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A journey o f a thousand miles begins with a single step. 
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Abstract

The majority of commercially used biotransformations tend to be single step 
involving the conversion of a substrate to a structurally similar compound. The 
exploitation of an existing host native pathway such that a novel compound is 
synthesised on the addition of a foreign gene is also possible. The cloning of a section 
of a foreign metabolic pathway in such a way that the enzymes synthesise a specific 
product on the addition of a substrate is a powerful technique that has been seldom 
investigated from a process design perspective.

The aim of this work was to evaluate the processing options necessary to carry 
out a multi step biotransformation, undertake the decision-making stage of process 
design by following guidelines defined in a feasibility study, and put into practice the 
design of the bioprocess necessary to over accumulate a specific product using a model 
system. This research was based on the concept that a properly defined structured 

approach could be used to develop a particular biotransformation, and this approach 
could facilitate the development of any multi step biotransformation.

The cloning of a whole section of a foreign metabolic pathway was possible due 
to the advent of metabolic pathway engineering using recombinant DNA technology. 
The distinguishing feature of this bioprocess when compared to other common 

biotransformations is the existence of pathway intermediates and pathway enzymes not 
naturally found in the host. The metabolic pathway used as the model system was the 

TOL we/fl-cleavage pathway, and the genes which convert benzoate to 2- 
hydroxymuconic semialdehyde in a linear three-step portion of the pathway were 

ligated into a host vector and used to transform an E. coli host strain JM107.
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This thesis describes the design of a fermentation protocol resulting in a 

biomass concentration of 18 - 22 g.L’  ̂ and an investigation into the effect of induction 

on foreign gene expression including a long term induction experiment over a 20 hour 

period. A substrate feeding strategy was also designed and product yields as high as 

17% during multi step biotransformations were compared to a single step counterpart 

with a yield of 22%. A method for the removal of the product using an Amberlite™ 
resin in a bisulphite form was proposed, and the resin was experimentally assessed for 

its use in this model system.
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1 Introduction

1.1 Introduction

The main objective of this research was to evaluate the process engineering 
options available to undertake a biotransformation which involves a number of steps. 
This type of biotransformation is known as a multi step biotransformation. Partially 
purified enzymes able to function in vitro and whole cells have been used for both multi 
step and single step biotransformations. Whole cells used for multi step 
biotransformations are genetically modified so that they contain a novel metabolic 
pathway. This kind of genetic modification is known as metabolic pathway 
engineering. A  model system was required to illustrate the practical evaluation of a 
multi step biotransformation. The metabolic pathway used in the model system was the 

TOL mefa-cleavage pathway. The genes which convert benzoate to 2-HMSA in a linear 

portion of the pathway were ligated into a vector and used to transform an E. coli host 
strain JM107.

In this first chapter, the main aspects associated with the design of a bioprocess 
for a multi step biotransformation are outlined. The use of whole cells and isolated 

enzymes as biological catalysts, the possible effects of metabolic pathway engineering 
and the suitability of the TOL plasmid for use as a model system are discussed. The 
last section in this chapter focuses on the research programme which forms a basis for 

this thesis. A feasibility study was undertaken based on a stmctural approach to 

process design. This thesis describes the practical application of the structural 

approach.
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1.2 Biotransform ation

1.2.1 Enzymes as Catalysts

A large number of enzymes have been characterised which are able to catalyse a 

broad spectrum of reactions. Some of these enzymes are capable of performing 

reactions too difficult to be carried out using synthetic chemical means, such as the 

regiospecific hydroxylation of 1-indanone by naphthalene dioxygenase (Resnick et a l,
1994) or the formation of a carbon-carbon bond by transketolase (Hobbs et a l, 1996). 
Enzyme catalysed reactions are highly selective with respect to the reaction and 
substrate type. This selectivity is illustrated in multiple enzyme systems, where 
enzymes are able to function independently on their substrate even in the presence of 
other enzymes and their corresponding substrates (Jones, 1986). Some enzymes are 
also able to distinguish between enantiomers within racemic mixtures and have been 
used to produce optically active fine chemicals such as 2,3-epoxy-1-alkanols (Daiboun 
e ta l ,  1993), (5)-13-tetralols (Reddy e ta l,  1996) and 1 -phenyl-1,2-ethanediol (Liese et 
a l, 1996). The use of enzymes consequently allow for a simpler process, since the 
number of side-reactions leading to the synthesis of dead end by-products is reduced, 
and process modifications can be easily implemented. Enzyme catalysed reactions can 
have reaction rates as high as 10-12 orders of magnitude faster than the same reaction in 
the absence of the biocatalyst. In some cases, the turnover numbers found in many 
enzyme catalysed reactions are often higher than those of conventional chemical 
catalysts, which typically operate at much higher temperatures. The use of enzymes is 
also attractive when addressing issues associated with ecology and safety. Fewer side- 
reactions means the disposal of fewer chemical by-products, and the enzymes 
themselves can be easily disposed of after use since they are biodegradable and most 
are non-toxic. Enzymes operate under relatively mild reaction conditions. This is 

particularly important when products are generated which are unstable in extreme 

conditions, and when considering the use of a reaction involving labile molecules. 
Consequently, the running costs associated with biocatalytic processes are less than 

those associated with typical chemical processes which often use extreme temperatures 

and pressures. The differences between a chemical process and an equivalent 
enzymatic process are illustrated by a comparison of catechol production using benzene 

and D-glucose respectively (Draths & Frost, 1995).
In spite of these advantages, the use of enzymes is not without problems. Out of 

those enzymes characterised, only approximately 10% are commercially available
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(Jones, 1986). One possible reason for their lack of commercial use is their extreme 

sensitivity to environmental changes away from those ideal for their operation. This 

characteristic can influence multiple enzyme systems if the optimum conditions for the 
enzymes used are different. Similarly, enzymes are often sensitive to the 
concentrations of the substrates and / or products present in a biocatalytic process. 
Modifications such as the use of a continuous substrate feeding strategy (Bang & Choi,
1995), or a product removal method such as ISPR (Freeman et a l, 1993) may be 

necessary in such circumstances. Alternatively, some purified enzymes are inherently 

unstable because they only properly function within a whole cell system. The 

production of enzymes involves a number of unit operations such as large scale 
fermentation and protein purification. Consequently, pure enzymes can be expensive. 
Enzymes which have energy requirements will require high energy cofactors which are 
also extremely expensive.

The sensitivity and instability of some enzymes, and the cost associated with 
enzyme production and cofactor supply are problems which may be solved by 
containing the enzyme within a protected environment. Ideally, this environment 
should form a barrier between the enzyme and toxic levels of the substrate and / or 
product. The physical conditions of temperature and pH should be carefully controlled 
and if required, a supply of cofactors should be readily available. This type of 
protected environment exists in the form of a biological cell.

1.2.2 Biological Cells as Catalysts

When using multiple enzyme systems, the isolation and purification of each 
enzyme is often time consuming and costly. A biological cell can be genetically 

modified so that it contains the genes which encode the enzymes in such a system. The 

enzyme(s) necessary for the reaction are contained within a cell which is often more 
robust and less sensitive to changes in the environment. Biological cell systems have 
been used to synthesise products such as 1,3-propanediol (Tong et a l,  1991), long- 

chain dicarboxylic acids (Picataggio et a l, 1992) and antibiotics such as cephalosporin 
C (Skatrud et a l, 1989). A  fermentation is necessary for the production of this 

biocatalyst, but cell recovery can be done using a simple unit operation such as filtration 

or centrifugation followed by cell resuspension. If cofactors are required for the 

biotransformation to take place than the cells have to be active, and steps should be 
taken to ensure that the cells remain undamaged and supplied with a steady feed of the 
appropriate nutrients (Robinson et a l, 1992). Due to the absence of a protein
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purification step and an external cofactor supply, the cost of producing a cell biocatalyst 

is comparatively low.

Although cells are often more robust than enzymes, they can also be sensitive to 

concentrations of substrates and products, and if the enzymes are intracellular, the 

reactants may need to cross a cell wall for the biotransformation to take place. In 

addition, there is often a lack of understanding of cellular metabolic pathways and their 
kinetic characteristics, and adverse effects such as a low product yield may not be easily 
explained from a metabolic viewpoint. The risk of contamination using whole cells is 
greater, since other proteins will be excreted from the cell wall into the medium, making 
purification of the desired product difficult. If the enzyme is intracellular and the 
reactant is potentially toxic to the cell, than cell leakage may be encouraged when the 
reactant crosses the cell wall. A major problem associated with whole cell 

biotransformations is the tight regulation of enzyme synthesis by the cell which may 
result in a low enzyme concentration. Genetic modifications can be used to allow 
external control over enzyme production by the addition of an appropriate inducer.

The overall success of a biotransformation is largely governed by two factors. 
These are the overproduction of a desired enzyme accomplished by genetic engineering, 
and the control of appropriate environmental conditions for optimum enzyme 
production by modification of process engineering methods.

1.2.3 Process Characteristics

The characteristics of a particular process will invariably influence the process 
engineering methods used. A theoretical survey of all the process characteristics is an 
integral part of process design, since as much information as possible is required to 

establish the type of problems which may be encountered. Two characteristics often 

found are substrate and / or product toxicity. Substrate toxicity in an aqueous reaction 

can be reduced by the introduction of a solvent phase (Van den Tweel et a l, 1987). 
However, solvent partitioning can only work if the substrate is non-water soluble, and 

biocatalysts are often susceptible to solvent damage (Favre-Bulle et a l, 1991). 
Continuous slow feeding of a substrate is another method of minimising the effects of 
substrate inhibition. Gbewonyo et a l, (1991) developed a process for the 
biotransformation of simvastatin by Nocardia sp. High substrate concentrations were 

found to inhibit product formation and a method for the continuos slow feeding of the 

substrate was introduced.
The ultimate control over the concentration of substrate present in a bioreactor lies 

with the individual adding the substrate to the system, so to a degree substrate
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inhibition can be controlled. Product inhibition is a more complicated situation. The 
effects of product inhibition are dependant on the rate of product synthesis. This rate 

may be dependant on the operating conditions used within the system, which can 

sometimes vary. Detection methods may need to be adopted so that the concentration 

of product in the reaction medium is known. Such methods must be quick, accurate 

and efficient if they are used during the biotransformation. Removal of the product 

from the biotransformation may be necessary if the toxic effects are severe (Taylor et 
a l, 1996), or if productivity is reduced (Planas et a l, 1996). The use of an integrated 
product removal system may be expensive, so the cost of a new unit operation must be 
weighed up against the detrimental effects of product accumulation. The method used 
for product recovery is dependant on the physical and / or chemical properties of the 
compounds involved. A rationale for selecting an appropriate product removal method 
is outlined by Daugulis (1994). Removal of the product during a biotransformation can 
be done using ISPR (Freeman et a l, 1993). This method was originally designed to 
increase the yield and productivity of a process by minimising the number of 
downstream processing steps and / or reducing losses due to product degradation if the 
product is unstable or highly reactive.

These kind of improvements, however necessary, are limited by the production 
and turnover of the enzymes which catalyse product synthesis, and further 
improvements must be implemented by genetic manipulation which results in the 
overproduction of these enzymes.

1.3 Genetic Manipulation

1.3.1 Mutation & Strain Selection

Prior to the use of recombinant DNA technology, the commercial success of 

strain development and improved productivity was dependant on mutation and strain 

selection. Methods commonly used for mutation include treatment with UV radiation 

and chemical reagents such as NTG. After treatment with an appropriate mutagen, the 

microbial strain able to express the desired phenotypic characteristics is isolated using 
strain selection techniques. Illustrations of the use of this technique include the 
development of cultures for chlortetracycline production (Stanbury & Whittaker, 1993), 

penicillin production (Cruegar & Cruegar, 1990) and cis,cis muconic acid production 

(Yoshikawa et a l, 1993).
The molecular mode of action of some mutagens is fairly well known, but what 

can never be predicted is the effect of a mutation on a specific gene or complex process.
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The appearance of mutants is also dependant on factors such as the base sequence of 
the gene to be mutated, location of "hot spots", the repair system of the cell and the 

occurrence of suppressor mutations often resulting in reversion to wild type (Jenkins et 
a l,  1987). The process of mutation, strain selection and the application of an 

appropriate screening program can be lengthy and expensive, and some compromise 

must be made between the suitability of a mutant strain and its productivity. In 

addition, the search for producers of compounds which do not give the producing 
organism any selective advantage means random isolation procedures need to be 

adopted. Therefore a more exact and accurate method of producing strains which over 
accumulate desired products is useful.

1.3.2 Recombinant DNA Technology

Recombinant DNA technology allows the greater expression of targeted genes 
within a host micro-organism. The use of plasmids as cloning vectors facilitates the 
presence of multiple copies of a plasmid construct within a biological cell. High copy 
number plasmids are frequently used to further increase the gene dosage per cell 
(Martin-Rendon et a l, 1992), and hence increase the magnitude of gene expression 
within a fermentation or biotransformation. The use of strong promoters such as lac 
promoters (Laffend & Shuler, 1994) will also increase gene expression. This 
technology also allows the possible transferral of targeted genes into foreign microbial 
hosts. An enzyme can be produced not only in the original micro-organism, but also in 
another microbe which may have properties making it more suitable for use in a 
particular biotransformation. This technique has been used to synthesise products such 
as ethanol (Ohta et a l, 1991), tyrosine and phenylalanine (Ikeda & Katsumata, 1992) 
and indigo (Flores et a l, 1996). Although interest in the use of recombinant DNA 
technology has increased, its use for industrial strain improvement has a long way to go 

before it can compete with well established mutation techniques. Reasons for this may 

be due to the lack of basic knowledge of the genetics of some industrial micro

organisms and the relative ease of application of mutation and strain selection 

procedures, despite the problems associated with them.
The manipulation of a partial or whole metabolic pathway as opposed to the 

individual genes within the pathway suggests another application of recombinant DNA 

technology. This application involves the exploitation of a series of sequential 

biochemical reactions in order to accumulate a desired precursor - and is known as 

metabolic pathway engineering.
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1.3.3 Metabolic Pathway Engineering

1.3.3.1 Definition and Categorisation

Naturally occurring metabolic networks are not optimised for the aims necessary 

for practical applications. Consequently, the success of a bioprocess involving product 

over-accumulation is dependant on genetic modification of the metabolic pathway. 
Metabolic pathway engineering involves the manipulation of a series of sequential 
biochemical reactions in their entirety, and has been defined as the improvement of 

cellular activities by manipulation of cellular functions using recombinant DNA 
technology (Bailey, 1991). The effects of genetically altering a metabolic pathway 
must be experimentally confirmed since individual pathways do not function in 
isolation from other pathways in the cell. Experimental confirmation is especially 
important so as to avoid any "metabolic surprises" which may accompany a proposed 
change.

The methods of genetic manipulation discussed in this chapter are shown in 
Figure 1.1. The uses of metabolic engineering are divided into the four categories 
shown (Cameron & Tong, 1993), each of which will be covered in more detail. One 
should appreciate that these categories are arbitrary and some examples fit into more 
than one category. For example, the work of Wood & Ingram (1992) involves the 
improvement of ethanol production by recombinant K. oxytoca and the extension of 
the substrate range to incorporate cellulose.

1.3.3.2 Improved Production of Chemicals

A great deal of work has been done on ethanol production, since it is widely used 

for the production of alcoholic beverages and as an alternative transportation fuel. The 

main organisms of interest are E, coli, Z. mobilis, Erwina sp., and Klebsiella sp. In 

most cases, the host micro-organisms are ethanol producers but the yield from the 
native pathways is relatively low. The reason for such low yields is the synthesis of 

mixed fermentation products such as acetate, formate, lactate and butanediol - as well as 
ethanol. The introduction of new genetic material which favours ethanol as the 

principle fermentation product led to the improved production of ethanol to levels 

comparable to those found in industrially used micro-organisms. Earlier work involved 
the expression of the gene(s) encoding alcohol dehydrogenase II and pyruvate 

decarboxylase from Z. mobilis in host organisms such as E. coli (Ingram et a l, 1987),
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FIGURE 1.1:
Classification of the methods of genetic manipulation.
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Tolan & Finn (1987^) exploited these traits by introducing the pyruvate decarboxylase 
gene from Z. mobilis. Later work also involves the use of Z. mobilis but as a host 

micro-organism instead of a gene donor. The introduction of genes from E. coli 
(Deanda et al., 1996) and K. pneumoniae (Zhang et a l, 1995) enabled the recombinant 
organism to utilise arabinose and xylose respectively for the production of ethanol to 
yields greater than 85% of the theoretical.

The improvement of antibiotic production is another area of great commercial 
interest. In the past, it was difficult to apply recombinant DNA techniques to the 

improvement of antibiotic production. The main reason for this is because the 

synthesis of antibiotics relies of the sequential expression of genes within a metabolic 
pathway and the problems associated with improvement are less straightforward. The 

use of metabolic engineering was favourable for two reasons (Cameron & Tong, 
1993). Firstly, antibiotic genes tend to be clustered, and this facilitates the cloning of 
whole pathways into high capacity, low copy number plasmid vectors. Secondly, 
genes encoding enzymes within an antibiotic producing pathway are often positively 
regulated. Such positive regulators, if present, could be over expressed causing an 
increase in antibiotic production. Chater (1990), reviewed the use of recombinant DNA 
technology to improve the yield of antibiotic-producing Streptomyces species, and 
hosts such as S. lividans and C. acremonium have been manipulated to accept high 
capacity vectors for the production of cephamycin C (Chen et al., 1988) and 
cephalosporin C (Skatrud et al., 1989) respectively. However, one must appreciate 
that such gene clusters can be fairly large, and successful cloning will have a size 

limitation. The instability of a recombinant plasmid is also another limiting factor, but 
this may be reduced by the use of a mutant host deficient in intra-plasmid recombination 
(Chater, 1990). Potential industrial advantages can be gained from research into the 
regulatory nature of antibiotic gene clusters. In fact, an investigation into metabolic 
pathways with respect to rate-limiting steps and metabolic flux is an important analytical 

tool used in metabolic engineering which will be discussed later.

1.3.3.3 Extension of the Substrate Range

Much research concentrates on the engineering of micro-organisms so that they 

are able to utilise alternative carbon sources. Xylose and cellulose are found in plant 
biomass, which is the cheapest and most abundant material on earth. A plentiful supply 

of lactose is found in whey which is a by-product of the dairy industry, the disposal of 

which is a major pollution problem. Consequently, the genetic modification of micro
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organisms to extend their substrate range to include these carbon sources is 

economically attractive. Ethanol production from cellulose (Wood & Ingram, 1992) 

and xylose (Ohta et a l, 1991) have both been investigated using recombinant K . 
oxytoca where the genes necessary for ethanol production from Z. mobilis were 
integrated into the host chromosome. In other studies, Z. mobilis was used as a host 

for the genes necessary for arabinose fermentation from E. coli (Deanda et a l, 1996) 

and genes necessary for pentose metabolism from K. pneumoniae (Zhang et al, 1995). 

In the latter study, the fermentation of a pentose sugar (such as xylose) to ethanol was 

possible via a combination of the pentose phosphate and Entner-Doudoroff pathways. 
The production of rhamnolipids, biosurfactants which have potential industrial 

application, from lactose-utilising strains of P. aeruginosa was possible due to the 
insertion of the E. coli lacZY genes into the chromosome of the host strain (Koch et 
a l, 1988). The ease with which lactose utilisation can be engineered in an organism is 
mainly due to the vast amount of information available on the lactose operon.

Although the main substrates of interest are carbon sources used to synthesise 
commercially important products, the idea of extending the substrate range has also 
been adapted for use in biodégradation. Lee et a l, (1994), used metabolic engineering 
to construct a strain for the simultaneous biodégradation of a selection of 
environmentally dangerous compounds. Since this particular example focuses on the 
introduction of catabolic activity, it is discussed in the next section.

1.3.3.4 Addition of New Catabolic Activities

Work on the addition of new catabolic activities for the degradation of toxic 
chemicals is difficult and has not progressed as far as the work in the other three areas 
addressed in this section. The main reasons for this are due to problems associated 
with the insolubility of some substrates and substrate toxicity, especially when the 
concentration of the substrate is high. The substrates targeted for degradation are 

mainly organic compounds which are common pollutants such as benzene, benzoates 

and various halogenated compounds. Using both metabolic pathway engineering and 

the characteristic ability of many bacterial strains to biodegrade such waste products, 

one can decrease the levels of harmful pollutants detected in the environment.

In general, three strategies can be adopted for the addition of new catabolic 
activities. The first involves the mapping of a new route through appropriate sections 
of native and foreign pathways, the second involves restructuring of a native pathway 

within a host and the third strategy involves the sole use of a foreign metabolic pathway 
contained within a host. The metabolic engineering of P. putida for the simultaneous
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degradation of a mixture of benzene, toluene and ;?-xylene (BTX) is an example of the 
first strategy (Lee et a i, 1994). A hybrid pathway was constructed using cloned genes 

and the existing host metabolic pathway. The critical metabolic step was identified as 
the point at which the TOD and TOL pathways combined. Figure 1.2 shows a section 
of the new route mapped through the pathways. A further development followed, 

which involved the amplification of the cloned genes in order to improve this strategy 

(Lee et a i, 1995). Use of the second strategy is not so common, probably because 

substrates targeted for biodégradation are usually not pure compounds, and a series of 

inter-related metabolic pathways are more useful. Such pathways can usually only be 
constructed with the assistance of cloned genes from a foreign source. One example is 
the redesigning of an existing metabolic route for the catabolism of alkylbenzoates in P. 
putida (Ramos et a l, 1987). Use of the third strategy is probably the most common. 
This may be because it is easier to clone a metabolic pathway which functions 
independent of the host than it is to construct a hybrid pathway. This strategy has been 
used for the degradation of trichloroethylene using E. coli containing cloned toluene 
dioxygenase genes (Zylstra et a l, 1989), (Winter et a l, 1989) and the degradation of 
halogenated compounds such as haloaromatics (Lehrbach et a l, 1984), and 
chlorofluorocarbons (Hur et a l, 1994).

1.3.3.5 Production of Chemicals New to the Host Organism

This category has probably attracted the most interest with respect to research and 
industry. Reasons for this include the possible production of novel products by the 
expression of recombinant pathways in a foreign host. As previously shown in the last 
section, host micro-organisms can be exploited for their ability to act as a “true host” 
for new genetic material or for the design of new non-hybrid or hybrid pathways. As a 
true host, a plasmid construct containing the cloned genes is used to transform a host 
cell so that it overproduces a specific product on the addition of an appropriate 

substrate. This technique has been used to convert #-octane to octanoic acid using 

recombinant E. coli cells transformed with the alk genes from P. oleovorans (Favre- 

Bulle et a l, 1991). The production of new non-hybrid pathways involves the genetic 

modification of existing pathways. The existing 6-oxidation pathway in C. tropicalis 
was subjected to gene disruption, the genes in the co-oxidation pathway were amplified, 

and the production of long-chain dicarboxylic acids was improved to 100% (Picataggio 
et a l, 1992).

Gene amplification has also been used to develop recombinant micro-organisms 
which overproduce amino acids. Mutation and recombinant DNA techniques were
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FIGURE 1.2:
The constructed pathway for the simultaneous degradation of the BTX mixture. 
The key area is located at the level of c/j-glycol degradation (Lee et al., 1994).
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used to construct a recombinant C. glutamicum strain capable of overproducing 
tyrosine and phenylalanine (Ikeda & Katsumata, 1992). The pathways affected by 

gene amplification are shown in Figure 1.3. In C. gutamicum and other related strains, 

control of metabolic flow occurs mainly by way of end product inhibition as shown. 

Amplification of 3 genes which encode the first enzyme in the common pathway, 3- 
deoxy-D-am6mo-heptulosonate 7-phosphate synthase (DS), and the branch point 
enzymes, chorismate mutase (CM) and prephenate dehydratase (PD) results in an 
elimination of the bottleneck produced by the end products.

Two classic examples of metabolic pathway engineering are also examples of the 
development of hybrid pathways for the synthesis of new chemicals. They are the 

production of 2-KLG and indigo. The synthesis of 2-KLG, the final precursor in 

vitamin C production, involves using a genetically modified strain of E. herbicola 
(Anderson et a l, 1985). Combining two metabolic pathways eliminates the need for 
two successive fermentations in a previously used method and therefore reduces 
production costs. Indigo, a blue pigment extensively used in the dyeing of cotton and 
wool fabrics, is extracted from plant species of the genus Indigofera and can also 
synthesised chemically. A new route to indigo production was considered, which 
involved the expression of cloned gene fragments in bacteria. This example illustrates 
the potential of metabolic engineering in the design of recombinant micro-organisms 
capable of synthesising commercially important chemicals. There are two routes to the 
bacterial production of indigo as shown in Figure 1.4. The first involves the 
expression of the xylene oxidase gene from the TOL plasmid (Mermod et a l, 1986), 
and the second involves expression of the naphthalene dioxygenase gene from the 
NAH7 plasmid (Ensley et a l, 1983), (Murdock et a l, 1993). In all studies, the 
bacterial host used was E. coli and the cloned genes originated from P. putida.

In the examples mentioned, some background knowledge pertaining to the nature 

of the biosynthetic pathways is necessary. Studies on the distribution of carbon, 
nitrogen and oxygen in a biosynthetic pathway, location of branch points critical to 
redirection of the metabolic flow and the identification of rate-limiting steps are all 
important elements which need consideration. Metabolic flux analysis is one of the 
tools used to determine the nature of control and sensitivity within a metabolic pathway. 

There are other tools used to assist metabolic engineering which draw on a wide range 

of technologies and disciplines. This subject covers a vast amount of literature and 

consequently, only the most relevant aspects will be covered in the next section.
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Phospoenolpyruvate + Erythrose-4-phosphate

chorismate

CM

PrephenateAnthranilate

PD

Pretyrosine Phenylpyruvate

Tyrosine PhenylalanineTryptophan

FIGURE 1.3:
The pathways and regulatory mechanisms required for the synthesis of aromatic 
amino acids in C. glutanicum. (-) represents feedback inhibition by the amino acids 
(Ikeda er a/., 1992).
Abbreviations: DS\ 3-Deoxy-D-ara6mo-heptulosonat 7-phosphate synthase,
AS\ Anthranilate synthase, CM\ Chorismate mutase, PD\ Prephenate dehydratase.
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FIGURE 1.4:
The two routes for the bacterial production of indigo. The path A uses the xylene 
oxidase gene (Mermod et al, 1986) and the path B uses the napththalene dioxygenase 
gene (Ensley et a l, 1983).

39



Fiona Vanier__________________________________________ PhD Thesis Introduction

1.3.4 Tools for Metabolic Pathway Engineering

1.3.4.1 Categorisation of Tools

The variation in the examples mentioned above illustrates the wide range of 
technologies that can be used for metabolic pathway engineering. These tools can be 

placed into the following categories:

1) Molecular biological tools.
2) Mathematical and computational tools.
3) Analytical chemistry and measurement tools.

Many traditional techniques used in genetics and analytical chemistry are 

frequently used as tools for metabolic pathway engineering. In addition to traditional 
techniques, some tools have also been developed specifically for use in this field.

1.3.4.2 Molecular Biological Tools

Almost all the tools used in recombinant DNA technology are also required for 
metabolic pathway engineering. Special vectors and promoters have been designed and 
adapted for their use during the over accumulation of specific products. An excision 
vector was designed which removes the tyrA gene to create a tyrosine auxotroph in 
recombinant E. coli (Hackman et a l, 1988). The micro-organism was used for the 
overproduction of phenylalanine and gene excision in the final stages encouraged 
phenylalanine production, since both biosynthetic pathways share many metabolic 

precursors as shown in Figure 1.3. Regulation using a promoter / repressor system 
allows steady growth to a phase at which the population is energetically able to 

withstand foreign gene expression. Regulatable promoters such as the tacll promoter 
with an E. coli lac repressor gene have been used to control recombinant protein 

production during 2-KLG synthesis in E. herbicola (Anderson et a l, 1991). 
Recombinant protein production was easily initiated by the addition of lactose or IPTG. 
Cloned genes are stabilised by integration into host cell chromosomes. This technique 
has been used during the design of recombinant micro-organisms used for ethanol 

production (Wood & Ingram, 1992), (Ohta et a l, 1991).
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1.3.4.3 Mathematical and Computational Tools

Metabolic engineering requires genetic, biochemical and physiological 

information on the host organisms used in biological processes. The majority of tools 

used in this category involve the use of information technology. The yield of a 

biosynthetic process can be improved by reducing the influence of rate-limiting steps on 
the process. Before this influence can be relaxed, these steps need to be identified and 
located. Analysis of elements such as carbon flux and acetate production (Ko et a l, 
1993), glucose utilisation (Terrance et a l, 1993) and pathway enzyme activities 

(Patnaik et a l, 1995), have all been used to quantify the metabolic flows within target 

pathways. The analysis of metabolic flux distributions incorporates techniques used to 
identify carbon, nitrogen and oxygen distribution, pathway enzyme activities and 
pathway compound levels. This procedure has been used to indirectly improve the 
synthesis of products such as lysine (Vallino & Stephanopoulos, 1993) and L- 
phenylalanine (Dell & Frost, 1993).

A number of theories have been proposed and used to investigate the nature of 
flux distributions throughout particular metabolic pathways. Metabolic control analysis 
is one such theory and is defined as the quantitative analysis of the control structure of a 

metabolic system (Stephanopoulos & Sinskey, 1993). Biochemical systems theory and 
Crabtree and Newsholme's 'flux oriented' theory are two variations of metabolic 
control analysis (Fell, 1992). Biochemical systems theory has been used to develop a 
computer program capable of simulating the behaviour of a metabolic pathway on the 
basis of kinetic and flux data (Regan et a l, 1992). Another artificial intelligence 
program known as metabolic pathway systems has been designed to find the possible 
pathways required to transform a given substrate into a given target product. This 
program has also been used to predict the possible effects of adding or deleting 

enzymatic activity from a given cellular environment and to classify pathways according 

to cellular aim (Seressiotis & Bailey, 1988).

1.3.4.4 Analytical, Chemical and Measurement Tools

The majority of analytical techniques are of crucial importance for metabolic 

engineering. Classical techniques such as mass balancing, isotopic labelling and real

time analysis using techniques such as HPLC and CZE are often used.
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1.3.5 Conclusion: The Use of a Model System

Although metabolic engineering has been used to synthesise a wide range of 

industrially useful products, model systems are required to practically assess the 
feasibility of using these methods with a biological process. A model system is made 
up of a host micro-organism into which is cloned a foreign metabolic pathway. The 

recombinant micro-organism is a fully functioning system when induced levels of the 

pathway enzymes are able to sequentially synthesise pathway compounds on the 
addition of a substrate. The desired characteristics of the model system will depend on 
a number of properties such as the physical and chemical characteristics of the pathway 
compounds and the environmental conditions required by the microbial host. In order 
to illustrate the imperfections found in every process, the model system should not be 
completely ideal. Detrimental characteristics which require minimisation can be an 
advantage, since the ability to overcome such characteristics is a important skill aquired 
during process design. The next section describes the foreign metabolic pathway used 
as part of the model system for the practical evaluation of a multi step 
biotransformation.

1.4 The TOL Plasmid & Aromatic Degradation

1.4.1 Introduction

The aromatic degradation pathways have been used for the production of 
industrially useful compounds, the degradation of ecologically hazardous chemicals and 
the addition of new catabolic activities using metabolic engineering. The TOL pathway 
is the best understood aromatic degradation pathway and the corresponding genes are 
collectively organised on a plasmid labelled pWWO. The TOL plasmid was first 
described in 1974, and since then a large amount of research has been undertaken on 

this and other related pathways.
In this section, the general characteristics of aromatic degradation pathways are 

outlined. The upper and lower TOL pathways, the TOD pathway, and the ortho- and 

mera-cleavage routes for the degradation of catechols are described. Four enzymes 

which constitute a section of the TOL mera-cleavage pathway are described, and the 

exploitation of the TOL pathway for use in biochemical engineering is discussed.
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1.4.2 General Description

The TOL plasmid was first discovered by Williams & Murray (1974). The 

analysis of mutant strains of P. putida (arvilla) mt-2 showed evidence for the existence 

of a plasmid which contains all the genes necessary for catechol degradation via meta- 
cleavage. The genes encoding the non-specific meto-cleavage pathway enzymes were 

somehow deactivated or lost but the genes encoding the benzoate specific ortho- 
cleavage pathway enzymes were retained. These results suggested that the wild type 

contains two systems for benzoate degradation. The first exists on a plasmid and is 
non-specific with respect to induction and catalysis. This system forms the TOL meta- 
cleavage pathway. The second system exists on the chromosome and is more specific 
to benzoate. These genes are induced in the presence of benzoate and catalyse benzoate 
degradation via the orr/io-cleavage pathway. The ortho- and mera-cleavage pathways 
are shown in Figure 1.5.

The plasmid itself is fairly large, about 117 kilobase pairs in size. The catabolic 
pathway and regulatory genes constitute about 40 kilobase pairs. The genes are 
organised into two opérons encoding the enzymes involved in the upper and lower 
pathways as shown in Figure 1.6 (Assinder & Williams, 1990). The plasmid also 
contains a transposase gene, tnyA, two genes required for resolution tnpS and tnpT 
and a DNA sequence necessary in cis for resolution, known as the res site (Burlage et 
al, 1989). The regulatory functions of the plasmid were investigated by Ramos et a l, 
(1987^). A model was developed which suggests the mechanism controlling 
transcription using alkylbenzoate degradation as an example. In this model the 

constitutively produced xylR protein is activated by binding to the substrate as it enters 

the cell. The active protein binds to the xylCAB  operon and promotes RNA 

polymerase binding.
The TOD pathway is the most studied alternative pathway and is shown in Figure 

1.7. Research undertaken on this pathway includes the production of ccMA using 
Arthrobacter (Yoshikawa et al, 1990), the hydroxylation of indan by E. coli containing 
cloned T120 (Brand et a l, 1992) and the hydroxylation of toluene using a mutant 

strain of P. putida (Hack et al, 1992).

1.4.3 Suitability in a Model System

There are two main reasons for the use of aromatic degradation pathways in 

research. Firstly, toxic pollutants such as trichloroethylene (Fujita et a l, 1995), 

chlorobenzenes (Haigler et al, 1992) and methylaromatics (Rojo et a l, 1987) which
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FIGURE 1.5:
The ortho- and weto-cleavage pathways. The genes responsible for ortho- cleavage 
are on the chromosome and the genes responsible for meta- cleavage are on the TOL 
plasmid pWWO. (Assinder & Williams, 1990).
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are all hazardous to the environment can be degraded by these pathways, and secondly, 
industrially important compounds such as catechols (Robinson et a l, 1992), c/5-idols 
(Wubbolts & Timmis, 1990) and nitrobenzene (Haigler & Spain, 1991) which are 

difficult to produce using traditional chemical methods can be synthesised using 

recombinant micro-organisms with modified pathways.

The aromatic degradation pathways also possess a number of key characteristics 
which make them suitable for use as model systems. Two opérons are contained on the 

TOL plasmid which can be easily isolated using standard recombinant DNA techniques. 
Investigative research such as transposon mutagenesis analysis (Harayama et a l, 1984) 
and the use of E. coli maxicells (Harayama & Rekik, 1990) has been carried out on the 
plasmid and consequently a great deal of information is known about the genes and 
their corresponding gene products. In addition, genes of the TOL plasmid can be easily 
cloned and are often expressed in other hosts such as E. coli for the production of 
compounds such as c/5-dihydrodiols and catechols (Zeyer et a i, 1985), toluene cis- 
glycol (Wahbi et al, 1996), and picolinic acids (Asano et a l, 1994).

Easy plasmid isolation is also useful for the analysis of metabolic flux through 
the pathway. Reasons for flux analysis on this pathway are two fold. Firstly, other 
related aromatic degradation pathways work in tandem with the pathways on the TOL 
plasmid, and enzyme activity may be enhanced by interactions with other related 
enzymes or compounds when present at particular concentrations. Using flux analysis, 
not only can rate-limiting steps be located, but the influence of particular enzymes and / 
or compound concentrations on the pathway as a whole can be determined (Ampe & 
Lindley, 1996). Secondly, new techniques employed for metabolic flux analysis can 
be tested using this pathway, since much is known about the flux limitations and rate- 
limiting steps. New procedures for simulating and optimising metabolic reactions were 
tested using the TOL pathway (Regan et a l, 1992), and the theoretical data acquired 

was experimentally confirmed (Jackson, 1996).

Another important feature is the toxicity of compounds such as benzoate 

(Cherrington et a l, 1991) and catechol (Draths & Frost, 1995) which are synthesised 

by this pathway. This feature is detrimental to the process, but when assessing the 
suitability of this pathway for use in a model system, such a characteristic is useful for 
the application of skills required to minimise such detrimental effects, such as the 
design of a substrate feeding strategy and / or an intermediate removal strategy.

The gene arrangement on this plasmid also facilitates the isolation of linear 

sections of the metabolic pathway for their use as plasmid constructs (Jackson, 1996). 

Such constructs can be used to investigate the over accumulation of industrially useful 
aromatic compounds, and the broad substrate specificity of enzymes such as
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benzaldehyde dehydrogenase (Inoue et a l, 1995) and C230 (Cerdan et a l, 1995) also 
allow for the possibility of over-accumulating a range of compounds with a single 
biological system. A linear portion of the TOL -cleavage pathway was used in this 
research. The relevant enzymes are described in detail in the next section.

1.4.4 TOL Me^a-cleavage Enzymes

1.4.4.1 Toluene 1,2-Dioxygenase

Toluene 1,2-dioxygenase is encoded by the xylX Y Z  gene (sometimes known as 
xylD) and genetic analysis enabled an identification of the subunits and their roles with 
respect to the dioxygenating mechanism of this enzyme (Harayama et a l, 1986). The 
dioxygenase is a multicomponent enzyme with four cistrons. The first two comprise a 
single gene, xylX, which encodes a 57 kDa protein and the third cistron, xylY, encodes 
a 20 kDa protein. A plasmid containing a mutated x y lY  gene within a xy lX Y Z  
arrangement showed a different substrate specificity when compared to the unmodified 
xylY  gene. Therefore this cistron is in some way responsible for substrate recognition 
and the broad substrate specificity of the enzyme. The fourth and final cistron, xylZ , 
encodes a 39 kDa protein (Harayama & Rekik, 1990) which has NADH cytochrome c 
reductase activity (Yamaguchi & Fujisawa, 1978). The collective role of this enzyme 
with respect to the conversion of benzoate is schematically shown in Figure 1.8. The 

genes encoding T120 have been cloned into broad host range cloning vectors and used 
to extend the range of substrates converted by host micro-organisms such as 
Pseudomonas sp. (Resnick et a l, 1994) and E. coli (Wubbolts & Timmis, 1990). 
However, although the T120 enzyme expressed in E. coli cells showed the broad 
substrate specificity characteristic of the enzyme, the activity of the E. coli strain was 
lower than that of P. putida toward benzoates and toluates such as 2,3- 
dimethylbenzoate, 3-toluate and 4-toluate (Zeyer et al, 1985). This comparatively low 

level of activity was expected, since E. coli only produces T120 whereas P. putida also 

produces a chromosomally encoded B120 and gene expression was determined by 

native pathway promoters which exhibit poor activity in E. coli host cells.

1.4.4.2 Dihydrodihydroxybenzoic Acid Dehydrogensase

Reiner (1972) first described the purification and properties of the enzyme 
DHBDH which is encoded by the xylL gene. The total molecular weight and the 

weight of the subunits was found to be approximately 94.6 kDa and 24 kDa
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respectively. The enzyme is stable at pH 8 and a 50 % drop in activity was observed at 
pH 7. Considerable enzyme inhibition was noted in the presence of Na2S0 4 , 

particularly below pH 8.

1.4.4.3 X y lT  Gene Product

The xylT gene product is the least known of the four enzymes, but it is thought 
to be a chloroplast-type ferrodoxin. Studies involving the expansion of substrate 
specificity described the role of the xylT gene product as being regulatory with respect 

to the enzyme C230 (Polissi et ai, 1993). It was suggested that the xylT  gene product 

is involved in the reduction of the oxidised iron cofactors of C230 when inactivated by 

agents such as 4MC. Subsequent reactivation of the xylT  product following reduction 
of the C230 cofactors is therefore necessary, and it was suggested that a non-specific 
electron donor such as the xylZ gene product may be responsible. The proposed 
scheme for the reactivation of this enzyme by xylZ is shown in Figure 1.9.

1.4.4.4 Catechol 2,3-Dioxygenase

Catechol 2,3-dioxygenase encoded by the xylE gene is a homotetramer with a 
total molecular weight of 140 kDa. Each subunit has a weight of 35 kDa and contains a 
non-heme ferrous ion molecule. Due to the current inability to isolate the complete 
homoenzyme, research has not advanced as far as research on T120. Using a cloned 
xylE gene from P. putida mt-2 and an E. coli host, the almost complete homoenzyme 
was isolated in crystalline form and the accumulation of gramme quantities of the 
enzyme was achieved for the first time. This allowed a detailed characterisation of this 
enzyme as well as the development of a protocol for the purification of this enzyme 

resulting in a 40% yield (Kobayashi et a l, 1995). The total iron content associated 
with this enzyme was found to be 45% of the total iron present in the crude extract and 

the enzyme exhibited a specific activity of 536 U .m g'T This enzyme also has a broad 
substrate specificity which has been used for the synthesis of picolinic acids from 

catechols (Asano etal ,  1994).
Picolinic acid is an industrially important chemical used as a raw material for the 

production of pyridines used to produce herbicides and dyes. Production using the 

mgra-cleavage pathway enzymes is discussed in the next section together with some 

other industrially important bioprocesses.

50



Fiona Vanier PhD Thesis Introduction

xylZ xylT

RED UCED FORM O X ID ISE D  FO R M
NAD

xylZ I

OXIDISED FORM

x y /T  /  

R ED U C E D  FO R M
+

NA D H  + H

FIGURE 1.9:
Proposed scheme for the reactivation of the xy/T  gene product (Polissi et a l, 1993).

51



Fiona Vanier__________________________________________ PhD Thesis Introduction

1.4.5 TOL Plasmid & Biochemical Engineering

1.4.5.1 Ci5, cis-Muconic Acid Production

Cis, cis muconic acid is an unsaturated dicarboxylic acid which is produced on 

the orr/zo-cleavage of catechol by C120 (see Figure 1.5). The structure of ccMA 

suggests that it has a potential use as a raw material for new functional resins, 

pharmaceuticals and agrochemicals. This compound can also be easily converted to 
adipic acid which is a commodity chemical used for nylon production (see Figure 
1.10). It is difficult to synthesise ccMA by chemical means and therefore industrial use 
of this chemical was underdeveloped. An attempt to develop a bioreactor process 
which synthesises ccMA from benzoic acid for industrial production was undertaken by 
Yoshikawa et a i, (1993). Six strains able to produce ccMA with a yield of 0.5 g.L"^ 
or above were selected using a suitable screening procedure. The treatment of all 6 
strains with a mutagen resulted in the selection of a colony originally from Arthrobacter 
sp (T8626) which had a stable capacity for over accumulating ccMA. The 
biotransformation was carried out in a 30 L stirred-tank containing a medium 
supplemented with benzoic acid which was intermittently supplied to avoid substrate 
inhibition. The mutant accumulated 44 g.L‘1 product.

On examination of the metabolic pathways shown in Figure 1.10 one can see that 
substrates such as toluene and catechol as well as benzoic acid can be used for this 

bioconversion. However, on further evaluation of alternative substrates catechol was 
found to be particularly expensive, toluene was a flammable and volatile solvent and 
both compounds were toxic (Yoshikawa et ah, 1990). Benzoic acid caused less 
problems when used as a substrate since the toxic effects associated with this 
compound were minimal. In addition, benzoic acid is cheap, non-volatile and can form 
a highly water soluble salt.

1.4.5.2 Picolinic Acid Production

Picolinic acid can be produced by the microbial synthesis of 2-HMSA followed 
by nitrogenation. The chemical decarboxylation of picolinic acid results in the 
production of pyridine as shown in Figure 1.10, and nitrogen-containing 

heteroaromatics such as pyridines are important starting materials for the production of 
herbicides and dyes. A mutant strain of P. putida was developed which was able to 

metabolise aromatic substrates such as toluene or catechol via the mcfa-cleavage 

pathway, but lacked any 2-HMSA degrading enzymes (Hagedorn et a l, 1989). The
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micro-organism was grown in a 1.7 L fermenter and the substrate was added 12 hours 
after inoculation. Rate of 2-HMSA production was typically 100-200 mg.L‘^.hr'1 and 

the ammonium ions necessary for picolinic acid production were supplied in excess of 

the culture nutrient requirements with respect to the nitrogen source supply. The 

instability of 2-HMSA was a problem during picolinic acid production and the 

suggested use of a bisulphite adduct was found to stabilise this product and increase the 
amount of 2-HMSA that could be accumulated to as much as 5 mM compared to 1 mM 

accumulated in the absence of the adduct (Hagedorn, 1986). The adduct is stable at 
neutral pH, but is unstable in alkaline conditions. Therefore, maintaining a neutral pH 

ensured the formation and maintenance of a stable adduct, and raising the pH when the 
reaction was complete decomposed the adduct releasing the 2-HMSA in a free form. 

Alternatively, treatment of the adduct solution with ammonium ions resulted in picolinic 
acid.

1.4.5.3 Dihydrodiol Production

The bacterial production of dihydrodiols such as benzene dihydrodiol has been 
suggested as a new route to polyphenylene production (Ballard et a l, 1994). 
Polyphenylene has been described as the ultimate polyaromatic, because the product is 
entirely made up of phenylene rings. This polyaromatic is notoriously difficult to 

synthesise by chemical methods. This is because the polymer is an intractable solid, so 
when methods which use catalysts such as cupric chloride are used, complete 
separation of the catalyst from the solid is difficult.

Through microbial selection and strain development P. putida strain NCIMB 
11767 was chosen as a suitable whole cell biocatalyst, and further mutations resulted in 
a microbial strain which could accumulate high levels of a dihydrodiol when benzene 

was used as the substrate. Methods suggested for dihydrodiol recovery included the 
complexation of the product with phenylboronate to form an insoluble complex, the 

adsorption of the product onto an insoluble hydrophobic solid or isolation by solvent 

extraction followed by purification via crystallisation.

1.4.5.4 Catechol Production

The catechol molecule belongs to a family of pharmaceutical drugs and although 
this range of compounds can be synthesised by chemical means, the processes used are 

often lengthy, require expensive raw materials and produce by-products which are 
harmful to the environment. The development of a process based on broad substrate
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specificity enzymes allowed the production of a wide range of industrially important 

catechols. Two mutant strains of P. putida were developed which were able to 

accumulate 3MC and catechol (Robinson et a l, 1992). Strain 2313 has a defective 

xylE  gene and accumulated 3MC when grown on toluene, since C120 has a low 

affinity for 3MC. Strain 6(12) was unable to produce both C120 and C230 and 

accumulated catechol when benzene was co-oxidised using glucose. The metabolic 
pathways followed by both mutants are shown in Figure 1.11. After 13 hours batch 
growth in 10 L fermenters, both mutant strains were grown in glucose-limited fed- 
batch cultures and the substrates were supplied in the vapour phase via a second air 

stream. Catechol and 3MC were accumulated to levels of 3 g.L-l and 1.27 g.L'^ 
respectively.

1.4.5.5 Summary: Future of Microbial Synthesis

The methods used for the genetic manipulation of micro-organisms to effect the 
appropriate biotransformations are very well characterised. Further progress lies in a 
practical assessment of the process options. The options available will depend on some 
key characteristics such as the mode of action of the pathway enzymes and the growth 
conditions required by the host micro-organisms. The evaluation of some important 
process engineering options using a model system is one of the main themes of this 
research programme.

1.5 Thesis Aims & Objectives

1.5.1 Introduction

The most common examples of commercial whole cell and enzymatic 
biotransformations are single step, i.e. they convert a substrate to a product in a single 
step process. In comparison, the industrial use of multi step biotransformations is rare, 

probably because the design of such processes is less straightforward. One important 

distinguishing feature of this type of biotransformation is the existence of pathway 
intermediates foreign to the microbial host. The presence of these pathway compounds 

can influence the biotransformation, therefore information about the properties of each 

compound is required.
In this section, the information required for the development of a feasibility study 

and the aims and objectives of this thesis are discussed. The undertaking of a 

feasibility study requires some theoretical guidelines. For this research, the guidelines
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Pathways for the degradation o f benzene (R=H) and toluene (R=CH3) by the 
mutant strain P. putida  2313 developed by Robinson et a l, (1992). C l2 0  has a 
low affinity for 3-methyl catechol and a blockage in the pathway at the level of 
C230 results in accumulation o f 3-methylcatechol.
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have been supplied in the form of a review which outlines the necessary biochemical 
engineering which must be considered during the decision-making stage of process 

design. The biocatalytic oxidation of aromatic compounds was used as a model system 

in this review, with a particular emphasis on the TOL pathway (Marshall & Woodley, 

1995).

1.5.2 Designing a Feasibility Study

1.5.2.1 Theoretical Evaluations

A theoretical evaluation is necessary for the identification of key pathway 
characteristics using the literature available. Features which are potentially beneficial 
and detrimental to the process should be identified, so that possible strategies can be 
developed which maximise the beneficial features and minimise the detrimental 
features. The physical and chemical properties of the compounds synthesised during 
the biotransformation should be determined, since properties such as the low solubility 
of a substrate may reduce the amount of substrate in contact with the enzyme unless 
countered by a successful substrate feeding strategy. Toxic and inhibitory effects 
caused by any of the compounds should be thoroughly investigated, since the 
maximum concentrations that can be tolerated by the host must be known prior to the 
design of a feeding or removal process. The properties of the pathway enzymes should 
also be evaluated, with a particular emphasis on their mineral content and any cofactor 
requirements. This will ensure that the medium is adequately supplemented with the 

precursors necessary for’recombinant protein production.

1.5.2.2 Sequencing of Operations

Prior to the assessment of process engineering options, the phases of the process 

must be identified in order. A whole cell bioconversion consists of a growth phase, a 
substrate conversion phase and a product recovery phase. The sequencing of these 
phases (or operations) is largely dependant on the choice of host micro-organism and 
metabolic pathway. If the activity of the pathway enzymes is growth associated, than it 
may be beneficial to carry out the growth and substrate conversion phases 
simultaneously. Separation of these phases in necessary if the amount of enzyme 

produced during growth is insufficient to promote the bioconversion or if the product, 

substrate and / or intermediates inhibit growth.
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1.5.2.3 P rocess Im provem en ts

After the development of the initial process, alterations can then be made in order 

to improve process efficiency. A method of measuring the success of any 

improvements is necessary and must be such that a comparison can be made between 

two or more processes regardless of their operating scale. An indicator of success 
within a test system is important not only because it is a defined aim and goal, but also 
because it ensures that only the most relevant areas of process design are covered. This 
could be the maintenance of the plasmid such that levels of enzyme activity are 
maintained over a defined period of time, or the achievement of a specific concentration 
of the product. Improvements may not necessarily involve a change in the process with 
respect to biochemical engineering. Further genetic engineering may increase the 
efficiency of the process to a far greater extent than any change in the process 

environment. Amplification of the genes encoding the enzymes with the greatest 
influence on the metabolic flux may result in dramatic improvements. On the other 
hand, changes in the physical and chemical environment can also influence the pathway 
flux, and the sensitivity of the metabolic pathway to such changes could be tested. 
Consequently, both development and improvement of the bioprocess involves an 
integration of the skills of the genetic and biochemical engineer, and the use of a 
feasibility study as an aid during process design. The initial feasibility study is usually 
based on theoretical research, so in order to establish whether the guidelines stated are 
of any practical use, the practical design of the bioprocess should be undertaken using 
these guidelines.

1.5.3 P ro jec t Aims

The aims of this research were to evaluate all the process engineering options 
necessary for a multi-step biotransformation, undertake the decision-making stage of 

process design by following the guidelines in a feasibility study and to put into practise 
the design of a bioprocess. The model system used for this practical evaluation was 
made up of a linear portion of the TOL mera-cleavage pathway expressed in a 
recombinant E. coli host strain JM107, and is shown in Figure 1,12.

The process scheme proposed is shown in Figure 1.13. A theoretical feasibility 

study will ensure that as much information as possible is known about the process prior 

to design. The experiments undertaken are dependant on the information collected in 

the feasibility study. The practical evaluation can be defined as the assessment of the 

workability of the process by analysis of results obtained from practical data.
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FIGURE 1.12:

The metabolic pathway used as part of the model system for this research.
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THEORETICAL EVALUATIONS
compounds, enzymes & pathway

\
CHARACTERISATION OF TEST SYSTEM

biomass concentration, cell viability & enzyme activity
Theoretical feasibility 

study

SEQUENCING OF OPERATIONS
growth, induction, substrate addition & product recovery

I ------------------------

FERMENTATION PROTOCOL DESIGN
target biomass concentration & minimum DOT

INDUCTION EXPERIMENTS
long term induction & induction at different times

I Practical feasibility 
study

SUBSTRATE ADDITION STRATEGY
batch or continuous feeding & multi step V5. single step

I
PRODUCT REMOVAL STRATEGY

choosing a method

FIGURE 1.13:
The process scheme proposed for this research.
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Therefore, it is also a kind of feasibility study. In this particular process, recombinant 

protein production or induction was given the status of an operation which was 
sequenced after growth. Due to the toxic effects of benzoate the consequences of 
substrate addition were investigated from two different points of view. The first 

involves the effects of using different substrate addition strategies, and the second 

involves the consequences of substrate conversion.

1.6 Summary

A systematic approach is important, especially when investigating the variables 
that can be changed in the overall process. An integrative approach which uses the 
findings of research undertaken by other scientific groups, the skills of the genetic 
engineer and the skills of the biochemical engineer will be necessary for efficient 
process design. Due to the vast amount of options available, there may be more than 
one process which gives the same result. Process design should reflect the possibility 

of choosing more than one option, since alternatives may be necessary if results are 
poor with a chosen option.
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2 Feasibility Study I: A Theoretical Survey

2.1 Introduction

The design of a feasibility study involved a theoretical evaluation of all the 
process components, the identification and sequencing of operations and the 
characterisation of an appropriate test system. In this section, a theoretical feasibility 
study is described. The characteristics of the pathway compounds, enzymes and the 
pathway as a whole were assessed for their beneficial and detrimental effects on the 
process. The main characteristics of the pathway enzymes and compounds are 
summarised in Tables 2.1 and 2.2 respectively. The characterisation of a test system 
was necessary to define a means of assessing the performance of each operation.

2.2 Evaluation of Pathway

The multi step biotransformation is dependent on the regeneration of the 

cofactors NAD+ and NADH (Assinder & Williams, 1990). The oxidation of NAD+ 
takes place during the oxygenation of benzoate to benzoate dihydrodiol using NADH, 

and NADH is regenerated during the decarboxylation and dehydrogenation of benzoate 

dihydrodiol to catechol and carbon dioxide using NAD+ (Reiner, 1972). This 

thermodynamic process can only take place in an active cellular environment and 

therefore cells need to be supplied with a carbon source at all times during the 

biotransformation.
Two moles of molecular oxygen are required for the bioconversion of one mole 

of benzoate (Assinder & Williams, 1990). Therefore, the oxygen demand on the
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Table. 2.1: A theoretical evaluation of the pathway enzymes.

ENZYM E B E N Z O A T E  1,2  
D IO X Y G E N A S E

D H B  D E H Y D R O G E N A SE xylT  G E N E  P R O D U C T C A T E C H O L  2,3  
D IO X Y G E N A S E

GENE O F O R IG IN xylXY xylZ
o x y g e n a se  reductase

xylL xylT xylE

D E S C R IP T IO N A  m u lti-com p on en t en zy m e  
w ith  3  d ifferent su bu nits

A  m ulti-com p on en t en zym e A  ch lorop last-type ferrodoxin A  hom otetram er

C O M PO N E N T 
SIZE (per molecule)

Oxygenase; 57, 20 kDa 
Reductase: 38 kDa

Total : 96 kDa 
Each subunit: 24 kDa

unknown Total: 140 kDa 
Each subunit: 35 kDa

C O M PO N E N T
M A K E -U P

O x ygen ase; 1 (a) po lypeptide, 
1 iron atom , 1 2 F e -2 S  cluster. 
Reductase: 1 p o ly  peptide, 1

2 F e -2 S  clu ster  &  1 F A D ^ .

unknown unknown 1 iron co factor: ( a F e l l )4

RO LE
O x y g en a se  transfers o x y g e n  to  
benzoate.
R eductase transfers electrons 
from  N A D H  to d ihydrodiol.

R equires N A D +  for proton 
acceptance from  dihydrodiol. 
Carbon d iox ide  released.

M ay have regulatory fu n ction . 
T he en zy m e m ay a ss is t  C 2 3 0  
reactivation.

R equires o x y g e n  to convert 
catechol to 2 H M S A  breaking  
the b en zen e  ring.

R E F E R E N C E S Yamaguchi et a l, 1975 
Yamaguchi e ta l,  1980 
Yamaguchi e ta l, 1982 
Harayama et a l, 1986

Reiner cf a/., 1972 Harayama et a l, 1991 
Polissi et a l, 1993

Nozaki et a l, 1968 
\m \x y te ta l ,  1984 
Bertini e ta l,  1994 
Kobayashi e ta l ,  1995

I'

I

o\w

Sa
I
Co
2:St

C/3



Table. 2.2: A theoretical evaluation of the pathway compounds.

COMPOUND

(M wt.)

BENZOATE (SODIUM) 

(144 .1 )
DIHYDRODIOL

(156 .1 )
CATECHOL

(110 .1 )
2-HYDROXYMUCONIC

SEMIALDEHDE

(1 4 2 .1 )

Mpt, Bpt & Solutbility* m pt : 1 2 2 “C  
bpt: 2 4 9 °C

so lu b ility :  6 6 ^ 0 , 7 4 .2 ^0 0 ,

m pt: 8 5 °C
bpt &  so lu b ility  unknow n

mpt: 105°C  
bpt: 2 4 5 °C

so lu b ility : 45^®.

m pt, bpt &  so lu b ility  are 
u n k n ow n ,

pKa (25“C) 4.2 2.9 9.34-13 unknown

Other Properties U ptake is  pH influenced. 
C on centration s above 5 m M  
detrim ental to the C 2 3 0 ,  and 
ab o v e  2 0  m M  detrim ental to  
c e ll .

U n stab le  and h ig h ly  reactive. 
V ery d ifficu lt to purify. 
D eco m p o ses  w hen  acid ified , 

e** 5 2 2 0  Àmax at 2 6 5  nm .

S p o n ta n eo u sly  o x id ise s  to  
brow n products in so lu tion . 
C oncentrations ab o v e  2 .5  m M  
to x ic  to  c e l ls  &  ab ove  0.1  
m M  e ffec t ce ll count.

In h ib its C 2 3 0  ab o v e  4 0 0  
m M . F orm s stab le  adduct 
w ith  b isu lp h ite  & form s  
p ico lin a te  in presence o f  
am m o n ia .

£** 3 3 0 0 0  X-max at 3 7 5  nm .

REFERENCES Kobayashi C M /.,  1995 
Cherrington C M /.,  1991

Reiner c m / .,  1971 
Reiner 1971 
Whited cM/., 1986

ZeyercM/., 1985 
Draths et a i, 1995 
Natarajan et a i, 1992

KojimacM/., 1961 
Hori et a l, 1973 
Hegadorn c m / . ,  1989 
Sala-Trepat c m / . ,  1971

I

&StSolubility given as grams of solute dissolving in 100 mL water. Superscripts represent temperatures at which data were 
determined.
Molar extinction coefficient given in units of dm^.mol'^.cm ^
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system needs to be considered with respect to substrate conversion as well as cellular 

growth and maintenance. The minimum oxygen requirement by the system at various 

stages in the process can be estimated by calculation and steps should then be taken to 

ensure the DOT does not fall below these minimum levels during the biotransformation.

2.3 Evaluation of Pathway Enzymes

2.3.1 Iron & Sulphur Content

Three of the four enzymes evaluated contain ferrous iron in their protein 
structures. The iron and sulphur requirements of B120 and C230 are shown in Table

2.3. The composition of the xylT  gene product is unknown, but it is thought to be a 
chloroplast type ferrodoxin (Harayama et a l, 1991) and therefore also has a 
requirement for iron. The presence of increased levels of ferrous iron have a positive 
effect on the specific activity of C230 (Kobayashi et a l, 1995). The microbial host 
also has a requirement for iron and sulphates during growth, and a typical fermentation 
medium should reflect this (Stanbury & Whittaker, 1993). The growth medium should 
therefore be supplemented with an additional supply of iron and sulphates required for 
the synthesis and maintenance of the pathway enzymes.

Table 2.3: The iron and sulphide requirement of two pathway
enzym es.

ENZYME mol Fe^+ / mol 
enzyme

mol labile 
sulphide / mol 

enzyme

REFERENCE

Benzoate
dioxygenase
(oxygenase)

1 0 8
Yamaguchi & 

Fujisawa, 1980

Benzoate
dioxygenase
(reductase)

2 2
Yamaguchi & 

Fujisawa, 1978

Catechol 2,3- 
dioxygenase 3.7 -

Kobayashi et a l, 
1995
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2.3.2 Enzyme Stability

All of the enzymes are extremely unstable in vivo. C230 was found to be 

unstable in air (Nozaki et al., 1968) but it has recently been shown that this inactivation 
is reversed by the addition of ferrous ion (Kobayashi et al., 1995). B120 is unstable at 

pH 7 and suphydryl compounds such as 2-mercaptoethanol were required to stabilise 

the enzyme (Yamaguchi & Fujisawa, 1978). Although DHBDH is stable at pH 8 , a 
50% drop in activity was observed in the presence of 30 mM sodium sulphate, and at 
pH 7 in the absence of inhibitory salts (Reiner, 1972). This instability poses a potential 
problem when attempting to characterise the test system, since enzyme assays carried 
out during growth and induction give essential information about the biotransformation 
capability of the cell biocatalyst.

2.3.3 Substrate Specificities

The pathway enzymes exhibit broad substrate specificities. The enzyme B120 
is able to convert halogenated benzoates such as m-chlorobenzoate and p- 
fluorobenzoate (Yamaguchi & Fujisawa, 1980) even when expressed by a recombinant 
strain of E. coli (Zeyer etal., 1985). The enzyme DHBDH has been shown to convert 
m-toluate and 3,4-dimethylbenzoate to their corresponding cw-diols (Whited et al., 
1986) and the broad substrate specificity of C230 is shown by the use of a recombinant 
strain of E. coli expressing the xylE  gene to synthesise a range of catechols used to 

produce picolinates (Asano et a i, 1994).
Such broad substrate specificities allowed a choice to be made from a range of 

possible compounds that can be used for this process. However, the choice of 
substrate must be made with caution since different substrates can have different 
negative effects on the host cell and / or the pathway enzymes. For example, the 

activity of B120 toward 2,3-dimethylbenzoate expressed in E. coli was approximately 

60% lower than that expressed by P. putida (Zeyer et a l, 1985), and the reaction rate 

of B120 in P. putida was reduced by as much as 50% when oxidising halogenated 

benzoates (Reineke & Knackmuss, 1978). The negative effects of the pathway 
compounds are important features which must be addressed during process design. 

Their known beneficial and detrimental effects are assessed in the next section.
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2.4 Evaluation of Pathway Compounds

2.4.1 Benzoate

Benzoic acid and benzoate salts are well known antibacterial agents which are 
non-toxic only at low concentrations. The uptake of benzoate by the cell is non

specific, microbial benzoate uptake is influenced by pH (Cherrington et a i, 1991). The 

antimicrobial activity of benzoic acid increases with decreasing pH since microbial cells 

favour protonated benzoate ions. The cytoplasmic pH is strictly regulated at an 
estimated pH 7.6 (Padan et ai, 1981). The acid molecules will consequently dissociate 
on uptake and disrupt the proton motive force causing interference with respiration 
processes and membrane permeability (Salmond et a i, 1984). At alkaline pH, the 
presence of protonated benzoate ions in the environment surrounding the cell is 
minimal. The resistance of the cell wall to unprotonated ions will result in a high 
concentration gradient across the cell wall. Disruption of the cell membrane will occur 
due to leakage of unprotonated benzoate ions into the cell.

Concentrations of benzoate above 4.9 mM inhibit C230 activity (Kobayashi et 
a l, 1995) and concentrations of sodium benzoate above 20 mM are detrimental to 
cellular growth (Regan, 1994). A preliminary comparison showed that benzoate salts 
are more favourable for use in this model system than benzoic acid based on their 
relative solubilities (Dawson et a l, 1986). A feeding strategy will have to be employed 
to prevent the toxic and inhibitory effects of benzoate as much as possible. The high 
solubility of sodium benzoate is advantageous since a strategy can be proposed which 
involves the continuous feeding of an aqueous stock solution.

2.4.2 Benzoate Dihydrodiol

This dihydrodiol carboxylic acid has the chemical name 

dihydrodihydroxybenzoic acid (DHB) but is also known as benzoate dihydrodiol. 

Benzoate dihydrodiol produced during the oxidation of benzoate is a very unstable 

compound. Incorporation of one hydrogen and one oxygen molecule causes a 

disruption of the benzene ring structure, and the covalent binding of a carboxylic acid 

and hydroxyl group to the same carbon creates a highly reactive compound as shown in 
Figure 2.1. As a result, it is difficult to isolate the compound in a pure solid form 
necessary for the development of a detection method using processes such as HPLC or 
CZE. However, the accumulation of this compound was successfully achieved using a
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B E N Z O A T E
D IH Y D R O D IO L

COOH

OH
OH

C O

P H E N O L S A L IC Y L A T E

FIGURE 2.1:
The decomposition of benzoate dihydrodiol following acidification.
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mutant strain of A. eutrophus blocked in benzoic acid catabolism and the melting point 
and molar extinction coefficient were determined (Reiner & Hegeman, 1971).

Benzoate dihydrodiol decays in acidic conditions to phenol and salicylic acid 
according to the reaction mechanism shown in Figure 2.1 (Whited et a l, 1986). Steps 
should be taken to avoid a decrease in pH during substrate conversion and compound 

detection. In order to eliminate the possibility of spontaneous breakdown, a method 

should also be developed for the detection of phenol and salicylic acid. Both phenol 
and salicylic acid are relatively stable and commercially available in a pure solid form.

2.4.3 Catechol

Although catechol is commercially available in a pure solid form, it is also 
unstable. Catechol is light sensitive, and can undergo spontaneous polymerisation and 
oxidation to products which are brown in colour. Catechol is also toxic even at low 
concentrations. Concentrations as low as 0.1 mM effected the bacterial count of a 
mutant strain of B. stearothermophilus (Natarajan & Oriel, 1992) and the growth of a 
recombinant strain of E. coli was completely prevented at 2.5 mM (Draths & Frost,
1995). The microbial production of catechol by B. stearothermophilus was reported 

using phenol as the substrate resulting in a 40% yield which was lower than expected. 
This discrepancy was assumed to be due to the loss of catechol by autooxidation and 
polymerisation to products which may be more toxic to the cells than catechol 
(Subramanian & Worden, 1993).

The accumulation of catechol to concentrations above 2.5 mM during a 
biotransformation may be problematic. A fast on-line method for the detection of 
deleterious levels of catechol would be useful, but regulation of the concentration at the 
point of substrate feeding may be insufficient. The accumulation of any pathway 

intermediate is inevitably dependent on the reaction rates of the pathway enzymes. 
Techniques such as flux analysis and gene amplification could be employed to identify 

and eradicate problems associated with intermediate build-up.

2.4.4 2-Hydroxymuconic Semialdehyde

The product, 2-HMSA, is the only compound reviewed in this section which is 

not cyclic. It is also the only compound which has an aldehyde group and forms a 

coloured solution. It has a high molar extinction coefficient with a maximum 
absorbance within the visible wavelength range, so even very low concentrations of 
semialdehyde can be detected (Sala-Trepat & Evans, 1971). The toxicity of 2-HMSA
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is largely unknown, but 2-HMSA is known to non-competitively inhibit C230 at 

concentrations above 400 mM (Hori et al, 1973).

As with benzoate dihydrodiol, 2-HMSA is unstable and prone to spontaneous 
decay. This is probably due to the covalent binding of a carboxylic acid and hydroxyl 
group to the same carbon atom as shown in Figure 2.2. The instability of 2-HMSA 
was a problem during picolinic acid production (Hegadorn et a l, 1989) and 2-HMSA 

decayed even when stored overnight at -20°C (Asano et a l,  1994). There are two 
possible solutions to the problem of 2-HMSA instability. The first is to detect the 

product as soon as it is synthesised. Detection of the product using a 

spectophotometric scan is a quick and easy method which can be carried out at regular 
intervals during the biotransformation.

The second is to bind the product to a molecule forming a stable adduct. 
Bisulphite ions specifically attack aldehydes to form stable bisulphite addition products. 
This reaction is reversible and the aldehyde is released in a free form by raising the pH 
(Solomons, 1994). 2-Hydroxymuconic semialdehyde is the only compound used in 
this process with an aldehyde group, and this difference can be exploited for the design 
of a product removal method. An aqueous solution of sodium bisulphite was used by 
Hegadorn (1986) to stabilise microbially produced 2-HMSA used as a substrate for 
picolinic acid production. Ammonium ions were added to create an alkaline 
environment necessary for the reversal of the adduct reaction and also to chemically 
convert 2-HMSA to picolinic acid. The chemical formation and breakdown of the 
bisulphite adduct is shown in Figure 2.2. Any proposed product removal strategy 
would have to be practically evaluated. Such an evaluation will involve experiments 

which require pure stock solutions of the product. However, 2-HMSA is not 
commercially available and therefore a method for the microbial synthesis of the 
product will have to be devised.

Using ammonium compounds in the fermentation medium may reduce the 
amount of semialdehyde detected due picolinate production. Within a fermentation 

process, ammonium solution is often used as a nitrogen source for growth and as an 
alkali feed. In order to reduce the amount of picolinic acid produced, the alkali feed 

during the biotransformation should be changed to one which lacks nitrogen. To 

account for losses in yield and for mass balancing purposes, a method for the detection 

of picolinic acid should be developed using a technique such as HPLC (Hegadorn et 
a l,  1989). One mole of 2-HMSA produces one mole of picolinic acid, so if a 

significant concentration of picolinate is synthesised, the corresponding amount of 2 - 
HMSA used can be easily determined.

70



Fiona Vanier PhD Thesis Feasibility Study

OH
Na+ * S —  OHH —  S —  O" Na+

COOH

H — S — O' Na+

2 -H Y D R O X Y M U C O N I C
S E M IA L D E H Y D E

S O D IU M  (M E T A )B IS U L P H IT E

COOH 

OH ,

B IS U L P H IT E  A D D IT IO N  P R O D U C T  

(S U L P H O N IC  A C ID  G R O U P )

nitrogenation

NH

COOH

P IC O L IN IC  A C ID

FIGURE 2.2:
The formation and breakdown of a bisulphite adduct.
It should be noted that sodium bisulphite exists in two chemical forms.
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2.5 Characterisation of a Test System

2.5.1 Introduction

Methods for the intermittent assessment of each operation are necessary to 
monitor their performance at various stages of process design. In some cases, goals 
and aims are also required which are often determined using prior experience and 

process specific knowledge. Such is the case in the design of a fermentation protocol 
where the main goals are the target biomass concentration and DOT after growth and 

induction. Characterisation of the test system will identify and define the process 
specific variables which should be monitored. Once characterised, the test system 

forms the basis of a practical evaluation. The results shown in chapter 5 are based on 
the comparison of dependent process specific variables such as biomass concentration, 
specific enzyme activity and compound concentrations.

2.5.2 Time Constraints

The working bioprocess is made up of an integration of different operations in 
sequence. The integrative nature of the bioprocess is extremely important when 
attempting to identify time constraints. Preculture growth, fermentation and induction 
are all time consuming operations and process constraints such as the minimum 
allowable time for induction should be tested. One important constraint may be the 
intolerance of the cell to the pathway compounds. It was therefore decided to initially 
carry out the biotransformation over a relatively short period of time, such as 2-3 
hours. Samples taken as frequently as every 5 minutes especially within the first hour 

will give some indication as to the conversion ability of the cell biocatalyst. Sampling 
during growth and biotransformation will be facilitated by using an automatic sampler, 

which should be tested for storage ability prior to use.

2.5.3 Cell Growth & Viability

The integrity of the host cell should be maintained at all times during the 

process. The presence of even low concentrations of benzoate can be detrimental if the 

host cell integrity is compromised prior to benzoate addition. The growth behaviour of 
the host strain has been well characterised (Gregory & Turner, 1993) and any abnormal 
changes during a fermentation can be easily identified. The change in biomass
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concentration is usually measured spectrophotometrically and the dry cell weight is 

determined by drying fermentation samples in pre-dried weighing boats. When 

assessing fed-batch fermentations, the biomass concentration should be monitored to 

ensure that the theoretical and actual specific growth rates are similar. Manual 

adjustments to the biomass concentration shown in the algorithm are occasionally 
necessary (Gregory & Turner, 1993).

Measurement of OUR, CER and DOT via off gas analysis will give an accurate 
account of the cell viability. In particular, the DOT should be closely monitored if the 

biotransformation has a requirement for oxygen. The critical oxygen concentration 

above which E. coli respiration is not inhibited was found to be 10 - 30% DOT 
(Cutayar & Poillon, 1989). It was therefore decided that the minimum allowable DOT 
for this process would be 20%. If oxygen limitation occurs before the target biomass 
concentration is reached, the specific growth rate can be reduced to slow down the rate 
of growth and therefore reduce the rate of oxygen consumption. As a result, the time 
taken to achieve the target biomass will increase, and this should be taken into 
consideration when rescheduling.

The plasmid construct used to transform the host cell contains a leaky promoter 
(Lewin, 1990). As a result, the basal levels of the pathway enzymes will be detected in 
growing cell cultures prior to induction. An appropriate enzyme assay should be used 
to ensure that reproducible levels of the recombinant enzymes are being expressed. It 
was preferable to assay for an enzyme which requires cofactors since a non-viable cell 
is unable to produce cofactors.

2.5.4 Enzyme Assays

Methods exist for the assay of B120 (Yamaguchi & Fujisawa, 1980), DHBDH 
(Reiner, 1972) and C230 (Sala-Trepat & Evans, 1971). Within a system of this type, 
some enzymes may be easier to assay than others. The methods stated by Reiner 
(1972) for the assay of DHBDH are based on monitoring the release of from

[carboxyl - DHB and on the formation of NADH from NAD+. The availability 

and cost of [carboxyl - DHB and the cost of NAD+ are the main considerations 

when deciding on the use of either method. A similar method for the assay of B120 

described by Yamaguchi & Fujisawa (1980) is based on the utilisation of NADH. The 
use of methods based on the utilisation or production of NADH may introduce another 

potential problem. The accuracy of such methods rely on the purity of the cell extract, 

since cofactor regeneration may take place if both enzymes are present.
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Sala-Trepat & Evans (1971) developed a method for the assay of C230 which 

involves monitoring the production of 2-HMSA at 375 nm using catechol as a 
substrate. Modifications resulted in a relatively quick, cheap and easy method for the 
determination of C230 activity. However, caution must be taken when interpreting the 

specific activity profiles of a single enzyme. Enzyme levels within metabolic pathways 

are intricately controlled via positive and negative feed back and other mechanisms 

(Bailey, 1991), so unless all enzymes are assayed, the performance of the pathway in a 

biotransformation cannot be predicted (Jackson, 1996). However, the activity profiles 
of a single enzyme give an indication as to the transcription and translation efficiency of 
the cell biocatalyst during growth, which is an indirect indication of the cell viability.

2.5.5 Plasmid Content

The success of the biotransformation is dependent on the presence of the 
plasmid, and maintenance of this plasmid during growth is imperative. The plasmid 
contains an antibiotic resistance gene so selection via the addition of an appropriate 
antibiotic prevents the growth of plasmid free cells. Controlled growth of the culture 
using fed-batch fermentation methods will reduce the chances of a declining plasmid 
copy number in subsequent cell generations (Ryan & Parulekar, 1991). Determination 
of the plasmid copy number by traditional means such as CsCl-gradient centrifugation 

and gel electrophoresis was ruled out since such methods are time consuming and the 
results are difficult to quantify. It is simpler and easier to concentrate on preventing a 

decrease in the plasmid copy number in the first instance and use a basic method for 

plasmid detection. A plasmid stability test which involves the plating out of a sample 
subjected to a serial dilution gives an indication as to the presence or absence of a 
plasmid. The assay of a pathway enzyme such as C230 is also useful since it gives an 
indication of the amount of active enzyme present in the cell. Both methods when 

interpreted in tandem give enough information about plasmid content for this particular 

system. If problems with yield are encountered during the practical evaluation, than a 

more refined method such as the use of a commercial DNA-isolation kit (Schmidt et al.,
1996) can be applied for a more accurate determination of the plasmid content.

2.5.6 Detection of Pathway Compounds

A number of important issues must be considered when deciding on a method 

for the detection of the pathway compounds. These are listed below:
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• The detection of phenol, salicylic acid and picolinic acid should also be undertaken

• Ideally, no more than two methods should be used for the identification of all the 

compounds that may be present in the biotransformation. The use of more than two 
analytical methods for compound detection may be difficult with respect to time 
constraints.

• Due to the sampling frequency during the biotransformation, the time to taken to 
analyse each sample should be kept to a minimum.

• Samples may need to be purified prior to analysis. The proposed purification steps 
should be quick, efficient, and relatively easy. Purification methods should not 
require extreme environmental conditions such as temperature or pH and should not 
involve the use of expensive or dangerous chemicals.

• The detection method used should not require the use of extreme environmental 
conditions and should not involve the use of expensive or dangerous chemicals.

• The degradation of the pathway compounds should be independently investigated at 
neutral pH.

The product, 2-HMSA, can be detected by spectrophotometric means and the 
concentration can be calculated using the molar extinction coefficient (Sala-Trepat & 

Evans, 1971). The other compounds are all cyclic and the possibility exists for the 

development of a single HPLC method. The cyclic pathway compounds have also 

been successfully quantified using CZB (Jackson, 1996).

2.6 Summary

The metabolic pathway chosen as the model system incorporates a 

thermodynamic process. During the conversion of one mole of benzoate to 2-HMSA, 

one mole of carbon dioxide is emitted and two moles of molecular oxygen are required. 

The enzymes B120 and C230 are known to contain ferrous iron and sulphates, and the 

xylT  gene product is a chloroplast type ferrodoxin which also has a requirement for 
ferrous iron. All of the enzymes are unstable in vivo under various environmental 
conditions and have broad substrate specificities. Benzoate and catechol are toxic at
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low concentrations, catechol and benzoate dihydrodiol are unstable, and benzoate 

dihydrodiol will degrade to phenol and salicylic acid on acidification. 2 - 

Hydroxymuconic semialdehyde forms picolinic acid in the presence of ammonium ions 

and is stable when bound to bisulphite ions. When evaluating a test system, the time 

taken for each operation is an important constraint. Cell viability and plasmid stability 

are important for the success of the biotransformation. Measurement of the pathway 

compounds should be quick, efficient and should use methods which do not exacerbate 

degradation. The detection of possible by-products such as phenol, salicylic acid and 
picolinic acid should also be carried out.
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3 Suppliers, Materials & Equipment

3.1 Suppliers

The addresses of the main suppliers used are given in Appendix V.

3.2 M aterials

3.2.1 Bacterial Strains

All experiments were accomplished with E. coli strain JM107 (Yanisch-Perron 
et a l, 1985). The plasmid constructs pQRlSS and pQR226 were designed by Jackson 
(1996) and supplied by the Department of Biochemistry, UCL.

3.2.2 Fermentation Materials

Glycerol, KH2PO4 , Citric acid, NaCl, CaCl2 & CUSO4 .5 H2 O were supplied 

by BDH Lab Supplies. Na2HP0 4 , MgS0 4 .7 H2 0 , IPTG, thiamine, ampicillin & 

kanamycin were supplied by SIGMA Chemical Company. (NH4)2S0 4 , FeS0 4 .7 H2 0 , 

ZnS0 4 .7 H2 0 , MnS0 4 .H2 0 , neat ammonia solution, sodium hydroxide, and PPG 

(antifoam) were all supplied by ALDRICH Chemical Company.
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3.2.3 Off-Line Analysis Materials

Phosphoric acid (HPLC Grade), methanol (HPLC Grade), acetone, sodium 

tetraborate, sodium benzoate, catechol, phenol, salicylic acid and picolinic acid were 
supplied by ALDRICH Chemical Company. Acetonitrile (HPLC Grade), NaH2P0 4  

and a-ketovaleric acid were supplied by SIGMA Chemical Company. Nutrient broth 

No. 2 and nutrient agar were supplied by OXOID Chemicals (Unipath LTD). Glucose 

was supplied by BDH Lab Supplies.

3.2.4 Product Removal Materials

The DUOLITE™ A113 anion exchange resin was kindly donated by Michael 
Todd at Glaxo Wellcome Ltd and can be purchased from Rhom & Haas Corporation. 

Sodium metabisulphite was supplied by ALDRICH Chemical Company. The filter 
paper (No. 2) in the microfiltration unit was supplied by Whatman.

3.3 Experimental Equipment

3.3.1 Fermenter & Ancilliary Equipment

Four different glass-type fermenters were used over the course of this research. 
These were two Chemap fermenters with bottom driven agitators (14 litre and 7 litre) 
and two Inceltech LH 2000 series fermenters with top driven agitators (20 litre and 7 
litre). All fermenters contained Rushton turbine impellers. Dissolved oxygen and pH 
were measured using Ingold probes (Mettler Toledo LTD) and the standard 
fermentation variables (temp, DOT, pH, airflow & stirrer speed) were monitored and 

controlled by a TCS 6358 microprocessor based 8 -loop controller.

The MM8-80 instrument (VG Gas Analysis) used for off-gas analysis has 16 

outlets and a 16 way Valeo valve fitted with its outlet connecting to the capillary inlet 
system of a mass spectrometer used for monitoring (Fisons Scientific Instruments). 
The composition of four gasses leaving the fermenter (argon, nitrogen, oxygen and 
carbon dioxide) were compared to an air reference stream identical to that supplied to 
the fermenter. Data from the TCS units and the mass spectrometer were logged by the 

software package RT-DAS (Real Time Data Acquisition Systems) supplied by 

Acquisition Systems. Parameters such as OUR, CER and RQ were calculated and 

plotted by RT-DAS.
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The system program with a feed control algorithm used to control the carbon 
feed rate during fed-batch fermentations was LabVIEW^“ version 3.0.1 and is fully 

described by Gregory et a l, (1994). Only three of the seven possible sub-routines 
(sub-Vis) stated by Gregory et a l, (1994) were used. These were:

1. Driver to communicate with the local controllers.

2. Calculation and output of the feed pump rate.

3. Display and logging to disk of all values of interest.

The programme was run on an Apple Macintosh^" Ilex computer with 9 Mbyte 
RAM and 256 colour 13-inch high-resolution monitor. Two Watson Marlow peristaltic 
pumps (101 U/R, 2 rpm and 32 rpm) were used to cover the range of flow rates used 
during the course of the fed-batch fermentation. The speed of the pump was set 
remotely by a signal from a TCS controller and the pump rate was updated at regular 
intervals. Substrate feeding during the biotransformation was undertaken using a 
Watson Marlow peristaltic pump (101 U/R, 2 rpm).

All pumps used for feeding nutrients and substrates were calibrated using 
tubing of known and appropriate dimensions. The high strength silicone tubing used 
for fed-batch and substrate feeding was supplied by AlteSil™ and had a 1.6 mm wall 
thickness. Two possible types of tubing were used for fed-batch fermentations, with
1.6 mm and 3.2 mm bore (internal) diameters and the tubing used for substrate feeding 
was 1.6 mm bore diameter. The automatic sampler used was a MX3 Biosampler with 
an internal cooling system and twelve sample capacity supplied by New Brunswick 
Scientific.

3.3.2 Off-Line & Small Scale Analysis Equipment

Small scale (5 mL) cultures and plates were grown in a GallenKamp Plus series 

incubating shaker. All 1 - 2 litre shake flask cultures were grown in a New Brunswick 

Scientific incubating shaker. The sonicator used to prepare cell extracts was a 

Soniprep probe-type sonic oscillator. Small scale (1-2 mL) centrifugation of 

fermentation broth, treated supernatants and cell extracts was carried out using a Sigma 

Microfuge. Centrifugation of cells harvested for the production of 2-HMSA and 
benzoate dihydrodiol was carried out using a Beckman J2-MI centrifuge with a JA-10 
rotor. The tubular bowl centrifuge used for the harvesting of cells used in a 
biotransformation was a Alfa Laval - Sharpies IP. The meter used for pH adjustments 
was a Mettler DELTA 340 pH meter. The CD readings, enzyme assays, protein
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assays, scans for peaks at specific wavelengths and 2-HMSA detection were all 

performed on a UNICAM™ UV2 series UV/VIS spectrophotometer with a built in LCD 
and key pad running PRISIM™ software. A Phenomenex all-glass microfiltration unit 

with a 300 mL funnel and a 1 L flask was used for washing the anionic exchange resin.

3.3.3 Substrate & Intermediate Detection

3.3.3.1 HPLC Analysis

A Perkin-Elmer (PE) HPLC system was used which consisted of a PE ISS-100 
injection system, a binary LC Pump 250, a PE Nelson 900 series interface and a PE 
LC90J spectrophotometric UV detector. The data was stored on an Epson PCAX2 
computer and integrated using a PC integrator package. The HPLC column used was a 
Waters piBondapak™ Cig reverse phase hydrophobic column (3.9 x 300 mm), with a 
Ci8 p-Bondapak™ Guard-Pak precolumn at room temperature.

3.3.3.2 CE Analysis

A Beckman P/ACE 2100 CE system was used with System Gold software 
supplied by Beckman. A UV detector monitored the components during separation at a 
wavelength of 254 nm. Treated fermentation samples were injected into a 57 cm long, 
50 p,m internal diameter silicon fused capillary with a 50 cm length to the detector 
window.
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4 Experimental Methods

4.1 Strain Identification & Maintenance

The plasmid constructs used were pQR188, which carries genes xylX Y Z  and 
an ampicillin resistance gene, and pQR226, which carries the genes xylXYZLTE  and a 
kanamycin resistance gene. These plasmid constructs were used to transform E. coli 
strain JM107 (Jackson, 1996). Glycerol stocks were prepared by resuspending 
colonies off selected plates in 2 mL 20% (w/v) sterile glycerol solution and storing 

stocks in Falcon tubes at -70°C.

4.2 Solutions for Growth & Analysis

4.2.1 Buffer Solutions

The fermentation phosphate buffer used to dilute fermentation samples for OD 
measurement and wash cell pellets contained KH2PO4 (0.64 g.L'^) and Na2HP0 4  

(2.16 g.L"^). The phosphate buffers used in this research were of varying molarities 

and pH values which are as stated. AU phosphate buffers were made according to 

methods described by Sambrook et a l, (1989). All solutions were made using RO 

water unless otherwise stated.
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4.2.2 Salts for Defined Growth

The compounds shown in Tables 4.1 and 4.2 were used in the defined medium. 

The compounds shown in Table 4.2 were stored together as a trace elements stock 
solution of 1000 x strength. When preparing the defined medium, the salts were added 
to solution in the order shown and each compound was allowed to completely dissolve. 
Citric acid and FeSO^ were added together to prevent precipitation of the iron salt.

4.2.3 Filter Sterilised Stock Solutions

The solutions shown in Table 4.3 were used for the selection of plasmid- 
bearing cells (ampicillin and kanamycin), growth (thiamine) and induction (IPTG). 
The stock solutions were stored at -20°C following filter sterilisation.

4.3 Growth Conditions

4.3.1 Rapid Test for Plasmid Maintenance

The rapid test for plasmid maintenance was used on cultivated agar plates, 
samples from precultures and samples from fermentation broth. The agar plates were 
sprayed with fresh catechol solution (100 mM) and left to stand for 5 minutes at room 
temperature (25°C). A 0.25 mL sample from the preculture or fermentation broth was 

added to an Eppendorf tube containing 0.1 mL fresh catechol solution (100 mM), 
vortexed, and left to stand for 5 minutes at room temperature (25°C). In all cases, the 
emergence of the distinctive yellow colour characteristic of the bioconversion of 
catechol to 2-HMSA resulted, which illustrated maintenance of the plasmid pQR226.

4.3.2 Nutrient Agar Plates

Nutrient agar plates with and without the appropriate antibiotics were used for 

the cultivation of E. coli carrying the appropriate plasmid construct and for plasmid 

stability tests. All plates were incubated at 37°C for at least 16 hours following 

inoculation. The plates were made up of nutrient broth No. 2 (25 g.L'^) and nutrient 

agar (25 g.L-i). Following sterilisation, the molten agar was allowed to cool and the 

appropriate antibiotic stock solution was added.
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Table 4.1: The compounds used in the defined medium.

SA LTS CO N C EN TR A TIO N  IN D EFIN ED  
M ED IU M  (g.L-l)

Na2HP0 4 2.16

KH2PO4 0.64

(NH4)2S04 10

NaCl 2.5

citric acid 0.2

FeS04.7H20 0.2

CaCl2 0.1

MgS04.7H20 0.2

Table 4.2: The compounds used in the trace elements stock solution.

SA LTS CO N C EN TR A TIO N  IN STO CK  
SO LU TIO N  (g.L -l)

CUSO4 .5 H2O 0.033

ZnS04.7H20 0.32

MnS04.H20 0.057
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Table 4.3: The filter sterilised stock solutions.

ST O C K  SO LU TIO N ST O C K
C O N C EN TR A TIO N

m g .m L ‘1

A M O U N T USED 
p L .m L 'l

Kanamycin 20 1

Ampicillin 50 2

Thiamine 50 1

IPTG 20 1

4.3.3 Preculture Conditions

The first preculture was grown in 5 mL nutrient broth No. 2 (25 g.L'^). The 
appropriate antibiotic was added followed by some colonies of E. coli JM107 
previously grown overnight at 37°C on a nutrient agar plate. The 5 mL seed stage was 
incubated for 3 hours at 37°C, and used to inoculate the fermentation preculture. The 
fermentation preculture was grown in a defined batch medium. With the exception of 
FeS0 4 .7 H2 0 , the compounds listed in Table 4.1 were used to make individual stock 

solutions of 10 X strength. To produce 400 mL defined batch medium, 40 mL of each 
stock solution was added to a 2 L shake flask in the order shown in Table 4.1. The 
trace elements stock solution was added to the shake flask together with FeS0 4 .7 H2 0  

dissolved in RO water. Glycerol dissolved in RO water was also added such that the 
concentration of glycerol in the defined medium was 8 g.L’L After sterilisation, the 

medium was supplemented with thiamine and an appropriate antibiotic. Recombinant 
cells used for the production of benzoate dihydrodiol and 2-HMSA were grown on 

complex medium. Nutrient broth No. 2 (25 g.L"^) was added to a 2L shake flask to a 
volume of 400 mL. After sterilisation, the appropriate antibiotic and a 5 mL preculture 

grown for 3 hours were added to the shake flask. Once inoculated, all shake flasks 

were grown at 37°C in an incubating shaker.
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4.4 Fermentation

4.4.1 General Issues

The working volumes and quantities used in each fermenter are shown in Table 
4.4. A schematic diagram representing a typical fermenter used for this research is 
shown in Figure 4.1. It was assumed in all cases that the nutrients present in the 
inoculum were exhausted. Therefore, when calculating the concentrations of each 
component required in the batch medium, the volume of the inoculum is taken into 

account. For example in the batch fermentations carried out in the Chemap 7L 

fermenter, the inoculum volume was 0.4 L but the final volume in the fermenter was
4.5 L. Although the volume in the fermenter prior to inoculation was 4.1 L, the 
amounts of each component present in the medium were calculated assuming a volume 
of 4.5 L.

Table 4.4: The different fermenters used for this research and the
quantities of the various components used.

F E R M E N T ^
M O D E L

1)
S T E R I L N
V O L U M E

(L )

2)
F E D -

B A T C H
V O L U M E

(L )

3)
I N O C U L U M

V O L U M E

(L )

4)
M I N I M U M
W O R K I N G
V O L U M E

+ 3 ))
( L )

M A X I M U M  
W O R K I N G  
V O L U M E  
(2) + 4 ) )

( L )

C H E M A P  
7 L

4.1 1.0 0.4 4.5 5.5

C H E M A P  
1 4  L

7.0 2.0 1.0 8 10

L H  7  L 4.1 1.0 0.4 4.5 5.5

L H  2 0  L 9 2.0 1.0 10 12
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T o O ff G as Analysis

C O N D E N S E R
Cold W aicr O ut

F ro m  A ir  In le t

D R IV E  M O T O RC old W ater In

IMPELLER
POSITIONS

V E S S E L :
h = 400, d  =  160. 
working volume -  5 L

B A F F L E :

S P A R G E R
h = 400, d  =  9.5,
6 sparge holes, d = 1.5.

IM P E L L E R S
d = 6 2 .3 .

IM P E L L E R  S H A F T
h = 385, d  = 12.9.

D O T  P R O B E

IM P E L L E R  T IP
h = 13, w = 16, t -  2.

pH  P R O B E

D R A IN

FIG URE 4.1:
A schematic diagram of a typical fermenter used for this research. 
All dimensions were measured in mm.
Abbreviations: h = height, d=  diameter, w = width, t = thickness.
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4.4.2 Batch Fermentations

The batch fermentations were carried out in the Chemap 7L fermenter. The 

compounds used in the batch medium are listed in Table 4.1. A stock solution was 
made containing glycerol (30 g.L medium "1) and MgS0 4 .7H20 (0.2 g.L medium ‘ )̂ 

which was sterilised separately to avoid precipitation. Following sterilisation, the 
fermentation medium was supplemented with thiamine and the appropriate antibiotic. 
Sodium hydroxide (4 M) was used for pH control and PPG was used as antifoam.

4.4.3 Fed-Batch Fermentations

4.4.3.1 Batch Medium

This is the medium in the fermenter prior to inoculation of the fed-batch 
fermentation. The composition of this medium is shown in Table 4.1. MgS0 4 .7H20 

was dissolved in 100 mL water and autoclaved separately to reduce precipitation. Prior 
to inoculation, the medium was supplemented with thiamine and an appropriate 
antibiotic. Only 1 mL PPG.L’  ̂ was added to prevent interference of the antifoam 
during CE analysis. Ammonia solution (17 M) was used for pH control and as a 
source of nitrogen.

4.4.3.Z Fed-Batch Medium

This medium contains the carbon source and additional nutrients which were 
fed into the fermenter under controlled conditions. The composition of the fed-batch 

medium is shown in Table 4.5. This was achieved with a 5:1:4 ratio of the stock 
solutions A, B, and C as shown. In addition, fresh thiamine (0.25 g .L 'l) was added to 

the reservoir immediately before inoculation.

4.4.4 Sterilisation Protocol

Stock solutions of kanamycin, ampicillin, thiamine and IPTG used for small 

scale experiments were prepared and filter sterilised using Sterile Acrodisc^” 0.2 p,m 

syringe filters. Stock solutions of kanamycin, ampicillin, thiamine and IPTG used for 

fermentations were prepared fresh and filter sterilised as above. The 5 mL aliquots of 

nutrient broth, the shake flasks containing the defined and complex batch media, the 
stock solutions of glycerol and MgS0 4 .7H20 used for batch fermentations, the 100 mL
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MgS0 4 .7H20 stock used for fed-batch fermentations, the stock solutions A, B and C 

for the fed-batch reservoir, nutrient agar and RO water for plasmid stability tests were 

all sterilised in an autoclave at 1 2 r c  for 20 minutes. The batch media used in both 

batch and fed-batch fermentations were added to the fermenter, diluted to the 

appropriate volume and sterilised in situ at 1 2 r c  for 20 minutes. All ancillary 
equipment and the distributor head of the automatic sampler were sterilised at 1 2 rC  for 
30 min.

Table 4.5: The composition of the fed-batch medium.

COMPOUND CONCENTRATION CONCENTRATION
(Stock Solution) IN STOCK IN FED-BATCH

SOLUTION (g.L-l) RESERVOIR (g.L-l)

Glycerol 800 400
(A)

MgS04.7H20 2 1
(A)

Citric acid 10 1
(B)

FeS04.7H20 10 1
(B)

Na2HP04 27 10.8
(C)

KH2PO4 8 3.2
(C)

Trace elements stock 13.75 mL.L-1 5.5 mL.L'l
(C)
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4.4.5 On-line Control & Monitoring

4.4.5.1 Seed Stage Analysis

Prior to fermenter inoculation, samples of the preculture were subjected to three 
different types of analysis. Samples were subjected to the rapid test for plasmid 

maintenance, examination under the microscope for signs of contamination, and the 
biomass concentration was estimated using OD readings and a calibration curve of OD 
verses DCW (see Appendix III). This estimation was then used to calculate the initial 

biomass concentration in the fermenter, which was input together with other initial 
culture conditions into the feed control algorithm used for fed-batch fermentations.

4.4.5.Z Environmental Conditions & Inoculation

The initial environmental conditions maintained and monitored by the TCS 
controller were as follows: temperature = 37°C, pH = 7 and air flow = 1 vv.m in'T 
Impeller speeds in the batch fermentations were increased gradually during growth to 

ensure that the DOT was maintained above the critical level of 20% especially when 
cellular growth reached î max- In the fed-batch fermentations, agitation was set at a 

constant high level and only minor adjustments were necessary to maintain the DOT 
above 20%. The feed stock was connected to the fermenter with 1.6 or 3.2 mm bore 
tubing via two peristaltic pumps. A small amount (0.5 - 1 mL) of the fed-batch 
medium was pumped into the fermenter prior to inoculation. The feed control 
algorithm was manually started immediately after inoculation. Induction of the foreign 
genes was initiated by the injection of IPTG stock solution through a sterile syringe 

filter. Figures 4.2 and 4.3 show the assembly of the fermenter with ancillary and fed- 

batch equipment respectively.

4.4.5.3 Fed Batch Control

Operation of the control algorithm for fed-batch bioprocess control is described 

in detail by Gregory et al (1994). The initial culture conditions required by the control 
algorithm are the initial culture volume, feed concentration, specific growth rate and 

initial biomass concentration. The relationship between the % rpm output by the 

peristaltic pumps and the feed rate into the fermenter is also required by the algorithm. 
This was obtained by pump calibration (see Appendix IV). This information was input 
into the feed control algorithm immediately before inoculation and the algorithm itself
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To Off-Gas Analysis

Mass Spec. Pump

Air Inlet Filter

Substrate Feed Pump ^

Substrate Inoculum
Feed Reservoir

FERMIÎNTER

Fed-Batch Pumps

,

From Fed-Batch Reservoir

ZH)-

NH3 NaOH pH
Control

To/From Autosampler

Sample / Harvest Line

Indicates assembly for substrate feeding 

Indicate feedback control

FIGURE 4.2:

Assembly of the fermenter and some ancilliary equipment.
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2 rpm & 32 rpm pumps

AUTOMATIC SAMPLER

TCS CONTROLLER

FED BATCH 
RESERVOIR

COMPUTER
MONITOR

FERMENTER

FIGURE 4.3:
The assembly of the fermenter with fed-batch equipment.
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was started immediately after inoculation. During the fermentation, occasional 

adjustment of the DCW estimated by the control algorithm was necessary. Analysis of 

the differences between biomass concentrations estimated using OD readings and the 

control algorithm are described by Gregory et a l, (1993). The specific growth rate 

was also checked using the OD readings from at least 5 samples by plotting a graph of 
Ln (biomass concentration) verses time.

4.4.6 Off-Line Analytical Methods

4.4.6.1 Biomass Concentration

The OD was measured at 660 nm to provide a rapid estimation of the biomass 
concentration. All samples were diluted using fermenter phosphate buffer so that 
readings taken by the spectrophotometer were within the range 0.1 - 0.4. Samples 
were measured against a fermenter phosphate buffer blank. In order to determine the 
DCW, known volumes (0.1 - 1 mL) of each fermentation sample were carefully 
pipetted into labelled, pre-dried, pre-weighed Eppendorf tubes. The cell pellets were 
harvested after microfugation at 135,500g for 5 minutes, washed with fermenter 
phosphate buffer and remicrofuged as above. The cell pellets were dried at 100°C for 
24 hours. The results obtained from 11 fermentations were pooled together and used to 
construct a graph of DCW verses OD. This graph was used to estimate the DCW of 
preceding samples by measurement of their OD and is shown in Appendix III.

4.4.6.2 Plasmid Stability

Samples taken every tenth hour following inoculation were tested as well as the 
sample immediately following inoculation (0 hour). Each sample was diluted using 
sterile water and sterile Eppendorf tubes. The OD reading of each sample was used to 

determine the appropriate dilution factor. Once diluted, 100 p-L of the last three 
dilutions were asceptically spread onto plates. Each individual dilution was plated out 
twice, once onto nutrient agar with the appropriate antibiotic, and once onto nutrient 
agar without antibiotics. After incubation overnight at 37°C, the plates were checked 

for contamination, the microbial colonies were counted and the plates were subjected to 

the rapid test for plasmid maintenance.
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4.4.6.3 Cell Extract Preparation

All sample pellets and supernatants were tested for C230 activity. The method 

used for the preparation of cell free extracts was a modified version of a method 

formerly used by Sala-Trepat & Evans (1971). A known volume of fermentation broth 

(0.1-1 mL) was microfuged at 135,500g for 5 minutes and the supernatant was retained 

for testing. The cell pellet was resuspended in 1 mL ice cold potassium phosphate 

buffer (100 mM at pH 7.5) and sonicated on ice for five 10 second bursts at 8 pm. The 
sonicated samples were kept on ice during and after treatment and cell debris was 
removed by microfugation at 135,500g for 5 minutes.

4.4.6.4 Enzyme & Protein Assays

Catechol 2,3-dioxygenase was assayed in duplicate at 30“C according to the 
method of Sala-Trepat & Evans (1971). To a 1 mL cuvette was added the following: 
40 pmol phosphate buffer solution (pH 7.5), 0.06 pmol fresh catechol solution and a 
known volume of sonicated cell extract or supernatant. Specific C230 activity was 
determined by following the increase in absorbance at 375 nm due to the accumulation 
of 2-HMSA. One unit of C230 activity is defined as the amount of enzyme necessary 
to catalyse the formation of 1 pmol of 2-HMSA per minute at 30°C. Dilution of the cell 
extracts and supernatants was necessary with later fermentation samples in order to 
produce a straight line graph. These dilutions were carried out using 50 mM phosphate 
buffer solution (pH 7.5) and were noted for future calculations, together with the 
original volume of fermentation broth taken for cell pelleting. The protein assays were 
performed with the Bio-Rad protein assay kit. The standard assay procedure used is 
described in Appendix III.

4.5 Biotransform ations

4.5.1 Substrate, Intermediate & Product Detection

4.5.1.1 Capillary Electrophoresis

This is a technique that employs narrow-bore capillaries to perform high 

efficiency separations. The theory of CE and method selection for both large and small 
molecules is outlined in literature produced by Beckman (1991). For the quantitation of 

the meto-cleavage pathway compounds (benzoate, catechol and benzoate dihydrodiol),
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1 mL of fermentation broth was microfuged at 135,500g for 5 minutes. The 
supernatant was decanted into acetone previously stored for 30 minutes at -70°C such 

that the volume ratio of acetone to supernatant was 1:1. The supernatant / acetone 

mixture was vortexed and left to stand on ice for 5 minutes to enhance the precipitation 

of DNA, proteins and other macromolecules. Following recentrifugation as before, 0.2
- 0.3 mL of the acetone treated supernatant was injected through a 0.2 pm PTFE 

solvent resistant filter into a 200 pL CE vial.
All samples were subjected to 5 seconds air pressure injection and the 

compounds were detected at 254 nm. Electrophoresis was run at 10 kV (16 pA) for 20

- 30 minutes using 25 mM sodium tetraborate running buffer (pH 9.3). Each run was 
preceded by a wash using 0.1 mM sodium hydroxide for 4 minutes and a pre-rinse 
using 25 mM sodium tetraborate (pH 9.3) for 5 minutes. In addition a-ketovaleric 

acid, which was used as the internal reference marker, was taken up in tandem with 
every fourth fermentation sample to determine the identity and relative migration times 
of the compounds detected. All samples were analysed in duplicate. Preparation of the 
standards for determination of the compound concentrations is described in Appendix 
IV.

4.5.1.2 High Performance Liquid Chromatography

Pure samples of benzoate, catechol and microbially produced benzoate 
dihydrodiol were each subjected to a spectrophotometric scan to establish the 
wavelength to use for detection. All three samples showed a high absorbance at 254 
nm and this wavelength was chosen. The mobile phase used to separate the pathway 
compounds in some of the biotransformations was comprised of 20% acetonitrile, 80% 

water and 0.1% phosphoric acid at a flow rate of 0.8 mL.min'L Under these 

conditions benzoate, benzoate dihydrodiol and catechol exhibited retention times of 
16.1, 4.2 and 7.3 respectively. Three closely related but different mobile phases were 
tested for their ability to separate benzoate, benzoate dihydrodiol, catechol, phenol, 
salicylic acid and picolinic acid. The composition of the mobile phases 1), 2) and 3) are 
shown below. AU samples were analysed in duplicate. Preparation of the standards 

for determination of the compound concentrations is described in Appendix IV.

1 ) 40% Methanol,
60% 50 mM Sodium phosphate buffer pH 6.5,

Flow rate = 0.5 mL.min'%
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2 ) 40% Methanol,

60% 50 mM Sodium phosphate buffer pH 6.5,

25 mM Sodium chloride.
Flow rate = 0.4 mL.min-%

3 ) 40% Methanol,

60% 50 mM Sodium phosphate buffer pH 6.5,

50 mM Sodium chloride.
Flow rate = 0.3 mL.min"^,

4.5.1.3 Spectrophotometry

For detection of the product 0.5 mL of fermentation broth was microfuged at 
135,500g for 5 minutes and the supernatant retained. Each supernatant sample was 
diluted 100 fold using RO water and the product was detected by monitoring the 
appearance of a peak at 375 nm during a spectrophotometric scan (190 - 400 nm). The 
product detected was quantified using the molar extinction coefficient of 2-HMSA 2)375  

= 33,000 M’Lcm'l (Sala-Trepat & Evans, 1971). All samples were analysed in 
duplicate.

4.5.2 Substrate Feeding Methodology

4.5.2.1 Benzoate Feeding

The fermenter was prepared for substrate feeding after 24 - 26 hours growth. 
Two stock solutions of sodium benzoate were used for this research. A  3 M stock 
solution was initially used which was later diluted to a 2 M stock. The alkali feed was 
changed from ammonia solution to 4 M sodium hydroxide to minimize picolinate 

production and the automatic sampler was reprogrammed to sample every 5 minutes. 
After the automatic sampler took the first sample, an initial volume of the stock solution 

( 2 - 5  mL) was injected into the fermenter. This injection established the minimum 
working substrate concentration in the fermenter. This concentration was maintained 

by a linear feed of the stock solution using the peristaltic pump. The initial rate of the 

linear feed was calculated as follows:
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BASIS: A fed-batch fermentation in a LH7L fermenter.

OD reading of sample taken after 24 hours, = 35.9

Corresponding DCW from the calibration curve = 16.3 g.L'^

Working volume in the fermenter after 25 hours, = 4.9 L

Total Biomass, = 4.9 (16.3) 
= 79.87 g

Calculated using a previous fermentation in which benzoate was fed into the fermenter 
at a rate of 0.00359 L.L’^.hr'^:

1 g.L“̂  biomass utilised 0.6028 mmol sodium benzoate in 1 hour.

Usage of sodium benzoate by 1 g biomass. = 0.6028 / 60 
= 0.0101 mmol.min"!

Total biomass usage. = 0.01 (79.87)
= 0.8067 mmol.min‘1

Concentration of stock solution.
Volume of stock solution used in 1 minute.

= 3 mmol.mL’l (3 M) 
= 0.8067 / 3,
= 0.2689 mL

Therefore, utilisation rate of the stock solution, = 0.2689 mL.min‘1

A pump calibration curve showed a straight line relationship between % rpm and the 

feed rate in mL.min’  ̂ (see Appendix IV):

Y

Where,

Y
M

X

C
Therefore, 

% rpm =

= Mx + C

= mL.min'^

= 0.0742 

= % rpm 

= 0.0195

(mL.min-: - 0.0195) / 0.0742 
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The pump feed rate should be equivalent to the calculated rate of utilisation of the stock
solution by the cells.

Therefore,

% rpm = (0.2689 - 0.0195) / 0.0742
= 3.36 % rpm

In this case, the pump rate was rounded down to 3%.

4.5.2.2 Catechol Feeding

An attempt was made to calculate the initial rate of this linear feed using the 
specific enzyme activity of C230 from a previous similar fermentation:

BASIS: A fed-batch fermentation in a LH7L fermenter.

OD reading of sample taken after 24 hours, = 13.2

Corresponding DCW from the calibration curve = 5.78 g.L 'l
Working volume in the fermenter at 25 hours, = 5 L
Total Biomass, = 5 (5.78)

= 28.9 g

Specific activity of C230 at 6 g.L'^ obtained from a similar fermentation
= 0.411 U.mg DCW 1

Hence, 1 mg biomass utilises 0.411 pmol of catechol in 1 minute.

Usage of catechol by total biomass in 1 minute, = 0.411 (28.9) (1000)
= 11878 pmol 

= 11.88 mmol

Concentration of stock solution, = 1 mmol.mL'^ (1 M)
Volume of stock solution used in 1 minute, = 11.88 mL
Therefore, utilisation rate of the stock solution, =11.88 mL.min“l

Using the pump calibration curve shown in Appendix IV the % rpm which results in a 

feed rate of 11.88 mL.min'^ was established:
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Y = 11.88 mL.min'^
m = 0.07823,
X = % rpm,
c = 0.00211.

Therefore,
% rpm = (11.88 - 0.00211) / 0.07823

= 151.83 % rpm.

The pump was not able to feed at the above rate. As a result, the pump rate was 

reduced by two thirds to 50% using a 1 M stock solution of catechol. The stock was 
made up of three batches, one 50 mL batch and two 100 mL batches respectively. Each 
batch was freshly made approximately 5 minutes before the preceding batch was 
completely exhausted to minimise the effects of auto-oxidation and polymerisation of 
catechol.

4.5.3 Separation of Growth & Substrate Conversion Processes

The induced cells from a fed-batch fermentation were harvested using a tubular 

bowl centrifuge running at 50,000g for 30 minutes during which, the clarity of the 
supernatant was monitored. The recovered biomass was resuspended in 100 mM 
phosphate buffer (pH 7.5) in the fermenter and an OD reading was taken from a sample 
of the resuspension so that the initial substrate feed rate could be calculated. The 
biotransformation was carried out at 37°C with agitation at 1200 rpm, but the 
maintenance of pH using an alkali feed was omitted.

4.6 Shake Flask Experiments

4.6.1 Growth Related

4.6.1.1 Seed Stage Development

Three 400 mL precultures containing E. coli JM107 harbouring the plasmid 

pQR226 were prepared according to the method described in section 4.3.3 using the 

defined medium. Each preculture contained glycerol as the carbon source at the 
concentrations 5 ,10  and 15 g.L’  ̂ respectively. Samples were taken from each flask at 
regular intervals from 12 to 22 hours after inoculation. These samples (2 mL) were
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monitored for C230 activity and biomass concentration. The samples taken at the 12th 
hour were tested for plasmid stability and subjected to the rapid test for plasmid 
maintenance.

4.6.1.2 Benzoate Feeding

Four 400 mL cultures containing E. coli JM107 harbouring the plasmid 
pQR226 were prepared according to the method described in section 4.3.3 using the 

defined medium. Induction took place 3 hours after inoculation using IPTG. Samples 
were taken from each flask at regular intervals from 16 to 23 hours after inoculation. 

The samples taken at the sixteenth hour were monitored for plasmid stability, C230 
activity and biomass concentration. After 16 hours, a 2 M stock solution of sodium 
benzoate was added to the shake flasks according to the methods shown in Table 4.6. 
Samples taken at regular intervals following substrate addition were monitored for 
C 230 activity, biomass concentration and 2-HMSA production.

Table 4.6: Contents of shake flasks used to test benzoate feeding
m ethods.

FEED IN G  M ETHOD STO CK  VOLUM E 
ADDED (mL)

W O R K IN G  CONC. 
(m M )

BATCH FEED 2 10

BATCH FEED 4 20

FED-BATCH FEED 0.3 mL.hr‘1 1.5 mM.hr‘1

NO FEED (CONTROL) 0 0
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4.6.1.3 Sodium Metabisulphite Toxicity

Four 400 mL cultures containing E. coli JM107 harbouring the plasmid 
pQR226 were prepared according to the method described in section 4.3.3 using the 
defined medium. Induction took place 12 hours after inoculation using IPTG. 
Samples were taken from each flask at regular intervals from 12 to 23 hours after 
inoculation. These samples (2 mL) were monitored for C230 activity, biomass 

concentration and the samples taken at the 20th hour were monitored for plasmid 

stability. After 20 hours, a IM stock solution of sodium metabisulphite was added to 

three of the shake flasks according to the methods shown in Table 4.7. Samples were 

taken at regular intervals for 4 hours following sodium metabisulphite addition. These 
samples were monitored for C230 activity and biomass concentration.

Table 4.7: Contents of shake flasks used to test metabisulphite
toxicity .

FEEDING METHOD STOCK VOLUME 
ADDED (mL)

WORKING CONC.
(mM)

BATCH FEED 4 10

BATCH FEED 2 5

BATCH FEED 0.4 1

NO FEED (CONTROL) 0 0

4.6.2 Biotransformations

4.6.2.1 Benzoate Dihydrodiol Production

To ensure that production of benzoate dihydrodiol was not limited by the 

amount of recombinant cells, at least seven 400 mL cultures containing E. coli JM107 
harbouring the plasmid pQR188 were prepared according to the method described in
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section 4.3.3 using the complex medium. Induction took place 3 hours after 

inoculation using IPTG. After 15 -1 7  hours growth, the cells were harvested using the 

Beckman centrifuge at 2700g and 4“C for 20 minutes. The cells were resuspended in 

100 - 200 mL phosphate buffer (100 mM at pH 7.5) and incubated at 37°C in a rotary 
incubating shaker.

A stock solution containing 1 M sodium benzoate and 1 M glucose was added 
to the resuspension such that the working concentration of benzoate in the shake flask 
was 1 mM. The cells were supplemented thereafter at 30 minute periods with 1 mM 
working concentrations of the stock solution. Samples were taken regularly (0.5 mL) 
and the supernatant was retained following microfugation at 135,500g for 5 min. The 

decrease in benzoate and increase in benzoate dihydrodiol was monitored using HPLC. 
Mobile phase 3) described in section 4.5.1.2 was used to detect sodium benzoate and 
benzoate dihydrodiol which had the retention times 11.5 and 9.7 minutes respectively. 
Dilution of the supernatant was carried out using 100 mM phosphate buffer pH 7.5. 
The substrate was added until a working concentration of 6 mM sodium benzoate was 
reached. At this point, substrate feeding was stopped and the biotransformation was 
followed to completion by monitoring as above at regular intervals for about 2 hours. 
After the biotransformation, the supernatant was retained using centrifugation as above 

and either used immediately or stored at -70°C.

4.6.2.2 2-Hydroxymuconic Semialdehyde Production

The preparation of a concentrated cell resuspension containing E. coli JM107 
harbouring the plasmid pQR226 was carried out according the method described in 

section 4.6.2.1. A I M  stock solution of catechol was added to the resuspension such 

that the working concentration of catechol in the shake flask was 0.25 mM. The 
resuspension was supplemented at regular periods with 0.25 mM aliquots of the stock 

solution and the increase in 2-HMSA was monitored by spectrophotometric analysis of 

supernatant from samples taken periodically. Dilution of the supernatant prior to 
analysis was carried out using 100 mM phosphate buffer pH 7.5. When the desired 
working concentration was reached, substrate feeding was stopped and the 
biotransformation was followed to completion by monitoring as above at regular 

intervals for about 2 hours. The supernatant was retained after centrifugation as before 

and used immediately.
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4.6.3 Stability Studies

4.6.3.1 Benzoate Stability

Samples (1 mL) of a 2 M stock solution of sodium benzoate were subjected to 

the conditions shown in Table 4.8. All three samples were analysed in triplicate using 
HPLC. Mobile phase 3) described in section 4.5.1.2 was used to detect sodium 
benzoate and the average area under the peaks was calculated.

Table 4.8: Storage conditions of a 2 M sodium benzoate stock
solution.

C O N D IT IO N TE M PER A TU R E C O IN CU BA TIO N  T IM E  
(hr)

Freezing -70 66

Autoclaving 121 0.5

Control 28 (room temp) 15

4.6.3.2 Benzoate Dihydrodiol Stability

200 mL of a 6 mM stock solution of benzoate dihydrodiol produced using the 
method described in section 4.6.2.1 was diluted 2 fold and divided between four 1 L 
shake flasks. The pH was adjusted using concentrated phosphoric acid from pH 7.5 to 

pH 6.5 in two of the flasks. The flasks were then stored under the following 

conditions using incubating shakers:

1) pH 7.5 at 4 °C
2) pH 7.5 at 37 “C

3) pH 6.5 at 4 °C

4) pH 6.5 at 37 °C
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Duplicate samples were taken immediately after incubation and every 20 
minutes for 400 minutes. All samples were diluted 10 fold using 100 mM phosphate 
buffer at pH 7.5 and analysed using HPLC. Mobile phase 3) described in section
4.5.1.2 was used to detect the benzoate dihydrodiol.

4.6.3.3 Catechol Stability

A I M  stock solution of catechol was made and left to stand at room 
temperature. Samples were taken every 40 minutes for 4 hours and analysed using CE. 
All samples were diluted 1000 fold using RO water and injected through 0.2 pm PTFE 
filters into 200 pi CE vials. Electrophoresis was run at 15 kV (24 pA) for 10 minutes 
using a 47 cm long silicon fused capillary with a 50 pm internal diameter and a 40 cm 
length to the detector window. The running buffer, wash and prerinse conditions were 
as previously described in section 4.5.1.1. Acetone treatment was unnecessary so a 
1% solution of acetone used as an electroosmotic marker was run in tandem with each 
sample. The electroosmotic marker and sample were subjected to air pressure injection 
for 3 and 5 seconds respectively.

4.6.3.4 2-Hydroxymuconic Semialdehyde Stability

Three cultures containing E. coli JM107 harbouring the plasmid pQR226 were 
prepared according to the method described in section 4.3.3 using the defined medium. 
Induction in all three cases occurred 4 hours after inoculation using IPTG and two of 
the cultures were left to grow for a further 20 hours after induction. The third culture 
was grown for a further 14 hours and then fed with a 2 M stock solution of sodium 
benzoate at a rate of 1.5 mM (working concentration) per hour for 4 hours. The cells in 

all three cultures were harvested after centrifugation at 2700g and 4°C for 20 minutes 

and the supernatant obtained from the two cultures not subjected to benzoate feeding 

was also retained. A 2 mM stock solution of 2-HMSA was produced using the method 

described in section 4.6.2.2. This stock solution (500 mL) was divided between five 1 
L shake flasks into which were also added the components shown in Table 4.9. All 

five shake flasks were incubated at 37°C and samples were taken every 30 minutes for 
6 hours. The concentration of 2-HMSA present in each sample was determined 
spectrophotometrically. In a similar experiment, a 1 mM stock solution of 2-HMSA 

(300 mL) was divided between three 1 L shake flasks and the pH of the stock solution 

in two of the shake flasks was adjusted to pH 6 and pH 6.5 using concentrated

103



Fiona Vanier PhD Thesis Experimental Methods

phosphoric acid. All three flasks were agitated at 37°C and samples were taken every 
30 minutes for 4 hours to test for the presence of 2-HMSA using spectrophotometry.

Table 4.9: Contents of shake flasks used to test product degradation.

TEST 2-H M SA  
stock (mL)

100 mM 
Phosphate 
buffer pH 
7.5 (mL)

Growth
supernatant

(mL)

Wet weight 
induced 
cells (g)

Wet weight 
c e lls  

subjected to 
benzoate (g)

C ontrol 100 100 - - -

Influence o f  
c e lls 100 100 - 1 .2 -

Influence o f  
broth 

supernatant
100 - 100 - -

Influence o f  
c e l ls  & broth  

supernatant
100 - 100 1 .2 -

Influence o f  
c e lls  subjected  

to benzoate
100 100 - - 1 .2

4.6.4 Product Removal Experiments

4.6.4.1 Resin Description

An anion exchange resin was used to investigate the design of a product 

removal strategy. This resin is made of translucent beads covalentely bound to 

quaternary ammonium ions which are bound to hydroxyl groups. Treatment of the 
resin with a sodium metabisulphite stock solution was required to convert the resin to 

the bisulphite form used during anionic exchange as shown in Figure 4.4.

104



Fiona Vanier PhD Thesis Experimental Methods

i) RESIN PREPARATION

NH4+ OH 

NH4+ OH 

NH4+ OH ■

RESIN BEADS IN 
PURCHASED FORM

Incubation in sodium bisulphite 
solution fo r 2 hours

NH4 + BS- 

NH4 + BS- 

NH4 + BS*

RESIN BEADS IN 
USED FORM

ii) RESIN 
USE

NH4 + BS* 

NH4 + BS- 

NH4 + BS-

RESIN BEADS IN 
USED FORM

Incubation in semialdehyde solution

Na+BS*
Na+ BS -

Na+ BS •

BISULPHITE IONS 
(SODIUM 
SALT)

Na+OH*
Na+OH*

Na+OH

SODIUM HYDROXIDE

SA
SA

SA

2-HYDROXYMUCONIC 
SEMIALDEHYDE MOLECULES

NH4 + BS - SA 

NH4 + BS *SA 

NH4 + BS - SA

RESIN BEADS BOUND TO A FULLY 
RECOVERABLE ADDUCT

FIGURE 4.4:
The preparation and use of the anionic exchange resin.
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4.6.4.2 Resin Preparation

The resin was weighed (5 - 10 g wet weight) and added to a 1 L shake flask 
containing 100 mL RO water. The shake flask was agitated in an incubating shaker for 
15 minutes and allowed to stand at room temperature (28°C) for about 5 minutes before 

the water was carefully poured off. This washing procedure was repeated three times. 
After washing, 100 mL of a 1 M sodium metabisulphite stock solution was added to the 

shake flask containing the resin slurry and incubated for 2 - 2.5 hours in a 37°C 

incubating shaker. After incubation, the stock solution was carefully removed and the 
slurry poured onto a disc of filter paper contained within the all-glass microfiltration 

unit. The resin was washed with 300 mL RO water to remove any excess sodium 
metabisulphite, dewatered, reweighed, and stored in a glass beaker covered with tin foil 
to prevent excessive moisture loss until ready for use.

4.6.4.3 Determination of Resin Capacity

A 1.2 mM stock solution of 2-HMSA was produced according to the method 
described in section 4,6.2.2. This stock solution (300 mL) was divided between three 
1 L flasks containing 0.1, 0.3 and 0.5 g of anionic exchange resin prepared according 
to the method described in section 4.6.4.2. Samples were taken at regular intervals 
until the concentration of 2-HMSA stopped decreasing (approximately 100 minutes). 
The concentration of 2-HMSA in solution was determined spectrophotometrically.

4.6.4.4 Determination of Non-Specific Binding

The preparation of a 200 mL cell resuspension made up of three 400 mL 
cultures containing E. coli JM107 harbouring the plasmid pQR226 was carried out 
according the method described in section 4.6.2.1. A 2 M stock solution of sodium 
benzoate was added to the cell resuspension such that the working concentration of 

benzoate was 1 mM. Two further additions took place at half-hourly intervals making a 

total working concentration of 3 mM. The supernatant was retained after centrifugation 

at 2,700g and 4“C for 20 minutes and the concentration of 2-HMSA present in the 

supernatant was spectrophotometrically determined. The amount of prepared resin 

used for this experiment was calculated as follows:
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2-HMSA concentration in supernatant, = 1 .5  mM,

Amount of 2-HMSA present in 200 mL supernatant = 1.5 (200 / 1000)

= 0.3 mmols.

Calculated using a previous experiment in which the capacity of the resin was tested:

1 g anion exchange resin binds to 0.47 mmol 2-HMSA.

Amount of resin required to completely bind 0.3 mmol 2-HMSA

= 0.3 / 0.47 
= 0.64 g resin

The amount of resin required to completely bind the 2-HMSA in the supernatant 
was 0.63 g. The amount of resin used for this experiment was 0.7 g. A sample was 
taken immediately after incubation of the supernatant with the resin in a 37°C shaker. 
Samples were taken thereafter at regular intervals until the concentration of 2-HMSA 
present in solution did not decrease any further (70 minutes). The concentration of 2- 
HMSA in the supernatant was determined spectrophotometrically and the concentration 
of the intermediates was determined using HPLC with mobile phase 3) shown in 
section 4.5.1.2.

4.6.4.5 Resin Elution

3 g prepared resin was incubated at 37“C with 0.168 mmols 2-HMSA i.e. 200 
mL of 0.84 mM stock solution. The binding of the 2-HMSA to the resin was 
monitored by the spectrophotometric analysis of samples taken every 30 minutes for 2 
hours. Analysis of the last sample showed 0.0104 mM 2-HMSA present in solution so 

it was assumed that all the 2-HMSA had bound to the resin. The resin slurry was 
poured onto the filter paper contained within the all-glass microfiltration unit and 

washed with 100 mL RO water. After adequate dewatering, the resin was split into 6 

equal samples and stored individually in sealed glass universals. 10 mL of 4 M sodium 

hydroxide solution was added to one of the resin samples which was then stored in a 

37 °C incubating shaker. Samples of this sodium hydroxide solution were taken at 30 
minute intervals over a 3 hour period and tested for the presence of 2-HMSA. This 
was to quantify the time taken to completely elute the product bound. The other resin 

samples were incubated with 10 mL sodium hydroxide for 30 minutes each, but elution
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was attempted with each resin sample every 30 minutes. This was to test whether the 

time bound to the resin has an influence on product elution.
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5 Results

5.1 Introduction

This chapter is divided into five sections. The first reviews the whole cell 
biocatalyst from the choice of a suitable microbial host to induction. The second and 
third sections cover the use of different substrate addition methodologies and the effects 
of substrate conversion. The fourth section outlines the experimental investigation of a 
product removal method. The schematic design of substrate feeding and product 

removal strategies are discussed in the fifth section. The test system is discussed 
throughout this chapter since different measurements were required at different stages 
in process design. Other important issues which influenced the test system are also 

discussed.

5.2 Whole Cell Biocatalyst

5.2.1 Choice of Microbial Host

The host microorganism chosen was E. coli strain JM107 mainly because 
protocols for E. coli fermentations are plentiful, it is relatively easy to grow, is fairly 

adaptable and is very well characterised both genetically and physiologically. Bearing 

in mind the toxicity of the substrate, steps should be taken during growth to cultivate 

cells with strong cell walls. Growth using a complex medium promotes the 

development of robust cells, but the design of a fed-batch method involving the non

linear feeding of a undefined carbon source such as yeast extract is difficult. This is
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because a specific growth yield cannot be calculated for an undefined carbon source. 

Studies involving the comparison of different E, coli strains are useful (Lull & Strohl, 

1990), but a decision must be made about the type of growth characteristics which are 

most important for comparison. In this case, characteristics which compromise cell 
wall strength, inhibit cell growth and inhibit recombinant protein production are most 
important.

5.2.2 Acetate Production

The contents of the fermentation medium will influence induction (Donovan et 
a l, 1996) and cell wall strength (McCafferey, 1996) and complex media is favoured in 
both cases. This is largely due to the number of complex amino acids present in carbon 
sources such as yeast extract. However, growth on complex media at lower specific 
growth rates is associated with an increased rate of acetate production when compared 
to growth on defined media (Riesenberg et a l, 1991). The excretion of acetate as a 
fermentative by product, known as the Crabtree effect, is a major detrimental factor 
when attempting to obtain a high biomass concentration during a fed-batch culture (Pan 
et a l, 1987). Acetate is a lipophillic agent which acts as an uncoupler of the cellular 
proton motive force causing interference with membrane permeability and respiration in 
a mechanism similar to the antimicrobial activity of benzoate (Aristidou et a l,  1994). 
Acetate will inhibit the growth ofE. coli at high concentrations (Chou et a l, 1996) and 
has been shown to reduce recombinant protein production in E. coli (Turner et a l, 
1994). Two characteristics which encourage acetate production, high specific growth 
rate (Kleman & Strohl, 1994) and the presence of excess carbon source (George et a l,  
1992), were avoided during the design of the fermentation protocol. Acetate 

production was not monitored in this study, but it would have been interesting to 
analyse the levels of acetate detected in typical fermentation supernatants. If the level of 

acetate produced after 24 hours growth was high than it is probable that the toxic effects 
of acetate reduced the integrity of the cell prior to the substrate addition.

5.2.3 Preculture Growth

The promotion of healthy cellular growth during each fed-batch fermentation 
was dependant on the quality and quantity of the preculture. The biomass yield and 
stability of precultures with varying concentrations of glycerol were investigated. The 

most ideal glycerol concentration for growth and the most appropriate time for 

fermenter inoculation were determined. The change in biomass and C230 activity in
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the precultures is shown in Tables 5.1 & 5.2 respectively. The biomass concentration 

decreased after 18 hours growth on all three glycerol concentrations. The cells grown 

in 5 g.L"^ glycerol had the highest constitutive C230 activity due to the leaky lac 

promoter.

The cells entered the death phase after 18 hours growth. The differing C230 

values show that the cells grown in the presence of 5 g.L 'l glycerol diverted the 

greatest proportion of their nutrients into foreign gene expression. Inoculation should 

occur before the preculture enters the death phase and when the biomass yield is high 
enough to promote growth in the fermenter. This will ensure the production of a 
sufficiently healthy culture during the fermentation. Growth conditions should favour 
the utilisation of precursors and energy required for cell growth and maintenance as 
much as possible in the early stages. Therefore growth on 5 g.L'^ glycerol was 
eliminated as an option. During a fed-batch fermentation, the carbon source is limited. 
Residual amounts of glycerol remaining in the preculture prior to inoculation should be 

minimal, and the choice of an appropriate glycerol concentration should reflect this. 
The precultures were grown on 8 g.L'^ glycerol and inoculation of the fermenter took 
place after 14 hours.

Table 5.1: Growth of precultures grown in varying amounts of carbon
source.

T I M E
F O L L O W I N G

I N O C U L A T I O N
(hr)

B I O M A S S  C O N C E N T R A T I O N  ( g . L ' l )

5 g .L - 1  
G L Y C E R O L

10 g .L - 1  
G L Y C E R O L

15 g .L - 1  
G L Y C E R O L

12 1.49 1.45 1.44

18 1.58 1.48 1.54

20 1.48 1.43 1.47

22 1.08 0.99 1.00

I l l



Fiona Vanier PhD Thesis Results

Table 5.2; C 230 activities in precultures grown in varying amounts of
carbon source.

TIME
FOLLOWING

INOCULATION
(hr)

C 230 ACTIVITY ([xmol.min'^.mg protein"^)

5 g.L-1
GLYCEROL

10 g.L-1 
GLYCEROL

15 g.L-1
GLYCEROL

12 3.05 1.40 2.23

15 4.89 2.02 0.65

17 4.33 3 .1 8 1.04

20 7.40 1.39 1.13

5.2.4 Fermenter Growth

5.2.4.1 Batch Fermentation

The possible use of a batch method of fermentation for the process was 
assessed and the constraints associated with this method were investigated. The change 

in biomass concentration, OUR and CER and other variables are shown in Figure 5.1. 

The maximum biomass concentration was estimated using the growth yield on glycerol 
(Stanbury & Whittaker, 1993).

Assuming complete utilisation of the carbon source:
Growth yield on glycerol, = 0.48  g biomass, g glycerol" ̂
Glycerol utilised for batch growth, = 30 g.L'i
Therefore, in 1 litre the maximum biomass that can be produced from 30 g

glycerol,

= 0.48 (30) g 

= 14.4 g
Estimated biomass concentration on completion of the batch fermentation,

= 14.4 g.L-l

112



Fiona Vanier PhD Thesis Results
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FERMENTATION COMPLETE
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FIGURE 5.1:
Off Gas analysis of a batch fermentation using E. coli JM107 pQR226 and a Chemap 7L 
fermenter showing changes in biomass concentration (■), airflow (— ), DOT (□ ), OUR 
(----- ), CER ( - - - - )  & stirrer speed ( ).
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The maximum obtainable biomass concentration using the batch method of 
fermentation was 14.4 g.L"^ Figure 5.1 shows that a biomass concentration of 12.5 
g.L'^ was achieved after 11 hours. A logarithmic plot was used to calculate the

obtained with this type of fermentation. This plot is shown in Figure 5.2.

Using the equation of a straight line:

Y = Mx + C

Where:

Y = Ln (Biomass concentration)

M  =  l^max

X = Time following inoculation, hr
C = Y-axis intercept.

The gradient of the line shown in the logarithmic plot:

= 0.42444

The for this process was found to be 0.42 hr’T A number of adjustments 

were made to the stirrer speed and airflow rate during exponential growth in an attempt 
to maintain the DOT above 20%. However, the DOT fell to zero after 10 hours and 
could not be increased by any subsequent adjustments prior to the advent of the 
stationary phase.

The theoretical evaluation of the pathway outlined the importance of maintaining 
the DOT above deleterious levels during the fermentation and biotransformation. 
Therefore a fermentation method which does not maintain the DOT above 0% for the 
majority of the bioprocess cannot be used. A high biomass concentration is required in 

order to maximise the product yield and volumetric productivity during the 
biotransformation. A biomass concentration of 12.1 g.L‘1 was inadequate for this 
particular system. Growth at the maximum specific growth rate is inadvisable, since 
rapid cellular growth will encourage the onset of the Crabtree effect. Therefore the use 

of a batch method was eliminated as a option and a method for the controlled growth of 
E. coli at a specific growth rate lower than was investigated.
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FIGURE 5.2:
The logarithmic plot used to determine the maximum specific growth rate during a batch 
fermentation.
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5.2.4.2 Fed-Batch Fermentation

The use of a fed-batch method was investigated as a possible option for 
biocatalyst growth. The design of a reproducible fermentation protocol resulting in a 
biomass concentration of at least 25 g.L'^ after 24 hours without oxygen limitation was 
undertaken. The success of a fed-batch fermentation is dependent on the use of an 

appropriate specific growth rate, so a number of specific growth rates were assessed. 

Since oxygen transfer is dependant on the type of fermenter, a number of different 

fermenters were also tested. Each fermentation represented a process option assessed 
for performance. Figure 5.3 shows the change in biomass concentration in four 

different fermentations and Table 5.3 shows some corresponding C230 activities.
Growth in the LH20L fermenter at specific growth rates 0.2 hr*l and 0.3 hr'^ 

reached a plateau before the target biomass concentrations were achieved. This was 
due in both cases to oxygen depletion represented by a fall in the DOT. Figure 5.4 
illustrates the DOT profiles from two fermentations carried out in the LH20L at specific 
growth rates 0.2 h r'l and 0.3 hr'^. Adjustments to the airflow and stirrer speed during 
growth at 0.3 hr'^ resulted in several periods when the DOT increased. However, 
further adjustments made after 13 hours did not maintain the DOT above 0%. In both 
cases, the DOT decreased before the target biomass concentration was attained. 
Growth using the Chemap 7L at 0.3 h r'l as shown in Figure 5.3 resulted in a biomass 
concentration of 22 g.L"^ after 17 hours, but this was at the expense of a irreversible 
fall in the DOT to 0%. Growth using the Chemap 14L incorporating an adjustment to 
the specific growth rate after 21 hours resulted in a biomass concentration of 25 g.L 'l 
and a DOT of 20% after 24 hours. As shown in Table 5.3, there was less constitutive 
C230 activity in cells grown at 0.3 hr"  ̂ in comparison to cells grown at 0.2 hr'^ and 
grown using \x adjustments. There are two possible explanations for these enzyme 

activities. Growth at 0.3 hr'l may promote the excretion of acetate to levels high 

enough to reduce recombinant protein production (Sun et a i, 1993) and / or may be 
rapid enough to promote a reduction in the plasmid copy numbers of subsequent cell 

generations (Ryan & Parulekar, 1991).

All fermentation processes which resulted in a irreversible fall in the DOT were 

eliminated as options regardless of their resulting biomass concentrations. The LH20L 

fermenter was unsuitable for use in this process. A  fermentation process which 
involves the use of a Chemap fermenter and an adjustment of p, during growth was 
chosen for further studies.
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FIGURE 5.3:
Comparison of different fermentations using E. coli JM107 pQR226 and 
a LH20L fermenter at 0.2 h'* ( • )  and 0.3 h‘ (■), a Chemap 14L at 0.2 h'^ 
followed by 0.15 h'^ (O) and a Chemap 7L at 0.3 h '\  (□ ).
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FIGURE 5.4:
DOT profiles during two fed-batch fermentations using E. coli JM107 pQR226
and the LH20L fermenter where the specific growth rates were 0.3 h'^ ( )
and 0.2 h  ̂ (— ).
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Table 5.3: C 230 activities of cultures grown at different specific
growth rates.

TIME
FOLLOWING

INOCULATION
(hr)

C 230 ACTIVITY (|j,mol.min‘ .̂ mg protein"^)

AT 0.3 hr 1 AT 0.2 hr-1 AT 0.2 & 0 .15hr-l

10 0.11 0.85 0.55

13 0.23 0.82 0.59

15 0.30 0.59 0.51

16 0.35 1.11 0.56

5.2.4.3 Comparison Between Batch & Fed-Batch Fermentations

The batch and fed-batch methods of fermentation were compared in order to 
clarify the process specific improvements that had been made so far. Figure 5.5 shows 
the growth behaviour during the batch and fed-batch processes, Figure 5.6 shows a 
comparison between DOT profiles from batch and fed batch fermentations and Figure 
5.7 shows the change in biomass concentration and off-gas analysis during a typical 

fed-batch fermentation.
The use of a fed-batch method reduced the specific growth rate by 

approximately 50%, and therefore extended the time taken to reach a biomass 

concentration of 12.5 g.L'^ by 8 hours. However, the fed-batch fermentation allowed 
growth to continue beyond 12.5 g.L'^, and an adjustment to the specific growth rate 

resulted in a biomass concentration of 25 g.L 'l after 24 hours. The DOT during the 
batch fermentation fell to 0% after 10 hours growth, but after adjustment of the specific 

growth rate the DOT during the fed-batch fermentation was maintained at 20% for 

approximately 3 hours. Therefore, specific growth rate adjustments facilitated growth 

in a Chemap fermenter beyond 12.5 g.L 'l with reduced oxygen depletion. However, 

Figure 5.6 also illustrates the need for the adjustment to occur at an earlier time in the 
fermentation. The plateau at 20% DOT lasted for approximately 3 hours followed by a

119



Fiona Vanier PhD Thesis Results

1-1bù

i
I

30

25

CHANGED M FROM 0.2 hr ' to 0.15 hr

20

FERMENTATION COMPLETE

15

BIOMASS CONCENTRATION = I2.I g.L

10

5

TIME DIFFERENCE = 8 hrs

0
15 20 250 5 10

Time following inoculation hr

FIGURE 5.5:
A comparison between a batch fermentation in à Chemap 7L (□ )  and a fed-batch 
fermentation in a Chemap 20L (■) using E. coli JM107 pQR226.
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FIGURE 5.6:
The change in oxygen demand during a batch fermentation in a Chemap 7L ( ) and a
fed-batch fermentation in a Chemap 14L (— ) using E. coli JM107 pQR226.
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FIGURE 5.7:
Off Gas analysis of a fed-batch fermentation using E. coli JM107 pQR226 and a Chemap 
14L fermenter showing changes in biomass concentration (■), airflow (— ), DOT (□ ), 
OUR (-----), CER ( - - - - )  & stirrer speed ( ).
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period of oxygen starvation which could have been avoided by an earlier adjustment. 

In addition, induction had to be taken into consideration. Induction results in a reduced 

specific growth rate due to the diversion of nutrients normally utilised for cell growth 

and maintenance into recombinant protein production (Mason & Bailey, 1989). 
Therefore, adjustment of the specific growth rate had to be planned with respect to 
induction as well as growth.

5.2.5 Oxygen Requirements

As well as the oxygen requirements of the cell biocatalyst during growth and 
induction, the feasibility study outlines the oxygen demands of the pathway during 
substrate conversion. The amount of oxygen utilised for growth, respiration and cell 
maintenance was calculated and compared to that measured during off-gas analysis to 
determine whether the oxygen supply was sufficient for this bioprocess. The 
calculations show that the amount of oxygen taken up was twice as much as that 

amount calculated for growth, respiration and maintenance (see Appendix II). The 
measured OUR suggests that other cellular functions are taking place which also have 
an oxygen demand. One possible function is induction, and further calculations are 
necessary in order to theoretically establish the oxygen demand for induction. Oxygen 
requirements for induction can be experimentally determined by monitoring the OUR in 
two similar fermentations over 24 hours, but adding IPTG to one of the cultures after 
10 hours. The oxygen requirements during induction can be estimated using the 

difference in OUR between both cultures and their specific enzyme activity profiles.

5.2.6 Test System Evaluation (I): Cellular Growth

The main consideration for cellular growth was the design of a protocol which 

would result in a reproducible fermentation so that the results from different 
fermentations could be compared. The reproducibility of the fermentation was tested 

by undertaking two similar fermentations using the designed fermentation protocol. 

Cellular growth during both fermentations is shown in Figure 5.8. Growth during 

both fermentations followed a similar trend up to 20 hours growth. Figure 5.9 
demonstrates the change in DOT as a result of adjustments to the specific growth rates 
in both fermentations. The specific growth rate was adjusted 1.5 hours earlier in the 

second fermentation to avoid the DOT falling below 20% at any stage during growth. 
This prevents the change from aerobic growth to anaerobic growth and the production
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FIGURE 5.8:
Growth in two similar fed-batch fermentations using E. coli JM107 pQR226 and a 
Chemap 14L fermenter where the change in specific growth rate was from 0.2 h'^ 
after 21.5 hours (□ ) and 20 hours (■).
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FIGURE 5.9:
The DOT profiles (■) as a result o f changes in the specific growth rates (□ )  o f two 
similar fed-batch fermentations using E. coli JM107 pQR226 and a Chemap 14L 
fermenter.
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of mixed acids associated with growth inhibition and plasmid instability (Namdev et 
al, 1993). This caused the variation between the two profiles after 20 hours growth.

Studies on the use of /ac-type promoters demonstrated that transcription in 

induceable systems was stimulated at high cell concentrations due to metabolic changes 

even in the absence of an inducer (Jensen et al, 1993). This suggests that growth has 

an influence on constitutive C230 activity. A plot of specific C230 activity against 

biomass concentration shown in Figure 5.10 further illustrates this influence. If each 

non-induced cell produced the maximum possible amounts of C230 at all times, one 
would expect a constant relationship between the specific enzyme activity and the 

biomass concentration. This relationship is dependant on the maintenance of a constant 
plasmid copy number within each cell, which is dependant on the cellular growth rate. 
In fast growing cells, the plasmid copy number may be reduced since cell division may 
occur at a rate faster than plasmid replication. Alternatively, in slow growing cells the 
rate of cell division may be slower than plasmid replication and the maximum plasmid 
copy number per cell may be reached. The specific growth rate was reduced during the 
fermentation and therefore, the increase in constitutive C230 activity could have been 
due to an increase in the plasmid copy number to a maximum value.

5.2.7 Induction

5.2.7.1 Induction & Growth

The next stage in process design was to incorporate a period of recombinant 
protein production. The expression of recombinant DNA is known to cause cellular 
perturbation (Kim & Ryu, 1991) so the main consequences of induction were 
investigated. Figures 5.11 and 5.12 show the quantitative change in biomass 

concentration and C230 activity respectively in induced and non-induced fed-batch 

cultures. The biomass concentration achieved after 24 hours growth was reduced by 
15% when the cells were induced after 18 hours. However, the level of C230 activity 

attained was increased by 82% as a result of this induction. It was not known at this 

stage whether or not the reduction in biomass concentration had a detrimental effect on 

the product yield. Therefore, the time required to obtain an equivalent biomass 
concentration during induction was determined so that if necessary, growth and 

induction could be extended. Figure 5.13 shows a comparison between a non-induced 

culture and a culture induced over a 20 hour period. Growth for a further 5.3 hours 

was necessary to achieve 25.6 g.L 'l in an induced system.
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FIGURE 5.10:
The change in C230 activity with increasing biomass concentration in an uninduced cell
culture during a fermentation using E. coli JM107 pQR226 and a Chemap 14L fermenter.
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FIG U R E 5.il:
The quantitative change in biomass concentration between induced ( • )  and 
non-induced (O ) cultures from fermentations using E. coli JM107 pQR226 and 
a Chemap 14L fermenter.
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FIGURE 5.12:
The quantitative change in C230 activity between induced ( • )  and non-induced (O)
cultures from fermentations using E. coli JM107 pQR226 and a Chemap 14L fermenter.
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FIGURE 5.13:
A growth comparison between an induced (■) and non-induced (□ )  culture from
fermentations using E. coli JM107 pQR226 and a Chemap 14L fermenter.
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5.2.7.2 Induction at Different Times

Although the fermentation protocol was tested for reproducibility, the time taken 

to achieve the required biomass concentration often varied. It was therefore useful to 

assess the flexibility of the induction time. Figure 5.14 shows the change in biomass 

concentration in three fermentations subjected to induction at 15, 18 and 20 hours. 

Although induction times were different, the change in biomass concentration in all 
three fermentations produced similar results. Figure 5.15 shows the corresponding 
changes in C230 activity. Induction between 1 5 - 2 0  hours growth resulted in similar 
levels of C230 activity, even though the biomass concentrations at the point of 
induction varied. The specific growth rate in all three cases was the same, which 
suggests that the rate of growth had an influence on recombinant protein production. In 
addition. Figure 5.14 shows that induction at the times stated had no significant effects 

on cellular growth.

5.2.7.3 Long Term Induction

Once the flexibility of the induction time was assessed, constraints with respect 
to the duration of induction were evaluated in a long term induction experiment. A 
fermentation was undertaken during which, induction was monitored over 20 hours. 
The main objective of this fermentation was to establish how long induction could last, 
and whether a point was reached where the cells could no longer produce recombinant 
protein. Figure 5.16 shows the change in biomass and C230 activity over 41 hours. 
The C230 activity increased over the period monitored and a plateau was not reached. 
Growth continued after three adjustments to the specific growth rate and a biomass 

concentration of 32 g.L'^ was reached after 41 hours growth.

5.2.8 Process Timetable; Growth & Induction

Figure 5.17 shows the progressive development of the process with respect to 

planning and time constraints. The original process (a) was extended to accommodate a 
fed-batch fermentation with an adjustment to the specific growth rate after about 24 

hours (b). The reduction in preculture growth by 10 hours reduced the total time taken 
to achieve the required biomass concentration (c). Induction was integrated into the 

fermentation resulting in an overlap of the two operations, and adjustment of the 

specific growth rate was moved forwards to slow down growth while the cells were 

channelling nutrients into recombinant protein production (d).
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FIGURE 5.14:
The biomass concentration after induction at 15 hours (□ ), 18 hours (O ) and 20 
hours ( • )  during three fermentations using E. coli JM107 pQR226 and a Chemap 14L 
fermenter. The confidence bands illustrate 95% confidence in the data plotted.
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FIGURE 5.15:
C230 activity after induction at 15 hours ( • ) ,  18 hours (O ) and 20 hours (□ )  during 
three fermentations using E. coli JM107 pQR226 and a Chemap 14L fermenter.
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FIGURE 5.16:
The change in biomass concentration (□ )  and C 230 activity (■) over 41 hours in a 
fermentation using E. coli JM107 pQR226 and a Chemap 14L fermenter.
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FIGURE 5.17:
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5.2.9 Test System Evaluation (II): Induction

It was decided that induction and adjustment of the specific growth rate would 

occur simultaneously after the cells attained a biomass concentration of 4 g .L '^  As 
shown in Figure 5.8, the cells entered the exponential phase after 10 hours growth or 
when the biomass concentration was approximately 2.5 g .L 'l. Recombinant protein 
production causes metabolic disruption and induction during the lag phase, while the 

cells are acclimatising to the environment of the fermenter, was ruled out. The tests on 

induction at different times suggested the possibility of inducing the cells during the 

early log phase. Induction at this time ensured the maximum level of C230 activity 
could be attained at minimum expense to the biomass concentration.

The levels of C230 activity in the supernatant during growth and induction 
were tested and compared to those levels found in the cells as shown in Figure 5.18. 
The level of activity in the supernatant increased rapidly after 22 hours growth and 7 
hours induction. This rapid increase may represent the onset of cellular lysis, since 
cells grown on defined media tend to have weaker cell walls. Alternatively, increasing 
the duration of induction enhances the release of recombinant proteins, and in some 
cases periplasmic leakage has also been associated with actively growing cells 
(Donovan e ta l,  1996). The nutrient requirement of the culture during induction may 
be greater than nutrient supply, causing nutrient deficiency. Any possible indication of 
compromised cell integrity was treated with caution, especially since the next stage in 
process design was substrate addition. The presence of a plateau in C230 activity 
would have represented an ideal time in the bioprocess to initiate substrate feeding. 
However there was no plateau, which meant that a decision had to be made on a time 
for substrate addition. Substrate addition was initiated after 24 hours growth and 
approximately 10 hours induction, maximising biomass and enzyme activity within a 
reasonable time frame.

5.3 Substrate Addition

5.3.1 Effects of Substrate Addition

An investigation into the effects of substrate addition was necessary to identify 
the constraints which limit substrate conversion. From the feasibility study, the toxicity 

of benzoate appears to be a key detrimental feature, so the effects of the substrate on 
cell integrity and specific enzyme activity were practically assessed. The best method 
for benzoate addition was practically determined and the use of different substrate feed
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FIGURE 5.18:
C 230 activity found in sonicated cell extracts (■) and cell supernatant samples (□ ) 
taken from cell samples of E. coli JM107 pQR226 grown in a Chemap 14L fermenter.
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rates was investigated. Catechol was used as a substrate to test catechol as a possible 

inhibitor of C230 and to compare the multi step biotransformation with a single step 
counterpart.

5.3.2 Substrate Addition Methods

The best method for substrate addition was practically determined with respect 
to the product yield and substrate toxicity in a series of shake flask experiments. 
Figures 5.19 and Table 5.4 show the change in 2-HMSA concentration and C230 
activity respectively as a result of different substrate addition methods. Significant 

levels of 2-HMSA were produced during fed-batch feeding. No 2-HMSA was 
produced after the batch addition of 20 mM benzoate and a small amount of 2-HMSA 

was produced after the batch addition of 10 mM benzoate. The highest levels of C230 
activity were detected in the control experiment, and C230 activity after fed-batch 
feeding and the 20 mM batch addition was less than that activity present after the 10 
mM batch addition.

The C230 activity in the control experiment fell dramatically after 22 hours. 
This was probably as a result of nutrient deficiency since the cultures were grown in 
shake flasks containing a limited supply of nutrients. The presence of benzoate was 
detrimental to enzyme activity. The extent by which enzyme activity was inhibited 

varied depending on the nature of benzoate addition. The batch addition of 20 mM 
benzoate was enough to inhibit the bioconversion capability of the cell and to inactivate 
C230 activity. The fed-batch feeding of benzoate also inhibited C230 activity, and the 
activity required to synthesise 2-HMSA to the levels shown in Figure 5.19 was not 
detected by enzyme assays. The concentration of 2-HMSA increased to a maximum 

after two hours and decreased thereafter. No additional carbon source was added 
during this experiment, and it was assumed that the nutrients present during growth and 

induction were exhausted. These results suggest that C230 present in the fed-batch 
experiment was irreversibly inactivated after converting catechol to 2-HMSA. The 
absence of a supplementary source of nutrients prevented the possibility of cofactor 

regeneration and enzyme reactivation (Polissi et ah, 1993). Therefore, the fed-batch 
feeding of benzoate resulted in the production of 2-HMSA, but at the expense of 

enzyme activity.
The use of a substrate feeding method gave the best product yield. Therefore, a 

substrate feeding strategy was designed, not only to improve the product yield but also 

to prevent the accumulation of benzoate to inhibitory levels. In addition, a constant
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FIGURE 5.19:
The 2-HMSA production of E. coli JM107 pQR226 grown in 2L shake flasks 
resulting from a 20 mM benzoate batch feed (O), a 10 mM benzoate batch feed 
(□ )  and a 1.5 mM benzoate per hour fed-batch feed (■).
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supply of nutrients was necessary during the biotransformation to eradicate any 
possible problems associated with cofactor regeneration and enzyme reactivation.

Table 5.4; The change in C230 activity in the presence of benzoate.

T IM E
F O L L O W IN G

IN O C U L A T IO N
( h r )

C 2 3 0  A C T IV IT Y  (^ im ol.m in 1. m g  D C W  1)

C O N T R O L  (NO  
A D D IT IO N )

20 m M  B A T C H  
A D D IT IO N

10 m M  B A T C H  
A D D IT IO N

1 .5  m M .hr"  ̂
F E D -B A T C H  

A D D IT IO N

17 1.21 0.22 0.20 0.27

19 1.16 0.13 0.27 0.10

20 0.91 0.04 0.19 0.14

22 0.87 0.06 0.25 0.09

25 0.21 0.03 0.17 0.11

5.3.3 Off-Gas Analysis

The physiological effects of substrate addition were investigated using off-gas 
analysis. Figure 5.20 shows the change in OUR, CER, and 2-HMSA production 

during benzoate addition. The increased oxygen demand during substrate conversion is 

represented by a rapid increase in the OUR, and the emission of carbon dioxide during 

catechol production is represented by a rapid increase in the CER. A  manual reduction 

in the benzoate feed rate resulted in a decrease in the rate of 2-HMSA production. The 

OUR and CER decreased after about 30 minutes benzoate feeding. This decline 
suggests an increase in the cell death rate as a result of the accumulation of benzoate to 

toxic levels.
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FIGURE 5.20:
Off gas analysis during benzoate feeding into a culture o f E. coli JM107 pQR226
grown in a LH7L fermenter. Analysis shows CER (— ), OUR (-----) and 2-HMSA
concentration (■).
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5.3.4 Substrate Addition & Enzyme Activity

5.3.4.1 Benzoate Addition

The results obtained from investigating substrate addition methods illustrated 
the irreversible inactivation of C230 during fed-batch feeding. It was suggested that 
inactivation was due to the absence of a supply of nutrients. Measurement of C230 

activity during substrate and nutrient feeding was undertaken to experimentally validate 

this suggestion. The C230 activity in the supernatant was also measured to determine 
if the elevated levels of C230 shown in Figure 5.18 represented the onset of cellular 
lysis. Figures 5.21 and 5.22 show the C230 activity in cells and supernatant subjected 
to benzoate addition at the continuous feed rates 0.093 and 0.0025 L.L'Thr'^ 
respectively with a 3 M sodium benzoate stock. At the high feed rate, the C230 activity 
in the supernatant was higher than in cells. The inverse relationship was found when 
the feed rate was low. Figure 5.23 shows the difference in product accumulation when 
the above feed rates were used. The levels of product detected show a discrepancy 
between the amount of product formed and the corresponding C230 activities 
observed. Therefore, the C230 activity detected during enzyme assays did not 
represent the true enzyme activity during the biotransformation.

These results do not experimentally validate the suggestion that C230 
inactivation previously described was due to the absence of nutrients or that elevated 
levels of C230 activity were caused by cell lysis. Inactivation occurred after the 
synthesis of 2-HMSA to significant levels, which indicates that there are two possible 
explanations for this phenomenon. At a low feed rate, the concentration of benzoate in 
the fermenter was not high enough to inhibit substrate conversion and the biocatalyst 
was able to synthesise and accumulate 2-HMSA. The pathway intermediates were also 

present and inactivation may have been due to the accumulation of toxic compounds 

such as catechol. The second possible explanation is that C230 was inactivated during 

sample analysis. The low substrate feed rate resulted in a comparatively high product 

yield and it follows that the yield of catechol was also higher. Even after a sample was 

taken, catechol continued to be converted to 2-HMSA, and a rapid increase in the 

absorbance at 375 nm was noted prior to the addition of catechol used for the enzyme 
assay. This increase probably represented the biocatalytic conversion of endogenous 

catechol, and the activity observed during the enzyme assays only represented a fraction 

of that activity required for the corresponding product yield. However, this explanation 
is not unequivocal, since inactivation may have been due to benzoate accumulation, or 
the presence of benzoate dihydrodiol, salicylic acid or phenol. An experiment which
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FIGURE 5.21:
C 230 activity found in the cells ( • )  and the supernatant (O ) during substrate 
feeding at a rate o f 0.093 L.L'\hr'^ with a 3M sodium benzoate stock into a culture 
of E. coli JM107 pQR226 grown in a Chemap 14L fermenter.
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FIGURE 5.22:
C 230 activity found in the cells ( • )  and the supernatant (O ) during substrate feeding 
at a rate o f 0.0025 L.L'^hr'* with a 3M sodium benzoate stock into a culture of E. coli 
JM107 pQR226 grown in a LH7L fermenter.
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FIGURE 5.23:
The difference in productivity when using benzoate feed rates 0.0025 L.L'\hr'^ (O ) and 
0.093 L.L'\hr"^ ( • )  with a 3M stock into a culture of E. coli JM107 pQR226 grown in a 
LH7L fermenter and a Chemap 14L fermenter respectively.

145



Fiona Vanier_______________________________________________PhD Thesis Results

eliminates the presence of these compounds is therefore necessary to verify this 
explanation.

5.3.4.2 Catechol Addition

The production of 2-HMSA was undertaken in a single step biotransformation. 
The effect of catechol on C230 activity in the absence of the other pathway compounds 

was investigated, and a comparison was made between multi and single step 
biotransformations. Figure 5.24 shows the change in 2-HMSA production and cellular 
C230 activity during catechol feeding. The activity required to produce the amount of 
2-HMSA detected can be checked by calculation:

From Figure 5.24, after 80 minutes substrate feeding.

Product accumulated,

= 2.14 mmol 2-HMSA.g DCW-l

Activity observed,

= 0.01 pmol 2-HMSA.min‘Tmg DCW‘1 
= 0.01 (80) pmol 2-HMSA.mg DCW-l 
= 0.01 (80) mmol 2-HMSA.g DCW-l

= 0.8 mmol 2-HMSA.g DCW 1

The C230 activity detected was 63% less than that activity required to 
synthesise 2-HMSA to the levels shown. The only difference between the single step 

and multi step biotransformation is the absence of the other pathway compounds. 
Catechol was previously suggested as the compound responsible the inactivation of 
C230, and the results gained from this single step biotransformation further verify the 
mechanism proposed.

5.3.5 Substrate Addition Using Resuspended Cells

In order to assess the significance and origin of the enzyme activity detected in 

the broth supernatant, a biotransformation was carried out using a cell resuspension. 

Figure 5.25 depicts the accumulation of 2-HMSA during biotransformations using cells 
in fermentation broth and cells resuspended in phosphate buffer. The productivity of
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FIGURE 5.24:
Trends in C 230 activity (■) and 2-HMSA production (□ ) during catechol feeding 
at a rate of 0.047 L.L'^.hr'’ with a IM catechol stock into a culture o f E. coli JM107 
pQR226 grown in a LH7L fermenter.
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FIGURE 5.25:
Product accumulation during a biotransformation using resuspended cells (■) and non 
resuspended cells (□ ) originating from a culture of E. coli JM107 pQR226 grown in a 
LH7L fermenter.
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the cell resuspension is lower than the cells in broth. As already shown, measurement 
of C230 activity during biotransformations is inaccurate. Therefore, the enzyme 

activity in both biotransformations was determined using the profiles shown in Figure 
5.25:

After 100 minutes substrate feeding:

Enzyme activity using the cell resuspension,
= 9.8 X lO'"* pmol 2-HMSA.min"l.mg DCW ^

Enzyme activity using non-resuspended cells,

= 23.2 X 10"̂  pmol 2-HMSA.min‘l.m g DCW 1
Loss in activity,

= ((23.2 - 9.8) / 23.2) x 100 

= 58%

The 58% loss in C230 activity and the low product yield observed were 
probably due to the absence of enzymes in the discarded supernatant. However, loss 
of C230 activity as a result of cell damage during centrifugation cannot be ruled out 
(Hornby, 1995). The losses as a result of cell damage could be tested by using 
techniques such as membrane separation to harvest the cells.

5.3.6 Process Timetable: Substrate Addition & Biotransformation

Figure 5.26 shows the integration of substrate addition and conversion into the 

process. After 24 hours growth and 10 hours induction, the cells were ready for 
substrate addition. Preparation for the biotransformation takes about 1 hour, followed 
by the addition of a starting concentration of substrate and the start of a continuous 

feed. Sample analysis took place during the biotransformation for 2 - 3 hours.

5.3.7 Test System Evaluation (III): Substrate Feeding

The fed-batch feeding of benzoate was the least detrimental method with respect 
to productivity and cell viability. A substrate feeding strategy was designed by 
assessment of different substrate feed rates. Feeding at 0.093 L.L'Lhr"^ established 

the upper limitations on productivity caused by benzoate toxicity. Subsequent 

improvements were made when the feed rate was reduced, since product accumulation 

increased as shown in Figure 5.23. Due to inactivation C230 assays could only be
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Progressive development of the process and incorporation of the biotransformation
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used as an indication of plasmid stability and recombinant protein production during 
growth and induction. Enzyme assays carried out during the biotransformation were 

inaccurate and misleading since the activity observed was not reflected by the 
corresponding product levels detected as shown in Figure 5.24. A suggested 

mechanism for C230 inactivation involved the continuing utilisation of endogenous 

catechol during sample analysis. This mechanism could apply to the other enzymes, 
and if this was the case then the compound levels detected may not represent the actual 

levels produced during the biotransformation. As a result, when choosing a method for 

compound detection only methods which gave comparatively accurate results in a short 
period of time were proposed.

5.4 Substrate Conversion

5.4.1 Compound Detection Methods

5.4.1.1 High Performance Liquid Chromatography

Table 5.5 shows the progressive development of a HPLC method which could 
be used for the detection of salicylic acid, phenol and picolinic acid as well as the 
pathway compounds. Benzoate, salicylic acid and picolinic acid had similar retention 
times with solvent system 1. The presence of a salt concentration resulted in a 
separation of these three compounds, but the retention times of benzoate dihydrodiol 
and picolinic acid were similar. A 50% increase in the salt concentration gave the best 

results, and solvent system 3 was chosen for use during HPLC analysis.
The use of HPLC with biotransformations which used low substrate feed rates 

was unsuccessful, mainly due to the presence of unidentifiable peaks even after the 
samples were treated with cold methanol. A reduced feed rate increased benzoate 
uptake and conversion. This caused an increase in cell permeability and the secretion of 

cellular proteins and other metabolites. A  point was probably reached where the cell 

could no longer tolerate benzoate conversion. The use of a defined fermentation 

medium could have exacerbated this intolerance, since growth on such media is 

associated with weak compromised cells. The unidentifiable peaks probably 
represented cell metabolites and other larger molecules such as proteins and DNA 
secreted during cellular lysis. An alternative method for compound detection was 

therefore investigated.
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Table 5.5: The progressive development of a HPLC method.

CO M POU N D RETEN TIO N  T IM E  (min)

40% methanol, 60% phosphate 
buffer (50 mM pH 6.5)

SOLVENT SYSTEM 1

40% methanol, 60% phosphate 
buffer (50 mM pH 6.5)

& 25 mM NaCl 
SOLVENT SYSTEM 2

40% methanol, 60% phosphate 
buffer (50 mM pH 6.5)

& 50 mM NaCl 
SOLVENT SYSTEM 3

B E N Z O A T E 6 .4 8 .5 1 1 .5

B E N Z O A T E
D IH Y D R O D IO L

5 .6 7 .2 9 .7

C A T E C H O L 8 .2 1 0 .9 1 4 .6

S A L IC Y L A T E 6 .8 9 .2 1 2 .7

P H E N O L 1 0 .7 1 4 .6 1 9 .9

P IC O L IN A T E 6 .2 7 .7 1 0 .5

I

S
s
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5.4.1.2 Capillary Electrophoresis

Detection of benzoate, benzoate dihydrodiol and catechol was possible using 
CE after the samples were treated with cold acetone. However, a number of 

unidentifiable peaks were still detected and phenol, salicylic acid and picolinic acid were 

not detected. Detection of these by-products may have been prevented by a number of 

factors. The pH was controlled during substrate conversion and the decay of benzoate 
dihydrodiol on acidification to phenol and salicylic acid may not have taken place. 
Alternatively, both salicylic acid, phenol and picolinic acid are highly reactive 
compounds which may have broken down or reacted with metabolites and / or other 

reactive molecules present in the fermentation broth.

5.4.1.3 Spectrophotometry

Benzoate dihydrodiol is one of the most unstable compounds produced during 
this biotransformation, so the design of a method for the detection of this compound 
which was quick, cheap and relatively simple was proposed. The spectrophotometric 
detection of benzoate dihydrodiol was investigated. Figure 5.27 depicts a parity plot 
showing the comparison between CE and spectrophotometry with respect to the 
accuracy of benzoate dihydrodiol detection. The deviation from the parity line shows 

that the amount of benzoate dihydrodiol detected was overestimated with respect to 

spectrophotometry. Benzoate dihydrodiol has a maximum absorbance at 265 nm, and 
DNA has a maximum absorbance at 262 nm. The presence of DNA in the supernatant 
may result in an overestimation of benzoate dihydrodiol when detected using 
spectrophotometry. Alternatively, the decay or breakdown of benzoate dihydrodiol 
may cause an underestimation of benzoate dihydrodiol when detected using CE, since 
spectrophotometry was done immediately but CE analysis was not. A  mass balance 
which shows the substrate fed into the biotransformation and a sum of the compounds 

produced will verify which method is most suitable for benzoate dihydrodiol detection.

5.4.2 Effects of Feeding on Pathway Compounds

5.4.2.1 Pathway Compounds

The distinguishing feature of a multi-step biotransformation is the presence of 

pathway intermediates as well as a substrate and product. The effect of different 

substrate feed rates on the concentration of the pathway compounds was therefore
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FIGURE 5.27:
A parity plot showing a comparison between benzoate dihydrodiol detection using 
spectrophotometry and CE.
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investigated. Figure 5.28 and 5.29 show the compounds accumulated at 0.093 and 

0.0033 L.L'l.hr"^ respectively. At the high feed rate, a comparatively small proportion 

of the substrate was converted. Catechol, benzoate dihydrodiol and 2-HMSA 

accumulation at the high feed rate is shown in Figure 5.30 without the benzoate profile 

to facilitate the analysis of the other compound levels. Figure 5.30 illustrates the 
accumulation of benzoate dihydrodiol to concentrations approximately 10 times greater 
than the concentrations of catechol and 2-HMSA. Reducing the feed rate promotes a 
reduction in the levels of catechol and benzoate dihydrodiol as shown in Figure 5.29. 

However, after 125 minutes, the levels of benzoate and benzoate dihydrodiol increased 

rapidly. A decline in the level of catechol was also noted and the product concentration 
remained constant. The accumulation of benzoate and benzoate dihydrodiol represented 
a decrease in the rate of substrate conversion at the point of catechol production. The 
accumulation of benzoate and benzoate dihydrodiol observed in both 
biotransformations suggests the existence of a rate-limiting step at the point of catechol 
production.

5.4.2.2 M ass B alances

Mass balances were calculated in an attempt to account for the substrate fed into 
the system. A total sum of the amounts of benzoate, benzoate dihydrodiol, catechol 
and 2-HMSA detected were compared the amount of benzoate fed over the course of a 
biotransformation. Figure 5.31 shows two mass balances compared to the amount of 
benzoate added during the biotransformation. The mass balance which relies on CE 

only shows an underestimation and the mass balance which relies on CE and 

spectrophotometry for detection shows an overestimation. These results can be 

explained by a number of factors. Compound degradation could have taken place prior 
to sample analysis, and therefore a series of experiments which investigated the 
degradative nature of each compound were necessary. The compounds may have 
reacted with cell metabolites and / or other reactive molecules present rendering them 

unavailable for detection. The cellular secretion of the pathway compounds into the 
medium was non-specific, and intracellular concentrations of the compounds may have 
altered the levels detected in the supernatant. Benzoate dihydrodiol cannot be detected 

using spectrophotometric methods because they result in an overestimation of the mass 

balance. This overestimation was probably caused by the detection of other molecules 

which have a maximum absorbance at the same wavelength.
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FIGURE 5.28:
Changes in the concentration o f benzoate (■), benzoate dihydrodiol ( • ) ,  catechol 
(□ ) and 2-HMSA (O) during benzoate feeding at 0.093 L. L"'. hr'^ using a 3M stock 
into a culture o f E. coll JM107 pQR226 grown in a Chemap 14L fermenter.

156



Fiona Vanier PhD Thesis Results

0 .4 0

0 .35

0 .30

U  0 .25  
QÜÛ

.2 0.20 

1
§  0 .15I

0.10

0 .05

0.00

I
I I 
/ 1 
I \
/ I

I

ÏÎ
i J

80 120 160 

T im e fo llo w in g  benzoate addition m in

200

FIGURE 5.29:
Changes in the concentration o f benzoate (■), benzoate dihydrodiol ( • ) ,  catechol 
(□ ) and 2-HMSA (O) during benzoate feeding at 0.0033 L. L '\  hr'^ using a 2M 
stock into a culture of E. coli JM107 pQR226 grown in a Chemap 14L fermenter.
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FIGURE 5.30:
Changes in the concentration of benzoate dihydrodiol ( • ) ,  catechol (□ )  and 2-HMSA 
(O ) during benzoate feeding at 0.093 L. L h r ' ^  using a 3M stock into a culture of 
E. coli JM107 pQR226 grown in a Chemap 14L fermenter.
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FIGURE 5.31:
Two mass balances based on compound levels detected using CE only (□ )  and
CE with spectrophotometry (■) both compared to substrate added (-----).
Mass balances were obtained as a result o f cultures of E. coli JM107 pQR226 
grown in a LH7L fermenter.
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5.4.2.3 Multi-Step & Single Step Biotransformations

The single step biotransformation was previously used to verify the proposed 

mechanism of C230 inactivation. In this section, the single step and multi step 

biotransformations are compared with respect to the product yield. Figure 5.32 shows 

the product accumulated during both biotransformations. After 90 minutes, the 2- 

HMSA concentration achieved using catechol was almost 3 times greater than that 
concentration using benzoate. Although the levels of 2-HMSA detected in the single 
step biotransformation did not represent 100% conversion, the detection of catechol 
was unsuccessful. The presence of an unusual amount of foam was noticed during this 
biotransformation, suggesting the onset of cellular lysis probably due to the toxicity of 

catechol. Both HPLC and CE were used to unsuccessfully identify levels of catechol in 
the broth supernatant. Background peaks were detected even after treatment of the 
samples with cold acetone.

The increased level of 2-HMSA produced during catechol feeding suggests the 
existence of a rate limiting step prior to the conversion of catechol. The identification of 
catechol could have been prevented by a number of factors. The background peaks 
probably represented the presence of cell metabolites and macromolecules released 

during cell lysis. The peak representing catechol may have been concealed by the 
background peaks. The catechol stock solution spontaneously oxidised to characteristic 
brown by-products which may have been unavailable for conversion to 2-HMSA. 
Catechol may have reacted with other cellular metabolites produced during growth and 
cell lysis prior to the bioconversion.

5.4.2.4 Product Accumulation & Yields

The product yields from different biotransformations were calculated to 

determine the optimum conditions necessary for a maximum product yield. Table 5.6 

shows the biotranformations used and their product yields after 2 hours feeding. 

According to the results shown, the greatest influences on the product yield are the 
number of steps in the biotransformation, the use of a cell resuspension and the 

substrate feed rate. The cell resuspension gave the lowest productivity of 2-HMSA, 

and previous calculations suggest that this is due to a 58% loss in C230 activity when 
the supernatant was discarded. Figure 5.33 shows the accumulation of 2-HMSA using 

three different substrate feed rates. A slow benzoate feed rate results in the maximum 
productivity, since the cell biocatalyst is inhibited by the presence of a rapidly 

increasing benzoate concentration.
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FIGURE 5.32:
Product accumulation during multi step (□ ) and single step (■) biotransformations 
using cultures o f E. coli JM107 pQR226 grown in a LH7L fermenter.
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Table 5.6: Comparison of the product yields from a selection of biotransformations after 2 hours feeding.

S U B S T R A T E S U B S T R A T E
F E E D I N G

S T R A T E G Y .

F E E D  R A T E  
(%  R P M )

B I O M A S S
C O N C

( g . L - 1 )

S U B S T R A T E
A D D E D

( m o l )

2 - H M S A
P R O D U C E D

( m m o l )

P R O D U C T
Y I E L D

( % )

B E N Z O A T E Feeding into 
ferm entation

2 5 % 1 5 5 . 1 0 1 4 . 0 0 . 3

B E N Z O A T E Feeding into 
ferm entation

2 - 3 % 1 6 . 2 0 . 0 6 1 1 . 7 1 9 . 6

B E N Z O A T E Feeding into 
ferm entation.

7 % 6 . 1 0 . 2 0 6 . 8 3 . 4

C A T E C H O L Stock made in batches 
& fed into 

ferm entation

5 0 % 5 . 7 0 . 2 5 6 6 . 0 2 6 . 3

B E N Z O A T E Feeding into cell 
resuspension.

4 - 3 % 1 4 . 5 0 . 0 8 5 . 0 6 . 4

B E N Z O A T E Feeding into 
ferm entation.

3 % 9 . 3 0 . 0 7 1 0 . 0 1 5 . 2 9
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Product accumulation at the feed rates 0.093 L*\ L
(■) and 0.0025 L '\  L '\  hr*' (□ ) with a 3M sodium benzoate stock using cells 
originating from cultures of E. coli JM107 pQR226 grown in a LH7L fermenter.
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Figure 5.34 shows the accumulation of 2-HMSA using two different biomass 

concentrations. The biotransformation giving the highest product yield used the highest 

biomass concentration. This profile was then used to theoretically determine the 

productivity with different biomass concentrations as shown in Figure 5.35. The 

minimum biomass concentration that can be used is dependant on the phase of growth. 
Figure 5.9 shows that cells enter the exponential phase when the biomass concentration 

is approximately 2.5 g.L'T Induction during the lag phase is inadvisable since this can 
result in reduced cellular growth and product yield (Donovan et a l, 1996). Therefore, 
the biomass concentration of 3.5 g.L'^ represents the lower limit for this particular 
system. The maximum biomass concentration that can be used is dependant on the 
kinetic constraints on this process. At biomass concentrations above 20 g.L’ ,̂ 
problems associated with mass and oxygen transfer will occur earlier in the 
biotransformation, resulting in a reduced product yield. The use of pure oxygen would 
be necessary to maintain the DOT above critical levels, but this is expensive. From 
analysis of the product yields, the most beneficial conditions for a multi step 
biotransformation are the addition of the substrate at a continuous feed rate of 0.0025 
L. L'T hr^ with a 3 M benzoate stock into the fermentation broth containing biomass at 
a concentration of 15 g.L'T

5.4.3 Stability Studies

5.4.3.1 Benzoate Stability

The stability of benzoate under conditions of extreme temperature was 

confirmed. Table 5.7 shows the concentrations of benzoate detected after samples of a 
stock solution were autoclaved and stored at -70°C respectively. The concentrations 
detected were compared to a control sample left to stand at room temperature. The 
benzoate concentration in the test samples did not significantly change when compared 

to the control. The stock solution of benzoate remained stable after treatment at extreme 

temperatures.
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FIGURE 5.34:
Product accumulation using biomass concentrations 6 g.L'  ̂ (■) and 12 g.L'  ̂ (□ )
of E. coli JM107 pQR226 grown in a LH7L fermenter.
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FIGURE 5.35:
Estimations of the time taken to accumulate 2-HMSA to 3 mM using different 
biomass concentrations based on practical data from a single biotransformation 
using E. coli JM107 pQR226 grown in a LH7L fermenter.
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Table 5.7; The concentrations of benzoate after treatment with 
extreme temperatures.

TREATMENT CONCENTRATION mM

Control (Room Temp) 2.16

Frozen at -70°C for 2 1/2 days 2.11

Autoclaved at 121°C for 30 minutes 2.10

5.4.3.2 Catechol Stability

From the analysis of the product yields shown in Table 5.6, at least 74% of the 
catechol added during the biotransformation was undetected. During the single step 
biotransformation the catechol stock solution oxidised to brown by-products prior to 
feeding. The stability of a 1 M catechol stock solution was investigated to determine if 
these by-products could be detected and if substrate oxidation could be used to account 
for the losses experienced during the single step biotransformation. Figure 5.36 shows 
the change in catechol concentration monitored over 250 minutes. The concentration 
did not significantly change over the period monitored, even though the characteristic 

colour change was observed 30 minutes into the experiment. These results directly 

contradict the emergence of the brown colour characteristic of oxidation, since one 

would expect a decrease in the catechol peak and the emergence of other peaks 

representing the by-products. Alternatively, the by-products may be structurally similar 
to catechol, and this detection method may not be able to distinguish between them.
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FIGURE 5.36:
The change in catechol concentration as a result o f degradation when a IM stock 
solution was left to stand in a 500 mL Duran bottle at room temperature.
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5.4.3.3 Benzoate Dihydrodiol Stability

Figures 5.37 and 5.38 show the change in benzoate dihydrodiol concentration 
on incubation at pH 6.5 and pH 7.5 respectively. The conditions used did not 

significantly influence benzoate dihydrodiol degradation over 120 minutes. Detection 

of benzoate dihydrodiol was done using HPLC and solvent system 3 (see Table 5.5). 

Each sample was run for 14 minutes, but salicylic acid was not detected. Therefore, 
when benzoate dihydrodiol is stored at the conditions stated above and detection takes 
place within 2 hours of sampling no significant losses due to compound degradation 

should be experienced.

5.4.3.4 2-HMSA Stability

The degradation of 2-HMSA in different physiological environments was 
investigated. Figure 5.39 shows the decline 2-HMSA concentration in the presence of 
cells, phosphate buffer and growth supernatant. The 2-HMSA concentration was 
reduced by approximately 75% after 330 minutes incubation with the supernatant and 
the supernatant with cells. In contrast, the 2-HMSA concentration was reduced by 
approximately 15% after 330 minutes incubation with buffer, buffer with cells, and 
buffer with bioconverting cells. The 75% reduction observed was due to the cellular 
supernatant, since incubation with phosphate buffer and cells only resulted in a 15% 
reduction. The supernatant originated from cells grown in a shake flask without pH 
control. The pH of samples taken from each incubate are shown in Table 5.8. The 
influence of pH on 2-HMSA degradation was determined in another experiment. 
Figure 5.40 shows the decrease in 2-HMSA concentration at pH 6, 6.5 and 7.5. The 
results show that 2-HMSA degradation is pH dependant, and degradation is accelerated 

at lower pH values.
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FIGURE 5.37:
Degradation of benzoate dihydrodiol at pH 6.5 and 37 °C (■) and 4 °C (□ )  when 
6 mM stock solutions in IL shake flasks were left in the corresponding incubating 
shakers.
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FIGURE 5.38:
Degradation of benzoate dihydrodiol at pH 7.5 and 37 °C (■) and 4 °C (□ ) when 
6 mM stock solutions in IL shake flasks were left in the corresponding incubating 
shakers.
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FIGURE 5.39:
Degradation o f 2-HMSA in the presence of phosphate buffer (□ ), phosphate buffer & 
cells (■), growth supernatant (O), growth supernatant & cells ( • )  and phosphate 
buffer and cells subjected to a biotransformation in a shake flask (♦ ). All experiments 
were conducted in IL shake flasks at 37 °C.
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FIGURE 5.40:
Degradation of 2-HMSA at pH 6 (O), pH 6.5 (■) and pH 7.5 (□ ).
2-HMSA was synthesised during biotransformations in 2L shake flasks using 
E. coli JM107 pQR226 previously grown in shake flasks.
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Table 5.8: The pH of 2-HMSA in the presence of buffer, supernatant
and / or ceils.

INCUBATE CORRESPONDING pH

PHOSPHATE BUFFER 7.2

PHOSPHATE BUFFER & CELLS 7.2

SUPERNATANT 6

SUPERNATANT & CELLS 6

PHOSPHATE BUFFER & 
BIOTRANSFORMATION CELLS

7.2

5.4.4 Test System Evaluation (VI): Substrate Conversion Effects

Detection of the pathway compounds was problematic mainly due to the 
presence of unidentifiable peaks detected during HPLC and CE. A number of 
experiments produced results which suggest that cell permeability and cellular lysis was 
accelerated during substrate conversion. The intracellular proteins and DNA released 

were probably responsible for the unidentifiable peaks detected. The use of HPLC was 

eliminated as a option for this process not only because some of the compounds of 
interest could not be detected, but also because of column fouling problems 

encountered during detection, even with the use of a guard column.
The accumulation of benzoate dihydrodiol during the biotransformations shown 

in Figures 5.28 and 5.29 suggest the existence of a rate-limiting step at the point of 

catechol production. A reduction in the substrate feed rate resulted in an improved 
product yield, but the decrease in the rate of substrate conversion shown in Figure 5.29 

after 125 minutes illustrates the limitations on the process with respect to the tolerance 
of the cells. During the biotransformation using a high feed rate it was possible to 

analyse samples using HPLC, but HPLC analysis was impossible during
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biotransformations when the feed rate was low. The existence of two important 

process constraints has been verified. The first is the bio transformation capability of 
the cell biocatalyst, since greater problems were encountered with respect to compound 

detection when the product yield was high. The second is the existence of a rate- 

limiting step at the point of catechol production. The eradication of this step is crucial if 

further improvements are to be made on this process. The product yields shown in 

Table 5.3 and the profiles shown in Figure 5.34 illustrate the importance of a high 

biomass concentration. However, the design of a fermentation protocol with a biomass 
concentration greater than 25 g.L"^ may result in the amplification of problems 

encountered during compound detection unless steps are taken to strengthen the cells 
prior to benzoate feeding. Therefore, a compromise must be reached between the 
quantity and quality of the biomass.

5.5 Product Recovery

5.5.1 Resin Binding Experiments

Three resin binding experiments were undertaken to determine the capacity of 
the DUOLITE^“ A113 anion exchange resin in metabisulphite form. Figure 5.41 
shows the decrease in 2-HMSA concentration in the presence of 0.5, 0.3, and 0.1 g 
wet weight of resin beads. By calculation, the amount of 2-HMSA bound to the resin 
can be determined in each case. The calculated resin capacities for each experiment are 

shown in Table 5.9;

In 2-HMSA stock.
Initial concentration, = 1.24 mM
Volume of solution, = 100 mL
Amount of 2-HMSA, = 1.24 (100 / 1000)

= 0.124 mmoles

After resin incubation (0.1 g wet weight)
Final unbound concentration, = 0.6 mM
Final unbound amount, = 0.6 (100 /1000)

= 0.06 mmoles

Therefore, final amount bound, = 0.124 - 0.06
= 0.064 mmoles
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FIGURE 5.41:
Determination of the resin capacity o f 0.5 g (□ ), 0.3 g (■) and 0.1 g (O ) resin in 
the presence of a 1.2 mM stock solution of 2-HMSA in IL shake flasks incubated 
at 37 °C.
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Resin Capacity, = 0 .064 /0 .1
= 0.64 mmol.g wet wt resin" 1

Table 5.9: The resin capacities calculated using experimental data
shown in Figure 5.41.

RESIN  

Wet Wt. (g)

Final Cone.

(mM)

Final Amount 
Unbound 
(mmoles)

Final Amount 
Bound 

(m moles)

CAPACITY

(mmol/g wt 
wt)

0.1 0.60 0.06 0.064 0.64

0.2 0.16 0.016 0.108 0.54

0.5 0.05 0.005 0.119 0.23

There are two possible reasons for the varying resin capacities. Wet weight 
values of the resin were used, since the resin must be stored moist prior to use. The 
variation in the resin capacity values could have been due to the presence of varying 
amounts of water. Alternatively, the variation could have been due to the kinetics of 
binding. Each amount of resin was exposed to the same amount of product, and during 

binding a dynamic equilibrium will be reached. It may be the case that in the presence 

of a higher concentration of 2-HMSA, 0.5 g resin may bind more product. An 

estimation of the resin capacity was determined by taking an average value. The 

estimated resin capacity is 0.47 mmol 2-HM SA. g wet wt resin"E

5.5.2 Non-Specific Binding

Product removal in the presence of the pathway compounds was investigated to 

demonstrate any possible effects due to non-specific binding. Figure 5.42 illustrates 

the influence of the pathway compounds on product binding. In both experiments, the
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FIGURE 5.42:
Resin binding in supernatant retrieved from single step (■) and multi step 
(□ )  biotransformations both conducted in 2L shake flasks using E. coli 
JM107 pQR226 previously grown in 2L shake flasks.
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2-HMSA was able to bind to the resin, but unbound 2-HMSA was present at a higher 
concentration in the supernatant containing the pathway compounds. This suggests that 

the pathway compounds were able to prevent 2-HMSA binding to the resin. Figure 

5.43 shows the unbound levels of the pathway compounds during incubation with the 

resin. No catechol was detected, and it was assumed that catechol was present at low, 
undetectable concentrations. The benzoate concentration did not significantly change 

with time. The total amount of 2-HMSA was accounted for by calculation using the 
estimated value for the resin capacity:

Resin used, = 0.7 g wet weight.
Resin capacity previously determined,

= 0.47 mmol.g wet wt resin'^

Therefore, total amount of 2-HMSA that can bind to 0.7 g resin,
= 0.47 X 0.7 

= 0.33 mmoles

Initial unbound concentration, = 1.5 mM
= 1.5 (200/1000)
=  0 . 3  m m o l e s

Final unbound concentration, = 0.07 mM
= 0.07 (200 / 1000)
=  0 . 0 1 4  m m o l e s

Amount by which 2-HMSA reduced,
= 0.3 - 0.014 

=  0 . 2 8 6  m m o l e s

Assuming that the amount by which the unbound 2-HMSA has reduced is the 

amount that has bound to the resin:

Proportion of 2-HMSA stock which remained in solution,
= (0.014 / 0.3) X 100 

=  5 %

179



Fiona Vanier PhD Thesis Results

2

1 .5 -  =

§

g
S
i  ■I
Î

1
5  50

0
60 8040200

Incubation time min

FIGURE 5.43:
Resin binding to 2-HMSA ( • )  in the presence o f benzoate (■) and benzoate 
dihydrodiol (□ ) in. supernatant retrieved from a biotransformation conducted in a 
2L shake flask using E. coli JM107 pQR226 previously grown in a 2L shake flask.
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In spite of the fact that there was enough resin to completely bind all of the 2- 

HMSA stock, 5% remained unbound to the resin. This residual 2-HMSA may have 

been prevented from binding by other compounds non-specifically binding to the resin. 
Although the benzoate concentration remained unchanged the concentration of benzoate 
dihydrodiol decreased. Analysis of rinsing buffer used to wash the resin after binding 

would have been useful to determine whether non-specific binding did take place. 

What has been certainly established from both experiments is that the presence of the 
other pathway compounds will negatively influence product binding, and benzoate does 
not non-specifically bind to the resin.

5.5.3. B isu lp h ite  Toxicity .

The use of a ISPR method for product removal was proposed which involved 
the continuous circulation of the broth supernatant through a chromatography column 
containing the resin. The proposed system is shown in Figure 5.44. The fermentation 
medium contains anions that could displace the bisulphite anions on the resin. 
Displacement in a continuous circulation process could result in the presence of 
bisulphite ions in the fermentation medium. Consequently, the toxic effects of sodium 
metabisulphite were investigated. Figures 5.45 and 5.46 show the effects of sodium 
metabisulphite on biomass concentration and C230 activity respectively. The control 
experiment shown was not exposed to metabisulphite, and the presence of sodium 
metabisulphite inhibits cell growth and C230 activity when compared to the control. 

This proposed method cannot be used for ISPR unless displacement of the bisulphite 

ions results in an effective concentration which does not exceed 1 mM in the fermenter.

5.5.4. R esin  E lu tion .

The stability of the product when bound to the resin and the recovery of the 

product from the resin were investigated. Figure 5.47 shows the product 
concentrations found after aliquots of bound resin were incubated with concentrated 

alkali solution for 30 minutes. Each aliquot was left to stand for a variable period in 

order to assess whether the time bound to the resin had any influence on product 

recovery. Figure 5.48 shows the product concentration found after a single aliquot was 

incubated with alkali over 200 minutes. Samples were taken from the incubate and 

tested for 2-HMSA concentration to assess the time taken to completely recover the 

product from the resin. Assuming complete binding, the amount of 2-HMSA which 

would constitute 100% recovery from the resin was calculated:
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FIG UR E 5.44:

Product removal using ISPR.
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FIGURE 5.45:
Effect o f 1 mM (■), 5 mM (□ ) and 10 mM ( • )  bisulphite on the growth o f cultures 
O f E. coli JM107 pQR226 grown in 2L shake flasks when compared to a control 
culture grown in the absence of bisulphite (O).

183



Fiona Vanier PhD Thesis Results

BISULPHITE ADDITION AT 20 HRS

ISO

0.6

0.4

0.2

0.0
20 22 2 416 181412

T im e fo llo w in g  inocu lation  hr

FIGURE 5.46:
The effect o f 1 mM bisulphite ( • )  on the C 230 activity of a culture o f E. coli 
JM107 pQR226 grown in a 2L shake flask compared to an identical culture 
grown without the addition of bisulphite (O).
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FIGURE 5.47:
The stability of the product when bound to 0.5 g aliquots of resin over varying 
incubation periods followed by 30 minutes of elution using 10 mL 4M sodium 
hydroxide in glass universal bottles at 37 °C.

185



Fiona Vanier PhD Thesis Results

0.25

0.20

I 0.15
3
C

<N

0.10

0 .05

0.00
100 200150500

E lution  tim e m in

FIGURE 5.48:
The elution over 200 minutes of a 0.5 g aliquot of resin bound to a known amount 
o f 2-HMSA using 10 mL 4M sodium hydroxide in a glass universal bottle at 37 °C.
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For resin elution,

0.168 mmoles 2-HMSA bound to 3 g resin separated into 6 aliquots.

Therefore, 2-HMSA bound to each aliquot (on average),

= 0.168 / 6 

= 0.028 mmoles

Amount of alkali added to each aliquot, =10  mL

Therefore, for 100% recovery concentration of product in alkali solution,

= 0.028 * (1000 / 10)
= 2.8 mmoles.L'l 
= 2.8 mM

In both experiments, the amount of 2-HMSA recovered was minimal. The 
concentration of product recovered from all 6 aliquots ranged from 0.22 - 0.24 mM, 
and the concentration observed in the progressive elution experiment was 0.21 mM 
after 170 minutes. These concentrations constitute a recovery of less than 10% which 
is inadequate for this process.

5.5.5. Test System Evaluation (V): Product Recovery.

The experimental determination of the resin capacity resulted in different values 
for different amounts of resin as shown in Table 5.8. An additional experiment using a 

fixed amount of resin and variable concentrations of 2-HMSA stock may have 

confirmed possible effects associated with binding kinetics. It was decided to take an 
average value from the calculated resin capacities. From the calculations, the resin 

capacity was 0.47 mmol 2-HMSA.g resim^, or 6.68 g 2-HMSA.g resin'L It was 
assumed that losses due to the degradation of 2-HMSA were negligible. This 
calculated value is too low for this type of process, since a product removal method 
should be able to remove at least 25 g 2-HMSA.g resin" L In order to test non-specific 

binding effects, the amount of resin used was deliberately limited. A  characteristic 

colour change in the supernatant and the resin was observed, since the yellow 

supernatant became clear and the orange resin became red as the 2-HMSA bound. The 

decrease in benzoate dihydrodiol was probably due to degradation and not non-specific 

binding since only 5% of the product measured before incubation was unaccounted for 

after the experiment. Sodium metabisulphite was shown to be toxic at concentrations
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as low as 1 mM. Therefore, the displacement of the bisulphite ions resulting in an 

effective concentration in the fermenter of 1 mM may be enough to completely inhibit 
the biotransformation. Following the assessment of binding ability and displacement 

effects, the next stage was to investigate product recovery from the resin, or resin 

elution. Unfortunately, both experiments undertaken resulted in a recovery of less than 

10% of the product bound, which is inadequate for this process.

5.6 Investigative Schematics

5.6.1 Substrate Addition & Conversion

The experiments undertaken were based on the information obtained during the 
theoretical evaluation of the pathway substrate. The toxicity of benzoate was confirmed 
via a simple shake flask experiment. These results were also used to verify that a 
continuous substrate feeding method was necessary for the maximum accumulation of 
product. A number of different substrate feeding experiments were undertaken. These 
experiments were as follows:

• Substrate feeding at a high rate: In order to test the maximum possible 
feed rate that can be tolerated by the 
system.

Substrate feeding at a low rate: As a direct comparison to substrate 

feeding at a high rate, especially with 

respect to product yield and cell integrity.

Use of a 'single step' substrate: The use of the substrate which 
immediately precedes the product for a 

direct comparison.

Use of a cell resuspension: If the yield is the same or improved than 
the use of a cell resuspension is always 

preferable, not only because of 
downstream processing implications but 
also with respect to compound analysis.
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With respect to the test system, analysis using C230 assays was eradicated as 

an option during substrate feeding. Therefore, parameters measured during off-gas 

analysis such as OUR, CER and DOT were the only indication of cell viability during 

the biotransformation. The identification of the pathway compounds was problematic 
and a number of possible explanations were suggested. Figure 5.49 shows that an 

investigation of the substrate conversion effects was dependant on the results found 

during the practical assessment of substrate addition methods. The most important 

facts were established as a direct result of this investigation. These are shown below:

• A slow continuous benzoate feeding methodology gives the best product yield.

• Catechol-2,3 dioxygenase is inactivated by catechol during the biotransformation.

• There is a rate-limiting step in this section of metabolic pathway at the point of 
catechol production.

• The biotransformation capability of the cell biocatalyst is an important constraint on 
this process.

The existence of this process constraint has far reaching consequences with 
respect to the success of this type of biotransformation, especially if the substrate is 
toxic. Monitoring the decrease in viable cells would have quantified this constraint in 
terms such as the time taken to reduce the cell population by a given amount for a given 
substrate feed rate.

5.6.2 P ro d u c t Recovery

Unlike the investigation into substrate addition and conversion methods, the 

most important facts were identified during the theoretical evaluation of the product as 

shown in Figure 5.50. These are as follows:

• The product is not commercially available as a standard, and therefore has to be 

microbially synthesised.

• The product is unstable and will degrade even during cold storage.
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FIGURE 5.49:
A schematic diagram representing the experimental investigation of substrate conversion 
effects. Experiments undertaken are shown in italics.
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FIGURE 5.50:
A schematic diagram representing the experimental investigation of the product. 
Experiments undertaken are shown in italics.
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• The product is the only semialdehyde in the biotransformation. This chemical 
structure can be exploited for the design of a product removal method.

The use of a biosynthesised standard was problematic. Batches of 2-HMSA 

often varied in quality, the reasons for this variation were assumed to be due to plasmid 

loss often experienced in microbial cultures grown batch-wise in shake flasks without 
pH control. In addition, the information gained during analysis of the single step 
biotransformation implies that catechol will compromise cell integrity, and the most 

serious problem encountered was that the single step reaction did not always go to 

completion. This was minimised by adjusting the amount of catechol added to the 

resuspension accordingly, the only disadvantage being that in later experiments the 

concentration of 2-HMSA stock varied from batch to batch. This variation caused 
problems during the design of a product removal method, where the comparison of 
degradation rates and binding capabilities was often done with different batches.

5.7 Summary

A fed-batch method for the fermentation which involved an adjustment to the 
specific growth rate was used to grow the culture to a final biomass concentration of 
approximately 25 g.L 'T  Analysis of the oxygen requirements show that another 
cellular function was taking place during the process which also had an oxygen 
demand. This function is probably recombinant protein production, but further 
experiments are required for verification. The integration of preculture growth, 
fermentation and induction shows the importance of process time tabling during 
process design. Induction was investigated to assess the possibilities with respect to 

time constraints and planning. Once the process was planned up to and including 
induction, substrate addition and conversion were investigated. Assessment of 
productivity during the biotransformations using C230 assays was not possible due to 

the inactivation of this enzyme during substrate conversion. A more accurate indication 

of the productivity was found by monitoring the accumulation of 2-HMSA. g DCW"^. 

A number of the investigations described suggest that the quality of the cells was poor. 
The presence of high levels of C230 in the cell supernatant and the reduced 

productivity when using a cell resuspension may indicate the onset of cellular lysis 

prior to benzoate feeding. The non-specific uptake of benzoate by the cell results in a 

disruption of the proton motive force causing interference with respiration and 
membrane permeability. The design of an analytical method for the detection of the
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pathway compounds was extremely problematic. This was probably due to the 

increased presence of cell metabolites as a result of increased cell permeability and 

lysis. From a process design perspective, it may have been easier to improve the 
quality of the cells prior to method development, since time was wasted developing an 

HPLC process which could not be used. The resin binding experiments established a 
value for the capacity of the resin. The use of an ISPR method was eliminated as an 

option due to the toxicity of bisulphite at low concentrations. Only 10% of the product 
bound to the resin was recovered by resin elution experiments. Further experiments 

such as the use of a chromatography column, are necessary before this product removal 

method is completely ruled out as an option.
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6 Discussion

6.1 Introduction.

Ultimately, the main aim of this work was to design a process which took into 
account the detrimental and beneficial effects of a model process. The characteristics of 
any system are rarely ideal, and therefore a model which has some non-ideal 
characteristics should be used for process design. If possible a model system which 
has a diverse selection of non-ideal features should be used so that an equally diverse 
set of guidelines can be established. In this research, a model system which exhibits 
common problems such as substrate toxicity and product instability was used for 
process design.

6.2 Model System

6.2.1 Definition & Characterisation

Bioprocesses which rely on the addition of a whole or partial metabolic pathway 

which functions independently from the host metabolic network represents a new sub

class of multi step biotransformations. The possibilities for this type of arrangement 

are broader than for bioprocesses which exploit the native pathway in a host cell, 
partially because the choice of host is not dependant on the presence of specific host cell 
enzymes and can be made on the basis of other physiological grounds. The ease with 

which the host micro-organism can be grown in a fermentation environment, or can be 
manipulated to accept a vector containing the relevant foreign genes are just two 

physiological grounds which are important when choosing an appropriate host. Since
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the pathway functions independently from the host, problems associated with 

interactions between the host metabolic network and the foreign pathway are reduced, 

and with the aid of an appropriate promoter metabolic gene expression can be 

completely controlled by the addition of an inducer. However, the use of a construct 

containing a whole or partial metabolic pathway has some disadvantages. A host cell is 

much more likely to lose a plasmid containing a number of genes as opposed to a single 
gene due to the size of the plasmid (Kyslik et a l, 1993) and the excessive metabolic 

burden placed on the host (De Bemardez et a l, 1988).
The classification of the model process used in this study is not completely 

straightforward. The metabolic enzymes are synthesised from a single foreign source, 
and recombinant gene expression is independent of the host. However, during the 

biotransformation there is a requirement for cofactors, and the metabolic pathway will 
need to utilise a supply which originates from the host cell. This can be shown 

experimentally, by comparison of the product yields when growing and resting cells are 
used in two separate biotransformations. This model process constitutes a multi step 
biotransformation since the conversion of the substrate to product takes place via a 
sequential number of steps. All of the pathway enzymes are synthesised from a foreign 
source, even though their function relies on cofactors and oxygen supplied by the host 
cell. Therefore the model system is an example of a biochemical engineering process 
and a multi step biotransformation which uses metabolic pathway engineering, because 

the two definitions are not mutually exclusive.

6.2.2 Industrial Process Considerations

6.2.2.1 Induction

The use of IPTG in small scale fermentations is well established, but for 
industrial scale fermentations the cost of this inducer is a process constraint. Lactose is 

a cheaper alternative to IPTG which has been effectively used to induce recombinant 

gene expression in E. coli. Neubauer and his co-workers (1992) used a recombinant 
E. coli strain into which was cloned the genes encoding the main antigen coat protein of 
the foot and mouth disease virus (VPl). Induction using lactose led to the 
accumulation of the V Pl protein to levels as high as 23% of the total cellular protein in 
comparison to 20% achieved when IPTG was used. In addition, a quantitative 

comparison shows that the use of IPTG is about 150 times more expensive than the use 

of lactose to produce a similar level of VPl protein. However, lactose induction was 

ineffective unless the glucose present in the fermenter was less than 10 mg.L'^ due to
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catabolite repression and so induction was most effective during late log / stationary 
phase addition when the glucose was almost depleted. Therefore, Neubauer and his 

co-workers (1994) also used lactose for the overexpression of the V Pl protein at higher 

cell concentrations obtained via fed-batch fermentations where the glucose 
concentration was maintained below 10 mg.L'l during feeding. The specific yield of 

V Pl protein was found to be similar to that found in previous studies.

6 .2.2.2 O xygen Supply .

Oxygen is required throughout this process for growth, induction and substrate 
conversion, and oxygen limitation during substrate addition was shown by a rapid fall 
in the DOT to 0%. Oxygen limitation may be reduced during an industrial fermentation 
by the use of pure oxygen instead of air at critical stages in the process. However, pure 
oxygen is expensive, as is the equipment necessary to automatically control the switch 
from air to oxygen in response to a fall in the DOT. Oxygen is also a very powerful 
oxidising agent and is therefore a safety hazard.

A possible alternative to the use of pure oxygen is to use recombinant DNA 
techniques. Khosla et a l, (1991) constructed a selection of related plasmids which 
contained a gene which encodes an oxygen-binding protein - a bacterial haemoglobin - 
from Vitrioscilla sp. These plasmids were used to transform E. coli strain JM lOl and 
the recombinant micro-organisms were subjected to a series of tests. Expression of the 
bacterial haemoglobin gene was found to result in faster microbial growth to higher cell 
densities, and enhanced synthesis of other cloned gene products such as 
chloramphenicol acetyl transferase. Gene expression could also be regulated using 
other promoters such as trp and tac, and recombinant gene expression was also 
controlled using the native promoter via oxygen-dependant regulation. The use of 
oxygen-dependant regulation could be applied to this process if a plasmid containing 

the bacterial haemoglobin gene with native promoter were used to transform the 

recombinant micro-organism used in this study. Haemoglobin production would be 

initiated by a fall in the DOT when the oxygen supplies are low.
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6.3 Feasibility Study II: A Practical Survey

6.3.1 A Retrospective Viewpoint

6.3.1.1 The Choice of Process Options

The theoretical feasibility study and the experimental results cover the options 

chosen for experimental investigation, but it is important to realise that for each option 

chosen there were many that were not. In some cases, the reasons for ruling out 
proposed options were practically determined. For example, the use of a fed-batch 
method for growth was chosen over a batch method due to problems associated with 
rapid growth and oxygen limitation. There were a vast number of options that could 
have been experimentally investigated, but there was not enough time. This kind of 
time constraint is important since the ability to design a commercial bioprocess has to be 
done within a predetermined time period. The skill involved in process design is not 
choosing the right options but rather interpreting the results, good and bad, in such a 
way that the information obtained can be used to decide if the choice of an alternative 
option would give a more successful outcome. Approaching process design from a 
retrospective viewpoint involves the assessment and interpretation of the results in 
order to identify alternative options that could have been made.

6.3.1.2 The Design of a Test System

The problems encountered when attempting to measure pathway compounds 
illustrate the importance of investing time in the design of a suitable test system. 
Ideally, a detection method which is robust enough to handle relatively crude samples 
from a high cell density fermentation broth is necessary. Monitoring the cell wall 

integrity is imperative if any of the pathway compounds produced are toxic, and a quick 

method for measuring the amount of viable cells particularly during substrate feeding 

would be advantageous.
A system which automatically controls the feed rate according to the 

concentration of the substrate detected could be useful in preventing excessive toxic 
effects. The modification of the Lab View™ system used for fed-batch so that it controls 
substrate feeding is one possible option. However, when using such a system, initial 
parameters such as the substrate uptake rate and substrate utilisation rate would be 

required as input. If these parameters are irregular and / or follow a non-linear path, the
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determination of the initial values may be difficult. Altematively, the use of on-line 

HPLC with a built-in feedback control loop could be employed to monitor the substrate 

concentration and control substrate feeding into the fermenter. The only possible 

problem being the clarity of the fermentation supernatant, since no purification 
techniques are employed prior to measurement.

6.3.1.3 The Improvement of Cell Integrity

There are two possible options that are available for the improvement of cellular 

integrity. The first is to change the medium components, and the second is to change 

the microbial host. The medium content is known to influence the quality of 
recombinant proteins synthesised during induction. Components such as casamino 
acids (Donovan et a l, 1996) and peptone (Nancib et a l, 1991) will improve the quality 
of recombinant proteins. An option worth considering is the use of a linear feed from a 
reservoir containing a rich complex medium following the addition of an inducer. 
Preliminary tests would have to be conducted to establish the best feed rate for use, and 
the carbon source will not be strictly limited which may result in a comparatively lower 
biomass yield. However, the benefits gained in cell integrity may compensate for the 
possible decrease in biomass. Comparison of the results from two biotransformations, 
one with cells grown according to the fed-batch method used and one with cells grown 
using a linear complex feed during induction, would illustrate which of the two 
possible options, stronger cells and less biomass, or weaker cells and more biomass is 
the most beneficial.

Choosing a microbial host which can naturally utilise the substrate for growth 

could reduce the negative effects of substrate toxicity. A microbial host such as P. 
putida which naturally degrades aromatic compounds for growth could be used for this 
model system. However, extensive genetic modifications would be necessary before a 

P. putida strain could be used for this biotransformation. A strain which has mutations 
in the benD gene (Jeffrey et a l, 1992) and in the TOL plasmid pWWO such that the 
bioconversion of 2-HMSA is avoided would be suitable for this type of bioconversion. 
A mutant strain of P. putida used to produce ccMA was able to tolerate benzoate 

concentrations of at least 30 mM in a bioreactor (Yoshikawa et a l, 1990) making the 

use of this type of micro-organism extremely attractive.
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6.3.1.4 Pathway Compound Characteristics

Characteristics such as the toxic effects of benzoate and catechol, and the 
instability of 2-HMSA posed major difficulties during process design. The instability 

of pathway compounds was also a disadvantage. In some cases, the existence of 

another microbial route to the product may eliminate the problems associated with an 

unstable intermediate, but in this example, there was only one known microbial route to 

2-HMSA. Standards for 2-HMSA and benzoate dihydrodiol were unavailable, and 
both compounds had to be synthesised biosynthetically. Two protocols for the 
microbial synthesis of 2-HMSA and benzoate dihydrodiol were devised. Each 
biotransformation had to be accompanied by the microbial production of benzoate 
dihydrodiol, since spectrophotometric detection of benzoate dihydrodiol using the 

corresponding molar extinction coefficient proved to be inaccurate. Microbial 
production of standards was lengthy and often inconsistent. The biotransformation 
capability varied from culture to culture, making a prediction on the amount of 
compound that would be synthesised difficult. Analysis of samples taken from a 
resuspension during the synthesis of benzoate dihydrodiol showed the presence of 
unidentifiable peaks as well as the peaks representing benzoate and benzoate 
dihydrodiol. Analysis during the degradation experiments also showed a similar 
pattern of peaks. The similarity suggested compound degradation during synthesis, 
resulting in inaccuracies when producing the standard curve. Therefore, the 

concentration of benzoate dihydrodiol in the standard was estimated using a combined 
number of methods (molar extinction coefficient, HPLC and CE) and although 
detection was inaccurate, a number of profiles were produced which conveyed useful 

information about the metabolic pathway.

6.3.2 Identification of Rate-Limiting Steps

6.3.2.1 Importance of Identification

The presence of a bottleneck at the point of catechol production was shown by 
the results from key experiments. Comparison of the product accumulated in two 

different biotransformations shows that the non-participation of benzoate 1,2- 
dioxygenase and benzoate dihydrodiol dehydrogenase results in an improved yield of 

2-HMSA. Analysis of the pathway compounds during a multi step biotransformation 

show the accumulation of benzoate dihydrodiol to levels greater than the other pathway 

compounds. Preventing the accumulation of highly reactive intermediates such as
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benzoate dihydrodiol is imperative, since such overaccumulation could lead to a 

reduced product yield. Altematively, if the reaction rate is increased unstable 

compounds such as benzoate dihydrodiol are present for less time and less degradation 
and side reactions will occur regardless of the level to which the compound 

overaccumulates. Therefore, identification of rate-limiting steps in this type of process 
is important.

Decreasing the influence of an enzymatic reaction on the reaction rate of a 

metabolic pathway can only be achieved genetically. The enzyme interactions that can 

occur within metabolic pathways are often intricate and complicated. Although the 

identification of the rate-limiting step was achieved by the analysis of experimental data, 
the nature of enzymatic interactions responsible for the rate-limiting step may not be as 
straightforward. The other structural enzymes in the pathway, such as the xylT  gene 
product may be responsible for feedback regulation of one or more of the enzymes. In 
spite of potential complications, the first two enzymes in the pathway clearly have a 
strong influence on the reaction rate, and the overaccumulation of benzoate dihydrodiol 
suggests that amplification of the xylL  gene may reduce the bottleneck at the point of 

catechol production.

6.3.2.2 Methods Used For Identification

Using procedures for simulating and optimising the metabolic reaction (Regan 
et a l, 1992), and experimental investigations to confirm the source of rate-limiting 
steps (Jackson, 1996) it was established that the xylXYZ gene which encodes benzoate 
1,2-dioxygenase was a suitable target for over-expression via gene amplification. 
Experiments using the whole meta-cleavage pathway (pQRlSO) with an amplified 

xylXYZ gene (pQR189) resulted in an increased rate of benzoate utilisation and a three
fold increase in 2-HMSA concentration. It would be interesting to monitor the pathway 
compounds when the construct used in this study (pQR226) were expressed in a host 

in conjunction with the amplified xylX YZ  gene (pQR188). The working process for 

growth and induction would have to be modified to take into account the presence of 

the extra plasmid harbouring the xylXYZ gene. If modifications are not made than this 

extra metabolic load may lead to reduced biomass concentration and recombinant 

protein production.
Flux analysis is one method employed to determine the enzymes in the pathway 

which have the greatest influence on the metabolic flux. When applied to this model 
system, it was found that the xylXYZ gene and not the xylL  gene was a more suitable 
target for amplification. However, the use of flux analysis is complicated by the advent
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of different metabolic control theories, and the skills of a systems analyst are often 
required to operate the artificial intelligence programs available. Many metabolically 
engineered processes by-pass flux analysis and go straight into production, 

phenylalanine production is one such example (Cameron, 1996). An alternative 

method for eradicating pathway bottlenecks was used to improve the production of 

cephalosporin C (Skatrud et a l, 1989). This method involved identification of 

significant accumulation of intermediates in the pathway, the isolation of the enzymes 

that act on the intermediates, and the amplification of the corresponding genes. Inverse 
metabolic pathway engineering is another strategy used to avoid the emergence of rate- 

limiting steps (Bailey et a l, 1996). It involves the choice of a desired phenotype, the 
identification of the genetic bases for that phenotype, and the transference of this 
genetic information to a chosen industrial organism.

When undertaking multi-step biotransformations, rate-limiting steps will be 
encountered and there is no quick and easy method to identify and eliminate them. In 
simple linear pathways, the influences on metabolic flux can be identified by a series of 
biotransformations using each intermediate as a substrate. Rate-limiting steps are 
usually eliminated by gene amplification. Some knowledge about the metabolic flux is 
always useful for identification of the most suitable target, but not imperative.

6.3.3 The Structured Approach to Process Design

6.3.3.1 Experimental Investigations

The experimental modification of the model process was dependant on the 
results of both small scale and large scale experiments. It was not always practical to 
carry out large scale experiments because they can be expensive and time consuming. 
Therefore, process modifications were often tested using small scale experiments. 

Figure 6.1 shows the application of a structured approach with respect to the role of 

small and large scale experiments. The initial proposal originates from the theoretical 

evaluations. Large scale experiments were carried out to establish the degree of success 

achieved without modifications and to identify process constraints. The indicator of 
success will depend on the operation under examination and the constraints found. For 

example, when attempting to design a substrate feeding strategy the indicator of success 
was the product yield, but during experimentation the conversion of benzoate to 2- 
HMSA was found to have a detrimental effect on cellular integrity. The identification 

of this new constraint changed the indicator of success, since modifications should 

have been made which reduced the detrimental effects on cellular integrity.
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THEORETICAL
EVALUATIONS ►  PROPOSAL

LARGE SCALE 
EXPERIMENTS

IDENTIFICATION 
OF CONSTRAINTS

ANALYSIS VIA 
SMALL SCALE 
EXPERIMENTS

MODIFICATIONS 
(p o ssib le  im provem ents)

FIG URE 6.1:

The structural approach to process design using large and small scale experiments.
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The ultimate indicator of success was still the product yield, but the immediate goals 
changed as a result of characteristics found during experimental work which influenced 

the indicator of success

Constraints on the process were dealt with in two different ways. The first was 
to further analyse the process using small scale experiments, and the second was to 

attempt another large scale experiment with subsequent modifications. Interpretation of 
results obtained from small scale experiments was done with caution, and direct 
comparison between results from small and large scale experiments was avoided. For 

example, shake flask experiments used to test benzoate feeding strategies showed that 

the product yield increased when using a fed-batch method by comparison between 
shake flasks. The levels of C230 activity could not be compared with those found 

during large scale fermentation processes, since the cultures were grown in the shake 
flasks under different environmental conditions.

Large scale experiments were then carried out to identify the effect of process 
modifications on characteristics such as the product yield. New process constraints 
may be realised as a result of process adjustments. If this is the case then further 
analysis and / or process modifications are required. The constraints and modifications 
were listed and used to establish the operating boundaries of the process. These 

boundaries were used to identify what are known as "windows of operation".

6.3.3.2 Operating Windows

An operating window has been defined as the operational space determined by 
the system and process constraints which control the process under scrutiny (Woodley 
& Titchener-Hooker, 1996). System and process constraints can be economic, 

physical and / or biological and will vary depending on the operation or process. The 
main constraints found during an investigation of this model system are listed below:

• The upper limit on the biomass concentration is 30 g.L'^, since growth beyond this 
concentration will result in extreme oxygen limitation and background problems 

during compound detection.

• The specific growth rate must be maintained at or below 0.2 h'^, to avoid oxygen 

limitation and plasmid loss.
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• Cells should not be grown beyond 22 hours and induced for longer than about 12 

hours. Experimental evidence suggests that lysis occurs beyond 22 hours growth 
causing interference with various detection methods.

• pH values above 8 will inhibit cell growth, pH values below 7 will accelerate 2- 
HMSA degradation.

• For the best results, the benzoate working concentration should not exceed 5 mM. 
Benzoate is toxic at concentrations above 10 mM.

• If the biotransformation is allowed to commence beyond approximately 150 
minutes, the accumulation of benzoate and benzoate dihydrodiol will increase, 

illustrating the existence of the rate limiting step in the process.

• The 2-HMSA will degrade after about 200 minutes incubation at pH 7.

The operating windows developed using the above constraints are shown in 
Figures 6.2 - 6.5. The fed-batch fermentations were operated at and below the 
maximum allowable specific growth rate shown in Figure 6.2, but the time taken for 
growth was reduced to lessen the influence of background detection on compound 
analysis. Figure 6.3 shows that accurate pH control and benzoate feeding are essential 
to avoid the loss of product or biocatalyst. Figure 6.4 illustrates the importance of 

obtaining an adequate biomass concentration prior to substrate conversion, but also 
highlights the problems associated with too much biomass. As the biomass 

concentration increases, problems associated with oxygen limitation will eventually 
overwhelm the biotransformation resulting in reduced productivity. Figure 6.5 is based 
on the extrapolation of practical data, and shows that in reality the window of operation 
is much smaller than that shown in Figure 6.4. In Figure 6.5, two constraints show an 

upper time limit - the time taken for product degradation, and the time taken for the 

accumulation of benzoate and benzoate dihydrodiol. As shown in Figure 5.29, the 

product concentration levels off when the benzoate concentration begins to rapidly 
accumulate, and there is an 180 minute time interval between this overaccumulation and 
the start of product degradation. This time interval could represent a possible zone of 

product removal.
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An operating window for fed-batch growth using various specific growth rates.
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6.4 Summary: Guidelines For Process Design

6 . 4 . 1 .  T h e o r e t i c a l  E v a l u a t i o n

A theoretical evaluation should convey the following information (if known):

• The commercial availability of the pathway compounds. If the pathway compounds 
are not commercially available then methods for their synthesis should be found or 
devised. Such method(s) should be quick, cheap, reliable and reproducible.

• The stability of the pathway compounds under the operating conditions used during 
the biotransformation. If the compounds are unstable under the operating 

conditions, then experiments which quantify the losses over the time of the process 
will be useful.

• The toxic effects (if any) of the pathway compounds, the nature of these toxic 
effects and the concentration at which these effects are apparent. As much 
information as possible should be obtained about any toxic effects, since they are 

potential inhibitors of the bioprocess.

• The metabolic pathway, with full details including the emission and / or addition of 
gases, the emission and / or addition of water and the recycling of cofactors where 
applicable. Indicators of substrate conversion such as an increase in the OUR or 
CER are useful for following the progress of the biotransformation.

• The chemical composition and function of the pathway enzymes, since the medium 

may need to be supplemented with additional nutrients. Information on the stability 

of the pathway enzymes in vitro is also useful.

• Information about positive and negative feed-back and other enzymatic interactions 
which may suggest the existence of rate-limiting steps and possible sites for gene 

amplification.

• Methods used to determine the specific activity of the pathway enzymes. Such 

methods should be quick, accurate and reliable.
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6.4.2. Design of a Test System.

The following issues should be considered when designing a test system:

• A quick and easy method should be employed to test cell viability and integrity 
during growth, induction and substrate conversion. If cell integrity decreases 

during growth then either the host cell should be changed or the fermentation 
medium should be modified accordingly.

• A series of experiments may be necessary to test the degree of background detected 
when the host cell is grown in the presence of the pathway substrate, especially if 
the substrate is known to be toxic.

• Methods for the measurement of the specific enzyme activities should be designed 
which isolate the enzymes as much as possible from the pathway compounds.

6.4.3. Cellular Growth & Induction.

• If the degree of background detected is at unacceptable levels, then there are two 
options available. Either change the host, or change the fermentation medium to 

one which contains nutrients which will strengthen the cell wall.

• The main aim when designing a fermentation protocol is to attain a specific biomass 
concentration in a specific time interval. One must bear in mind that the addition of 
an inducer will reduce this biomass concentration by as much as 15%.

• A long term induction experiment is useful to determine the limitation on this 
process with respect to growth and recombinant protein production. Cell viability, 

supernatant enzyme levels and the possible presence of inclusion bodies should be 

tested.

• Some compromise must be reached between the time taken for induction and the 
degree of background detected during compound analysis. In general, induction 

should take place in the exponential phase.
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6.4.4. Substrate Addition & Conversion.

• If the substrate or any of the pathway compounds are known to be toxic then a 
substrate feeding strategy will need to be devised.

• If the pathway compounds have no toxic effects on the host cell, then substrate 
addition is dependant on whether growing or resting cells are required for the 
biotransformation.

• Separation of the fermentation and biotransformation processes should be
considered only if negligible levels of specific enzyme activity are detected in the
supernatant.

• If the pathway compounds are unstable, then a series of experiments which 
determine the rate of degradation under the operating conditions used in the 
biotransformation are necessary.

• The biotransformation should be run for as long as possible, especially if any of the
pathway compounds are toxic. This is so that the bioconversion capabilities of the
cell are tested and the upper time limit on the biotransformation is established.

• An on-line method for the detection of the product and / or substrate is useful to 
establish a substrate uptake rate. If the substrate is toxic then a feedback control 

loop which links a substrate addition pump to an on-line detector is a useful option.

• A single step biotransformation can be used to identify and locate rate-limiting steps 
in the metabolic pathway.

• Similarly, multi step biotransformations which use the pathway intermediates as 
substrates (if possible) will give additional information on the metabolic flux.

• High and low substrate feed rate biotransformations can be used to identify the 

maximum substrate concentration that will not influence the product yield.
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6.4.5. Product Removal & Recovery.

• Any structural, physical or chemical difference between the product and the other 

pathway intermediates can be exploited for use in product removal.

• In-situ product removal should be used if the product is toxic or unstable in the 

biotransformation environment.

• If ion exchange chromatography is the chosen product removal method, the main 
characteristics which should be tested are the capacity of the resin, resin elution and 
non-specific resin binding.

6.4.6 P rocess Design C oncepts

• The theoretical evaluations are the most important initial step in process design. 
Some potential detrimental and beneficial effects will be found here.

• It is important identify as many process constraints as possible so that steps can be 
taken to overcome these constraints.

• Operation of the system within realistic boundaries can be illustrated using an 
operating window. These were designed taking the process constraints into 

consideration.
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7 Conclusions

7.1 Host Micro-organism

• A fed-batch fermentation protocol was designed which resulted in a biomass 
concentration of 25 g.L'^ after 24 hours. This biomass concentration was reduced 
by 15% when the inducer was added after 12 hours.

• The C230 activity in the fermentation supernatant rapidly increased after 22 hours 
growth and 12 hours induction to 13 p,mol. min'^. mg protein"^ compared to 10 
pimol. min-1, mg protein-^ in the cells.

• The use of resuspended cells for the biotransformation as opposed to cells within 

the fermentation environment resulted in a product yield reduced by 58%.

7.2 Pathway Compound Characteristics

• Benzoate was found to be toxic to the cells at concentrations above 10 mM.

• A continuous benzoate feed of 1.5 mM.hr'^ resulted in a product yield 5 times 

higher than the yield obtained with a single 10 mM batch feed.

• The product yield using a benzoate feed rate 0.093 L.L’l.h r 'l was reduced by 60% 

when compared to the yield using the feed rate 0.0025 L.L'l.hr"! with a 3 M 
sodium benzoate stock.
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• The product yield using a biomass concentration 6 g.L’  ̂was reduced by 70% when 

compared to the yield using a biomass concentration 12 g.L’T

• The specific activity of C230 was reduced in the presence of catechol prior to 

analysis. Therefore, C230 activity could not be used as part of the test system 

during substrate conversion.

• Difficulties were encountered when attempting to detect the pathway compounds 
using CE and HPLC. These were thought to be due to the presence of intracellular 
matter detected prior to substrate addition and then cell leakage caused by the 
exposure of the cells to benzoate and catechol.

• A  rate-limiting step was found in the metabolic pathway at the point of catechol 
production.

7.3 Product Characteristics

• There is no commercially available standard for the product. Therefore, 2-HMSA 
stocks necessary for product removal experiments had to be microbially 
synthesised.

• 2-HMSA degradation will occur at 37°C and pH 7 and is accelerated in acidic 
environments. As a result, in-situ product removal was considered to avoid 
product losses due to degradation.

• A  Duolite™ A113 anion exchange resin was used in a bisulphite form as a proposed 
method for product removal. Bisulphite ions will selectively bond to semialdehyde 

groups forming adducts. This reaction can be reversed by raising the pH.

• This resin could not be used for ISPR because the displacement of bisulphite ions 

resulting in a concentration of 1 mM in the fermenter will eliminate C230 activity.
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7.4 Future Work

• The incorporation of tests for cell viability and cell wall integrity into the test 
system.

• An investigation into the accuracy of the C230 assay.

• The monitoring of acetate production during a fed-batch fermentation using 
recombinant E. coli JM107.

• The use of a new host such as Pseudomonas sp. to investigate the effects of using a 
recombinant micro-organism more tolerant to benzoate.

• The use of a linear feed of complex medium during the induction of recombinant 
proteins expressed in E. coli JM107

• The use of on-line HPLC with a feedback control loop to monitor benzoate and 
control benzoate feeding automatically.

• Use of an extra copy of xylXYZ gene to improve the product yield.

• Testing different alkali solutions of different ionic strengths for their ability to elute 
the anionic exchange resin.
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Appendices

Appendix I: Automatic Sampler Validation

i) Use & Assembly

This equipment allowed the automatic sampling and cold storage of samples 
from the fermenter. This enabled the monitoring of fermentations over time periods 
greater than 12 hours and the rapid monitoring of biotransformations where samples 
were taken every 5 - 1 5  minutes. The automatic sampler was assembled at least 2 
hours before use to ensure that the internal cooling system had cooled the empty sample 
bottles down to 4°C. Initially, samples were taken every hour during the whole 
fermentation, but after adequate characterisation of the growth and induction phases, 

automatic samples were taken every 3 hours. The automatic sampler was 

reprogrammed to sample every 5 minutes prior to substrate feeding. A sample was 

taken immediately before substrate addition, a second sample was taken immediately 

after and samples are taken every 5 minutes thereafter for 1 - 2 hours.

ii) Testing

The storage efficiency of the automatic sampler was tested by setting up a 

fermentation during which manual and automatic sampling occurred simultaneously. 

Both types of samples were analysed for biomass concentration and specific C230 

activity. The manual samples were analysed immediately and the automatic samples
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were analysed 18 hours after the first automatic sample was taken. During this period, 

the automatic samples were stored in sample unit at 4°C. Storage efficiency was carried 

out in two parts, testing storage capability over the biomass concentration ranges 0.3 -

8.5 g.L‘1 in a non-induced fermentation and 4.5 -1 9  g.L’  ̂ in an induced fermentation. 

These results are shown in Figures A .I.l and A.I.2 respectively. Comparison of 
manual samples and automatic samples show that there is little difference in the rate of 

change of biomass concentration and C230 activity. The automatic sampler was 
therefore used to sample overnight during growth and induction.
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T i m «  r o l l o w i n g  i n o c u l i t i o n  hr
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T i m e  Fol io *  in g i n o c u l a i i o n  hr

FIGURE A.L1;
Verification of the efficiency of the automatic sampler within the biomass range 
0.3 - 8.5 g.L ' by comparison of manual (■) and automatic (□ ) samples.
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FIGURE A.I.2:
Verification of the efficiency of the automatic sampler within the biomass range
4.5 - 19 g.L'* by comparison of manual (■) and automatic (□ ) samples.
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Appendix II: Calculation of Oxygen Demand

i) Determination of C* and KiU

The oxygen requirements for the process were estimated in order to establish 
whether a minimum allowable DOT of 20% is enough for cell growth, respiration and 
maintenance. The limiting step during oxygen transfer is the transfer of oxygen from 
the air bubbles into the fermentation medium (Stanbury & Whitaker, 1993). Therefore, 
the rate of oxygen uptake by the cell is governed by the transfer of oxygen from the gas 
phase to the liquid phase.

This is shown by the following equation:

dC ^/d tc  = K^a (C * -C l)  (D

Therefore, the DOT can be expressed as follows:

DOT = Cl /C * (2 )

The oxygen requirement after growth and induction was calculated using the 
above equation and off-gas analysis during the fermentation shown in Figure 5.20. 

The following parameters were deduced:
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Volume, 

Growth time, 

Induction time, 
DOT,

X ,
\x,
OUR,

= 5 Litres 
= 24 hours 

= 10 hours 
= 20%

= 15.6 g.L'^
= 0.07 hr-l
= 150 mmol 02.L'Lhr'^

Determination of the saturated dissolved oxygen concentration (C*) was based 

on the oxygen solubility in pure water under atmospheric pressure and 40°C (Doran, 

1995):

Oxygen solubility under the above conditions,
= 3.37 X 10-2 Kg 02.m-3

The presence of solutes will reduce the oxygen solubility by as much as 25%, and the 
presence of biomass will reduce the oxygen solubility by a further 25%.

Therefore, the estimated solubility for this system:
= 50 / 100 (3.37 X 10-2)
= 1.685 X 10-2 Kg 02 .m -3 .

Expressed in terms of the units shown in equation (1):
C* = (1.685 X 10-2) X (1000 / 1000) x (1/32) x 1000

= 0.527 mmol O2 .L -I.

Substitution of equation (2) into equation (1) gives:

OTR OUR = Kj^a C* (1 - DOT) (3 )

Equation (3) can now be used to calculate the oxygen mass-transfer capability 
of this particular fermenter (X^fl):

OUR / (C* (1-DOT)) (4 )

K r a 150 / 0.527 (1 - 0.2) 

356.1 h r - l
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ii) Determination of Oxygen Requirements for Growth & Maintainence

The values for C* and Ki^a are both constants for this particular system after 24 

hours growth and 10 hours induction. Once calculated, they can be used to determine 
the change in oxygen concentration as a result of oxygen requirements for cell growth 

and maintenance. The oxygen uptake rate for cell growth and maintenance was 
calculated using a relationship developed by Pirt, (1965):

ro2 =  n  ( l / Y x / 0 2 )  X  +  m o 2 X  ( 5 )

The yield coefficient for biomass per oxygen utilised was calculated using an 

elemental balance which represents the growth and respiration of E. coli: (Doran, 1995)

glycerol + oxygen = biomass + carbon + water
dioxide

u C g H g O g  +  b 0 2  =  C H -[ g O o .5  +  C C O 2  4- d H 2 0  ( 6 )

For Carbon: 3a = 1 + c (7)
For Hydrogen: 8a = 1.8 + 2d (8 )
For Oxygen: 3a + 2b = 0.5 + 2c + d (9 )

There are four unknown quantities and only three equations, so information 
from another source is required. The growth yield of E. coli on glycerol can be used to 

solve these equations:

Growth yield on glycerol,
1 g glycerol produces 0.48 g biomass

(1/92) moles glycerol produces (0.48/21.8) moles biomass
(1/92)7 (0.48/21.8) moles glycerol produces 1 mole biomass

Therefore, glycerol requirement for the production of 1 mole biomass:

= 0.5 moles

a = 0 .5

By substitution of 'a' into equations (7) and (8) and substitution of 'a', 'c' a n d 'd  '

into (9):
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c = 0 .5
d = 1 .1
b = 0 .55

By substitution of these values into equation (6):

O.5C3H8O3 +O.55O2 = CHigOo.s + O.5CO2 + I.IH2O ( 10 )

0.55 moles O2 required for the growth and respiration of 1 mole of biomass. 

0.55 X 32 g O2 required for the growth and respiration of 1 x 21.8 g biomass 

1 g O2 required for the growth and respiration of (1 x 21.8) / (0.55 x 32) g 

biomass.

Therefore, the yield coefficient for biomass per oxygen utilised,
Yx/02  = 1.24 g biomass.g 02'^.

The maintenance coefficient for Aerobacter cloacae grown aerobically on glucose was 
chosen from tabulated values illustrated by Doran, (1995) for use in these calculations.

Therefore, mo2 = 0.094 g 02»g biomass ’l .h ’l.

By substitution into equation (5):
OUR = 0.07 (1 / 1.24) 15.6 + 0.094 (15.6)

0.881 + 1.4664
2.35 g O2 .L-l.hr-l
(2.35 / 32) X 1000 mmoles O2 .L-l.hr-l

Therefore, the oxygen uptake rate with respect to cellular growth, respiration and 

maintenance:
= 73.35 mmoles O2 .L l .h r 'l

Substitution of the OUR shown in Figure 5.20 and the calculated OUR for 

growth, respiration and maintenance into equation (1) will give a values for the 

difference in oxygen concentration as a result of oxygen uptake by the cell:
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For the OUR shown in Figure 5.20:
150

(C* - C J

356.1 (C* - Cl) 
150/356.1 

0.42 mmol.L’^

Amount of oxygen taken up according to off-gas analysis:
= 0.42 X 5

= 2.1 mmoles oxygen.

Similarly, the amount of oxygen taken up for growth, respiration and maintenance:
(73.35 / 356.1) x 5 

= 1.03 mmoles oxygen.

242



Fiona Vanier__________________________________________ PhD Thesis Appendix III

Appendix III: Calibration Curves 1

i) Protein Standard

The protein assays were performed with the Bio-Rad protein kit. The standard 
assay procedure was used and BSA was the reference protein at concentrations between 
0 - 0.8 mg protein.mL'T Changes in the protein concentration were monitored at 595 

nm. A typical protein standard curve is shown in Figure A.III.1.

ii) Dry Cell Weight Determination

The dry cell weight data from 12 fermentations was collated and a calibration 
curve of DCW verses OD was constructed as shown in Figure A.III.2. The calibration 
curve shows a linear relationship between DCW and OD. This relationship was used to 
determine the DCW in subsequent fermentations using corresponding OD 

measurements:

From the equation of a straight line:

y = Mx + C

Where,
y = Dry cell weight

M = Gradient
X = OD measurements

C = Y intercept (in this case = 0)
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From Figure A.III.2:

M = 0.429.
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FIGURE A.IIL1:
A calibration curve for the Bio-Rad protein assay using BSA as a protein standard.
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FIGURE A.III.2:
Calibration curve used for the determination of DCW using OD readings at 660 nm.
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Appendix IV: Calibration Curves 2

(i) HPLC

Calibration curves were produced by running a range of concentrations of pure 
compound stock solutions. Each set of standards represented a concentration range 
within a linear region of the standard curve. The calibration curves of benzoate, 
benzoate dihydrodiol and catechol are shown in Figure A.IV.1.

(ii) CE

A mixed standard comprising all three pathway compounds, acetone and 50 
mM phosphate buffer (pH 7.5) was used to produce the standard curves. This was 
necessary since some compounds appeared to influence the migration times of other 
compounds, and biotransformation samples typically contained varying levels of all 
three compounds detected. The calibration curves of benzoate benzoate dihydrodiol 
and catechol are shown in Figure A.IV.2 and the composition of the mixed standards is 

shown in Table A.IV.1.
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4 0 0 2 * 0 0 7

2 0 0 2 * 0 0 7

2 0 0 0 0 0 0 0

I 5 0 0 0 0 0 0

i 0 0 0 0 0 0 0

3 0 0 0 0 0 0

1 2 0 0 0 0 0 0

i 0 0 0 0 0 0 0

« HOOOOOO

6 0 0 0 0 0 0

4 0 0 0 0 0 0

2 0 0 0 0 0 0

C a l e c h o l  c o n c e n l r a t i o n  m M

B e n z o a t e  d i h y d r o d i o l  c o n c e n t r a t i o n  m M

FIGURE A.IV.1:
Calibration curves for HPLC using pathway compound standards.
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C a t « c h o l  c o n c e n t r a t i o n  mM

B e n z o a t e  D i hy d r od  i ol  c o n c e n l r a i i o a  m M

FIGURE A.IV.2:
Calibration curves for CE using pathway compound standards.
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T ab le  A .IV .l: The sets of s tandards used to p roduce the  ca lib ra tion  

curves for CE analysis.

Working

C ones

30 mM 

Benzoate 

S tock

(B)
(mL)

30 mM 

Catechol 

Stock

(C)
(mL)

6 mM 

DHD 

S tock

(D)
(mL)

Pure Cold 

Acetone

(mL)

50 mM 

Phosphate  

Buffer 

pH 7.5

(mL)

TOTAL

VOLUME

(mL)

3 mM D - - 1 1 - 2

5 mM B 
2.5 mM C 1.0 0.5 - 3.0 1.5 6

6 mM B 

2m M C 1.2 0.4 - 3.0 1.4 6

3 mM B 
1.8 mM C 0.5 0.3 - 2.5 1.7 5

2 mM B 
1.5 mM C 

2 mM D
0.4 0.3 2.0 3.0 0.3 6

1.5 mM B 
1.2 m M C

1.5 mM D
0.5 0.4 2.5 5.0 1.6 10

1 mM B 
1 mM C 

1 m M D
0.2 0.2 1.0 3.0 1.6 6

0.5 mM B 

0.5 mM C 

0.5 mM D
0.1 0.1 0.5 3.0 2.3 6

250



Fiona Vanier__________________________________________ PhD Thesis Appendix IV

(iii) Peristaltic Pumps.

The pumps required for fed-batch feeding and controlled benzoate feeding were 
calibrated regularly to ensure the accuracy of the output feed rates. A stock solution of 
glycerol with the same concentration as that in the feed reservoir was used for 

calibration of the fed-batch feed pumps. The time taken to pump a fixed volume of the 

glycerol stock solution was recorded in triplicate for known values of % rpm. A graph 

of % rpm verses mL.mim^ showed a straight line relationship between the % rpm 

output by the pump and the corresponding feed rate into the fermenter. This 
relationship estimated for both 1.6 mm and 3.2 mm bore tubing was input into the feed 

control algorithm.
The benzoate feed pump was calibrated using RO water and 1.6 mm bore 

tubing. The weight of RO water pumped into a preweighed vessel over a fixed time 
period was recorded in triplicate for a known % rpm. A graph of % rpm verses 
mL.min‘1 showed a straight line relationship similar to that described for the fed-batch 
pumps. All the pump calibration curves are shown in Figure A.IV.3.
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FIG U R E A .IV .3:
Calibration curves for the pump used during substrate feeding ( • ) ,  and the 2 rpm 
pump (□ ) and 32 rpm pump (O) used during fed-batch feeding.

252



Fiona Vanier PhD Thesis Appendix V

Appendix V

List of Suppliers

Acquisition Systems, 
Unit 4,
Ancells Court, 
Anfirth Park,
Fleet,
GU13 8UX

Aldrich Chemical Company, 
The Old Brockyard,
New Road,

Gillingham,
Dorset,

SP8 4JL

Alfa Laval Engineering LTD, 
Great West Road,
Brentford,
Middlesex,
TW8 9BT

Altec Products LTD,
Unit 4,
Riverwey Industrial Park, 
Hampshire,

GU34 2QG

BDH Laboratory Supplies, 

Merck LTD,
Hunter Boulevard,

Lutterworth,

Leicestershire.

Beckman Instruments, 

Oakley Court,
Kingsmead Business Park, 

London Road,
High Wycombe, Bucks.
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Fisons Scientific Equipment, 

Bishop Meadow Road, 

Loughborough, 
Leicestershire,

L E ll ORG

Inceltech UK LTD, 
22A, Horseshoe Park, 

Pangbourne, 
Berkshire,

RG8 7JW

Mettler Toledo LTD, 

64, Boston Road, 

Beaumont Leys, 

Leicester,

LE4 lAW

Millipore (UK) LTD,
Waters Chromatography Division, 

11 - 15, Peterborough Road, 

Harrow, Middlesex,

HAl 2YH

New Brunswick Scientific (UK) LTD, 
Edison House,
163, Dixons Hill Road,
North Mymms,
Hatfield, Herts.,
AL9 7JE

Perkin-Elmer LTD, 
Post Office Lane, 
Beaconsfield, 
Bucks,
HP9 IQA

Phenomenex,
Melville House,
Queens Avenue,
Hurdsfield Industrial Estate, 

Macclesfield,
Cheshire,

SKIO 2BN

Sigma-Aldrich Chemical Company LTD, 

Fancy Road,
Poole,

Dorset,

BH17 7NH

(TCS) Turnbull Control Systems LTD, Unicam LTD,
Eurotherm International, York Street,

Broadwater Trading Estate, Cambridge,

Worthing, Sussex, CBl 2PX.

BN14 8NW

Unipath LTD,
Basingstoke,

Hampshire,

Watson-Marlow LTD, 

Falmouth,

Cornwall,

TR114RU
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