PBA-60, (C) m-ammophenylbonc acid on acrylic.
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5.3.6 Batch adsorption isotherms of Afii-Gel 601*

The foUowing calculation was used to create adsorption isotherms:

Q, = - Cg )  Equation 5.5

where Qc is the amount o f adsorbate adsorbed per unit weight o f adsorbent 

(mmolesmL'^). Lv is the volume o f solution (L) and Sm the amount o f adsorbent 

(mL). Co is the initial adsorbate concentration in solution (mmolesL^) and Cc is the 

residual concentration at equihbrium (mmolesL'*).

Plotting Qc against Ce gives adsorption isotherms. Isotherms were created for L- 

erythrulose, glycolaldéhyde and (3-hydroxypyruvate and are shown in Appendix 3 

(Figure A3.1).

The shape o f the adsorption isotherm profiles allowed for each to be assigned a 

type and gave an indication o f whether binding was favourable for the adsorbate 

molecule.

For the adsorption of L-erythrulose, binding was favourable and the profile was 

classed as a Langmuir isotherm, which is defined as:

0®k C
Q, = - Equation 5.6

Q° is the limiting capacity o f the adsorbent for the specified adsorbate (mmolesmL**) 

and kL is a constant. Plotting 1/Qc against 1/Cc, as in Figure 5.16, gave a straight 

line. The point at which this line intercepted the y-axis was assigned the value o f  

MÇf. Q° was calculated to be 0.33mmoles of L-erythrulose per mL o f AfB-Gel* 601.
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Figure 5.16 Graphical evaluation of 1 /Q° 

for L-erythrulose adorption onto Afh-Gel 601
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Adsorption isotherms of glycolaldéhyde and P-hydroxypyruvate complied to a 

Freundhch-type relationship which is described below, kf and n are characteristic 

constants.

Q, = Equation 5.7

Figure 5.17 shows isotherms for all three reaction conq)onents, plotted on a 

logarithmic scale. The slopes o f each o f these lines corresponded to 1/n and the y- 

intercepts gave log kf values. Values o f n provide an indication as to whether 

binding is favourable for a particular adsorbate, although the shapes o f the profiles 

in Appendix 3 (Figure A3.1) gave preliminary indication that binding o f  

glycolaldéhyde and p-hydroxypyruvate to AfB-Gel® 601 was unfavourable. If n>l, 

then binding is favourable, and if n<l then binding is unfavourable, kf is a rough 

indicator o f adsorption capacity, and n is an indicator of the energy of the reaction.

These values are given in Table 5.8. All adsorption isotherm calculations were 

performed using equations listed by Slejko, (1985).

Compound
Constant 

n kf
L-erythrulose 1.89 0.010
glycolaldéhyde 1.14 0.002
p-hydroxypyruvate 0.85 0.0006

Table 5.8 Constants obtained fi’om adsoiption isotherms o f test reaction 

components with AflB-Gel® 601.
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Figure 5.17 Adsorption isotherms (loganthmic scale) for graphical 

evaluation of 1/n (slope) of L-erythrulose , 

glycolaldéhyde and p-hydroxypyruvate -Wkr .
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It was observed that n and kf values indicated that binding o f L-erythrulose and 

glycolaldéhyde to Affi-Gel* 601 were favoured, although the higher values were 

for L-erythrulose. n values for P-hydroxypyruvate were less than 1 and the kf 

constant was also very small, indicating that binding of this substrate was not 

favoured.

5.3.7 Frontal uptake profiles of L-erythrulose, glycolaldéhyde and p- 

hydroxypyruvate

Frontal uptake profiles o f L-erythrulose, glycolaldéhyde and P-hydroxypyruvate 

are shown in Figure 5.18. Binding capacities were calculated to be 47 pmolesmL^ 

for L-erythrulose, 17 pmolesmL'^ for glycolaldéhyde and 16 pmolesmL*  ̂ for p- 

hydroxypyruvate.

5.3.8 Elution of bound reaction components

The quantities o f each reaction conçonent eluted fi’om columns prepared in Affi- 

Gel® 601 using different eluants are listed in Table 5.9.

Levels o f binding were not as high for resin prepared in water in comparison with 

resin prepared in buffer (section 5.3.7). It was also observed that L-erythrulose 

bound to the resin in the highest amounts. 60mM H2SO4 gave the highest amount 

of L-erythrulose eluted. AH eluants eluted roughly the same amounts o f 

glycolaldéhyde and p-hydroxypyruvate, although 60mM H2SO4 was also 

considered most efficient for elution of these confounds.
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Figure 5.18 Frontal uptake analysis of (A) 20mM L-erythrulose 

(B) 20mM glycolaldéhyde and (C) 20mM P-hydroxypyruvate by 

AfB-Gel 601 ; — pH 9.5 in SOmM barbital buffer, pH 7 in water.
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Binding capacity (iimolesmL'^ of AflS-Gel^ 601) 
Eluant used L-erythrulose glycolaldéhyde P-hydroxypyruvate 
RO H 2O 23 10 12
6 mM H2SO4 24 10 13
60mM H 2 SO 4  31 1 2  13

Table 5.9 Elution o f bound reaction components from AflS-Gel® 601 using 

different eluants.

5.3.9 Effect of solution composition on binding capacity of Affr-Gel* 601 for 

L-erythrulose, glycolaldéhyde and P-hydroxypyruvate

Reaction component solutions o f varying conq)osition were used to examine 

effects on binding capacity. These results are listed in Table 5.10.

Solution composition
Binding capacity (pmolesmL^)

ERY GLY HPA
ERY 58 - -

GLY 43 - -

HPA 35 - -

ERY + GLY 65 19 -

ERY + HPA 64 - 0

ERY + GLY + HPA 62 13 0

Table 5.10 Binding capacities o f Affi-Gel® 601 for test reaction components using 

solutions of varying corcçosition.

HQgher binding capacities for the three compounds as pure solutions at 50mM 

concentration were achieved compared with the use of 20mM solutions (section 

5.3.7). Mixed solutions caused the binding capacities for both glycolaldéhyde and 

P-hydroxypyruvate to fall, while the capacity for L-erythrulose remained the same.
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Glycolaldéhyde still bound in the same proportions in the presence o f L- 

erythrulose, however, P-hydroxypyruvate did not bind at all.

5.3.10 Stability of bound reaction components

The stabilities o f bound test reaction components were calculated as follows. 

Amounts o f each target molecule within a column were determined by two 

methods. The first was by calculating the total number o f pmoles o f target 

molecule by measuring the residual target molecule concentration o f the solution 

originally apphed to the column. The second method was by calculating the amount 

of target molecule present in the eluant. By determining the ratio o f amounts 

present in the column by these two methods, an indication o f corcponent stability 

was obtained. The results o f this experiment are given in Table 5.11.

Relative ratios (eluted:applied)
Method ERY GLY HPA
Total amount presented 1.00 1.00 1.00
Immediate elution 1.00 1.00 1.00
Elution at 5 hours 0.94 0.8 1.00
Control* 0.91 0.91 0.79

Table 5.11 Relative ratios (of number o f pmoles eluted to number of fimoles 

within column) to determine stabilities o f target molecules once bound to AflB-Gel® 

601 (* = stabilities o f reaction components in lOOmM barbital buffer at 5 hours: 

fi'action of residual concentration).

From the results, it was observed that short term stabilities o f all three reaction 

components were maintained when bound to the column. In addition, the long term 

stabilities of L-erythrulose and p-hydroxypyruvate were enhanced within the 

column. However, the long term stability of glycolaldéhyde appeared to decrease 

within the column.
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5.3.11 Binding of enzyme and cofactors

TK remained stable over the 5 hour incubation period with 90% of the initial 

activity remaining for the apoenzyme and 85% for the holoenzyme, with no loss o f  

protein. Residual activity profiles are shown in Figure 5.19.

To quantify levels o f TPP, a standard curve was prepared where its absorbance at 

~245nm was plotted against concentration. The relationship was linear for 

concentrations up to 0.25mM. This was then used to quantify concentrations of  

TPP in the leaving solution during firontal uptake analysis. Carbonate buffer was 

used instead o f barbital buffer to prepare the solution of TPP, as barbital buffer 

also absorbed uv Hght. Frontal uptake analysis with TPP as the target molecule 

gave a binding capacity o f zero.

5.3.12 The effect of target molecule on its column adsorption

Table 5.12 shows data fî om fi'ontal uptake analyses performed using L-erythrulose 

solutions o f differing concentration.

L-erythrulose concentration (mM)
Parameter 10 20 50 100
Binding capacity achieved (fimolesmL'^) 35 47 58 110
% of maximum bindiog capacity achieved 27 36 45 81
Apparent Dissociation constant, Kdiss(M) 0.027 0.036 0.063 0.024
Partition Coefficient ,8 1.43 1.60 2.10 1.96

Table 5.12 The effect o f varying L-erythrulose concentration on binding 

parameters.
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The binding capacity for L-erythrulose increased as the concentration o f the target 

molecule increased. The apparent dissociation constant value , was lowest when 

lOOmM L-erythrulose was used and the partition coefficient value was lowest 

when lOmM L-erythrulose was used.

5.3.13 Comparison of Affi-Gel*^ 601 gel swelling methods

Table 5.13 below, lists the bed volumes and binding capacities o f Affi-Gel® 601 for 

L-erythrulose (SOmM) when the resin was pre-swollen using different means.

Parameter
Swelling method

pH-stat 5OmM barbital buffer
bed volume (mL) from 0.32g (dry) 3 2
total pmoles removed 90 112
biuding capacity (pmolesmL'^) 30 56

Table 5.13 Properties o f Aiffi-Gel® 601 pre-swollen using different methods.

Although the bed volume o f the resin prepared in RO water was greater than that 

prepared in barbital buffer, both its binding capacity and overall capacity were 

lower. Hence, preparation o f Affi-Gel® 601 in barbital buffer, pH 9.5 gave better 

performance than resin prepared in the pH-stat.

5.3.14 Effect of buffer ionic strength on binding capacity for L-erythrulose

The use of barbital and carbonate buffers of varying ionic strength was examined 

on the binding capacities o f the test reaction components. The results are 

summarised in Table 5.14.
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Solution type (all at pH 9.5) Binding capacity (jxmolesmL’*)
pH-stat 33
lOmM carbonate 13
5 OmM carbonate 70
lOOmM carbonate 75
lOmM barbital 16
5 OmM barbital 58
lOOmM barbital 102

Table 5.14 Binding capacities o f Affi-Gel® 601 for L-erythrulose with changing 

buffer ionic strength.

It was observed that as the ionic strength o f buffer ion increased, the binding 

capacities for L-erythrulose also increased. pH-statted resin had the lowest binding 

capacity. Barbital buffer gave better bindiug capacities than carbonate buffer at 

lOOmM concentrations.

5.3.15 The effect Affi-Gel* 601 on solution concentration __

This experiment was performed to determine whether the liquid within Affi-Gel® 

601 affected bulk solution ionic strength. The predicted effect was calculated, by 

assuming that all the liquid within the pre-swollen resin affected the bulk solution 

concentrations. The amount o f water taken up per mL of resin was 0.83mL If this 

volume o f liquid was perfectly mixed with the bulk liquid, then the ionic strength 

would become reduced by 14%. Figure 5.20 shows these results. It was observed 

from the graph that the predicted profile had a good correlation with actual 

measurements. It was hence inferred that the water within and around the resin 

beads did move out into the surrounding solution.
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Figure 5.20 The effect of pre-swollen Affi-gel 601 on solution 

lomc straigths; - ■- Control NaCl values,

—# — Actual resin + NaCl values, A - -Predicted NaCl + resin values.
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5.3.16 Effect of rate of sample application on binding capacity

The effect o f applying 5OmM L-erythrulose solution to AflB-Gel® 601 at different 

flow rates was examined, by calculating the resulting binding capacities. These 

results are listed in Table 5.15. Ifighest binding capacities were achieved when 

fixed flow rates o f ItnLtnin*̂  were used.

Rate o f sanq)le application Binding capacity (^imolesmL'*)
gravitational flow rate 55
O.SmLmin* 60
ImLmin* 69

Table 5.15 Effect o f sample application flow rate on binding capacity of Affi-Gel** 

601 for L-erythrulose.

5.3.17 Summary

The results obtained fi ôm performing the experiments described in section 3.5 gave 

valuable information about the required parameters to optimise binding o f L- 

erythrulose to Affi-Gel® 601. It was inferred that pH, buffer ion, ionic strength (of 

both target molecule and buffer) and ligand concentration played crucial roles in 

improving the levels o f binding by immobilised boronates.

From the fi'ontal uptake analyses performed, it was observed that some levels of 

substrate binding occurred (although TPP and TK did not bind). This indication of  

non-selective binding creates conçlications with regard to the use of this resin for 

ISPR. The binding o f small quantities of (3-hydroxypyruvate and glycolaldéhyde to 

the resin probably occurred due to the structural and behavioural similarities o f the 

functional groups on these conq)ounds with the cw-diols found on L-erythrulose 

(Fulton, 1981). In the following section, results relating to the use of Affi-Gel® 601 

to perform ISPR fi*om the test reaction are reported.
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5.4 Immobilised Boronates U - In-Situ Product Removal from Test 

Reaction with Affi-Gel 601®

5.4.1 Batch pH uncontrolled bio transformation

Figure 5.21 shows pH uncontrolled batch reaction profiles with and without ISPR. 

Reaction pH increased with time through the consumption o f p-hydroxypyruvate 

and concomitant formation of carbonate and bicarbonate.

For the reaction without ISPR, the concentration o f L-erythrulose reached a 

maximum value at 120 minutes, and then decreased as some o f it degraded due to 

the high reactor pH. The total amounts o f L-erythrulose produced were calculated 

for each reaction at 5 hours. Without ISPR, 70% o f the total amount possible was 

made, and with ISPR, 69% was made. However, there were considerable levels of  

non-specific biuding of substrates that occurred with the ISPR system, which when 

taken into account, indicated that 92% of the total L-erythrulose possible was 

produced.

5.4.2 Batch pH controlled biotransformation

Figure 5.22 shows batch reaction profiles where reaction pH was controlled with 

and without ISPR. The total amounts o f L-erythrulose produced were calculated 

for each reaction at 5 hours. Without ISPR, 100% o f the total amount possible was 

made, and with ISPR, 52% was made. However, there were considerable levels of 

non-specific binding of substrates that also occurred with the ISPR system, which 

when taken into account, indicated that 79% o f the total L-erythrulose possible 

was produced.
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Figure 5.21 Reaction profiles of test TK catalysed biotransformation; reaction 

conditions: 2.5mmoles substrate in batch system, pH uncontrolled, 25°C;

400U TK, 15mL total reaction volume; number of mmoles of

— ■ — P-hydroxypyruvate, — •  — L-erythrulose and — A— glycolaldéhyde

—  reactor pH: (A) reaction profile without ISPR (B) reaction profile with ISPR 

using 5g of AfiB-Gel 601 prepared in lOOmM barbital buffer, pH 9.5.
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Figure 5.22 Reaction profiles of test TK catalysed biotransformation, 

reaction conditions: 2.5mmoles substrate in batch system, 

pH controlled with 1M HCl, 25°C, 400U TK, 15mL total 

reaction volume; number of mmoles of

— ■ — P-hydroxypyruvate, — •  — L-erythrulose and — A — glycolaldéhyde: 

(A) reaction profile without ISPR (B) reaction profile with ISPR using 

5g of AfiB-Gel 601 prepared in lOOmM barbital buffer, pH 9.5.
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5.4.3 Fed-batch pH uncontrolled biotransformation

To alleviate the difficulties faced with non-specific binding o f substrates during 

ISPR, fed-batch reactions were also studied. Reaction profiles o f these 

biotransformations are shown in Figure 5.23. 100% of the total L-erythrulose 

possible was produced in the absence o f ISPR. In the presence o f ISPR, 87% of 

total production was achieved, and if allowances were made for non-specific 

binding, then 93% o f the total was produced. Residual TK activity remaining at the 

end o f the biotransformations (% initial) were calculated to be 84% when ISPR 

was used and 35% in the absence o f ISPR.

5.4.4 Summary

Due to the levels o f non-specific binding that occurred with Affi-Gel 601® in the 

batch reaction, feeding o f reactants was used to maintain minimal concentrations in 

the reaction vessel. However, with this step implemented, the biotransformation’s 

productivity increased considerably.

Due to the main reaction components being alkah labile, losses due to the high 

reactor pH were avoided with feeding. Hence, ISPR resulted in no significant 

inq)rovement in productivity o f the process, although residual TK activity values 

were comparatively higher when ISPR was used
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Figure 5.23 Reaction profiles of test TK catalysed biotransformation; 

reaction conditions: 2.5mmoles substrate applied to fed- batch system 

(substrate feed rate 17.5 pmolesmin' )̂, pH uncontrolled, 25°C;

400U TK, 15mL final reaction volume, number of mmoles of 

— ■ — P-hydroxypyruvate, — L-erythrulose and — A — glycolaldéhyde

 reactor pH, total number of mmoles of feed applied:

(A) reaction profile without ISPR (B) reaction profile with ISPR using 

5g of AfiB-Gel 601 prepared in lOOmM barbital bufifer, pH 9.5.
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5.5 Heterocomplex Formation - Preliminary Studies

5.5.1 Complex formation between L-erythrulose, boric acid and dimethyl 

phthalate

Figure 5.24 shows wavelength scans o f L-erythrulose and boric acid solutions in 

combination with dimethyl phthalate (panel (A)). Subtracting scans o f these 

compounds away from the scan o f a solution containing all three compounds 

generated a difference spectrum, shown in panel (B). The spectrum indicated that 

L-erythrulose did form a complex.

5.5.2 Complex formation between dimethyl phthalate and test reaction 

components

Complex formation between dimethyl phthalate and the test reaction components 

was investigated by the generation o f difference spectra. Scans of dimethyl 

phthalate and reaction conq)onent were subtracted from solutions containing both 

compounds. The results are shown in Figure 5.25. It was observed that a complex 

was formed between L-erythrulose and dimethyl phthalate in the absence o f boric 

acid. P-hydroxypyruvate also formed a complex with dimethyl phthalate. It was not 

possible to determine whether glycolaldéhyde formed a complex with dimethyl 

phthalate, as neither the confound nor the complex absorbed uv light.
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Figure 5.24 (A) Wavelength scans of: — ■— 5mM dimethyl phthalate = (a) 

— •— 20mM L-erythrulose = (b), — ‘—  5mM dimethyl phthalate 

+ 5OmM boric acid = (c), — »— b + c = (d); at pH 7 

(B) Difference spectrum generated to observe complex formation 

between dimethyl phthalate, L-erythrulose and boric acid: (c - b) - d.
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Figure 5.25 Difference spectra to determine complex formation between

dimethyl phthalate and — ■—  L-erythrulose, — •—  glycolalddiyde

and — ^—  p-hydroxypyruvate.
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5.5.3 Complex formation between dimethyl glyoxime, boric acid and L- 

erythrulose

The difference spectrum generated in a manner similar to that described in section

5.5.1 indicated that L-erythrulose did form a con^lex. Figure 5.26 shows 

wavelength scans o f L-erythrulose and boric acid solutions in combination with 

dimethyl glyoxime (panel (A)). Subtracting scans o f these compounds away from 

the scan of a solution containing aU three compounds generated the difference 

spectrum shown in panel (B).

5.5.4 Adsorption of dimethyl glyoxime and dimethyl phthalate onto XAD® 4

Wavelength scans o f dimethyl glyoxime and dimethyl phthalate incubated with 

Amberhte® XAD® 4 are given in Figure 5.27. It was observed that dimethyl 

phthalate was adsorbed by the resm in higher quantities than dimethyl glyoxime, as 

all the dimethyl phthalate present was removed from solution.

5.5.5 Summary

It was observed that complex formation did occur between the chelating agents, 

and the test reaction conq)onents. However, they were not selected for further 

apphcations due to their hydrophobic nature and possible binding o f Mg^  ̂ ions. 

Additionally, it was noted that both conq)ounds were classed as hazardous reagents 

(Sax & Lewis, 1989), which was not a desirable property.
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Figure 5.26 (A) Wavelength scans of: — •— 5mM dimethyl glyoxime = (a) 

— •— 20mM L-erythrulose = (b), — *—  5mM dimethyl glyoxime 

+ 5OmM boric acid = (c), — »— b  ̂c = (d), at pH 7;

(B) Difference spectrum generated to observe complex formation 

between dimethyl glyoxime, L-erythrulose and boric acid: (c - b) -d.
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Figure 5.27 (A) Wavelength scans of (A) dimethyl phthalate 

(1/20 dilution) and (B) dimethyl glyoxime (1/10 dilution) in the 

absence — ■— and presence — •— of XAD 4 resin.
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5.6 Ambersorb® Adsorbents I: Assessment

5.6.1 Batch adsorption isotherms of Ambersorb® 575 and 572

Batch adsorption isotherms were created for L-erythrulose, glycolaldéhyde and P- 

hydroxypyruvate using Ambersorb® 575 and 572 resins, and are shown in 

Appendix 3 ( Figures A3.2 & A3.3). It was observed from the isotherms for both 

Ambersorb® 572 and 575, that both resins were favourable for binding of L- 

erythrulose and glycolaldéhyde. Adsorption o f P-hydroxypyruvate was not 

favoured by either o f the resins. Qc values for Ambersorb® 572 were higher than 

those for Ambersorb® 575, which hrplied that more adsorbate was bound per unit 

weight o f adsorbent for this resin.

To obtain n and kf values for each adsorption isotherm, profiles were plotted on 

logarithmic scales (Figure 5.28). Data obtained from this figure are listed in Table 

5.16.

Ambersorb® 572 Ambersorb® 575
Compound n kf n kf
L-erythrulose 2.13 0.141 2.38 0.141
glycolaldéhyde 1.15 0.015 1.10 0.015
P-hydroxypyruvate 0.78 0.001 0.79 0.001

Table 5.16 Constants obtained from adsorption isotherms of test reaction 

components with Ambersorb® 572 and 575.

As initially estimated from the shapes o f the isotherms, binding of L-erythrulose 

and glycolaldéhyde were favoured by both resins, although more so for the ketose. 

Binding of P-hydroxypyruvate was equally un-favoured by both Ambersorb® 572 

and 575.
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Figure 5.28 Adsorption isotherms (logarithmic scale) for graphical 

evaluation of n and of L-erythrulose, glycolaldéhyde,

A p-hydroxypyruvate: (A) Ambersorb 572, (B) Ambersorb 575.
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Ambersorb* 575 had a slightly higher n value for binding o f L-erythrulose than 

Ambersorb* 572, and a lower n value for binding o f glycolaldéhyde, kf values were 

equal for both resins, indicating that their adsorption capacities were similar. 

However, due to its observed higher Qe for L-erythrulose than Ambersorb* 575 

and its more hydrophilic nature, Ambersorb* 572 was chosen for all further work.

5.6.2 Effect of reaction components on TK activity in the presence and 

absence of Ambersorb* 572

Table 5.17 shows the residual TK activity remaining after incubating the enzyme 

with solutions containing reaction components o f different conq)osition, in the 

presence and absence of Ambersorb* 572.

TK activity fell in all solutions to varying levels, however, the presence of 

Ambersorb* 572 enhanced the loss o f activity for each sample.

Solution type
Amount remaining (% initial) 
No resin with resin

0.5MGLY 81 74
0.5MHPA 65 50
cofactors (2mM TPP & 0.72mM Mg^ )̂ 90 74
0.5M GLY & cofactors 78 60
0.5M HPA & cofactors 94 74
0.5M GLY & HPA & cofactors 51 40

Table 5.17 Effect o f reaction components on TK activity in presence and absence 

o f Ambersorb* 572.
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5.6.3 Binding of TK to Ambersorb* 572.

Protein and activity measurements o f solutions o f both holo and apo forms of TK 

were made after passing each solution through columns packed with Ambersorb* 

572. The results for TK stability are shown in Figure 5.29. Both holo and apo TK 

activities slightly increased with time, and no losses o f protein were incurred from 

binding to the resin.

5.6.4 Binding of TPP to Ambersorb* 572

When a 2mM TPP solution was contacted with Ambersorb® 572 resin, it was 

observed that all TPP was removed from solution by the resin within 1 minute of 

contact time.

5.6.5 Summary

Ambersorb® 572 was characterised to be a high capacity adsorbent, which was 

cheap and capable o f re-use. However, it was found to bind TPP and 

glycolaldéhyde. Due to the contrasting properties o f the Ambersorb® resins when 

conq)ared with Affi-Gel® 601, it was also chosen to perform ISPR from the test 

reaction. The results o f these e?q)eriments are described in the next section.
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Figure 5.29 Effect of recycling apo — and holo — forms

of TK through Ambersorb 572 on enzyme stabihty.
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5.7 Ambersorb® Adsorbents II: InSitu Product Removal from 

The Test Reaction using Ambersorb® 572

5.7.1 Fed batch pH controlled bio transformation - cofactor feeding strategies

Table 5.18 lists the results obtained with performing ISPR with Ambersorb® 572 

on reactions with and without cofactor feeding.

Parameter
Reaction type Reaction time Residual TK Conversion achieved

(mins) activity (% initial) (% maximum)
cofactor fed X , ISPR X 360 48 95
cofactor fed X , ISPR / 67 19 0
cofactor fed / ,  ISPR X 360 55 85
cofactor fed ✓, ISPR / 75 13 0

Table 5.18 Effect of Ambersorb ® 572 on test biotransformation performance and 

T K  activity employing cofactor feeding.

When the test reaction was performed in the absence of cofactor feeding and ISPR, 

95% conversion was achieved, with nearly 50% of the initial TK activity remaining. 

However, the use o f ISPR caused TK activity to drop dramatically, and the 

reaction to cease, with no conversion to product. To alleviate the possible cause of 

this fall in enzyme activity, cofactor feeding strategies were ercçloyed. As before, 

reactions in the absence o f ISPR proceeded to achieve high conversions, with 

approximately half o f the initial TK activity remaining. Implementation o f ISPR to 

the reaction caused TK activity to again drop significantly, resulting m no substrate 

conversion. It was concluded that binding of TPP occurred rapidly and to 

completion, to an extent such that the activity o f TK fell as the active dimer 

became monomerised.
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5.7.2 Fed batch pH uncontrolled biotransformation

Reaction profiles o f these biotransformations are shown in Figure 5.30. 100% of 

the total L-erythrulose possible was produced in the absence o f ISPR In the 

presence o f ISPR, 85% o f total production was achieved, and if allowances were 

made for non-specific binding, then 90% of the total was produced. Residual TK 

activity remaining at the end of the biotransformations (% initial) were calculated 

to be 8% when ISPR was used and 35% in the absence o f ISPR These data are 

shown in Figure 5.31.

5.7.3 Fed batch pH uncontrolled biotransformation - higher feed rate

The effect o f applying the substrate feed solution at a higher rate was examined. 

5G|4,molesmin ’ o f each substrate were applied compared with 17.5pmoIesmin'^ (as 

performed in previous biotransformations; sections 3.9.2 and 5.7.2). Reaction 

profiles o f these biotransformations are shown in Figure 5.32. 100% of the total L- 

erythrulose possible was again produced in the absence o f ISPR In the presence of 

ISPR, 80% of total production was achieved, and if allowances were made for 

non-specific binding, then 85% of the total was produced. Residual TK activities 

remaining at the end o f the biotransformations (% initial) were calculated to be 8% 

and 19% in the presence and absence o f ISPR, respectively. These data are shown 

in Figure 5.33.
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Figure 5.30 Reaction profiles of test TK catalysed biotransformation; 

reaction conditions: 2.5mmoles substrate applied to fed- batch system 

(substrate feed rate 17.5 pmolesmin" )̂, pH uncontrolled, 25°C;

400U TK, 15mL final reaction volume; number of mmoles of

— ■ — p-hydroxypyruvate, — L-erythrulose and —A — glycolaldéhyde

—  reactor pH, total number of mmoles of feed apphed:

(A) reaction profile without ISPR (B) reaction profile with ISPR using 

3 g of Ambersorb 572.
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Figure 5.31 TK activity measurements during fed batch pH uncontrolled 

test reaction (feed rate 17.5pmolesmin‘ )̂ in the absence *  ■ 

and presence #  of ISPR with Ambersorb 572.
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Figure 5.32 Reaction profiles of test TK catalysed biotransformation; 

reaction conditions; 2.5mmoles substrate applied to fed- batch system 

(substrate feed rate 50 pmolesmin' )̂, pH uncontrolled, 25°C;

400U TK, 15mL final reaction volume; number of mmoles of 

■ P-hydroxypyruvate, #  L-erythrulose and — A— glycolaldéhyde

—  reactor pH, total number of mmoles of feed applied:

(A) reaction profile without ISPR (B) reaction profile with ISPR using 

3g of Ambersorb 572.

183



Results II

2
.g
S.

oCQ

100

80

60

40

20

0
0 1 2 3 4 5

Time (hours)

Figure 5.33 TK activity measurements during fed batch pH uncontrolled 

test reaction (feed rate 50|imolesmin‘ )̂ in the absence — 

and presence # -  of ISPR with Ambersorb 572.
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5.7.4 Fed batch pH uncontrolled biotransformation using immobilised TK

5 .7.4.1 Preparation o f immobilised TK

Immobilised TK was prepared as described in section 3.9.4.1. Protein and TK 

content o f all washes were calculated. The total amount of protein washed off or 

unbound by Eupergh C® was 8.44mg out of a maximum of ISOmg. The total 

amount o f TK washed off or unbound from the resin was 35.83U out o f a 1800U 

presented.

Ig o f dry Eupergit C® yielded 4.75g o f wet resin with a volume o f approximately 

4mL. This resulted in wet Eupergit C® beads with a content o f 79% water and 

21% beads.

Initial estimations were made o f the TK activity o f the prepared Eupergit C®. It 

was calculated that 1764U o f TK had bound to Ig o f dry resin, which equated to 

37 lU  o f TK present per wet gram o f Eupergit C®.

5.7.4.2 pH controlled batch reaction to check starting activity o f immobilised TK

Although the amounts o f TK bound to Eupergit C® were calculated in 5.7.4.1, the 

values were not considered indicative o f the actual activity o f the resin. This was 

due to likely losses occurring during the immobilisation process and some o f the 

enzyme binding to the resin in the inactive apo form Hence, a biotransformation 

was performed using the freshly prepared resin to obtain a quantitative value o f TK 

activity present (per gram o f wet Eupergit C®). The biotransformation profile is 

shown in Figure 5.34. It has been estimated (Brocklebank, unpublished results) that 

lU  of TK will convert 0.5pmole o f substrate per minute. It was thus calculated 

from the initial rate o f product formation (from 0 to 2 minutes o f reaction time) 

that 187U of active TK were present per wet gram o f Eupergit C®.
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Figure 5.34 pH controlled batdi biotransformation to determine 

activity of TK immobilised onto Eupergit C, Reaction conditions:

1 OmL reaction volume, 1 mmole substrate presented to 1. Ig wet 

Eupergit C, reaction mamtamed at pH 7 by titration with IM HCl: 

number of mmoles of —I — L-erythrulose, —# — glycolaldéhyde, 

A  p-hydroxypyruvate, HCl.
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5.7.4.3 Fed-batch pH uncontrolled biotransformation using free TK

The reaction profile o f this biotransformation is given in Figure 5.35. 96% o f the 

total L-erythrulose possible was produced. The residual TK activity remaining at 

the end o f the biotransformation (% initial) was calculated to be 33%.

5.7.4.4 Fed-batch pH uncontrolled biotransformation using immobilised TK

The reaction profiles of these biotransformations in the absence and presence o f  

ISPR are given in Figures 5.36 and 5.37, respectively. With no ISPR, 94% o f the 

total L-erythrulose possible was produced. In the presence of ISPR, 70% o f total 

production was achieved, and with allowances made for non-specific binding, 78% 

of the total was produced.

5.7.4.5 pH controlled batch reaction to check residual activity o f immobilised TK

To measure the residual activity o f TK on used Eupergit C® biotransformations 

identical to that used to measure the initial activity o f the resin were performed. 

Biotransformation profiles obtained from Eupergit C® used in fed batch reactions 

described in sections 3.9.4.4 and 5.7.4.4 are shown in Figure 5.38 and 5.39. It was 

calculated from the initial rate o f product formation (from 0 to 5 minutes of 

reaction time) that 77% of the initial activity remained with the immobilised TK 

used to catalyse the fed batch test reaction without ISPR Residual TK activity 

remaining at the end of the fed batch biotransformation when ISPR was used was 

calculated to be 44% of the initial.
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Figure 5.35 Reaction profile of test TK catalysed biotransformation, 

reaction conditions; 2.5mmoles substrate applied to fed- batch system 

(substrate feed rate 20 pmolesmm*^), pH uncontrolled, 25°C, 

lOOU TK, 18.5mL final reaction volume, number of mmoles of 

—■  — p-hydroxypyruvate, — L-erythrulose and — A — glycolaldéhyde 

—  reactor pH , total number of mmoles of feed apphed.
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Figure 5.36 Reaction profile of test TK catalysed biotransformation; 

reaction conditions: 2 .5mmoles substrate appbed to fed- batch system 

(substrate feed rate 20 pmolesmin'^), pH uncontrolled, 25°C,

Ig wet Eupergit C, 15mL final reaction volume, number of mmoles of 

—■  — p-hydroxypyruvate, — L-erythrulose and — A — glycolaldéhyde 

—  reactor pH, total number of mmoles of feed apphed
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Figure 5.37 Reaction profile of test TK catalysed biotransformation with ISPR 

using 2.5g (dry) hydrated Ambersorb 572; reaction conditions; 2.5mmoles 

substrate apphed to fed- batch system (substrate feed rate 2 0  pmolesmin'^), 

pH uncontrolled, 25°C; Ig wet Eupergit C, 15mL final reaction volume; 

number of mmoles of—# — p-hydroxypyruvate, — L-erythrulose and 

—A — glycolaldéhyde, reactor pH , total number of mmoles of feed apphed.
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Figure 5.38 pH controlled batdi biotransformation to determine 

residual activity of TK immobilised onto Eupergit C used in fed 

batch pH uncontrolled reaction. Reaction conditions: lOmL reaction 

volume. Immole substrate presœted to 1 g used wet Eiç)ergit C, 

reaction maintained at pH 7 by titration with IM HCl: number of 

mmoles of—# — L-erythrulose, —# — glycolalddiyde,

—A — (3-hydroxypyruvate, HCl.
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Figure 5.39 pH controlled batch biotransformation to determine 

residual activity of TK immobilised onto Eupergit C used in fed 

batch pH uncontrolled reaction with Ambersorb 572 as ISPR method;

Reaction conditions: lOmL reaction volume. Immole substrate presorted

to Ig used wet Eupergit C, reaction maintained at pH 7 by titration with IM HCl;

number of mmoles of—# — L-erythrulose, — glycolalddiyde,

—A— p-hydroxypyruvate, HCl.

192



Results II

5.7.5 Summary

As with the use o f AflS-Gel® 601, the use o f Ambersorb® 572 as an ISPR technique 

did not inq)rove the productivity o f the test biotransformation. However, unlike 

Afl5-Gel® 601, there was no improvement in retained enzyme activity, and in fact, 

losses o f TK activity were drastic, due to the non-specific binding o f TPP. 

Although non-specific binding of the substrates by Aflfi-Gel® 601 and Ambersorb® 

572 was overcome by feeding, the same could not be achieved for TPP. In 

addition, it was observed that the measure o f feeding substrates alleviated losses 

due to degradation, and drove the reaction to completion at high reactor pH, 

giving further indication that ISPR was not a requisite for the test reaction.

As part o f the next chapter, each product recovery method examined will be 

evaluated using the criteria listed in chapter 2 as a guide.
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6. Discussion

6.1 Test Biotransformation

6.1.1 Test biotransformation characterisation

Biotransformation characterisation provided essential information with regard to 

the real need for ISPR-for the test system and other TK catalysed reactions.

From the enzyme kinetic data o f the test reaction, it was not considered crucial to 

perform in-situ removal o f L-erythrulose, as the calculated Ki value was over

0.5M. However, for other more complex TK catalysed reactions, in particular for 

those using aromatic aldehyde acceptor substrates, it is likely that the inhibitory or 

toxic nature of the product may be o f greater significance.

The other reason for applying ISPR to transketolase catalysed reactions would be 

to drive the reaction equilibrium towards more product formation. However, the 

use o f P-hydroxypyruvate as the ketol donor performs this task, as explained in 

section 1.6.4.

In summary, the need for ISPR fi’om the test reaction was not wholly justified by 

reasons regarding the performance o f the biotransformation, but more as its role of  

being a model system with which to gain information about ISPR.

It was observed that the use o f p-hydroxypyruvate and the substrate feeding 

strategies employed, not only improved the performance o f the biotransformation.
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but also lessened the selective demand placed on any ISPR method for the 

reaction. This is shown in Figure 6.1.

ERYINHffilTORYTOTK -------------------- ► ISPR ^

REVERSIBLE REACTION -------------------- ► USE HPA AS DONOR

GLY TOXIC TO TK  ► FEED IN SUBSTRATE

Figure 6.1 Dual function of strategies used to improve productivity o f test 

reaction: ease on demand o f ISPR selectivity.

If one or both substrates were fed into the reaction at an appropriate rate, then 

their concentrations in the reaction volume would be minimal. The number of 

components in the system from which to remove L-erythrulose would be reduced 

and the choice o f potential ISPR methods more extensive. The use of P- 

hydroxypyruvate as a substrate created a less conçlex reaction medium from 

which to perform ISPR.

As shown in Table 6.1, use of alternative ketol donors would result not only in 

reversible reactions, but also in the formation o f a co-product that possessed 

similar properties to the main product.

These strategies can be considered to be a few o f the many variations of reaction 

operation in combination with ISPR, the inq)ortance o f which has already been 

discussed (section 2.2.8).
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SUBSTRATES PRODUCTS BENEFITS FROM ISPR # O F  
COMPOUNDS IN 

SYSTEM
KETOL DONOR ALDEHYDE ACCEPTOR MAIN PRODUCT CO PRODUCT PRODUCT

INHIBITION
SHIFTS

EQUILIBRIUM
BATCH FED 

BATCH
fructose-6-phosphate glycolaldéhyde L-erythrulose erythrose-4-phosphate / y 4 2
fhictose-6-phosphate 3-O-benzyl-D-glyceraldehyde 5-O-benzyl-D-xylulose erythrose-4-phosphate / y 4 2
P-hydroxypyruvate glycolaldéhyde L-erythrulose carbon dioxide / 3 1
p-hydroxypyruvate 3-O-benzyl-D-glyceraldehyde 5-O-benzyl-D-xylulose carbon dioxide / 3 1

Table 6.1 The effect o f using different substrates in TK catalysed reactions on the need for and ease o f ISPR.

196



Discussion

6.1.2 Test reaction component characterisation

Upon initial inspection of the major reaction conçonents, few useful differences were 

noted betweai L-erythrulose and the other two molecules. They were classed as being 

non-volatile, hydrophihc, polar and small. As mentioned previously, the trend of both 

reactants and products sharing similar physico-chemical characteristics is common in 

single step mzyme-catalysed biotransformations. As a result, it was initially difficult to 

select an ^ropriate ISPR technique. However, as described in section 4.3, a number 

of potentially ^)phcable ISPR methods were chosen for further investigation.

6.1.3 Test reaction and ISPR configurations

The general irrçortance of enqjloying different modes of reaction operation with ISPR 

has been discussed in sections 2.2.8 and 6.1.1. In the following sections, the 

significance of each variation in operating mode used/suggested will be discussed for 

each product recovery method tested, hi addition, each ISPR method examined will be 

assessed with reference to those parameters hi^ih^ted in chuter 2: edacity, 

selectivity, reversibihty, interference and cost.

6.1.4 Capacity

edacities of each of the product recovery methods examined were quantified in two 

ways. The first method was to quote the total edacity available (milh-equivalents, or 

meq, which equates to mmoles for monovalent ions) per dry gram of carrier material. 

The second was the actual number of mmoles of L-erythrulose bound per dry gram of 

carrier material. The general trend was observed that actual capacities achieved were 

lower than the quoted opacities available, albeit to different degrees for different 

methods.
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6.1.4.1 Ion exchange methods

Actual capacities o f each o f the ion exchange resins used in studies described in 

sections 3.3 and 5.1 were not experimentally quantified for the three reaction 

conq)onents. However, the total exchange capacity quoted by the resin 

manufacturers provided a relative indicator o f the possible amounts removable by 

the beads. The exchange capacity for Amberlite® 4000H was 4.0 meq/g, with 

similar values for the other resins used. Total capacities o f ion exchange synthetic 

resins are high compared with speciality resins.

6.1.4.2 Free phenylboric acid

Phenylboric acid has a total boronate edacity of 8meq/g. Complexation between 

phenylboric acid and L-erythrulose occurs at a 1:1 molar ratio. This stoichiometry 

equates to Smmoles (Ig) of phenylboric acid conçlexing with Smmoles (0.96g) of L- 

erythrulose. However, when con^lexation experiments were performed, it was 

observed that a mixture of soluble and insoluble complexes were formed, hence 

reducing the potential amounts recoverable by this means, hi addition, edacities for 

insoluble complex formation could be increased to values closer to 8meq/g by using 

concentrated solutions of L-erythrulose. This observation suggested that for insoluble 

complex formation between L-erythrulose and phenylboric acid to occur, there was a 

requirement for a minimum critical concentration of target molecule to be present. In 

addition, it was noted that the levels of cortqilex formation increased with higher 

solution pH This was due to the increased degree of phaiylboric acid ionisation to give 

the reactive phenylboronate anion, which readily complexes with cw-diols. Additionally, 

however, the stabihty of L-erythrulose decreased in alkaline conditions.
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6.1.4.3 Immobilised boronates

Three commercially available immobilised boronate resins were selected for 

evaluation, as previously described (sections 3.5.4 and 5.3.5). The best o f these 

was Affi-Gel® 601 gel which possessed a boronate capacity o f l.Omeq/g. Actual 

binding capacities were lower than this, with the maximum binding capacity 

achieved for L-erythrulose being approximately 0.66mmoles/g o f dry resin (at 

lOOmM barbital and lOOmM L-erythrulose concentrations). Binding capacities 

calculated from ISPR e?q)eriments were approximately 0.4mmoles/g, as buffer 

ionic strength in the reactor was low.

Increasing solution pH, buffer ionic strength and target molecule ionic strength all 

increased the binding capacity of Affi-Gel® 601 gel for L-erythrulose for the 

following reasons

A high solution pH effected ionisation of the phenylboric acid ligands to give 

tetrahedral phenylboronate anions which, as mentioned, easily complexed with L- 

erythrulose.

Increasing bufrer ionic strength was thought not to greatly affect the binding of 

neutral cw-diols to boronates (Amicon Publication 181). However, what was o f  

more significance was the buffer ion itself Barbital and other primary or secondary 

amine buffers enhance binding o f cw-diols with boronates. The buffer ions 

themselves form a complex with the boronate ligands which then interact with the 

c75-diols more readily (at lower operating pH, with higher binding constants).

High target molecule ionic strength increases binding capacity values because the 

probabihty o f the boronate ligands on the resin coming in contact with the target 

molecules increases as the numbers o f either conq)onent increase.
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6.1.4.4 Heterocon^)lexing reagents

Again, actual capacities o f L-erythrulose binding to either dimethyl phthalate or 

dimethyl glyoxime were not calculated, however, complex formation was seen to 

occur. As seen in Figure 2.7, L-erythrulose probably interacts with the borate- 

chelating agent complex at a 1:1 molar ratio. This would equate to a total capacity 

of 5meq/g for dimethyl phthalate and 8.6meq/g for dimethyl glyoxime.

6.1.4.5 Ambersorb® 572

The carbonaceous adsorbent, Ambersorb® 572, did not have a total capacity 

quoted by the manufacturers. However, it was calculated from batch adsorption 

isotherms that at 500mM concentrations of target molecule, a binding capacity of  

2.25mmoles o f L-erythrulose per gram of dry resin was obtained. It was also 

observed that the levels o f binding of L-erythrulose increased with more 

concentrated solutions. Binding values decreased when the resin was used in ISPR 

experiments, as target molecule concentrations were low, to give approximate 

binding capacities o f 0.8mmoles/g o f Ambersorb® 572.

6.1.4.6 Summary

Carrier material capacity varies in quantity from three viewpoints. This is shown in 

Table 6.2. The total capacity available can vary greatly from the maximum actual 

capacity measured. In return, actual capacity achieved during ISPR can also differ 

from the maximum practically possible, as conditions in the reactor are not ideal (as 

used for initial measurement and optimisation studies). It was observed that a 

number of variables, in particular the concentration o f target molecule, signifrcantly 

increased the maximum capacity achieved con^ared with capacity achieved during 

ISPR. For example, PEA did not form insoluble complexes with L-erythrulose at
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target molecule concentrations at or below 0.15M. In summary, it is recommended 

that capacity measurements are made in conditions that are as similar to those in a 

specific biotransformation, so that a more accurate comparison can be made.

Capacity (mmoles/g)
Carrier material total

available
maximum
achieved

achieved 
during ISPR

ion exchange resins 4 - -

phenylboiic acid (insoluble complex) 8 3.55 (0.5M) -

Afifi-Gel® 601 1 0.6(0.1M ) 0.4
dimethyl phthalate 8.6 - -

dimethyl glyoxime 5 - -

Ambersorb® 572 - 2.25 (0.5M) 0.8

Table 6.2 Conq)arison o f carrier materials capacities.

It can be noted from Table 6.2 that not all o f the carrier materials initially chosen 

were used to perform ISPR, even though it appeared as if  the capacities o f some 

were relatively high. The reasons for this will be described in the next sections, 

where the issues o f selectivity and interference are first addressed, followed by 

reversibihty and cost.

6.1.5 Selectivity and interference

Selectivity and interfering properties o f a carrier material greatly affect its usage as 

an ISPR method. However, some o f the unwanted interactions can be avoided by 

employing certain operational strategies. In this manner, the actual capacity 

achievable can be increased, and in cases where interference or selectivity 

difficulties are extreme, can allow ISPR to be used with httle consequence on the 

running o f the process.
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A conflict exists between the requirements for a good product recovery method 

and those o f an ISPR method. Product recovery methods are considered to be 

useful if  they possess some selectivity combined with a wide range o f applicability, 

i.e. not highly selective. In contrast, ISPR techniques are preferred to be both 

highly selective and widely applicable, which is rare. Hence, one o f the alternative 

ways in which this is achieved is by altering the process configuration such that the 

ISPR technique is then deemed as selective.

The standard procedure used to recover L-erythrulose fi’om preparative 

biotransformations is based on the differing polarities of the main reaction 

components, and employs the use o f conventional flash chromatography (Hobbs, 

1994). The order of relative polarity is P-hydroxypynivic acid > L-erythrulose > 

glycolaldéhyde. This method is not suitable for ISPR as the adsorption is highly 

non-specific and separation therefore relies on a selective elution method. Methods 

involving selective elution are not considered workable to effect ISPR.

6.1.5.1 Ion exchange resins

Due to P-hydroxypyruvate possessing the lowest pKa, anion exchangers could not 

be used as a means of removing L-erythrulose in the presence of P- 

hydroxypyruvate, as the latter would always bind to the resin more strongly than 

the former, requiring selective elution. Feeding o f the donor substrate into the 

reactor could allow use of ion exchange chromatography as an ISPR mode, 

although diflBculties would most likely be encountered with binding of TPP. In 

addition, some consideration would have to be made about possible effects on 

reaction performance by the introduction o f exchanged counterions fi’om the resin 

into the reaction medium It was for this reason that other possible undesired 

effects caused by the ion exchange resins were not examined.
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6.1.5.2 Phenylboric acid

The use o f free phenylboric acid was a selective means o f removing L-erythrulose 

from the other biotransformation components, whereby a water soluble or 

insoluble complex was formed. While the use o f soluble complex formation as an 

ISPR mode did not actually remove L-erythrulose from the system, it did render it 

inaccessible to the enzyme.

The results showed that the use of phenylboric acid at concentrations above 

lOOmM as an ISPR method was not feasible because o f the destabilising effect it 

had on the enzyme. Soluble phenylboric acid could be used as an ISPR method if 

used in concentrations o f below lOOmM, where the amount o f L-erythrulose 

‘removed’ would be limited to this low molar concentration (on account of the 

reaction stoichiometry), or alternatively, fed into the reactor to maintain a low 

concentration. However, this approach was also constrained by the low solubility 

of phenylboric acid in water (~200mM).

Due to the partial solubility of phenylboric acid in water, with saturating 

concentrations being toxic to TK, the use of immobilised enzyme systems was also 

discounted (assuming that the immobilised biocatalyst maintamed behaviour similar 

to the free enzyme), as contact between the two reagents would still occur. It is 

thought that PBA interacts with TK by conçlexing with cw-diol groups present on 

the surface o f the protein. Phenylboric acid also has a similar effect on a number of 

other enzymes (Fulton, 1981), and can be used to inhibit proteases (Panandiker & 

Bjorkquist, 1996).

In addition to the interfering nature of phenylboric acid itself on TK, it was also 

noted that the alkaline conditions required for increased complex formation 

affected the stabilities o f  the reaction substrates and product. Hence, phenylboric 

acid was not used as an ISPR method for the test reaction.

203



Discussion

6.1.5.3 Affi-Gel®601

Selectivity and interference issues arising from the use of AflB-Gel* 601 stemmed 

from two major sources. The first was concerned with the resin itself  ̂ and the 

second was related to the running conditions required for efficient use o f the resin,

i.e. pH, buffer type and ionic strength.

The use o f Affi-Gel* 601 did not achieve the levels o f selectivity required to 

perform ISPR of L-erythrulose from mixtures containing glycolaldéhyde and P- 

hydroxypyruvate. From the frontal uptake analyses performed, it was observed that 

some levels o f substrate binding occurred. This indication o f non-selective binding 

created complications with regard to the use o f this resin for ISPR The binding o f  

small quantities o f P-hydroxypyruvate and glycolaldéhyde to the resin probably 

occurred due to the structural and behavioural similarities of the fimctional groups 

on these compounds with the cw-diols found on L-erythiulose (Fulton, 1981).

Due to the levels of non-specific binding that occurred with Affi-Gel 601* in the 

batch reaction, feeding of reactants was used to maintain minimal concentrations in 

the reaction vessel. This measure is one o f the ways in which the selectivity of a 

particular product recovery method can be enhanced. However, with this step 

implemented, the biotransformation’s productivity increased considerably, even in 

the absence o f ISPR Due to the main reaction conq)onents being alkali labile, 

losses due to the high reactor pH were avoided with feeding. Hence, ISPR resulted 

in no significant improvement in productivity o f the process.

Affi-Gel® 601 did not affect any other reaction components present in the medium. 

In fact, the use o f this resin increased the levels o f residual TK activity remaining at 

the end o f the biotransformation. It was thought that any undesirable effects on the 

enzyme were avoided due to the size exclusion properties of the resin. However, 

operating requirements did cause some unfavourable interactions. The use o f alkaline 

pH, barbital or carbonate buffers at high ionic strength all contributed towards 

increasing the binding capacity of Affi-Gel* 601 for L-erythrulose, but also affected 

TK activity and reaction components stabilities, as shown in Figure 6.2.
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(A)100
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76 8 9 10
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Figure 6.2 Sensitivity Analysis: The effect of pH and buffer type on TK

activity, L-erythrulose, glycolaldéhyde and -T “ P-hydroxypyruvate

stabilities and binding capacity achieved on Affi-Gel 601 : (A) pH statted

solutions, (B) lOOmM barbital buffer and (C) lOOmM carbonate buffer;

80% of maximum possible.

205



Discussion

Barbital buffer was used in ISPR experiments as it did not significantly affect 

reaction component stabilities with increasing pH, as carbonate buffer and non

buffered systems did; and helped to achieve a high level o f binding o f L-erythrulose 

to the resin. Only with barbital buffer were component stabilities maintained at 80% 

o f the initial at pH 9.5.

The use o f immobilised boronate resins and fi'ee phenylboric acid can be applied for 

the ISPR of other E.coli TK catalysed reactions. They can potentially be used to 

recover products o f TK catalysed reactions and others providing that the product 

contains cw-diol groups. In the case o f TK catalysed bioconversions, the use of a- 

hydroxylated aldehyde acceptors as substrates will ensure that the product will 

always contain cw-diol groups within its structure. However, other considerations 

must be made in such cases where the use o f boronates would not be practical. For 

example substrates such as fiiictose-6-phosphate also contain m-diols within their 

structure, and could compete with the product for binding sites on the boronate 

resins. It is also important to establish whether the co-products o f TK catalysed 

reaction possess this structural feature, for example when fiuctose-6-phosphate is 

used as a ketol donor the diol containing erythrose-4-phosphate is produced as a 

co-product of the reaction.

6.1.5.4 Heterocomplexing reagents

The heterocomplexing reagents examined were not quantitatively assessed with 

regard to their selectivities or interfering properties. This is because it was known 

that both dimethyl glyoxime and dimethyl phthalate were highly hydrophobic in 

character and could not be used in the aqueous reaction medium without creating 

two separate phases-causing considerable degrees of related interference. An 

alternative would have been to immobilise the chelating agents onto a hydrophobic 

resin such as XAD® 4, and hence physically remove them from the reactor. 

However, several additional issues for concern were apparent. Although it was 

determined that both compounds readily bound to XAD* 4, the strength o f binding
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o f either dimethyl glyoxime or dimethyl phthalate onto the resin would need to be 

quantified, as leaching off may have caused problems during ISPR.

Chelating agents such as dimethyl glyoxime are commonly used to complex with 

divalent metal ions, and it may have been likely that this might occur with the Mĝ  ̂

ions used in the reaction as cofactors.

Finally, the possible toxic nature o f both chelating agents examined rendered their 

use highly undesirable as ISPR methods in comparison with other more user- 

fiiendly methods. Sax & Lewis, (1989) provide toxicity data for both dimethyl 

glyoxime and dimethyl phthalate.

6.1.5.5 Ambersorb® 572

Carbonaceous adsorbents are renowned for their ability to adsorb a variety of 

compounds, and hence it was not unexpected that Ambersorb* 572 would possess 

similar features. It was observed that the resin favourably bound glycolaldéhyde 

and L-erythrulose, and so substrate feeding strategies were enq)loyed during ISPR 

experiments to avoid the problem of non-selectiv e binding. As mentioned in section 

6.1.5.3, the result o f  feeding in substrates to the reactor caused the productivity of 

the reaction to improve considerably such that the use o f ISPR caused no further 

advantage. However, unlike Affi-Gel* 601, Wiere its use increased the stability of 

TK during the reaction, the use o f Ambersorb* 572 appeared to drastically 

decrease the stability o f the enzyme. After further investigation, it was elucidated 

that Ambersorb* 572 did not affect TK stabilit} in any way, but readily bound 

TPP. Absence o f this cofactor from the reaction medium caused the stability of TK 

to fall rapidly in the presence o f the other reaction components. Three ways of 

alleviating this problem were investigated: (i) by feeding in cofactors during ISPR 

experiments, (ii) by using large quantities of enz>me and (üi) by immobilising the 

enzyme.

Approach (i) was used as an operational adjustment of the reaction so that the low 

selectivity problems associated with Ambersorb® 572 could be alleviated (in much
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the same way as substrate feeding strategies were employed). However, this 

method proved to be unsuccessful as the concentrations o f TPP were low enough 

for their removal to be easily achieved, and also because the adsorptive power of 

the resin appeared to be greater than the strength of TPP binding to the enzyme 

monomers.

Approach (ii) was used to alleviate the problem o f enzyme loss by using substantial 

amounts o f TK. This increased the levels o f conversion, but ended with low 

residual TK activity remaining.

The third approach was used so that Ambersorb* 572 could not pull out any TPP 

that was already bound to the enzyme. This also worked, with higher residual 

enzyme activity remaining than for approach (ii).

However, for all the different methods o f reaction operation used, le. substrate 

feeding, cofactor feeding, increased enzyme levels and immobilised enzyme 

systems, both the levels of conversion and residual TK activity remaining were 

greater without ISPR in comparison with those systems with ISPR using 

Ambersorb® 572.

Hence, it can be concluded that the use o f Ambersorb® 572 caused a number of 

severe selectivity and interference problems for the test reaction.

6.1.5.6 Summary

None o f the ISPR methods examined were non-interfering enough or possessed 

selectivities such that their use could be allowed without further m odif^g the 

reaction configuration. A number o f operational strategies were employed, and 

these are listed as follows:

• substrate feeding,

• cofactor feeding,

• carrier material immobilisation.
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• enzyme immobilisation,

• use o f more enzyme.

The approaches themselves helped to improve the performance of the test 

biotransformation. With Ambersorb* 572 as the carrier, the use o f ISPR decreased 

levels of conversion to product and enzyme stability. The use o f AflB-Gel* 601 to 

perform ISPR in fed-batch reactions resulted in higher residual TK activity 

remaining than with reactions without ISPR.

In summary, it can be said that the selectivity and compatibility characteristics o f a 

chosen product recovery method are crucial to the feasibility its use as an ISPR 

technique, although there are a number of ways in which both these parameters can 

be increased indirectly.

6.1.6 Reversibility

Another important feature o f any good product recoveiy technique is the ability to 

reverse binding easily but only when required. Hence, it is necessary for the method 

to maintain a level o f capture until an ehitive step is carried out. This releasing 

procedure should be easy to perform, allowing the product molecule to be 

recovered from the elution material with few further purification procedures 

required.

6.1.6.1 Ion exchange methods

Elution of bound conçonents from ion exchange resins is achieved by introducing 

an eluting wash containing an ionic species that has greater selectivity for the 

functional groups on the resin than the target molecule. The process of ion 

exchange then occurs and the product molecule is released coming out with the 

eluant. It must be ensured that the bound product remains stable throughout the
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entire process o f elution, and hence the elution wash must possess properties that 

are compatible with the product.

Associated problems exist with the use o f a wide range o f chromatographic 

separations. Elution o f bound components usually occurs with the consequence o f  

high levels o f dilution, resulting in large, low concentration solutions of the target 

molecule. It is frequently the case that four times the bed volume of eluant is used 

to perform ehition, and the situation becomes more difficult when the eluant is 

aqueous. It becomes increasingly difficult to concentrate the product when the 

solution contains water, which is non-volatile, especially if the product is thermo- 

labile.

With ion exchange chromatography, an additional consideration must be made with 

regard to the ease o f  separating the salt used to perform elution from the product 

molecule. It is likely that an excess o f the salt will be used for complete elution o f  

the target molecule and so will be present in the eluting liquid, along with the 

product.

6.1.6.2 Phenylboric acid

Complexation between cw-diols and phenylboric acid is a highly reversible process 

in aqueous, basic conditions. The reversible nature o f the reaction reduced the 

potential amount o f L-erythrulose recoverable from this method. To break the 

complex formed, the pH of the mixture was lowered, so that the reactive 

tetrahedral phenylboronate anion reverted back to the trigonal phenylboric acid 

structure. Some degree o f separation occurred due to the differing solubilities o f L- 

erythrulose and phenylboric acid in water. In this step, the mixture could be 

filtered, resulting in the physical removal o f insoluble phenylboric acid. Further 

separation between soluble phenylboric acid and L-erythrulose could be achieved 

by use o f a hydrophobic resin such as XAD® 4, which would adsorb the aromatic 

compound. Alternatively, phenylboric acid could be used in this immobilised form, 

so that L-erythrulose was eluted from the resin using an acidic eluant. However,
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this process would not be applicable to those TK catalysed reactions that yielded 

products containing aromatic, or other hydrophobic functional groups, as these 

compounds would also bind to a hydrophobic adsorbent.

In summary, it was concluded that the use of phenylboric acid was a reversible 

process, resulting in low levels o f L-erythrulose removal. Complex breakage was 

easy to perform by lowering mixture pH. Due to the acidic conditions used for this 

process, stabilities of L-erythrulose were maintained.

6.1.6.3 Afl5-Gei*601

Ehition o f bound components from A£B-Gel* 601 can be performed using a large 

number of methods which have been discussed in the literature (Amicon 

publication 181; Fulton, 1981). These include the use of certain types of buffers or 

cfj-diols that have a greater affinity for the phenylboronate ligand than the target 

molecule, and low pH washes, which was the method used in experiments 

described in this thesis. Lowering o f pH caused the tetrahedral boronate ligand to 

be converted to the trigonal uncharged form. As mentioned in section 6rl.6.1, 

difficulties were encountered due to the volume o f aqueous eluting wash used. The 

elution step, performed with 60mM H2SO4 caused considerable dilution o f the 

product, which created a problem further downstream for the purification process, 

especially since concentration o f the aqueous volume was difficult and expensive.

Binding strength of L-erythrulose to Affi-Gel® 601 was considered to be generally 

weak, as the sugar contained only one cw-diol within its structure (as indicated by 

the high apparent dissociation constant value). Open chain polyols, such as sorbitol 

were considered to bind more strongly, as they contained a large number o f diol 

groups (Fulton, 1981).
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6.1.6.4 Heterocomplexing reagents

Methods for and ease o f heterocomplex breakage and formation were not 

investigated in these studies. However, a possible means o f breaking the bond 

between L-erythiulose and the borate-chelating agent complex would be to use 

those methods suggested for elution of diols from phenylboronates, namely by 

reducing pH or by introducing a competing reagent that had a greater aflBnity for 

the borate ion than the target molecule. Separating the water-soluble L-erythrulose 

from the hydrophobic chelating reagent would be relatively easy to perform, in 

contrast with removing the product from borate in aqueous conditions.

6.1.6.5 Ambersorb* 572

Binding of L-erythrulose onto Ambersorb* 572 did not appear to be reversible 

when used to perform ISPR from the test reaction. Elution o f bound compounds 

from Ambersorb* 572 could be performed in two ways. The manufacturers of this 

resin recommend either passing steam through the adsorbent (used commonly for 

stripping volatile organic target molecules), or using solvents such as methanol or 

acetone to remove the product from the sohd phase and dissolve into the Uquid 

phase. This was the method used in experiments described in this thesis, and was 

observed to achieve complete elution of all conçonents bound to Ambersorb* 572 

if four bed volumes o f methanol were used. However, in comparison to those 

systems that employed the use o f aqueous elution systems, there were many 

benefits with the use o f an organic solvent as a régénérant.

Advantages o f this elution system included the high solubility o f L-erythrulose in 

methanol, and ability for easy recovery of the target molecule from the methanol 

elution volume by allowing the volatile liquid to evaporate. This was achieved in 

mild conditions. Le. at room temperature. In addition, from the viewpoint o f 

chemists, it is generally desirable for organic compounds to be in non-aqueous 

solvents so that their use in further organic syntheses is frcilitated.
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6.1.6.6 Summary

Subsequent recovery o f the product from the releasing procedure was achieved 

with varying levels of ease with the different methods examined. However, this was 

not the only consideration ^\hen assessment o f reversibility was made. The strength 

o f product binding or capture was also important. This parameter had consequence 

on the amount of useful capacity a particular product recovery method possessed. 

If binding was weak, then the actual capacity o f the carrier material would become 

reduced. Additionally, if the bound product was impossible to ehite or remove 

from the carrier system, then the method would be rendered unsuitable even if the 

capacity of the material was high. However, it can generally be said that most 

product recovery procedures are easily reversible, with associated difficulties 

occurring with those methods that possess very high selectivities, e.g. biospecific 

adsorption.

6.1.7 Evaluation of all product recovery methods tested

The feasibility o f each product recovery method chosen to be used as an ISPR 

technique for the test reaction was assessed by looking at their respective 

capacities, selectivities, interference and reversibilities, as described in the previous 

sections. An additional evaluation was made with regard to the expenditure o f time 

and money for each o f the product removal techniques in comparison with the cost 

o f the product and the benefits received by the process with the ISPR method 

implemented.

L-erythrulose is not an expensive compound. It is commercially available at a cost 

o f approximately £5 per gram The cost o f synthesising this compound via the test 

biotransformation could be further lowered by producing the major reaction 

components in bulk in the laboratory. This has already been performed for the 

biocatalyst (Hobbs et a l,  1996), and p-hydroxypyruvate (Smith, unpublished 

results), resulting in significant reductions in cost.
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Hence, the use o f an ISPR technique should be thoroughly justified by effecting 

major inq)rovements on the productivity of the reaction. However, as mentioned 

previously, the ease with which this could be illustrated for the test reaction was 

extremely low, due to the non-inhibitory nature o f L-erythrulose and the fact that 

the use o f P-hydroxypyruvate as the ketol donor substrate rendered the reaction 

irreversible, thus driving the reaction to conq>letion. Nonetheless, some atterrq)t 

was made to evaluate each o f the ISPR methods used by determining the levels of  

conversion to product and residual TK activity remaining at the end o f the reaction.

A  summary o f the major advantages and disadvantages o f each system is given in 

Table 6.3.

The use o f anion exchange resins as a possible ISPR technique for the test reaction 

had its advantages, such as high capacity, high reusabihty and low cost. However, 

due to the high selectivity of the resin for TPP and p-hydroxypyruvate, even with 

feeding strategies enq)loyed, non-specific binding would still have occurred. In 

addition, the effects o f the resin counterions on the performance o f the 

biotransformation was unknown. Hence, ion exchange was not considered suitable 

for ISPR in this case.

Free phenylboric acid also had a number o f features that potentially allowed for its 

use as an ISPR method. Again, its capacity, cost and reusabihty characteristics 

were desirable, as was its selectivity for cw-diols. However, c/5-diols present on 

the enzyme were also susceptible to complex formation and hence phenylboric acid 

proved to be toxic to TK In addition, the requirement for an alkaline environment 

to facihtate complex formation caused the reaction components to degrade, and so, 

as with the ion exchange resins, phenylboric acid could not be used to perform 

ISPR

Heteroconq)lexers also possessed high potential capacities. However, their use was 

discounted due to the potential toxicity of the system, the hydrophobic nature o f 

the chelating agents and possible non-specific binding o f Mg^  ̂by these reagents.
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Product Recovery Method
Parameter Ion exchange methods Free phenylboric 

acid
Affi-Gel® 601 Heterocomplexers Ambersorb® 572

Relative Capacity High High Low High High
Selectivity Charged species cw-diols c/j-diols cff-diols polar species
Interference nsb. TPP, GLY, HPA, 

counterions could 
possibly interfere

>100mM 
concentrations 
toxic to enzyme 
high pH req.

nsb. GLY, HPA 
buffer req.
High pH req.

nsb. Mg^ ,̂ problems with 
toxicity and 
hydrophobicity; 
borate may affect TK

nsb. GLY, TPP

Reversibility during possible if other, more highly reversible in weak binding of mono- not known, similar to non-reversible in
capture selective ions present aqueous conditions diol species boronate interactions aqueous

conditions
Reversibihty during exchange product with reduce solution pH reduce solution pH, use not known, similar to wash with polar
release more selective ions competing molecules boronate interactions organic solvent
Relative carrier 
cost
Relative reusabihty

low low high low low

high high low not known, probably high high
Used for ISPR no no yes no yes

Table 6.3 Comparison o f product recovery methods chosen for possible ISPR implementation (nsb. = non specific binding).
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In addition, h was possible that the borate component o f the heterocomplex may 

have affected TK in a similar manner to phenylboric acid.

The two methods that were finally chosen to perform ISPR were with Affi-Gel* 

601 and Ambersorb* 572. This was because it was thought that the problems of 

poor selectivity could be overcome by ençloying substrate feeding strategies.

With Affi-Gel* 601, possible interferences fi’om the high pH and buffer requisites 

were alleviated with the use o f barbital buffer, which appeared to enhance the 

stabilities o f the various reaction components in alkaline conditions. Major 

disadvantages o f Affi-Gel* 601 were concerned with the high cost and low 

reusability o f the resin. Manufacturers recommend the use o f mild storage and 

regeneration conditions for hydrated Affi-Gel* 601. It is more than likely that 

boronate capacity decreases with subsequent use. However, these features are 

common to such aflBnity based adsorbents, and so their effect on the performance 

of the test reaction was investigated. The levels of conversion obtained with 

different reaction configurations with and without ISPR by Affi-Gel* 601 are given 

in Table 6.4 below.

% conversion achieved
Reaction conditions No ISPR With ISPR With ISPR*
batch, pH controlled 100 52 79
batch, pH uncontrolled 70 69 92
fed-batch, pH uncontrolled 100 87 93

Table 6.4 Effects o f reaction configuration and ISPR with Affi-Gel* 601 on levels 

o f conversion to product (* allowances made for non-specific binding).

As discussed earlier, (section 6.1.5.3), no real advantage was obtained with the use 

of ISPR with Affi-Gel® 601 on the levels o f conversion to product. Improvements 

in reaction performance were effected by the strategies enq)loyed to facilitate 

ISPR, and not the ISPR technique itself.
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With DO ISPR, pH uncontrolled batch reactions only achieved 70% conversion. 

However, pH controlled batch reactions and pH uncontrolled fed-batch reactions 

both resulted in full conversions to product. Due to the main reaction components 

being alkali labile, losses due to the high reactor pH were avoided with feeding or 

by maintaining a neutral reactor pH.

Conversions achieved with ISPR were all lower than with reactions not using 

ISPR. Improvements in conversion levels with ISPR were achieved by using 

substrate feeding strategies to avoid non-specific binding. In addition, with those 

reactions where pH was uncontrolled, the performance of ISPR improved as the 

alkaline environment enhanced binding.

The use o f Ambersorb* 572 was allowed as an ISPR method as the resin had high 

capacity, low cost, high potential for re-use and a good elution procedure. These 

properties were the opposite of those possessed by Af&-Gel® 601, and so created a 

good comparative ISPR system. It was hoped that the use o f cofactor feeding 

strategies may overcome the problems o f low selectivity of the resin by prevention 

o f TPP binding, however, this was not so. Again, for all o f the reactions not using 

ISPR by Ambersorb® 572, levels o f conversion were higher. In addition, residual 

TK activity remaining in these biotransformations was higher. These results are 

summarised in Table 6.5.

As discussed in section 6.6.5, Ambersorb® 572 caused operational difficulties by 

binding TPP. This problem could not be alleviated and hence ISPR by this means 

did not improve the reaction at afl. The same applied for the use o f Affi-Gel® 601, 

except that it was observed that the use o f this resin contributed towards stabilising 

TK. As seen in Table 6.5, Affi-Gel® 601 was the only ISPR mode to increase the 

residual activity of the enzyme. Other strategies such as enzyme immobilisation and 

substrate feeding enhanced TK stability, but this was independent of ISPR.

217



Discussion

No ISPR WiA ISPR
Reaction type %

conversion
%

residual
TK

activity

%
conversion

%
residual

TK
activity

Low TK, pH 7 95 48 0 19
Low TK, pH 7, feed cofactor 85 55 0 13
pH uncontrolled 100 35 85 8
pH uncontrolled, ISPR with AfB- 
Gel* 601

100 35 92 84

pH uncontrolled, immobilised TK 95 77 70 44
pH uncontrolled, feed 50fimolesmin'* 100 20 80 8

Table 6.5 Effects o f reaction configuration and ISPR on levels o f conversion to 

product and residual TK activity remaining (all reactions were fed-batch systems 

with feed rates o f 20|imoles min ‘ with ISPR performed using Ambersorb® 572, 

unless otherwise stated).

6.2 General Discussion

6.2.1 Guidelines for ISPR selection and implementation

In chapter 2, a structured approach for ISPR selection and application to 

biotransformations was introduced. The significance of these recommendations can 

be highlighted by comparison with those described by Freeman and co-workers 

(1993). Figure 6.3 shows differences between the two types o f structured approach 

suggested by (1) Freeman et a l ,  (1993) and (2) that defined in chapter 2.

Route 1, in Figure 6.3 is the structured approach proposed by Freeman et a l ,  

(1993). The sequence o f actions are: biotransformation characterisation, product 

characterisation, and listing o f different modes of reaction operation with ISPR. 

Biotransformation characterisation is the initial study performed to elucidate the
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demand for ISPR. The worth o f the information gathered from this step relies on 

the assumption that all other constraints o f the reaction have been addressed.

NEED FOR ISPR

SOME OPTIONS, 
NOT ALL FEASIBLE

TOO FEW OPTIONS, NUMBER OF TOO MANY OPTIONS,
ALL FEASIBLE FEASIBLE OPTIONS NOT ALL FEASIBLE

Figure 6.3 Comparisons and consequences o f guidelines proposed for correct 

selection and inçlementation o f  ISPR to biotransformation: (A) =

biotransformation characterisation, (B) = product characterisation, (C) = different 

modes o f operation, (D) = other reaction conçonent characterisation.

Subsequent characterisation of the product molecule also provides important 

information with regard to its physico-chemical properties, and hence highlights 

some of the options available for its in-situ recovery (Table 2.2). The different 

modes of combining reactor operation with possible ISPR methodology creates a 

large number o f choices to then assess.

Although these options are of importance when implementing ISPR, they do not, in 

their entirety comprise a systematic decisional tool. This system provides the user 

with some feasible options for ISPR operation but it also provides a number o f  

unfeasible ones. This large quantity o f information does not discern to a required 

degree for the following reasons.

The process o f product characterisation allows for product grouping into certain 

categories. This procedure cannot be assumed to always aid in selecting the most 

appropriate ISPR techniques to focus upon. This is because no consideration has 

been made for the other components present in the reaction medium These
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materials may have properties that are similar to the product, resuhing in their 

removal in addition to the product. Alternatively, certain reaction components may 

possess physico-chemical characteristics that cause them to be more favourably 

removed by the ISPR method than the product itself

Modes of operating the reactor in conjunction with the possible ISPR techniques 

selected, create a much larger number o f options; a majority o f which may not be 

practicable to achieve.

Routes 2a and 2b are the series o f  rules that have been proposed in this thesis. 

Route 2a comprises biotransformation characterisation, product characterisation 

and reaction component characterisation. The significance o f the first two steps has 

already been discussed. The final stage o f classifying all other components of the 

biotransformation allows for a high degree o f selection to occur such that a very 

small number o f ISPR methods are made available with ensured feasibility.

It is frequently the case in biotransformations that the substrates possess a large 

number o f physico-chemical characteristics that the product has. In such situations, 

route 2a fails to provide any feasible option for ISPR

As an alternative, route 2b can be used. This is essentially the same as route 2a, 

with additional consideration made o f the possible modes o f operating the reactor 

with the ISPR method. Operational strategies can create many options by allowing 

certain ISPR techniques to be used that previously could not. For example, a 

particular ISPR method may be selective for removing the product but also be 

toxic to the biocatalyst. Keeping the product carrier material away from the 

enzyme by some physical means would solve this problem, and allow ISPR to take 

place. Hence, by considering both reaction component properties and the many 

ways in which the system can be operated, a number o f feasible options for 

examination are given.

The rule of characterising a biotransformation to aid selection and implementation 

of ISPR assumes that the reaction has already been optimised such that all other 

constraints have been addressed. This implies that the biotransformation needs to 

be running before the need for ISPR can be detennined. Unfortunately, this 

required level o f optimisation does not exist for all bioconversion systems, and in
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some cases the benefits o f ISPR are extremely difficult to make apparent. These 

include reactions whose products are so toxic that the production process is 

immediately terminated and those where there is loss o f product coupled with 

production, such that it appears that reaction goes to conq)letion, but within a sub- 

optimal reaction time (Mayer & Deckwer, 1996). In these biotransformations ISPR 

may clearly improve process performance, but it would be difficult to identify this 

requirement.

6.2.2 Summary of discussion

This study has allowed the benefits o f ISPR to be evaluated using the test system 

and a systematic approach for the selection and implementation o f the ISPR 

rationale to be devised.

The ISPR rationale proposed in this thesis provides a short list o f guidelines to aid 

the user in selecting and inq)lementing appropriate ISPR techniques for 

biotransformations. To select and test an ISPR method, the first step is to 

characterise the biotransformation and all o f its conq)onents. This will establish the 

level o f demand for ISPR, and also help to decide which ISPR methods are most 

suitable. Once an ISPR method has been chosen, the next stage involves its 

experimental assessment, where any interference or selectivity problems can be 

identified. The ISPR method is then evaluated to estabhsh whether its use is o f real 

benefit to the productivity o f the process.

Considerable data have been derived about the physico-chemical characteristics of 

the test system components. In addition, a number o f novel potential ISPR 

methods have been introduced and tested to aid in the recovery of 

polyhydroxylated, non-volatile, neutral confounds.

The L-erythrulose system is representative rather than one o f potential synthetic 

interest. Applying ISPR to a range o f other products which are precursors to 

interesting synthetic targets should be examined.
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The methodology and systematic approach for selecting and implementing ISPR, 

developed and described here is also o f relevance to the product recovery o f these 

other targets produced by TK, and compounds from other enzyme catalysed 

biotransformations. In TK catalysed systems, a-hydroxylated aldehydes will always 

yield products containing a c/j-diol moiety. Other aldehydes may require 

alternative ISPR strategies, selected by using the type of characterisation we have 

presented here. An analogous situation occurs where alternative ketol donors are 

used.

Hence, through the application o f the ISPR rationale to the relatively simple model 

system, a substantial amount o f general information was obtained about ISPR, 

reactor operation and transketolase catalysed bioconversions. This knowledge, 

coupled with the structured approach to design, may be used to rapidly select and 

implement a suitable ISPR method for the recovery of a product from more 

complex enzyme-catalysed reactions.

The best carrier material out o f the two examined appeared to be Affi-Gel® 601 

when used for ISPR, as enzyme stability was enhanced with its use. However, 

when all the other parameters o f the two resins were compared prior to 

-implementation into the reaction, Ambersorb® 572 possessed more desirable 

features. This shows that the issues o f selectivity and interference are o f paramount 

importance when choosing a suitable ISPR system.

If the value of TK was high such that its maintained stability (and potential for re

use) was o f crucial importance in a biotransformation, then the enhanced stability 

obtained by using Affi-Gel® 601 would be highly significant. However, it is 

becoming increasingly widespread that the relative costs o f biocatalysts in 

comparison with the other components o f  a bioconversion are falling. This 

reduction in cost is occurring as enzyme production systems become increasingly 

sophisticated and optimised.

Hence, the real puipose o f ISPR is to improve the productivity of 

biotransformations where the value o f the product warrants the use o f such 

systems.
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6.2.2.1 Implementation trends

Through the application o f ISPR to biotransformations, a number o f general trends 

have been noted, wiiich are listed below.

1. It is more difficult to identify an ISPR method for the recovery of product 

from a single-enzyme catalysed biotransformation than a fermentation. This is due 

to the high degree o f physico-chemical similarity between the product and its 

precursors in biotransformations.

2. Products produced as part o f the manipulation o f whole cells are more 

susceptible to degradation through the occurrence o f side reactions. This is because 

the environment within which the product is made is more complex, consisting of a 

number of enzymes and reactive compounds, thus increasing the potential number 

o f undesirable interactions that may occur.

3. The primary aim o f ISPR is to increase process productivities. To achieve this 

by improving enzyme stability is now becoming less desirable. This is because 

increasingly advanced enzyme production methods are allowing some biocatalysts 

to be considered as cheap, expendable reagents. Hence, ISPR should appear to 

benefit what should be the most valuable constituent of the bioprocess-the product.

6.2.2.2 Heuristics

A structured approach has been devised to aid in the selection and in^lementation 

o f ISPR to enzyme-catalysed biotransformations. The guidelines have been 

assessed by their application to a test system catalysed by transketolase. The 

guidelines for ISPR usage in bioconversions have been divided into three 

categories: characterisation, assessment and evaluation.

Characterisation studies give insight into the nature of the biotransformation and its 

components, the level of need for ISPR and the types of product removal 

techniques are initially deemed feasible as ISPR methods. Different reactor/process
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configurations that can be used with each ISPR technique are also listed. 

Assessment o f the ISPR options is then performed. Each method is gauged by 

determining its capacity, selectivity, interference and reversibility properties. 

Evaluation of a specific ISPR technique is determined by comparing the overall 

improvement in obtained biotransformation productivity with the cost of product 

recovery implementation.

The implementation o f these proposed rules to the test biotransformation provide 

data to invoke a set o f heuristics. These statements are listed as follows:

1. It has been inferred that the products of single-step enzyme catalysed 

biotransformations possess similar physico-chemical characteristics to their 

substrates. The consequence is that a high selectivity burden will be placed on a 

given carrier if ISPR is required.

2. It is difficult to identify the need for ISPR for a given biotransformation if the 

reaction has not first been optimised with regard to other parameters, i.e. other 

productivity constraints (e.g. substrate inhibition removed first).

3. In cases where it may be difficult to identify a novel biotransformation, it may 

also be difficult to determine the need for ISPR There may be many reactions that 

can potentially be optimised by ISPR that have not yet been discovered due to the 

highly toxic nature o f their product(s). In these cases, ISPR will need to be 

incorporated in screening strategies.

4. In cases where a biotransformation is pseudo-optimised such that the reaction 

consistently proceeds to completion but within an undetected sub-optimal time, the 

need for and benefits o f ISPR may be difficult to identify.

5. A given bioconversion may be optimised using operational strategies for 

example, substrate feeding, or enzyme immobilisation to overcome certain 

constraints. These procedures may concomitantfy contribute towards lessening the 

selective demand placed on any ISPR method that may then be used (or alleviating 

the need altogether).
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6. Low capacity product removal techniques create a number o f operational and 

financial constraints in relation to the scale o f the bioprocess, and hence their use 

should be avoided» if possible, for both ISPR and conventional product recovery 

methodology.

7. For a given carrier material, the total capacity available is usually greater than 

the maximum capacity achieved, which in turn is normally greater than the actual 

capacity achieved during ISPR.

8. If a carrier material exhibits low selectivity and/or high interference properties 

within a given biotransformation, then its applicability as an ISPR technique is 

reduced. However, it may still be used for ISPR if the reactor/process 

configuration is altered. In this way undesirable interactions are avoided between 

the reaction conq)onent(s) and the carrier.

9. Those product removal techniques that are non-selective in nature cannot be 

considered applicable as potential ISPR methods if changes in reactor/process 

operation are not feasible and selective elution remains the only method for 

resolution.

10. Those product removal techniques that exhibit toxic or other interfering 

effects within a bioconversion cannot be considered applicable as potential ISPR 

methods if changes in reactor/process configuration do not prevent these 

interactions.

11. For a given product recovery method, the interactions between product and 

carrier molecules should be sufficiently strong such that the actual capacity value is 

as close to the available capacity value as possible.

12. Once the carrier has bound the target molecule, its subsequent release should 

be effected only when required and with ease and with minimal losses of either 

species.
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7. Conclusions

7.1 Ion Exchange Resins

1. Both weak and strong cation exchangers did not bind L-erythrulose.

2. Non-specific binding of p-hydroxypyruvate, glycolaldéhyde and TPP onto anion 

exchange resins was possible due to their low pKas relative to L-erythrulose.

3. Both strong and weak anion exchange resins o f any ionic form tested were not 

considered to be suitable methods for the in-situ recovery of L-erythrulose from 

the test reaction due to non-specific binding o f other compounds present in the 

reaction medium

7.2 Free Fhenylboric Acid

1. Complexation using phenylboric acid (PBA) occurred selectively with L- 

erythrulose due the presence o f cw-diol fimctional groups on the ketose at 

neutral pH.

2. The use of PBA resulted in the formation o f both water-soluble and insoluble 

complexes with L-erythrulose.

3. Levels of insoluble complex formation between PBA and L-erythrulose 

increased with alkaline pH and L-erythrulose solution o f high ionic strength 

(>150mM).
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4. Sohible complex formation between PBA and L-erythrulose occurred optimally 

at pH 8.1.

5. L-erythrulose was labile at pHs greater than 8.

6. Free phenylboric acid could not be used as an ISPR technique for the test 

reaction due to the toxic effect it had on TK at concentrations of lOOmM and 

greater.

7.3 Immobilised Boronates

1. The most suitable immobilised boronate resin out o f those examined was AflB- 

Gel® 601. This was due to its high ligand concentration, and relatively 

favourable binding parameters.

2. Binding o f L-erythrulose to Affi-Gel® 601 was dependent on buffer type, pH 

and ionic strength o f both buffer and target molecule.

3. The best buffer ion for binding of L-eiythrulose to AfB-Gel® 601 out of those 

examined was barbital due to its stabilising and non-interfering properties.

4. High buffer ionic strength and pH increased the amounts o f L-erythrulose bound 

to Affi-Gel® 601.

5. L-erythrulose stability was increased at low solution pH and low temperature.

6. Non-specific binding o f glycolaldéhyde and P-hydroxypyruvate occurred with 

the use o f Affi-Gel® 601.

7. Binding o f TK or TPP did not occur with the use of Affi-Gel® 601.

8. Increasing L-erythrulose concentration increased the binding capacity of Affi- 

Gel® 601 for the ketose.

9. The use o f Affi-Gel® 601 to perform ISPR from the test reaction increased the 

residual TK activity remaining at the end o f the reaction.
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lO.Non-specific binding of the reaction substrates by AfiB-Gel* 601 was alleviated 

during ISPR of the test reaction by the use o f substrate feeding strategies.

7.4 Heterocomplex formation

1. Complex formation occurred between dimethyl phthalate, boric acid and L- 

erythrulose.

2. L-erythrulose and p-hydroxypyruvate formed conçlexes with dimethyl 

phthalate in the absence o f boric acid.

3. Complex formation occurred between dimethyl glyoxime, boric acid and L- 

erythrulose.

4. Heterocomplex formation was not selected to perform ISPR from the test 

reaction due to the toxicity and hydrophobicity of the chelating agents and 

possible non-specific removal o f Mg^  ̂and p-hydroxypyruvate.

7.5 Ambersorb® Adsorbents

1. Ambersorb® 572 had a higher loading capacity for the adsorption o f L- 

erythrulose than Ambersorb® 575.

2. Non-specific binding of glycolaldéhyde and TPP occurred with the use of  

Ambersorb® 572.

3. Although TK activity was not affected by the use of Ambersorb® 572, rapid 

losses occurred during the test reaction with ISPR due to the binding o f TPP by 

Ambersorb® 572.

4. Feeding o f TPP during the test reaction with ISPR implemented did not avoid 

loss o f TK activity.
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Appendix 1

Batch adsorption profiles for test reaction components with Affi-Gel* 601 using 

diflfering buffers and pH.
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Appendix 2

Stability of L-erythrulose with varying pH and temperature.
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Appendix 3

Batch adsorption isotherms for test reaction conponents.
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Appendix 4

Key characteristics o f various adsorbtive materials selected for ISPR studies.
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Name Type Matrix Active Groups Cross 
Linkage (%)

a) Capacity (meq/mL) /
b) Pore volume (mL/g)

Mesh Size

BioR adA G 50W X 8 Strong cation (HT) Polystyrene Sulphonic acid 8 a) 1.70 50-100
Amberlite® IR 120+ Strong cation (Nà^ Polystyrene Sulphonic acid 8 a) 1.90 16-50
Dowex® 50W Strong cation ( i f ) Polystyrene Sulphonic acid 8 a) 1.80 16-40
Amberlite® IR 118H Strong cation ( i f ) Polystyrene Sulphonic acid 4.5 a) 1.30 16-50
Amberlite® IRA 4000H Strong anion (OH") Polystyrene Quaternary ammonium 8 a) 1.15 16-50
Dowex® 1 Strong anion (OH") Polystyrene Trimethylbenzylammonium 8 a) 1.20 20-50
Amberlite® IRA 400 Strong anion (Cl ) Polystyrene Quaternary ammonium 8 a) 1.40 16-50
Amberlite® IRA 900 Strong anion (Cl ) Polystyrene Quaternary ammonium not stated a) 1.00 16-50
Amberlite® IRA 743 Borate specific anion (free base) Polystyrene Quaternary ammonium not stated a) 0.60 16-50
Amberlite® IRC 50 Weak cation ( i f ) Polyacrylic acid Carboxylic acid 4 a) 3.50 16-50
Duolite® C433 Weak cation ( i f ) Polyacrylic acid Carboxylic acid not stated a) 4.20 16-50
Amberlite® IRA 68 Weak anion (free base) Polystyrene Polyamine not stated a) 1.60 16-50
Amberlite® IRA 93 Weak anion (free base) Polystyrene Polyamine not stated a) 1.20 16-50
XAD®2 Neutral polymeric adsorbent Polystyrene Hydrophobic polyaromatic not stated b) 0.65 20-60
XAD®4 Neutral polymeric adsorbent Polystyrene Hydrophobic polyaromatic not stated b) 0.98 20-60
Affi-Gel® 601 Affinity resin Polyacrylamide APBA not stated a) 0.17 Gel
Matrex™PBA Affinity resin Agarose APBA 5 a) 0.10 Gel
APBA on acrylic Affinity resin Acrylic APBA not stated a) 0.15 Gel
Ambersorb® 572 Carbonaceous adsorbent Pyrolysed polystyrene Hydrophilic not stated b) 0.84 20-50
Ambersorb® 575 Carbonaceous adsorbent Pyrolysed polystyrene Hydrophilic not stated b) 0.72 20-50

Table A4.1 Product descriptions of carrier materials considered for ISPR.

243



References

References

Adamek, V., Liu, X C , Zhang, Y A ., Adamkova, K , Scouten, W.H.; 1992. New 

aliphatic boronate Hgands for afOnity chromatography. J, Chromatogr. 625, 91-99.

Aiba, S., Humphrey, A.E., MiUis, N.F.; 1973. Biochemical Engineering. Academic 

Press: London.

Arai, M., Fukuda, H., Morikawa, H.; 1987. Selective separation o f y-linoleic acid 

ethyl ester using Y zeolite. J. Ferment. Technol. 65, 569-574.

Arnold, F.H.; 1994. Metal-afiHnity separations: a new dimension in protein 

processing. Bio/Technology 9, 151-156.

Atkinson, B. & Mavituna, F.; 1983. Biochemical Engineering & Biotechnology 

Handbook. Macmillan: Basingstoke.

Belfort, G.; 1989. Membranes and bioreactors: a technical challenge in 

biotechnology. Biotechnol. Bioeng. 33, 1047-1066.

Benes, M.J., Stambergova, A , Scouten, W.H.; 1993. Affinity chromatography 

with immobilized benzeneboronates, 313-322. (In): T.T. Ngo (ed ). Molecular 

Interactions In Bioseparations. Plenum Press: New York.

244



References

Bergold, A. & Scouten, W.H.; 1983. Borate chromatography, 149-187. (In): W.H. 

Scouten (ed.). Solid Phase Biochemistry: Analytical And Synthetic Aspects. John 

Wiley & Sons: New York.

Biedermann, K.; 1994. Integrated bioprocessing, 897-904. (In): L. Alberghina, L. 

Frontali, P. Sensi (eds ), ECB6: Proceedings O f The 6th European Congress On 

Biotechnology. Elsevier Science B.V.: Amsterdam.

Blanc, P. & Goma, G.; 1987. Kinetics o f inhibition in propionic acid fermentation. 

Bioprocess Eng. 2, 175-179.

Bolte, J., Demuynck, C , Samaki, H.; 1987. Utilization o f enzymes in organic 

chemistry: transketolase catalysed synthesis o f ketoses. Tetrahedron Lett. 28, 

5525-5528.

Brocklebank, S.P., Mitra, R.K., Woodley, J.M., Lilly, M.D.; 1996. Carbon-carbon 

bond synthesis: preparation and use o f immobibsed transketolase. Ann. N. Y. Acad. 

Sci. in press.

Brocklebank, S.P.; unpubbsbed results.

Bruce, L.J. & Daugubs, A.J.; 1991. Solvent selection strategies for extractive 

biocatalysis. Biotechnol. Prog. 7, 116-124.

Bu'Lock, J. & Kristiansen, B.; 1987. Basic Biotechnology. Academic Press Inc.: 

(London) Ltd.

Cheng, Y.L. & Lee, T.Y.; 1992. Separation o f fiuctose and glucose mixture by 

zeobte Y. Biotechnol. Bioeng. 40, 498-504.

Datta, A G & Racker, E.; 1961. Mechanism of action o f transketolase. J. Biol. 

Chem. 236, 617-628.

245



References

Daugulis, A.J.; 1988. Integrated reaction and product recovery in bioreactor 

systems. Biotechnol. Prog. 4, 113-121.

Davison, B.H. & Scott, C.H.; 1992. A  proposed biparticle fluidised-bed for lactic 

acid fermentation and simultaneous adsorption. Biotechnol. Bioeng. 39, 365-368.

Dean, P D G , Middle, F A , Longstafi^ C , Bannister, A , Dembinski, J.J.; 1983. 

Applications o f immobilised boronic acids, 433-443. (In): I.M. Chaiken, M. 

Wilchek, I. Parikh (eds ). Affinity Chromatography And Biological Recognition. 

Academic Press: Orlando.

Demuynck, C. Bolte, J., Hecquet, L., Dalmas, V.; 1991. Enzyme catalysed 

synthesis o f carbohydrates: synthetic potential o f transketolase. Tetrahedron Lett. 

32, 5085-5088.

Diamond, A D & Hsu, J.T.; 1992. Aqueous two-phase systems for biomolecule 

separation. Adv. Biochem. Eng. Biotechnol. 47, 89-135.

Diaz, M.; 1988. Three-phase extractive fermentation. Trends Biotechnol. 6, 126- 

130.

Draths, K.M. & Frost, J.W.; 1990. Synthesis using plasmid-based biocatalysis: 

plasmid assembly and 3-deoxy-D-arabino-heptulosonate production. J. Am. Chem. 

Soc. 112, 1657-1659.

Draths, K.M., Ponq)liano, D L , Conley, D L , Frost, J.W., Berry, A., Disbrow, 

G.L., Staversky, R.J., Lievense, J.C.; 1992. Biocatalytic synthesis o f aromatics 

from D-ghicose: the role o f transketolase. J. Am. Chem. Soc. 114, 3956-3962.

Dwyer, J.L.; 1984. Scaling up bio-product separation with high performance Uquid 

chromatography. Bio/Technology 2, 957-964.

246



References

EfiFenberger, F., Null, V., Ziegler, T.; 1992. Preparation o f optically pure L-2- 

hydro?^aldeliydes with yeast transketolase. Tetrahedron Lett. 33, 5157-5160.

Ehnstrom, L., Frisenfelt, J., Danielsson, M.; 1991. The biostil process, 303-323. 

(In): B. Mattiasson, & O. Holst (eds ). Extractive Bioconversions. Marcel Dekker, 

Inc.: New York.

Ekberg, B. & Mosbach, K.; 1989. Molecular in^iinting: a technique for producing 

specific separation materials. Trends Biotechnol. 7, 92-96.

Evans, W.J., McCourtney, E.J., Carney, W.B.; 1979. A  comparative analysis o f the 

interaction o f borate ions with various polyols. Anal. Biochem. 95, 383-386.

Evans, P.J. & Wang, H.Y.; 1984. Pigment production fi*om immobilised Monascus 

sp. utilising polymeric resin adsorption. Appl. Environ. Microbiol. 47, 1323-1326.

Faber, K.; 1992. Biotransformations In Organic Chemistry. Springer-Verlag: 

Berlin Heidelberg.

Ferrier, R. J.; 1978. Carbohydrate boronates. Adv. Carbohydr. Chem. Biochem. 

35,31-80.

Freeman, A., Woodley, J.M., Lilly, M.D.; 1993. In situ product removal as a tool 

for bioprocessing. Bio/Technology 11, 1007-1012.

French, C , Ward, J.M.; 1995. Irqproved production and stability o f E. coli 

recombinants expressing transketolase for large scale biotransformation.

Biotechnol. Lett. 17, 247-252.

Fulton, S.; 1981. Boronate Ligands In Biochemical Separations (Amicon 

publication # 507). Amicon Division, W.R. Grace & Co -Conn.: Danvers, Ma.

247



References

Fujii, M. & Taniguchi, M.; 1991. Application o f resversibly soluble polymers in 

bioprocessing. Trends Biotechnol. 9, 191-196.

Garcia, A.A.; 1991. Strategies for the recovery o f chemicals from fermentation: a 

review of the use o f polymeric adsorbents. Biotechnol. Prog. 7, 33-42.

Green, S. & Wase D.A.J.; 1986. Practical and theoretical aspects o f inorganic 

adsorbents technology in downstream processing - a review. Process Biochem. 21, 

200-203.

Groot, W.J., den Reyer, M.C.H., Baart de la Faille, T., van der Lans, R G  J M , 

Luyben, K.Ch.A.M.; 1991. Integration o f pervaporation and continuous butanol 

fermentation with immobilised cells. Chem. Eng. J. 46, Bl-BlO.

Gyamerah, M. & Willetts, A.J.; 1996. Kinetics o f over-expressed transketolase 

üom  Escherichia coli JM107/pQR700. Enzyme. Microb. Technol. in press.

Hauer, E. & Marr, R ; 1994. Liquid extraction in biotechnology. Int. Chem. Eng. 

34, 178-187.

Hecht, V., Vorlop, J., Kalbitz, H., Gerth, K , Lehmann, J.; 1987. Vortex chamber 

for in situ recovery o f the antibiotic myxovirescin A  in continuous cultivation. 

Biotechnol Bioeng. 29, 222-227.

Herbert, A.B., Sheldrake, G.N., Somers, P.J.; 1990. Separation o f 1,2- 

dihydroxycyclohexa-3,5-diene confounds. Eur. Pat. Appl.\ EP 0379300 A2 

900725.

Hobbs, G.R; 1994. The production and use o f transketolase as a catalyst for 

carbon-carbon bond synthesis. Ph.D. thesis. University o f London.

248



References

Hobbs, G.R., Lilly, M.D., Turner, N.J., Ward, J.M., Willetts, A.J., Woodley, J.M.; 

1993. Enzyme-catalysed carbon-carbon bond formation: use o f transketolase from 

Escherichia coli. J. Chem. Soc. Perkin. Trans. 1, 165-166.

Hobbs, G.R., Mitra, KK., Chauhan, R.P., Woodley, J.M., Lilly, M.D.; 1996. 

Enzyme-catalysed carbon-carbon bond formation: Large-scale production o f  

Escherichia coli transketolase. J. Biotechnol. 45, 173-179.

Holst, O. & Mattiasson, B ; 1991. Solid sorbents used in extractive bioconversion 

processes, 189-207. (In): B. Mattiasson, & O. Holst (eds). Extractive 

Bioconversions. Marcel Dekker, Inc.: New York.

Holst, O., Kaul, R., Larsson, M., Mattiasson, B.; 1987. Integration of  

bio conversions and downstream processing. Ann. N. Y. Acad. Sci. 506, 468-477.

Humphrey, A.J., Turner, N.J., McCague, K , Taylor, S.J.C.; 1995. Synthesis of 

enantiomerically pure a-hydroxycarboxylic acids: novel substrates for Escherichia 

coli transketolase. J. Chem. Soc., Chem. Commun. 2475-2476.

Jandera, P.& Churacek, J ; 1973. Ion exchange chromatography o f aldehydes, 

ketones, alcohols, polyols and saccharides. J. Chromatogr. 98, 55-104.

Kaul, R. & Mattiasson, B.; 1991. Extractive bioconversions in aqueous two-phase 

systems, 173-189. (In): B. Mattiasson, & O. Holst (eds). Extractive 

Bioconversions. Marcel Dekker, Inc.: New York.

Khan, A.R. Tokunaga H , Yoshida K., Izumori K.; 1991. Conversion o f xylitol to 

L-xylulose hy Alcaligenes sp. 70IB cells. J. Ferment. Bioeng. 72, 488-490.

Kieslich, K.; 1991. Biotransformations of industrial use. Acta. Biotechnol. 11, 559- 

570.

249



References

Kobayashi, T.; 1991. Integration o f reaction with product recovery in bioreactor 

systems. Ann. N. Y. Acad. Sci. 613, 248-254.

Kobori, Y , Myles, D C , Whitesides, G.M.; 1992. Substrate specificity and 

carbohydrate synthesis using transketolase. J. Org. Chem. 57, 5899-5907.

Krings, U., Kelch, M., Berger, R.G.; 1993. Adsorbents for the recovery o f aroma 

compounds in fermentation processes. J. Chem. Tech. Biotechnol. 58, 293-299.

Laane, C , Boeren, S., Hilhorst, K , Veeger, C ; 1987. Optimisation o f biocatalysis 

in organic media, 65-84. (In): C. Laane, J. Tranq)er, M.D. Lilly (eds ). Biocatalysis 

In Organic Media. Elsevier Science B V : Amsterdam.

Lilly, M.D.; 1992. The design and operation o f biotransformation processes, 47-68. 

(In): Recent Advances In Biotechnology, Vardar-Sukan, F. & Sukan, S.S. (eds ), 

Kluwer Academic Pubhshers: The Netherlands.

Lilly, M.D. & Woodley, J.M.; 1996, A structured approach to design and 

operation o f biotransformation processes. J. Ind. Microbiol, in press.

Lilly, M.D., Chauhan, R.P., French, C , Gyamerah, M., Hobbs, G.R., Hunq)hrey, 

A , Isupov, M., Littlechild, J A , Mitra, R.K., Morris, K.G., Rupprecht, M., 

Turner, N.J., Ward, J.M., Willetts, A.J., Woodley, J.M.; 1996. Carbon-carbon 

bond synthesis: the inq)act o f rDNA technology on the production and use of  

E'.co/z transketolase. Ann. N. Y. Acad. Sci. 782, 513-525.

Lindqvist, Y , Schneider, G , Ermler, U., Sundstrom, M.; 1992. Three dimensional 

structure o f transketolase, a thiamine diphosphate dependent enzyme at 2.5 A  

resolution. EMBOJ. 11, 2373-2379.

250



References

Littlechild, J , Turner, N., Hobbs, G , Lilly, M., Rawas, A ,  Watson, H ; 1995. 

Crystallization and preliminary x-ray crystallographic data with Escherichia coli 

Acta Cryst D51, 1074-1076.

Lorand, J.P. & Edwards, J O ; 1959. Polyol conq)lexes and structure o f the 

benzeneboronate ion. J. Chem. Soc. 22, 769-774.

Maiorella, B.L., Wilke, C.K, Blanch, H.W.; 1981. Alcohol production and 

recovery. Adv. Biochem. Eng. 20, 143-192.

Mansoori, G A , Schulz, K., Martinelli, E.; 1988. Bioseparation: using supercritical 

fluid extraction/retrograde condensation. Bio/Technology 6, 393-396.

Matsumura, M.; 1991. Perstraction, 91-133. (In): B. Mattiasson, & O Holst 

(eds.). Extractive Bioconversions. Marcel Dekker, Inc.: New York.

Mattiasson, B., Holst, O ; 1991. Objectives for extractive bioconversion, 1-11. 

(In): B. Mattiasson, & O Holst (eds ). Extractive Bioconversions. Marcel Dekker, 

Inc.: New York.

Mattiasson, B. & Larsson, M.; 1985. Extractive bioconversions with emphasis on 

solvent production. Biotechnol. Genetic Eng. Reviews Z, 137-174.

Mayer, A F. & Deckwer, W D ; 1996. Simultaneous production and

décomposition o f clavulanic acid during Streptomyces clavuligenis cultivations. 

Appl. Microbiol. Biotechnol. 45, 41-46.

Mazzeo, J.R. & KruU, I S.; 1989. Immobilized boronates for the isolation and 

separation o f bioanalytes. Biochromatography 4, 124-130.

Mitra, R.K., Woodley, J.M.; 1996. A  useflfl assay for transketolase in asymmetric 

synihQSQS. Biotechnol. Tech. 10, 167-172.

251



References

Mitra, R.K., Woodley, J.M., Lilly, M.D.; 1996. Escherichia coli transketolase 

catalysed carbon-carbon bond formation: biotransformation characterisation for 

reactor evaluation and selection. Enzyme Microb. Technol submitted.

Mitsuda, S., Matsuda, Y., Kobayashi, N., Suzuki, A., Itagaki, Y , Kumazawa, E., 

Highashio, K , Kawanishi, G.; 1991. Tissue plasminogen activator (t-PA) 

production by human fibroplasts using a bioreactor with t-PA adsorption column. 

Bioprocess Eng., 7, 137-140.

Mosbach, K  & Ramstrom, O ; 1996. The emerging technique o f molecular 

imprinting and its future impact on biotechnology. Bio/Technology 14, 163-170.

Muldoon, M.T. & Stanker, L.H.; 1996. Plastic antibodies: molecularly-inq)rinted 

polymers. Chem. Ind. #6, 204-207.

Myles, D C., AndruHs HI, P.J., Whitesides, G.M.; 1991. A transketolase-based 

synthesis o f (+)-exo-brevicomin. Tetrahedron Lett., 32, 4835-4838.

Ozdamar, T.H., Takaç, S., Çalik, G , Ballica, R.; 1989. Kinetics o f ion exchange 

process for separation o f glutamic acid. Bioprocess Eng. 4, 249-256.

Panadiker, R K  & Bjorkquist, D.W.; 1995. Liquid detergents with ortho

substituted phenylboronic acids for inhibition o f degradation proteolytic enzymes in 

storage. P C I Int. Appl. \ WO 9512655 A1 950511.

Payne, G.F. & Wang, H.Y.; 1989. The effect o f feedback regulation and in situ 

product removal on the conversion o f sugar to cycloheximide by Streptomyces 

griseus. Arch. Microbiol. 151, 331-335.

Poppe, L. & Novak, L.; 1992. Selective Biocatalysis: A Synthetic Approach. 

VCH: Weinheim.

252



References

Racker, E.; 1961. Transketolase, 5, 397-406. (In): P.D. Boyer, H. Lardy, K. 

Myrboch (eds.). The Enzymes. Academic Press: New York.

Racker, E. de la Haba, G., Leder, I.G.; 1953. Thiamine pyrophosphate, a 

coenzyme o f transketolase. J. Am. Chem. Soc. 75, 1010-1011.

Ribiero, M.H.L., Prazeres, D.M.F., Cabral, J.M.S., da Fonseca, M.M.R.; 1995. 

Adsorption studies for the separation o f L-tryptophan from L-serine and indole in a 

bio conversion medium. Bioprocess Eng. 12, 95-102.

Roberts, S.M. & Turner, N.J.; 1992. Some recent developments in the use o f 

enzyme catalysed reactions in organic synthesis. J. Biotechnol. 22, 227-244.

Roberts, S.M., Turner, N.J., WiUetts, A.J., Turner, M.K.; 1995. Introduction To 

Biocatalysis Using Enzymes And Microorganisms. Cambridge University Press: 

Cambridge.

Rofifler, S.R , Blanch, H.W., Wilke, C.R; 1984. In-situ recovery o f fermentation 

products. Trends Biotechnol. 2, 129-136.

Sax, N.I. & Lewis Sr, RJ.; 1989. Dangerous Properties O f Industrial Materials. 

van Nostrand Reinhold Co. Inc.: New York.

Shabtai, Y , Chaimovitz, S., Freeman, A , Katchalski-Katzir, E.; 1991. Continuous 

ethanol production by immobilised yeast reactor coupled with membrane 

pervaporation unit. Biotechnol. Bioeng. 38, 869-876.

Shachar-Nishri, Y. & Freeman, A.; 1993. Continuous production o f acetaldehyde 

by immobilized yeast with in situ product trapping, Appl. Biochem. Biotechnol. 

39/40, 387-399.

253



References

Shity, H. & Bar, K; 1992. New approach for selective separation o f dilute 

products from simulated clostridial fermentation broths using cyclodextrins. 

Biotechnol Bioeng. 39, 462-466.

Slejko, F.L.; 1985. Adsorption Technology: A Step-By-Step Approach to Process 

Evaluation and Application. Marcel Dekker, Inc.: New York.

Smith, M.E.B.; unpublished results.

Stanbury, P.F., & Whitaker, A.; 1993. Principles O f Fermentation Technology, 

Pergamon Press Ltd.: Oxford.

Strathmann, H.; 1985. Membranes and membrane processes in biotechnology. 

Trend Biotechnol 3, 112-118.

Sundquist, J., Blanch, H.W., Wilke, C.R.; 1991. Vacuum fermentation, 237-259. 

(In): B. Mattiasson, & O Holst (eds ). Extractive Bioconversions. Marcel Dekker, 

Inc.: New York.

Szathmary, S. & Grandies, P.; 1990. Bioreactor integration with downstream 

processing, Bio/Technology 8, 924-925.

van Brakel, J. & Kleizen, H.H.; 1990. Problems in downstream processing, 95-165. 

(In): M.A. Winkler (ed ). Chemical Engineering Problems in Biotechnology 

(Critical reports on Applied Chemistry Volume 29). Elsevier Apphed Science: 

London.

van Buel, M.J., van der Wielen, L.A.M., Meester, R., Verpoorte, R , Luyben, 

KCh.AM .; 1994. Modelling of centrifugal partition chromatography, 515-519. 

(In): L. Alherghina, L. Frontali, P. Sensi (eds ), ECB6: Proceedings O f The 6th 

European Congress On Biotechnology. Elsevier Science B.V.: The Netherlands.

254



References

Villafranca, J.J. & Axelrod, B.; 1971. Heptulose synthesis from non- 

phosphorylated aldoses and ketoses by spinach transketolase. J. B iol Chem. 246, 

3126-3131.

Wandrey, C. & Flaschel, E.; 1979. Process development and economic aspects in 

enzyme engineering: acylase L-methionine system Adv. Biochem. Eng. 12, 147- 

218.

Wang, H.Y.; 1983. Integrating biochemical separation and purification steps in 

fermentation processes, N. Y. Acad. Sci. 413, 313-321.

Wang, H.Y., Palanki, S., Hyatt, G.S.; 1989. Application o f affinity adsorption in 

thienemycin fermentation. Appl Microbiol Biotechnol 30, 115-119.

Wilheim, A.M., Casamatta, G , Carillon, T., Rigal, L , Gaset, A.; 1989. Modelling 

of the chromatographic separation o f xylose-mannose in ion exchange resin 

co\xxsm&. Bioprocess Eng. 4, 147-151.

Woodley, J.M. & Lilly, M.D.; 1994. Biotransformation reactor selection and 

operation, 371-393. (In): J.M.S. Cabral, D. Best, L. Boross and J. Tramper (eds.). 

Applied Biocatalysis. Harwood Academic: Chur.

Woodley, J.M., Mitra, R.K., Lilly, M.D.; 1996. Carbon-carbon bond synthesis: 

reactor design and operation for transketolase catalysed biotransformations. Ann. 

N. Y. Acad. Sci in press.

Yarmush, M L., Pickard-Antonsen, K., Sundaram, S., Yarmush, DM .; 1992. 

Immunoadsorption: strategies for antigen elution and production o f reusable 

adsorbents. Biotechnol Prog. 8, 168-178.

Zittle, C A  ; 1951. Reaction of borate with substances o f biological interest. Adv. 

Enzymol Relat. Areas M ol Biol. 12, 493-527.

255



References

Operating instructions: Matrex gels, (Amiconpublication # 1-181). Amicon Corp., 

Scientific Systems Division, Danvers, Ma.

Rohm & Haas Technical notes: Ambersorb® Carbonaceous Adsorbents. Specialty 

Purifications. Rohm & Haas Co.: Philadelphia, PA.

256


