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Abstract

Abstract

This thesis describes the advances made towards the development of a
complete pilot scale process for an enzyme catalysed carbon-carbon bond forming
reaction. Transketolase is such an enzyme that has high synthetic potential as a
stereospecific carbon-carbon bond forming reagent.
Transketolase from Escherichia coli has been produced from recombinant
forms of E. coli over-expressing the enzyme to a level of 25%-40% of the total
protein. This level of expression has been achieved in high productivity fermentations
up to 1000 L in scale. Transketolase was determined using a linked, multi-enzymic
assay which was shown to be accurate and reliable using commercially available
transketolase. The enzyme has also been purified to homogeneity and subsequently
crystallised.
An initial investigation into the substrate specificity of the enzyme illustrated
the wide range of substrates accepted by this form of transketolase and led to the
synthesis of two novel compounds. Further synthesis suggested that E. coli
transketolase dictates the stereochemistry of two new chiral centres in the reaction
product.
Using the transketolase catalysed reaction between hydroxypyruvate and
glycolaldéhyde to form erythrulose as a model example, biotransformation scale-up
conditions were mimicked to investigate the optimum conditions for reaction and
productivity. Substrate concentrations of 0.5 M were used and the reaction was found
not to be inhibited by high substrate concentrations but it was inhibited by the
accumulation of product. Conversions of >95% were achieved based on the loss of
glycolaldéhyde, but the reaction only proceeded to -60% completion.
The information derived from this research, and that of other members of the
transketolase group, will help to provide more widely applicable guidelines for
biotransformation process design, operation and scale-up.
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thin layer chromatography
nuclear magnetic resonance
infra-red
ultra-violet
analytical reagent
specified laboratory reagent
general laboratory reagent
parts per million
revolutions per minute
dry cell weight
grammes of dry cells
growth yield on glycerol
not determined
not applicable
aqueous
melting point
degrees centigrade
units of enzyme (pmol/min)
seconds
minutes
hours
moles
molar concentration
Escherichia coli
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Notes on terminology

Notes on terminology

Hydroxypyruvate

Unless otherwise stated, hydroxypyruvate refers to the
lithium salt of hydroxypyruvic acid.

Protein content

The protein content in a broth sample was determined
in all cases after first releasing the protein from the
cells. This was achieved by a method of cell disruption
and the protein content expressed per unit volume of
broth.

Transketolase content

The transketolase content in a broth sample was
determined in the same manner as the protein content.

Enzyme activity

The activity of a sample containing transketolase was
calculated from the transketolase content of that sample
relative to the total protein content of that sample. It is
distinct from the specific activity of transketolase which
is the result from a homogeneous protein sample only.

Yeast transketolase

Unless otherwise stated, yeast transketolase refers to the
form from Saccharomyces cerevisiae. This is also the
source of the commercially available form.
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Introduction

1.1

General

Transketolase is a naturally occurring enzyme. An enzyme is a protein
produced by living cells for the catalysis of specific reactions within their own
biochemical pathways. This form of catalysis (a mode of biotransformation) can be
utilised by man, either by using the whole cell or the isolated enzyme itself.
In many cases an enzyme will not only transform the substrate, or substrates,
involved in vivo but will accept a whole range of substrates and transform these with
the same regio- or stereo- selectivity. More importantly, enzymes from micro
organisms can often carry out in one step, a transformation that may require a number
of chemical steps, often to high enantiomeric purity. For these reasons there is a
significant potential role for enzymes within chemical syntheses.
The importance of the manufacture of homochiral products is growing as
regulatory forces, such as those introduced by the Food and Drug Administration,
become more severe with the production and marketing of pharmaceuticals. In the
light of this new attitude, many pharmaceutical companies have already moved to the
production of single isomers. This, combined with the requirement for shorter more
economic syntheses as a result of enhanced competition within the chemical and
pharmaceutical industries, increases the significance of enzymes and their industrial
potential (K. Faber & M.C.R. Franssen, 1993).
Indeed, the use of biotransformations to carry out a range of synthetically
useful organic reactions is becoming increasingly popular (H.G. Davies et al, 1989).
In recent years the idea of using enzymes for the catalysis of steps in total syntheses
has ceased to be restricted to groups with the relevant expertise. As a result of this
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some types of biotransformation, particularly hydrolytic and reductive
biotransformations, have come to be considered routine and reliable for the
preparation of homochiral molecules. Of equal importance to the change in general
perception of biotransformations has been the development of industrial processes
involving them.
In order to develop a biotransformation process quickly and efficiently a
multidisciplinary team is ideally required. The team can study in unison all the areas
essential to bring the process to fruition. These areas and the interaction between
them are illustrated in Figure 1.

Host Organism

Gene

;
Vector

Recombinant
Organism

;

Medium
Selection

FERMENTATION
Enzyme
Assay

Cells

ENZYME ISOLATION <

IMMOBILIZATION

Process
Monitoring
& Control

>■ Enzyme

BIOTRANSFORMATION

Enzyme
Kinetics

Reactants
Product
Reactant/Product
Assay
PRODUCT RECOVERY/
PURIFICATION
Figure 1 Process development flow chart illustrating the essential areas for study
and their interaction. These have been depicted in three categories, unit operations
(upper case), component materials (lower case), and the analytical requirements
(italics).
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Broadly speaking the disciplines required from the team are: molecular
genetics, to establish a suitable source of the biocatalyst; biochemical engineering, for
large scale production and isolation of the biocatalyst, as well as the design of a
bioreactor; organic chemistry, for selection and, if necessary, synthesis of the
substrates for the biotransformation; biochemistry, for the study of the kinetics and
stabilities of all the biotransformation components. The area of final product recovery
should be tackled by the chemist and biochemical engineer.
The advances proposed in this section have begun to find solutions to the
generic problems associated with using enzymes, such as their cost, stability, and
requirement for expensive cofactors. Naturally, such progression has contributed to
the general perception of some biotransformations as routine. There are many other
enzymic reactions however, which are not considered routine. In order for this to
change and acceptability widen to other biocatalytic reactions, successful processes
for them have to be developed. One such reaction is carbon-carbon bond formation.

1.2

Carbon-carbon bond formation

The formation of carbon-carbon bonds is of central importance to synthetic
organic chemistry. The ability to build up a molecule from smaller ones by joining
together their carbon skeleton is the starting point in any retrosynthetic design
In classical organic chemistry many types of carbon-carbon bond forming
reactions have been developed. Few of these reactions, however, are able to dictate
the stereochemistry of the products and fewer still are stereoselective towards the
starting materials. Since enzymes can perform one or both of these tasks they have
great potential to challenge classical methods.
Carbon-carbon bond forming enzymes belong to the class of lyase, none of
which require expensive cofactors. There has been a number of such enzymes
reported for use in chemical synthesis (for a good review see M.J. van der Werf et al,
1994), the most widely used being the aldolases.
An aldolase catalyses the addition of a two or three carbon nucleophilic
fragment stereospecifically to an aldehyde via an aldol condensation producing two
vicinal hydroxylated stereocentres. Separate aldolases giving rise to all four possible
vicinal-ôio\ configurations (Figure 2) have been reported (C.-H. Wong, 1991 and W.D. Fessner et al, 1991), giving a wide scope for chiral synthesis, especially of
carbohydrates (E.J. Toone et al, 1989). In all reported cases, although there is
flexibility in the electrophilic component (the aldehyde), the enzyme is highly specific
for the nucleophile, dihydroxyacetone phosphate. This nucleophile in itself presents a
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problem for synthesis using an aldolase. Since the phosphate group will have to be
added to dihydroxyacetone (chemically or enzymically) prior to reaction and probably
removed again afterwards an additional one or two steps will be required in the total
synthesis. These extra steps reduce the advantage gained in using an enzymic over a
chemical method

OP

OH

OH

O

OP

OH

i,

OH

OH

Tagatose 1,6
-bisphosphate
aldolase

ii.

O

OH

Fructose
1,6-bisphosphate
aldolase

OP
OH

iii.

Rhamnulose
1-phosphate
aldolase /

OH

iv.
V

Fuculose
1-phosphate
aldolase

OH
OP
OH

OH

OP
OH

OH

Figure 2 The reaction products of DHAP dependant aldolases. Illustrating the four
possible diol configurations achieved with four separate bacterial aldolases (R =
CH2OP, in the case of aldolases i. & ii.; R = CH3, in the case of Aldolases iii. & iv.).
Transketolase catalyses reactions that are very similar (with respect to the
overall transformation) to those catalysed by aldolases. Although it is fairly specific
for the nucleophile, the nucleophile does not need to be phosphorylated, regaining the
advantage lost with aldolases.

15

Introduction
1.3

Background to transketolase
Transketolase (TK, EC 2.2.1.1) is a key enzyme in the pentose phosphate

pathway (Figure 3). In cells this pathway represents a method of producing NADPH,
which is an essential component involved in its biosynthesis. TK, together with
transaldolase, create a reversible link between a cell's two main metabolic pathways,
the pentose phosphate pathway and glycolysis, allowing the cell to adapt to a variety
of needs. In photosynthetic organisms the enzyme is also part of the Calvin cycle. It
is, therefore, present in most cells.
NADP^

Glucose-6Phosphate

NADPH

6-Phosphogluconoô-lactone

Glucose-6phosphate
dehydrogenase

6-Phosphogluconolactonase

NADPH

Ribulose-5phosphate
Ribulose-5phosphate
epimerase

Ribulose-5phosphate
isomerase

Ribose-5phosphate

+

6-Phosphogluconate

NADP^

W
Phosphogluconate
dehydrogenase

Xylulose-5phosphate

Transketolase

Fructose-6phosphate

t
Glyceraldehyde
-3-phosphate

+

Sedoheptulose
-7-phosphate

Transketolase

Glyceraldehyde
-3-phosphate
Transaldolase

t
Fnictose-6phosphate
Figure 3

+

Erythrose-4phosphate

The pentose phosphate pathway.
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In vivo TK catalyses the transfer of a two carbon ketoi group from D-xylulose5-phosphate (D-xylulose-5-P) to two different molecules; D-ribose-5-P, thereby
generating D-sedoheptulose-7-P, and D-erythrose-4-P, generating D-fructose-6 -P (E.
Racker, 1961). Both these reactions can be represented in the general form shown in
Figure 4. The two carbon ketol moiety (nucleophile, boxed) is transferred to the
acceptor aldehyde (electrophile) forming the carbon-carbon bond stereospecifically.
Since the products also contain both a nucleophile and electrophile the reaction is
reversible.

CH2OH

CH2 0 H
r . .
HO—CH
I
Ri

TK
+

CHO
I
R2

Mg2+, TP?

CHO
I
Ri

+

HO—CH
I
R2

Figure 4 General form of the in vivo transketolase reaction depicting the transfer of
a two carbon ketol moiety (boxed).
The existence of this enzyme was first reported by two groups in the early
1950s (G. de la Haba & E. Racker, 1952 and B.L. Horecker & P.Z. Smymiotes,
1952), as catalysing the cleavage of ribulose-5-P, in the presence of ribose-5-P, to
glyceraldehyde-3-P (a deviation from the in vivo reaction). TK was purified, from
yeast, and named by Racker in 1953 when it was also reported to require thiamine
pyrophosphate (TPP) and divalent magnesium as cofactors (E. Racker et al, 1953 and
B.L. Horecker & P.Z. Smymiotes, 1953).
Since its discovery in the early fifties much work has been reported on the
isolation and purification of TK from a variety of sources, most commonly yeast or
spinach. The main reported sources and their physical properties are illustrated in
Table 1. Study of the kinetics of the TK reaction, the function of the cofactors and the
active site has been exclusively confined to the yeast enzyme. For the yeast enzyme
the pH optimum is widely reported as pH 7.6 and Michaelis constants for the natural
phosphorylated carbohydrate substrates are in the region K^^ = 10"^ - 10"^ M (A.G.
Datta & E. Racker, 1961).
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TK Source

Mw
(kD)

Subunits

Specific Activity
(U/mg protein)

Yeast

158

Dimer
2x79kD

20

Rat Liver

130

Dimer
2x65kD

3

F. Paoletti &
D. Aldinucci, 1986

Pig Liver

138

Tetramer

1

G.A. Kotchetov, 1982

References
S.W. Cavalieri etal, 1975
G.A. Kotchetov, 1982

54 & 28 kD
E. coll

146

Dimer

9*

G.A. Sprenger, 1991

40

C. Demuynck et al, 1990

2x73kD
Spinach

100

Monomer

Table 1: Reported sources of TK (* denotes partially purified enzyme).
Much research has been conducted into the active site of the enzyme and in
particular the function of the cofactors associated with it (most notably C.P. Heinrich
et al, 1972, A.N. Kuimov et al, 1985, G.A. Kotchetov, 1986 and G.A. Kotchetov et al,
1976). However, all speculation and conclusions drawn from the various works have
been superseded by the elucidation of the three dimensional structure of the enzyme
by Lindqvist and co-workers (1992). They have shown that the enzyme is made up of
two identical subunits, forming two seemingly identical active sites symmetrically
located at their interface. The cofactors bind in a deep cleft between the two subunits
and residues from both subunits contribute to the binding of the cofactor. The dimer
is, therefore, the functional unit of TK. Figure 5 illustrates cofactor binding at the
active site, and how residues from both subunits are involved in this unusually
situated active site.
The structure of TK has also shed light on the function of TPP as a cofactor in
a number of dependant enzymes. This is discussed in section 1.7. Less is known
about the role of the divalent metal ion, however, except that a variety of
ions
can be used, with activities decreasing in the order: Ca2+ > Mn2+ > Mg^'*' > Cd2+
»Z n2+ = Cu^^ = 0 (G.A. Kotchetov & L.E. Meshalkina, 1979).
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Ile 191
Asp 157

Asn 187

Asp 382*

G u 162
lie 416*

Gly 15Î

Leu 383“'

Glu 418

Asp 185

Phe 442*

^
H s 69

Phe 445*

His 263

His 481*

Leu 118

Q
Tyr448*

ï

S

VO

Figure 5 Cofactor binding in the active site of TK (Lindqvist et al, 1993).
* Denotes a residue from the second subunit.
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1.4

Choice of host-vector system

Before any progress can be made in developing a process for the transketolase
biotransformation, a suitable source of the enzyme is required. Of the main literature
sources (Table 1), neither liver nor spinach would be practical for large scale
production of the enzyme since voluminous, low yielding extraction processes from
the raw materials would be involved. This leaves yeast and Escherichia coli.
Production of proteins from both of these micro-organisms is simply achieved
through fermentation, where the cells replicate under specific conditions. In recent
years the ability to genetically manipulate a micro-organism such that it over
produces a desired foreign protein has allowed fermentations to become highly
productive. The use of recombinant DNA technology for high protein productivity
via fermentation enables high enzyme titres to be reached. This reduces the cost of
the enzyme significantly and so provides a solution to one of the generic problems
associated with the use of enzymes for organic synthesis.
A recombinant organism usually comprises a wild type organism (the host)
and a plasmid (the vector). A plasmid is a DNA molecule distinct from the host
chromosome, into which has been inserted a piece of foreign DNA, usually a gene
encoding for the protein of interest. As the host organism replicates so does the
vector, although the replication of the vector can be up to 1000 times greater than that
of the host. The host is, therefore, forced to over-produce the desired protein. Among
the various host-vector systems proposed in the literature for the production of
recombinant DNA products, the use of the Gram-negative bacterium E. coli as a host
is highly attractive as its genetic properties and physiological behaviour are the most
widely known. A large number of native plasmids have been used with E. coli in an
attempt to increase gene expression and hence a wide variety are available for the
preparation of a stable recombinant organism.
Another advantage in using E. coli as a host is the number of well
characterised promoters available. A promoter dictates the production of protein by
controlling gene expression and can be either constitutive (allowing gene expression
in line with cell replication) or inducible (having a particular physical or chemical
requirement to allow gene expression). Inducible promoters are of particular interest
for recombinant protein production. Simply by addition of a required chemical or a
change in temperature they enable external control of when the desired protein is
produced in a fermentation.
Having chosen the host and being aware of the vectors available, the
remaining choice is which TK enzyme to over-produce. If TK from E. coli was
selected the "foreign" DNA is in fact from the same bacterium as the host, giving rise
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to a self-cloned organism. Since a self-cloned organism has a higher chance of being
successfully prepared and of expressing the protein to high levels, E. coli TK was
chosen in the hope that the over expression and the large scale production of the
enzyme would be simplified.

1.5

Enzyme production
The goals of most fermentation processes are high volumetric productivity,

high product concentration, high yield, and low cost of operation. One of the most
effective ways of achieving these has been through high cell density (HCD)
cultivations. HCD cultivations also have the added advantages of reduced fermenter
volume, reduced waste water, and the possible elimination of a concentration step in
downstream processing (Section 1.6).
Simple batch processes are not usually suitable for HCD fermentations for a
number of reasons; the high initial nutrient concentrations necessary can be inhibitory
to growth, essential nutrients can become depleted, there is limited capacity for
oxygen supply, and the unavoidable build up of metabolic by-products during growth
can become inhibitory. It has been found that some of these problems can be
alleviated by using fed-batch techniques. This is a variety of microbial cultivation in
which nutrients are supplied to the fermenter throughout, but culture broth is not
removed until the end of the fermentation.
Bauer and Shiloach (1974), who began work in this area with E. coli,
postulated that the major factor limiting high biomass was the oxygen supply rate to
the culture. They maintained the dissolved oxygen tension (DOT) above the growth
limiting concentration by sparging the fermenter with pure oxygen rather than air.
Monitoring of the DOT also allowed the carbon source for the cultivation to be added
in pulses when it was needed, since sudden increases in the DOT would indicate the
depletion of that growth limiting source. By using ammonia as the sole nitrogen
source, its diminution was followed by monitoring the pH, since nitrogen
consumption would result in a fall in pH. Hence ammonia was added so as to
maintain a constant pH and to supply the nitrogen required. Using this method they
achieved a cell concentration of 38 g dry cell/L.
The group later found that by reducing the growth rate (by decreasing the
temperature) the yields could be further increased to 55 g dry cell/L (J. Shiloach & S.
Bauer, 1975). This phenomenon was later explained to be the result of alleviating one
of the major physiological constraints of increasing biomass concentration of E. coli.
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namely the inhibitory accumulation of fermentation by-products (J.G. Pan et al,
1987).
The improvements to the work of Bauer et al have come mainly as a result of
more automated processes (L.K. Shay et al, 1987, H. Mori et al, 1979, J.M. Cutayar
& D. Poillon, 1989 and T. Paalme et al, 1990) and strategies to overcome inhibition
from by-product accumulation (P. Landwall & T.Holme, 1977). These improvements
have led to cell densities in excess of 100 g dry cell/L.
The work described so far has been with non-recombinant strains of E. coli.
Although these studies are still highly relevant, for recombinant E. coli it is important
to achieve not only a HCD but also a high concentration of the desired recombinant
protein. HCD does not necessarily imply high recombinant protein concentration.
Possible reasons for this include, plasmid instability; excessive concentrations of
nutrients which inhibit growth, product expression, or both; lack of components
required for product synthesis; and the accumulation of inhibitory by-products. Since
there are so many possible reasons for failure, HCD and high protein concentration
can generally only be achieved by optimising each expression system individually.
The majority of these problems can be overcome, improving productivity, by
developing a nutrient feeding schedule (N. Shimizu et al, 1988 and L. Strandberg et
al, 1994). In addition, reducing the growth rate (described earlier) appears to increase
the expression in E. coli of recombinant DNA products (D. Riesenberg et al, 1990 &
1991) and reduce the chance of segregational plasmid instability (loss of the vector
from the host upon cell replication) (S.K. Yoon et al, 1994 and K. Hellmuth et al,
1994).
Owing to the nature of these delicate strategies, computer-controlled
cultivation processes have been developed (X.-M. Yang, 1992, X.-M. Yang et al,
1992, B. Wipf et al, 1994, L. Yee & H.W. Blanch, 1993 and W.A. Knorre et al,
1991). These have led to high productivity fermentations of recombinant E. coli with
cell densities in excess of 50 g dry cell/L. Indeed, Yang and co-workers (1992)
observed an increase in productivity of recombinant human a-interferon of nearly 13
fold with a computer-controlled process over that of a manually-controlled one. They
attributed this observation to infrequent addition of nutrients in the manual process
leading to sharp changes in the nutrient concentrations of the culture and hence,
significant deviation from optimum conditions for long periods of time.
Therefore, to achieve both HCD and high protein concentration process
strategies are required which allow E. coli cultivations to proceed at growth rates
optimal for protein expression.
A further method of increasing productivity in HCD fermentations of
recombinant E. coli is the use of an inducible (or repressible) promoter in the
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recombinant DNA (Section 1.4). In this case optimal productivity is usually achieved
by splitting the fermentation into two parts; the first to generate biomass and the
second to produce the desired protein. This method is especially useful if the inducer
or protein product is toxic to the cell, A disadvantage with using inducible promoters
however, apart from the possible toxicity of the inducer, is that chemical inducers are
often very expensive and occasionally "leaky" (not allowing complete control of
expression). Hence, the use of temperature sensitive promoters is often preferred.

1.6

Enzyme isolation

TK is an intracellular enzyme, therefore a procedure for its isolation will need
to be developed. HCD fermentations (discussed in section 1.5) are particularly
attractive, since if the concentration of cells is high enough (>20 g dry cells/L) it is
possible to disrupt the cells straight from the fermentation broth without first
concentrating them (Figure 6 ). This is especially advantageous for a large scale
process as it results in intensification of the process, saving space, time, and money.
As indicated, the first step in isolation will be to lyse the cells. This disruption
has been previously achieved with TK with the aid of either a French Press (K.M.
Draths et al, 1992) or a sonicator (A. Bonsignore et al, 1962). However, both of these
methods are only suitable for small volumes and give inconsistent or poor cell
disruption. A process involving a homogeniser that can cope with much larger
volumes and give consistently high disruption is therefore preferable (Gray, et al,
1972).
Secondly there is the question of purification. Early purifications of yeast TK
involved a series of fractionation steps, which were later improved with the addition
of chromatographic steps or immunoaffmity techniques. Although ammonium
sulphate fractionation is a realistic method of purification on a large scale, the large
quantities of ammonium sulphate required and the clarification necessary renders it
undesirable. Similarly, the raising of antibodies to an enzyme is an expensive process
and so immunoaffmity purification of large quantities of TK would not be
economically viable.
Purificiation would appear to present a problem in the isolation of TK. A
method allowing the selective removal of the enzyme from a crude homogenate in one
step is ideally required. One possible approach is to employ new technology to fuse a
poly-amino acid tail to the coding sequence of the protein. The addition of a metal
chelate, such as Cu2+ or N P \ would complex with the amino acid tail allowing the
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enzyme to be selectively isolated to homogeneity on magnetic beads or a chelating
resin (J. Schmitt et al, 1993).
A second possible method involves the irreversible binding of the protein to a
polymeric matrix, or enzyme immobilisation. Although this process usually results in
a slight loss of activity of the enzyme its stability is significantly increased. Of equal
importance is that the enzyme is harnessed on a removable support allowing the
enzyme to be reused (potentially indefinitely) and opening up a whole range of
different bioreactor options.
FERMENTATION

DEWATERING

RESUSPENSION

DISRUPTION

CLARIFICATION

PURIFICATION

Figure 6

Downstream processing of fermentation broth indicating the classical

method (solid arrows) and routes leading to the intensification of these methods
(broken arrows).
A further consideration is the enzyme purity required for the
biotransformations. To date there is no evidence to suggest that TK is required to be
homogeneous and, since it is not for therapeutic use, this may not be necessary. If this
is the case, and the productivity of TK is sufficiently high in the fermentation, it may
be possible to use fewer or less selective purification steps; for example, a single
chromatographic purification step (Figure 6 ).
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In summary, the aim of the enzyme isolation is obtain the protein in a stable,
active form for use in a bioreactor. High cell density fermentations and new isolation
technology enables one to challenge classical downstream processing methods and
significantly intensify the isolation procedure.

1.7

The biotransformation and synthetic potential of transketolase

In Section 1.3 the in vivo TK reaction was shown to be reversible. Both the
starting materials and the products contain a two carbon ketol donor and an acceptor
aldehyde necessary for reaction.
OH

O
Figure 7

O

1

OH

O

OH

Hydroxypyruvate as the ketol donor in the transketolase reaction.

Using hydroxypyruvate (1) as the ketol donor (P. Srere et al, 1958) the
reaction is irreversible since the fragmentation product of hydroxypyruvate is carbon
dioxide, which is not an acceptor aldehyde (Figure 7). Therefore, although the other
product is a potential ketol donor the reverse reaction can not occur and the forward
reaction is driven to completion. Also, carbon dioxide will play no further part in the
reaction whereas other substrates would afford organic compounds as side products
which may compete with the reacting aldehyde or inhibit the reaction. All these
factors should increase product yields.
The two carbon ketol moiety which is transferred cannot exist as such. In both
the reversible and the irreversible reaction this transfer is facilitated by TPP via the
mechanism illustrated in Figure 8 (R. Kluger, 1987). In the first step deprotonated
TPP (2) in the enzyme active site couples with the ketol donor (1) to afford the
Zwitter ion (3). The Zwitter ion then decarboxylates to the enol (4) which will react
with the substrate aldehyde. Once in this form the bond to the thiazole ring will
spontaneously cleave to form the desired product (5) and regenerate TPP.
Before TPP can react it has to be deprotonated at C(2) to give the activated
intermediate (2 in Figure 8). According to Lindqvist et al (1992) there is no enzymic
base close enough in the active site to abstract this proton and they suggest that it is
removed by the 4'-amino group of the cofactor, via the mechanism shown in Figure 9.
This corroborates evidence published by two other groups (W. Shin et al, 1979 and R.
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Goblik et al, 1991) suggesting the involvement of this substituent in the removal of
the proton. It is also interesting to note that, perhaps as a result of evolution of the
enzyme, the C(2) atom is the only cofactor atom which is accessible to solvent
through the active site cleft of the holo-enzyme. Thus ensuring that this specific
reaction takes place.
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Figure 8
Mechanism of action of thiamine pyrophosphate (TPP, 2) in
transketolase catalysed carbon-carbon bond formation.
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Figure 9 Suggested mechanism for deprotonation of thiamine pyrophosphate at
C(2) (Lindqvist et al, 1992).
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It can be seen in Figure 8 that the enol (4) could theoretically react with either
the Re-fdiCQ or the «Sz-face of the aldehyde, which would result in a mixture of
diastereoisomers at the formed stereo centre (#). Since TPP is bound to the enzyme
active site, steric interactions between the enzyme and the reacting substrates ensure
that the enol will only react with one of the aldehyde faces {Re-\ affording the drawn
stereochemistry at the new stereo centre (#). This is an example of an enzyme
determining stereochemistry by the nature of its catalysis.
The yeast enzyme is also enantioselective. Only one enantiomer of a racemate
of an a-hydroxyaldehyde (*) will react, such that the threo- (or 3S,4R) configuration
(drawn, *) is obtained in the product (5) (J. Bolte et al, 1987). This is an example of
an enzyme determining stereochemistry by selection. This further increases the
synthetic potential of TK since the product now has two chiral centres with defined
stereochemistry, particularly if this feature does not only apply to ahydroxyaldehydes.
Synthesis involving TK initially exploited the enzyme in its natural role in the
synthesis of phosphorylated- (P.A. Srere et al, 1958, A. Bonsignore et al, 1962, T.
Wood, 1973, and A. Mocali et al, 1985) and non-phosphorylated- (C. Demuynck et
al, 1990 and J.J. Villafranca & B. Axelrod, 1971) carbohydrates. Over the last five
years however, the enzyme has been shown to have a low specificity for the aldehyde
component, accepting a wide range of a-hydroxyaldehydes (F. Effenberger et al, 1992
and Y. Kobori et al, 1992). The range of acceptable substrates has been further
increased by reports demonstrating the use of a-unsubstituted aldehydes (C.
Demuynck et al, 1991 and, perhaps more surprisingly, nitrosoaromatics (M.D. Corbett
& B.R. Chipko, 1980 and M.D. Corbett & B.R. Corbett, 1986).
The nitroso group is chemically analogous, in this reaction, to an aldehyde and
is attacked by the ketol group in the same way to afford the hydroxamic acid (6 ). This
is illustrated in Figure 10.
O
O

OH

N

N

O
+

R

X

TK
OH

---------

Mg2+, TPP
R

Figure 10 The transketolase reaction with nitrosoaromatics to afford a hydroxamic
acid (6 ).
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The most encouraging recent development in the synthetic potential of TK, is
its use in total synthesis; for example of, (+)-exo-brevicomin (D.C. Myles et al, 1991)
and deoxymannojirimycin (T. Ziegler et al, 1988).

1.8

Engineering aspects

The engineering aspects associated with the scale up of enzyme production
and isolation have already been introduced (Sections 1.5 & 1.6 respectively). The
remaining area which requires consideration is that surrounding the biotransformation
itself, in particular the selection or design of an appropriate reactor to accomplish this
stage of the process.
Bioreactor design is not a trivial operation. There are a whole series of
characteristics of the biotransformation and its components that must be established in
order to achieve this. These features and their effect on the bioreactor selection have
been extensively discussed in a recent report by Woodley and Lilly (1994). Here the
characteristics are split into four main groups of equal importance: substrate and
product properties, especially pH and temperature stability; distinctive features of the
reaction per se, such as acid, base or gas production; biocatalyst characteristics,
notably cofactor requirements; component interactions, in particular substrate and
product inhibition or toxicity.
In relation to the TK biotransformation some characteristics are immediately
evident, for example, acid consumption and gas production.
Stoichiometric
production of a gas is of particular interest because of potential foaming and
biocatalyst damage. Also, because the gas is carbon dioxide its effect on the pH must
also be considered. All characteristics in each of the four areas will need to be studied
before the bioreactor can be effectively designed.
The industrial use of L-aspartate p-decarboxylase by the Tanabe Seiyaku
company (Osaka, Japan) for the production of L-alanine (Takamatsu, et al, 1986) is of
immediate interest to the design of the TK bioreactor. In this process CO2 is also
produced in stiochiometric quantities and is kept in solution with a pressurised system
(M. Furui & K. Yamashita, 1983).
Downstream of the reactor the product removal has to considered. This area is
again essential for reactor design, since there is little point in developing a process
only to discover the product is irreversibly inhibitory to the enzyme or can not be
selectively isolated at the end.
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Most industrial biotransformation processes that have been developed so far
have been considered individually.
Often the development course of a
biotransformation involves the project progressing through various departments on its
way to production, which can result in unfocused research and extend the time span of
the project. These factors markedly reduce the scope for generic learning.
It is the aim of this project as a whole to tackle all the areas considered
essential to the development of such a process in unison (Section 1.1, Figure 1). It is
hoped that by including all disciplines in the project and by solving each problem in
each area with consideration for other areas' needs, this aim will be achieved simply,
more quickly, and that the information derived will be applicable to other large scale
enzymic reactions.
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Equipment and Materials

2.1

Equipment

2.1.1

Chromatographic apparatus

Thin layer chromatography (tic) was performed on pre-coated silica gel glass
plates (Merck gel 60F 254). The plates were visualised using ultra violet (UV) light
(254 nm), alkaline potassium permanganate solution in ethanol, or naphthoresorcinol
solution in ethanol. Flash chromatography was performed on silica (Merck silica gel
60, 40-63 mm).
Fast protein liquid chromatography (FPLC) was performed with a Pharmacia
FPLC system on a Fast Flow Q ion-exchange column (150 mm x 25 mm) and a
preparative Superose 12 gel filtration column (300 mm x 25 mm).
High performance liquid chromatography (HPLC) was performed on two
Aminex® HPX-87H ion exclusion columns (each 300 mm x 7.8 mm) in series
maintained at 65 °C. A Perkin Elmer ISS-100 HPLC system was used with a
Schodex RI-71 refractive index detector. The running buffer was H2SO4 ^q (6 mM)
at a flow rate of 0.45 mL/min for a run time of 35 min.
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2.1.2

Spectroscopic apparatus

UV spectra, spectrophotometric assays and optical density readings were
recorded on either a Philips PU8700 spectrometer, a Camspec M302, or an ATI
Unicam UV2 spectrometer
Infra-red (IR) spectra were recorded on a Perkin-Elmer 881 spectrometer;
absorption peaks are quoted in reciprocal centimetres (cm'^) and the intensity of the
signal is given as: s = strong, m = medium, w = weak, hr = broad, sh = shoulder.
Nuclear magnetic resonance (nmr) (^H &
spectra were recorded on a
Bruker AM250 (250 MHz ^H, 62.9 MHz
or an Hitachi-Perkin-Elmer (60 MHz
*H) spectrometer. All chemical shifts (5) are reported in parts per million (ppm) and
coupling constants {J) are quoted in Hertz. The results are given as:
8 (number of atoms, multiplicity, J ; assignment)
where the multiplicity is denoted as:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet.

2.1.3

Fermentation equipment and analysis

Fermentation was performed in an LH 20 L glass fermenter and a Chemap
1500 L stainless steel fermenter, these are detailed in Table 2 below. Analysis of
fermentation exit gases was achieved with a mass spectrometer controlled by a VG
gas analysis microprocessor. The analysis produces O2, CO2, N 2 and Ar percentage
composition which is passed to the data logging personal computers where carbon
dioxide evolution rate (CER) oxygen uptake rate (OUR) and respiratory quotient (RQ)
values are calculated.
Logging of the gas analysis data and the fermentation parameters was achieved
'with either a Bio-i system or a Real Time - data acquisitions system (RT-das). These
logged information from the fermenters TCS 8-loop PID control system, gas analysis
data and the calculated CER, OUR and RQ values every 3 min.
Fed-batch control was achieved with a LabView software programme
designed by M. Gregory (1993).
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Parameter
Make
Total
volume (L)
Working
volume (L)
Height (cm)
Diameter
(cm)
Height/
Diameter
Sterilisation
Sparger
Baffles
Max. power
draw (kW)

20 L
LH

1500 L
Chemap

Parameter
Foam control

20

1500

14

1000

50.0

232.5

22.5

88.8

Temperature
control
pH control
reservoirs
Impellers
Drive
Type

2.22

2.62

Number

in situ
ring
4
3

in situ
ring
4
15

Diameter (cm)
Max. impeller
speed (rpm)
Max. air flow
rate (L/min)

20 L
chemical
(auto)
electrical

1500 L
mechanical
(manual)
jacket

2

1

top
turbine

bottom
turbine

3

3

6.8

1250

30
420

14

500

Table 2 Specifications of the two fermenters used.

2.1.4

Downstream processing equipment

Three APV Manton Gaulin homogenisers were used for cell disruption, these
are detailed in Table 3 below.
Model

Lab40
Lab60
K3

Max.
capacity
(L)
0.04
6

unlimite
d

Max.
pressure
(bar)
1350
660
500

Flow rate

Pistons

(L/hr)
n/a
60
250

1
2

3

Piston
Heat
exchange
angle
(degrees)
r
n/a
yes
180
yes
120
no

Table 3 Specifications of the APV Manton Gaulin homogenisers used.
Two Pennwalt pilot plant tubular bowl centrifuges were used for collection of
bacteria and removal of cell debris, these are detailed in Table 4 below.
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Model

Bowl
volume (L)

IP
AS26

0.6
6

Drive
type
air
motor

Max. speed
(rpm)
50000
17000

Max.
force (G)
62000
19000

Liquor
discharge
gravity
gravity

Solids
discharge
manual
manual

Table 4 Specifications of the Pennwalt tubular bowl centrifuges used.

2.1.5

Other equipment

Sodium dodecylsulphate (SDS) gel electrophoresis was performed on either an
ATTO corporation AE-6400 dual mini slab kit with gels being cast by hand from
polyacrylamide SDS, or on a Pharmacia Phast System with pre-cast polyacrylamide
gels.
pH controlled biotransformations were performed with a Radiometer ABU 80
autoburette & a TTT80 titrator referred to collectively as a pH stat.

2.2

Solvents

Solvent used in chemical synthesis are detailed in this section.
Petroleum ether b.p. 40-60 °C (referred to as petrol), ethyl acetate, and
dichloromethane were all distilled prior to use.
Dry pyridine was obtained by distilling from calcium hydride and was stored
over 4Â molecular sieves.
Dry methanol was obtained by distilling from sodium wire and was stored
over 4Â molecular sieves.
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2.3

Fermentation media

Reagent
Ammonia (0.880)*
Antifoam
(poly
propylene glycol)
CaCl2
Citric acid
CUSO4 .5 H2O
Fe(NH4)2(S04)2
.7H2O
Glycerol
Kanamycin
KH2PO4
K2SO4
MgS04.7H20
MnS04.4H20
Na2HP04
NH4CI
Thiamine HCl
ZnS04.7H20

Supplier
Pharmacos
BDH

Grade
SLR

Pharmacos
Pharmacos
Sigma
Pharmacos
Aldrich
BDH
Sigma
FSA
Pharmacos
Pharmacos
Fisons
Sigma
Fisons
Pharmacos
Sigma
Sigma

GLR
SLR
AnalR
GLR
AnalR
GLR
AnalR
GLR
GLR
GLR
GLR
AnalR
SLR
Technical
AnalR
AnalR

2000

Table 5 Suppliers of the fermentation media components and the grade used. * Note
that protective clothing and breathing apparatus with an alkali filter should be used
when handling ammonia (specific gravity 0.880).

2.4

Recombinant forms of E. coli

The recombinant forms of E. coli over-expressing TK and their construction
are detailed in Figure 11. JM107/pQR182 & JM107/pQR183 were prepared by Dr.
John Ward of the Department of Biochemistry & Molecular Biology, UCL, and
JM107/pQR700 & JM107/pQR701 were prepared by Dr. Carol French in the same
department.
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DH5a/pKD112A

i

BamHI

spe B

ORF1

BamHI

TRANSKETOLASE

4.4 kb fragment

i
pU ClS

TI

JM107/pQR182

JM107/pQR183
4.4 kb fragment

1
pB G SlS-

TI
TK

JM107/pQR700

JM107/pQR701

Figure 11 The construction of the recombinant forms of E. coli used in this research.
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Experimental Methods

3.1

General Microbiological Methods

3.1.1

Liquid culture media.

For the purpose of cultivating forms of E. coli, a number of different media
were used. The composition of these media are detailed in Table 6 . For fed-batch
fermentations different compositions of the feed solution were also used, these are
detailed in Table 7.
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Component
1

Glycerol
Glucose
Tryptone
Yeast extract
NaCl
Na2HP0 4 . 12H20
Na2HP04
KH2PO4
K2SO4
NH 4 CI
MgS04.7H20
CaCl2
Fe(NH4)2(S04)2
Citric acid
ZnS04.7H20
CUSO4.5H2O
MnS04.4H20
Shikimic acid
Thiamine
Kanamycin
Ampicillin

Medium
3

2
1

4
2.5

5
50

6
0.2

2.10

2.10

3.96
6.62
1.32

2,5*

1
10

10

5
5

5
5

0.5
15

0.5
15

3

3

1

1

3.96
6.62
1.32

0.25

0.25

0.66

0.66

0.33
0.60

0.33
0.60

0.04
0 .001 !

0 .001 !

0 . 1!

0 . 1!

0.66

0.66

0.0032
0.00033
0.00057

0.0032
0.00033
0.00057

0.007!
0 .01 !

0.007!
0 .01 !

0.04

Table 6 Composition of liquid culture media 1-6, All figures are given in g/L, where
* = sterilised separately by autoclaving & ^ = sterilised separately by filtration and
added after the rest of the medium had been autoclaved (these components were
omitted from media for the wild type strains BJ502 and JM107).
Component
Total volume (L)
Glycerol (g/L)
MgS04.7H20 (g)
Kanamycin (g)

Feed
1
2

2
2

250

250
0.14

Solution
3
2

250
9.24
0.14

4
80
625
660
10

Table 7 Composition of feed solutions 1-4 used in fed-batch fermentations.
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3.1.2 Solid culture media
The medium used for solid culture was either medium 1 or 2 with the addition
of technical agar (15 g/L). This medium was used for all agar plates, slopes and stabs.
When selective pressure was required ampicillin (500 mg/L) or kanamycin (20 mg/L)
was sterilised by filtration and also added to the sterile culture medium when the
medium had cooled to 50 - 60 °C.

3.1.3 Source of the organisms and their maintenance.
The E. coli organism DH5a/pKDl 12A and its wild type BJ502 were obtained
in the form of an agar stab from Professor J.W. Frost of Purdue University, Indiana.
Constructs JM107/pQR182 and JM107/pQR183, and their E. coli wild type
JM107 were obtained from John Ward (UCL) on agar slopes.
Constructs JM107/pQR700 and JM107/pQR701 were obtained from Carol
French (UCL) on agar plates.
Frozen stock cultures (Section 3.1.4) of all the above organisms were
reactivated by streaking onto sterile agar plates (Section 3.1.2) containing ampicillin
(500 mg/L, in the cases of DH5a/pKDl 12A, JM107/pQR182 and JM107/pQR183) or
kanamycin (20 mg/L, in the cases of JM107/pQR700 and JM107/pQR701). Freezedried cultures were reactivated in sterile nutrient medium (medium 1 or 2, Section
3.1.1) and then streaked onto sterile agar plates as above.

3.1.4 Stock cultures
Stock cultures of all organisms were routinely prepared by suspending cells
from a freshly grown agar plate in sterile glycerol solution (20% (v/v), 10 mL) and
aliquots were stored at -20 °C.
Long term stock cultures were prepared by freeze drying aliquots of an
overnight starter culture (medium 1) of the organism in sterile glass vials sealed to the
atmosphere and stored at 4 °C.
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3.1.5

Optical densities

All optical densities of growing cultures reported were measured at X = 670
nm. In order to obtain accurate readings for CD at 670 nm with concentrated cell
samples dilution of the sample is required. Figure 12 illustrates that for accurate CD
reading of this E. coli at 670 nm a concentrated broth sample requires dilution to the
absorbance range 0.2-0.4. Broth was diluted with deionised water to obtain an
absorbance of 0.2-0.4 using deionised water as a blank. In this region, consistent
results were obtained (Section 4.3.4) and a linear correlation between optical density
and dry cell weight applies such that dry cell weight = 0.4 x optical density (Section
4.3.2)

3.1.6

Wet/dry weights

Bacteria were harvested from aliquots of fermenting cultures by centrifugation
(4000 rpm, 20 min) and the mass of the pellet used to calculate the wet weight. The
pellet was resuspended in deionised water (same volume as aliquot), the cells
removed by centrifugation as before, and dried at 80 °C to a constant weight. The
mass of the dry cells was used to calculate the dry weight.
100

R
\o

0

100

200

300

400

Dilution
Figure 12: Dilution curve for JM107 constructs. Region o f constant total O D
corresponds to dilution to an OD range o f 0.2-0.4.
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3.1.7

Plasmid stability

Segregational plasmid stability in a growing culture was determined from the
ratio of the average number of single colonies from selective agar plates (with
selective antibiotic, see Section 3.1.2) to the average from non-selective plates
(without selective antibiotic). The sterile culture, taken at regular intervals, was
diluted with sterile phosphate buffer (20 mM, pH 7.5) to yield 50-400 colonies per
plate (50 |iL aliquot spread aseptically) and incubated at 37 °C for 12-16 hours.

3.1.8

Shake flasks

Method 1
Starter cultures were prepared by inoculating sterile medium 1 or 2 (50 mL)
with 2 or 3 single colonies from a fresh agar plate and incubated for 12-16 hours on an
orbital shaker (150 rpm) at 37 °C. An aliquot (10 mL) of this culture was then
transferred to another flask (500 mL) containing sterile batch medium (medium 3 or 4,
100 mL) which was incubated as before.
Growth was allowed to proceed for 16 hours after which the cells were
harvested by centrifugation (15 min, 4000 rpm) and resuspended in glycylglycine
buffer (0.1 M, pH 7.6; 4 mL). The crude extract was then prepared by sonication (3 x
1 min sonication followed by 1 min rest) and centrifugation (15 min, 4000 rpm) to
remove cell debris.

Method 2
A batch culture was prepared and incubated as method 1 and then used as the
inoculum for an aerated jar fermenter (2 L working volume) containing medium 3 or
4. After 16 hours at 37 °C with an aeration rate of 6 L/min the cells were harvested as
method 1, resuspended in glycylglycine buffer (0.1 M, pH 7.6; 20 mL) and the crude
extract prepared in the same way.
Method 3
A starter culture was prepared as method 1 with medium 2 (50 mL). An
aliquot (10 mL) of this was then transferred to another flask (500 mL) containing
sterile batch medium 5 (100 mL) which was incubated as method 1 for 12-16 hours.
This was then used as the inoculum for batch and fed-batch fermentations.
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3.2

Fermentation

3.2.1

Batch fermentation

Medium 5 (14 L) with the addition of antifoam (PPG, 0.2 mL/L) was sterilised
in situ by heating with steam to 121 °C at 1.1 bar pressure and these conditions
maintained for 30 min before cooling. The pH was adjusted to 6.8 with NH3 (1 : 1,
0.880 ammonia : water; -17% NH3 ^q) and the temperature maintained at 37 °C.
Thiamine (0.1 g/L) and any selective antibiotic (ampicillin 0.2 g/L or kanamycin 0.01
g/L) were added by filter sterilisation to the medium prior to inoculation.
The inoculum (140 mL, 1%; Section 3.1.8 method 3) was aseptically
transferred to the fermentation medium and growth allowed to proceed. Temperature
and pH were controlled \ia PID to the set points indicated above. Agitation rate (rpm)
and air flow rate into the vessel (L/min) were both manually altered to sustain the
dissolved oxygen tension (DOT) at a value greater than 20% air saturation until the
maximum gassed power of the vessel was reached. Sterile antifoam solution (PPG)
was added manually when required.
When the fermentation was completed {i.e. the required nutrients were
exhausted), a sudden rise in the DOT and a less sudden fall in the oxygen uptake rate
(OUR) and carbon dioxide evolution rate (CER) was observed. The broth was then
harvested as described in Section 3.3.

3.2.2

14 L fed-batch fermentation
Medium 6 (12 L) was prepared, with the 12 L of medium containing nutrients

corresponding to 14 L, and sterilised as for the batch fermentations. The fermenter
was prepared prior to inoculation in the same manner as the batch fermentations
(previous Section).
The fermenter was inoculated as for the batch process and growth allowed to
proceed until the limited carbon source was depleted, indicated by a sudden rise in the
DOT and a less sudden fall in the OUR and CER. At this point the biomass was
estimated (from OD^^g, see Section 3.1.5) and a computer controlled fed-batch
procedure initiated (M. Gregory & C. Turner, 1993). The feeding of a sterile glycerol
solution (feed solution 1,2 or 3; Section 3.1.1) was controlled in order to maintain a
constant growth rate, p, of 0.15 h r L This fed-batch strategy was allowed to proceed
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until the OUR reached 50 mmol/Lhr when the feed rate was kept constant in order to
sustain this value of OUR.
The feeding of the glycerol solution was controlled by the LabView software
programme (M.E. Gregory et al, 1994) using the main control algorithms detailed
below.
F = (p/Ygiy).x(t).V(t).
x(t) = x(t-At).exp(pAt)
V(t) = V(t-At) + (FAt/sf)
where F is the glycerol feed rate (g/hr), p is the specific growth rate (hr"^), x is the dry
biomass concentration (g/L), V is the culture volume (L), sf is the concentration of
glycerol in the feed (g/L), and Ygjy is the growth yield on glycerol.
Using these equations, knowing the values of sf, V(0), and x(0) (where t = 0 is
the time of starting feeding) and using a previously determined value for Ygiy, the
glycerol feed rate can be calculated for a desired constant growth rate (p). With the
aid of calibration curves for the delivery characteristics of the pumps used for feeding,
the software programme is thus able to maintain a constant growth rate in the
fermentation.
When the fermentation was completed {i.e. the required nutrients were
exhausted) the broth was harvested as described in Section 3.3.

3.2.3

14 L fed-batch fermentation without OUR limitation

This fermentation method was identical to that described in 3.2.2 except that
there was no linear feeding once the OUR had reached 50 mmol/Lhr. The feed rate
was allowed to increase exponentially in order to maintain the constant growth rate, p,
of 0.15 h r 1 until the gassed power limit of the vessel was reached.

3.2.4

1000 L Fed-Batch Fermentation

Medium 6 (920 L, containing nutrients corresponding to 1000 L), with the
addition of antifoam solution (PPG, 0.2 mL/L), was sterilised in situ by heating with
steam to 121 °C at 1.1 bar pressure and these conditions maintained for 45 min before
cooling. The pH was adjusted to 6.8 with NHg
(1 • L 0.880 ammonia : water;
-17% NH 3 aq) and the temperature maintained at 37 °C. Thiamine (0.1 g/L) and
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selective antibiotic (kanamycin 0.01 g/L) were added by filter sterilisation to the
medium prior to inoculation.
The fermenter was inoculated with active broth from a 14 L fed-batch
fermentation (10 L, ~1%; 15-20 g dc/L). The broth was transferred aseptically via a
sterile line between the two fermenters. Growth was allowed to proceed until the
limited carbon source was depleted, indicated as previously described.
At this point the biomass was estimated and the fed-batch procedure initiated
as Section 3.2.3 with feed solution 4. The fermentation proceeded in this fashion until
essential nutrients were depleted when the broth was harvested as described in Section
3.3.

3.3

Downstream Processing Methods

3.3.1

Preparation of a crude extract by sonication

Sonication was used as a method of cell disruption in samples of shake flask
or fermentation broths for the purpose of analysing the intracellular components.
Cells were removed from the broth sample (1 mL) by centrifugation (3 min,
10000 rpm) and resuspended in glycylglycine buffer (0.1 M, pH 7.6; 1 mL). At
higher cell concentrations (10 - 20 g dc/L) a smaller broth sample (0.5 mL) was used
to achieve more effective disruption. The crude extract was then prepared by
sonication (4 x 15 sec then 15 sec rest) and centrifugation (3 min, 10000 rpm) to
remove cell debris.

3.3.2

Preparation of a crude extract by Lab40 homogenisation

A Lab40 homogeniser was used to disrupt cells in samples of fermentation
broths, for the purpose of releasing the intracellular components for analysis or use.
Crude extracts (40 mL) were prepared by high pressure homogenisation (2 passes at
1200 bar) followed by centrifugation if required.
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3.3.3

Cell disruption using an APV Manton Gaulin Lab60 homogeniser
A Lab60 homogeniser was used to disrupt cells in larger samples of

fermentation broths. Crude extracts (4 L) were prepared by high pressure
homogenisation (3 discrete passes at 400 bar, 60 L/hr) followed by centrifugation if
required.

3.3.4

Cell disruption using an APV Manton Gaulin K3 homogeniser
A K3 homogeniser was used to disrupt cells in larger samples of fermentation

broths. Crude extracts (>10 L) were prepared by high pressure homogenisation (3
discrete passes at 400 bar, 250 L/hr) followed by centrifugation if required.

3.3.5

Clarification using a Pennwalt IP centrifuge

A IP centrifuge was used for the collection of bacteria or cell debris from
fermentation broth or a homogenate. Clarification of sample (>4 L) was achieved at
50000 rpm & 62000 g with a flow rate of 10 L/hr.

3.3.6

Clarification using a Pennwalt AS26 centrifuge

An AS26 centrifuge was used for the collection of bacteria from large
quantities of fermentation broth. Clarification of sample (>40 L) was achieved at
17000 rpm & 19000 g with a flow rate of 200 L/hr.

3.4

Laboratory Scale Enzyme Purification and Crystallisation

3.4.1

Protamine sulphate precipitation

Aqueous protamine sulphate solution (10%, 1 mL) was added to a crude
extract (20 mL) prepared from cells from ajar fermentation (Section 3.1.8, method 2)
and the resulting suspension stirred at 0-4 °C for 30 min. The precipitate was
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removed by centrifugation (30 min, 15000 rpm) to leave the TK containing
supernatant.

3.4.2

Ammonium sulphate precipitation

Solid ammonium sulphate was added slowly to the supernatant of Section
3.4.1 at 0-4 °C (16.6 g/100 mL, to afford 30% (w/v) saturation). After 30 min at that
temperature the precipitate was removed by centrifugation (30 min, 15000 rpm). This
procedure was repeated in a stepwise fashion, increasing the percentage ammonium
sulphate saturation of the supernatant to 45%, 60% and 75% by further additions of
8.7, 9.1 and 9.6 g/100 mL respectively.
A sample of the supernatant at each of the above precipitation stages was
examined by SDS-page electrophoresis and by assay for TK (Section 3.6.1) to
determine the percentage ammonium sulphate saturation at which TK precipitated.

3.4.3

Dialysis

The precipitate containing TK was redissolved in Tris-HCl buffer (10 mL; 10
mM, pH 7.5) containing ethylenediamine tetraacetic acid (EDTA) (1 mM),
mercaptoethanol (6 mM), phenazine methosulphate fluoide (PMSF) (0.1 mM), and
benzamidine (0.1 mM) and poured into preprepared dialysis tubing. The tubing was
then submerged in a gently stirring solution of Tris-HCl buffer (2 L, above recipe) for
12 hours.

3.4.4

Ion-exchange FPLC

The dialysed protein sample (13 mL) was loaded via a superloop onto an ionexchange column and eluted using a solvent gradient: Tris-HCl buffer (as described in
Section 3.4.3) to tris-HCl buffer (as described in Section 3.4.3) containing 1 M NaCl
after 500 mL elution.
The fractions absorbing at 254 nm were then tested for TK by SDS-page
electrophoresis and by the TK assay (Section 3.6.1). The fractions containing TK
were combined.
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3.4.5

Gel filtration FPLC

Ammonium sulphate (10 g, 75% saturation) was added to the combined TK
fractions from ion-exchange FPLC and the precipitate collected by centrifugation (30
min, 15000 rpm). The precipitate was redissolved in the minimum tris-HCl buffer (4
mL), loaded onto a Fastflow-Q gel filtration column, and eluted with tris-HCl buffer
(300 mL).
The fractions absorbing at 254 nm were tested for TK as before.

3.4.6

Concentration of the protein solution

The fraction from gel filtration that contained the most TK {ca 2.5 mg
protein/mL, 5 mL) was concentrated in two protein filter membranes (2 x 2.5 mL,
7000 rpm, 1 hr, 10 °C). One sample was washed twice with glycylglycine buffer (2.5
mL, 50 mM, pH 7.9), while the other was washed twice with piperizine-N,N'-bis 2ethanesulphonic acid (PIPES) buffer (2.5 mL, 50 mM, pH 6.4); both buffers contained
TPP (2 mM) and CaCl2 (9 mM).
The remaining protein solutions {ca 250 mL) were collected (7000 rpm, 1
min) and used for crystallisation.

3.4.7

Crystallisation of transketolase

Four lanes were set up for crystallisation of TK by the hanging drop method.
Lane 1 contained aqueous saturated ammonium sulphate (1 pL) and glycylglycine
washed TK (8 pL) on the cover slip, and aqueous ammonium sulphate solution (4065% (w/v) saturation in glycylglycine buffer, 1 mL) in the wells. Lane 2 contained
aqueous saturated ammonium sulphate (1 pL) and PIPES washed TK (8 pL) on the
cover slip, and ammonium sulphate (40-65% (w/v) saturation in PIPES buffer, 1 mL)
in the wells. Lane 3 contained polyethylene glycol (20% (v/v) in glycylglycine
buffer, 1 pL) and glycylglycine washed TK (8 pL) on the cover slip, and polyethylene
glycol (2-20% (v/v) in glycylglycine buffer, 1 mL) in the wells. Lane 4 contained
polyethylene glycol (20% v/v in PIPES buffer, 1 pL) and PIPES washed TK (8 pL)
on the cover slip, and polyethylene glycol (2-20% (v/v) in PIPES buffer, 1 mL) in the
wells.
The crystal dishes were left in an incubator at 17 °C and inspected weekly for
crystal growth.
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3.5

Enzyme Immobilisation on Eupergit®

3.5.1

General method for immobilisation on Eupergit®

Frozen cell paste from previously described E. call fermentations was
resuspended in phosphate buffer (0 - 1 M) to give -10% (w/v) suspension of cells.
The cells were disrupted by high pressure homogenisation (Section 3.3.2) and then
both clarified and unclarified extracts of this homogenate were mixed with Eupergit®
beads (50 - 200 mg/mL extract).
The mixtures were left at room temperature for 3 days with very occasional
shaking. The beads were removed by filtration in vacuo, thoroughly washed with
phosphate buffer (0.1 M, 3 x 40 mL/g beads) and stored in 0.1 M phosphate buffer at
4°C.
In a separate experiment TPP (461 mg) and MgCl2.6 H2 0 (610 mg) were
added to an unclarified homogenate (as described in Section 3.5.1) and left at room
temperature for 1 hr. After this time immobilisation was carried out as described
above.

3.6

Analytical Methods

3.6.1

Linked enzyme assay for transketolase
The TK assay system used for all quantitative determinations of TK is

illustrated in Figure 13. This assay system was based on a method used by C.P.
Heinrich and co-workers (1972). Ribose-5-phosphate was the only substrate added
which, in the presence of the linking enzymes and cofactors, cascades through the
depicted pathway eventually oxidising NADH in the final step. The assay was,
therefore, followed spectrophotometrically at 340 nm. Provided the TK catalysed step
was the rate limiting step in this pathway the rate of oxidation of NADH (indicated by
a decrease in absorbance at 340 nm) was directly proportional to the concentration of
TK in the assay.
In a final volume of 1.5 mL the following reagents, expressed in their final
concentrations, were added to a spectroscopic cuvette : TPP, 0.25 mM; MgCl2.6 H2 0 ,
9 mM; NADH (di-sodium salt), 0.154 mM; a-glycerophosphate dehydrogenase-

48

Experimental Methods
triosephosphate isomerase (a-GDH-TPI), 0.2 U/mL; phosphoriboisomerase, 0.2
U/mL; D-ribulose-5-phosphate-3-epimerase, 0.2 U/mL; D-ribose-5-phosphate, 3 mM;
glycylglycine buffer, ca. 70 mM, pH 7.6; and TK source, 0.001-0.03 U/mL. DRibose-5-phosphate was added last and the decrease in absorbance at 340 nm, due to
oxidation of NADH, was recorded with time. After an initial lag phase a linear
decline rate is observed, this value is used for the determination of TK. Background
oxidation of NADH was measured in the absence of D-ribose-5-phosphate and also in
the absence of TK.
Latterly assay mixtures containing all components except TK and ribose-5phosphate were preprepared and stored at -20 °C. These mixtures were found to
remain active for at least 6 weeks.
Ribose-5-P
phosphoribo
isomerase

Ribulose-5-P
D-ribulose-5-P3-epimerase

Ribose-5-P

Xylulose-5-P

+

transketolase
Mg2+, TPP

Glyceraldehyde-3-P

+

Sedoheptulose-7-P

triosephosphateisomerase

Dihydroxyacetone-P
NADH

(A 340)

a-glycerophosphate
dehydrogenase

NAD
Glycerophosphate

Figure 13 Linked enzyme assay for transketolase.
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A lag period was always observed in the first instances of this assay as the rate
of decline in absorbance builds to a maximum (R.M. Egan & H.Z. Sable, 1981). A
lag period exists no matter which order the components are added or in what
concentration. As there are five enzymic steps, each one dependant on the
accumulation of product from the previous step, the maximum overall rate was not
achieved instantly. There is also competition between phosphoriboisomerase and TK
for ribose-5-phosphate, which may have effected the equilibrium of the first two
enzymic steps. These features were likely to have contributed to the initial lag period.
Once a steady state was reached, however, the rate of oxidation of NADH became
constant and this value may be used in subsequent calculations.
The relationship between rate of oxidation of NADH (AA/At) and TK
concentration and its derivation is shown below:
Using:

where:

c = A/el

where: c = concentration
A = absorbance
E = extinction coefficient
1 = light path length

=> c/t = (AA/At)/el
c/t = (pmol/mL)/min = U/mL = [TK] in assay
& (AA/At) = min"^ = rate of oxidation of NADH

for NADH:

^nadh - 630 L/mol.mm
= 0.63 mL/pmol.mm
based on a 1 cm light path:
Enadh ^ 6.3 mL/fimol
=> [TK] in assay = rate of oxidation of NADH fmin~^}
Enadh (mL/pmol)
= (pmol/mL)/min
= U/mL
since total assay volume is 1.5 mL:
Units of TK in assay = 15(rate of oxidation of NADH)/63
The result from this calculation can then be related to the TK concentration in
the test sample by taking into account the dilution in the assay:
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Activity of test sample = TK in assay tU)
volume test sample added (mL)
= U/mL
Since the TK step in the assay must be rate limiting, in many instances
dilution of the test sample will be required prior to use in the assay. This dilution
must also be accounted for in the final calculation.

3.6.2

Assay for transketolase based on the use of a pH indicator

The principle behind this assay (G. Hiibner & R. Golbik, 1992) is that if
hydroxypyruvate, an acid of moderate strength, were converted to carbonic acid, a
weak acid, during the TK reaction of hydroxypyruvate and glycolaldéhyde, the pH
will increase. This rapid conversion can be measured spectrophotometrically with the
use of a relevant fast acting indicator, para- Nitrophenol may be used to monitor
enzymic processes with fast pH changes (L.A. Drachev, et al, 1984 & J. Bar, et al,
1986) since it absorbs UV light at 400 nm, whereas its deprotonated form has no UV
absorption at this wavelength. In effect the change in the equilibrium shown in Figure
14 is being measured. The rate of this change is directly related to the TK
concentration for these experiment (Section 3.6.2).
The reaction mixtures contained the following reagents, expressed in their
final concentrations: TPP (neutralised with NaOHaq), 0.02 mM; MgCl2.6 H2 0 , 0.09
mM; glycolaldéhyde, 7.5 M; hydroxypyruvate, 0.75 mM; p-nitrophenol, 0.8 mM; and
TK source, 0.015 - 0.08 U/mL, in a final volume of 1 mL. TK was added last and the
rate of change of absorbance (min'^) was measured at 400 nm for varying
concentrations of TK.

H

OH
O

+

H2O

O ' Q .0
Figure 14 pH change indication with para-nitrophenol.
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Figure 15: Correlation between rate o f change of absorbance at 400 nm and units
o f yeast TK (obtained from Sigma) used in the assay for TK based on a pH change.

The feasibility of this assay at room temperature is given in Figure 15 by
relating transketolase concentration to the rate of absorbance change. Although a
linear correlation is observed for this assay, the absorbance change observed is too
small to be measured accurately giving inconsistent results.

3.6.3

Assay for transketolase immobilised on Eupergit®

In a final volume of 3 mL the reagents listed in Section 3.6.1 (identical
concentrations), with the omission of TK, were added to a small, stirred reaction
vessel maintained at 36 °C. The assay mixture was constantly circulated through a
spectrophotometric flow cell (80 pL volume, also maintained at 36 °C) by a peristaltic
pump. Particles bearing TK were added last and the decrease in absorbance at 340 nm
was recorded with time. The activity of a sample was calculated in the same way as
described in Section 3.6.1.
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3.6.4

Lowry protein determination

Aqueous copper sulphate solution (1%, 1 mL) and aqueous sodium-potassium
tartrate solution (2%, 1 mL) were mixed and diluted to 100 mL with Na2C03 (2% in
0.1 M NaOHaq) to afford the "copper reagent". Folin-Ciocalteu's phenol reagent (5
mL) was diluted with water (5 mL) to afford the "Folin-Ciocalteu reagent".
The protein sample (0.2 mL) containing 5 - 40 pg protein, was mixed with the
"copper reagent" (1 mL) in a spectrophotometric cuvette and allowed to stand at room
temperature for 10 min. "Folin-Ciocalteu reagent" (0.1 mL) was then added with
stirring and allowed to stand for >30 min at room temperature when the absorbance
was measured at 750 nm (O.H. Lowry et al, 1951).
This procedure was standardised using a bovine serum albumin solution of
known protein content (0-40 pg protein) as the protein sample.

3.6.5

Bio-rad protein assay

Assay reagent was prepared by diluting Bio-rad protein assay reagent with
deionised water ( 1 : 4 , reagent : water). The assay reagent (micro assay, 1.45 mL;
macro assay, 2.5 mL) was added to the protein solution (micro assay, 5-25 pg protein;
macro assay, 10-50 pg protein; final volume 50 pL with tris-HCl buffer, 0.1 M, pH
7.4) in a spectrophotometric cuvette and left to stand at room temperature for at least 5
min when the absorbance was measured at 595 nm.
Both of the above procedures were standardised using bovine serum albumin
solutions of known protein content (0-25 pg & 0-50 pg protein respectively) as the
protein sample.

3.6.6

Assay for hydroxypyruvate

The following reagents, expressed in their final concentrations, were added to
a spectroscopic cuvette of final volume 1.5 mL : sample containing hydroxypyruvate
(700 pL), previously deproteinised with HClaq (1 M) and neutralised with NaOHaq (1
M), 0-0.15 mM; Tris-HCl buffer (0.1 M, pH 7.4; 750 pL), 50 mM; NADH (10 mM,
40 pL), 0.3 mM; and glyoxylate dehydrogenase (5 U/mL, 10 pL), 0.03 U/mL. The
absorbance was measured at 340 nm before, and 15 min after, the addition of the
enzyme and the change in absorbance recorded.
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This enzymatic assay was reported in the literature (A.W. Holldorf, 1966) and
used in a modified fashion in this research. As with the assay for TK, this assay
involves an NADH requiring enzyme and was monitored spectrophotometrically at
340 nm, the principle of this assay is illustrated in Figure 16.
OH

Glycerate DH
HO

HO

NADH

NAD+

A340

O

HO,

OH
H

HO
ADH

Figure 16 Assays for the quantitative determination of hydroxypyruvate and glycol
aldehyde
A standard solution of hydroxypyruvate (0.15 mM) was used to prepare a
standard curve relating the concentration of hydroxypyuvate to the observed change in
absorbance. Under assay conditions, the change in absorbance is proportional to the
amount of NADH oxidised which, in turn, is proportional to the amount of substrate
present. Hence, the observed change in absorbance can be related directly to substrate
concentration. The graph correlating substrate concentration to change in absorbance
observed is given in Figure 17. This curve illustrates the accuracy of the assay over
the given substrate concentration range. Regression data for this graph are shown
below:
[Hydroxypyruvate] = (Absorbance change + 0.030)73.80
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Figure 17: Typical standard curve correlating change in absorbence at 340 nm to
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55

Experimental Methods
3.6.7

Assay for glycolaldéhyde

This enzymatic assay was reported in the literature (H.W. Goedde & U.
Langenbeck, 1966) and used in a modified fashion in this research. As with the assay
for TK, this assay involves an NADH requiring enzyme and was monitored
spectrophotometrically at 340 nm, the principle of this assay is illustrated in Figure
16.
The following reagents, expressed in their final concentrations, were added to
a spectroscopic cuvette of final volume 1.5 mL : sample containing glycolaldéhyde
(750 pL), previously deproteinised with HClaq (1 M) and neutralised with NaOHaq (1
M), 0 - 0.1 mM; Tris-HCl buffer (0.1 M, pH 7.4; 700 pL), 50 mM; NADH (10 mM,
25 pL), 0.3 mM; and alcohol dehydrogenase (1000 U/mL, 25 pL), 25 U. The
absorbance was measured at 340 nm before, and 15 min after, the addition of the
enzyme and the change in absorbance recorded.
A standard solution of glycol aldehyde (0.1 mM) was used to prepare a
standard curve relating the concentration of glycol aldehyde to the observed change in
absorbance. Under assay conditions, the change in absorbance is proportional to the
amount of NADH oxidised which, in turn, is proportional to the amount of substrate
present. Hence, the observed change in absorbance can be related directly to substrate
concentration. The graph correlating substrate concentration to change in absorbance
observed is given in Figure 18. This curve illustrates the accuracy of the assay over
the given substrate concentration range. Regression data for this graph are shown
below:
[Glycolaldéhyde] = (Absorbance change + 0.031)/4.55

3.6.8

HPLC assay for reactants & product

Samples containing any combination of the biotransformation components
(hydroxypyruvate, glycolaldéhyde and erythrulose; 0.5-3 mM) were analysed using an
HPLC method developed by R. Mitra (1994).
Standard solutions of all these components (1 mM) were used to establish
retention times and to calibrate the peak area to component concentration.
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3.6.9

Substrate specificity of the E. coll transketolase

The reaction mixtures contained the following reagents, expressed in their
final concentrations : TPP, 0.2 mM; MgCl2.6 H2 0 , 0.9 mM; substrate aldehyde, 100
mM; hydroxypyruvate, 7.5 mM; glycylglycine buffer, 70 mM, pH 7.6; and TK
source, ca. 3 U/mL, in a final volume of 1 mL. TK was added last and aliquots (30
pL) of the reaction mixture were taken at regular intervals. These aliquots were
deproteinised immediately and assayed for hydroxypyruvate (Section 3.6.6).

3.7

Preparative Biotransformations

3.7.1 General procedure for the transketolase condensation of aldehydes and
hydroxypyruvate
A solution of magnesium chloride (1 mg, 6 mmol), thiamine pyrophosphate
{cocarboxylase) (11.5 mg, 0.025 mmol), and transketolase (50 units) in glyclglycine
buffer (0.5 mL, pH 7.6), were added to a solution of hydroxypyruvate (110 mg, 1
mmol) and the aldehyde (1-3 mmol), in glycylglycine buffer (20 mL, 0.1 M, pH 7.6).
The pH of the reaction mixture was measured and adjusted to pH 7.6 with sodium
hydroxide (0.1 M).
The reaction was allowed to proceed at 37 °C and monitored by tic (ethyl
acetate : MeOH, 95 : 5 and ethyl acetate : petrol, 1 : 1 ) . After completion (by tic)
flash silica {ca. 4 g) was added to the reaction mixture and the solvent was removed in
vacuo. The product was purified by flash chromatography (Ethyl acetate : MeOH, 10
: 1)

3.7.2

1,1 -diethoxy-2,3,5-trihydroxy-4-pentanone (8 )

Using 3,3-diethoxy-2-hydroxypropanal (250 mg, 0.91 mmol) afforded a
mixture of products after purification by flash chromatography (ethyl acetate : petrol,
1 : 1) including 1,1 -diethoxy-2,3,5-trihydroxy-4-pentanone (8 ).
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3.7.3

3S-l,3>4-trihydroxy-2-butanone (L-erythrulose) (9)

Using glycolaldéhyde (60 mg, 1 mmol) afforded L-erythrulose (9) (41 mg,
0.34 mmol; 34%). ôh (250 MHz, D2O): 4.69 (2H, dd, J 0.6 & 4.6; COCH2OH); 4.57
(IH, t, J 4.2; CH(0H)CH20H); 4.00 (2H, dd, J 0.8 & 4.2; CH(OH)CH20H).

3.7.4

Improved synthesis of 3S-1,3,4-trihydroxy-2-butanone (L-erythrulose) (9)

Using glycolaldéhyde (120 mg, 2 mmol) and a crude extract of E. coli
transketolase (Section 3.1.8) as the transketolase source, afforded erythrose (9) (55
mg, 46%). ÔH (250 MHz, D2O): as given in Section 3.7.2.

3.7.5

1,3,4,5-tetrahydroxy-2-pentanone (10)

With DL-glyceraldehyde (90 mg, 1 mmol) purification by flash
chromatography was attempted (CH2CI2 : MeOH, 4 : 1) to give impure product (72
mg).

3.7.6

1,3-dihydroxy-2-pentanone (11)

Using propanal (58 mg, 1 mmol) flash chromatography (ethyl acetate)
afforded 1,3-dihydroxy-2-pentanone ( 11) (10 mg, 9%). ÔH (250 MHz, D2O): 4.70
(IH, d, J 19.0; HCHOH), 4.59 (IH, d, J 19.0; HCHOH), 4.45 (IH, dd, J 4.5 & 7.5;
CHOH), 2.03 - 1.86 (IH, m; HCHCH3), 1.89 - 1.69 (IH, m; HCHCH3), 1.06 (3H, t, J
7.5; CH 3).

3.7.7

Improved synthesis of l,3-dihydroxy-2-pentanone (11)
With propanal (174 mg, 3 mmol) flash chromatography (ethyl acetate)

afforded 1,3-dihydroxy-2-pentanone ( 11) (27 mg, 23%). Ôh (250 MHz, D2O): 4.70
(IH, d, J 19.0; HCHOH), 4.59 (IH, d, J 19.0; HCHOH), 4.47 (IH, dd, J 7.5 &
4.5; CHOH), 2.05 - 1.88 (IH, m; HCHCH3), 1.91 - 1.70 (IH, m; HCHCH3), 1.07
(3H, t, J 7.5; CH 3) ÔC (62.9 MHz, D2O): 7.9 (CH3), 25.7 (CH2), 64.6 (CH2), 75.3
(CH), 213.7, (C=0).
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3.7.8 l-(2-fliryl)-l,3-dihydroxypropanone (12)
propanone (13)

and

1-(3-phenyl)-1,3-dihydroxy-

Using either furfuraldéhyde (188 mg, 3 mmol) or 3-hydroxybenzaldehyde
(366 mg, 3 mmol) no reaction was observed by tic.

3.7.9

l,3-dihydroxy-2,4-pentandione (14)
Using pyruvaldehyde (127 mg, 3 mmol) flash chromatography (9 : 1 ethyl

acetate : petrol) afforded 1,3-dihydroxy-2,4-pentandione (14) (21 mg, 16%). ôh (250
MHz, D2O): 4.05 - 3.94 (IH, m; CH(OH)), 3.66 (IH, dd, J 4.3 & 11.6; HCHOH),
3.56 (IH, dd, J 7.8 & 11.6; HCHOH), 1.26 (3H, d, J 6.5; CH3CO). ôc (62.9 MHz,
D2O): 17.5 (CH3), 66.2 (CH2), 67.5 (CH), 217 (2 x CO).

3.8

Chemical Syntheses

3.8.1

Synthesis of lithium hydroxypyruvate monohydrate

Lithium hydroxide (0.1 N; 200 mL, 2.0 mmol) was added to a solution of
bromopyruvic acid (1.67 mg, 10 mmol) in water (100 mL) such that the pH did not
exceed 9.5. On addition of lithium hydroxide a solid precipitated which made further
addition very slow. The solid precipitate was redissolved by heating on a water bath
(50 °C). The reaction was followed by tic (pyridine : water, 7 : 3). The solution was
decolourised with activated charcoal (0.34 g) and the pH adjusted to pH 5 with acetic
acid (10 drops). Concentration in vacuo to approximately 100 mL followed by
cooling to 0 °C for 16 hours resulted in the formation of colourless crystals. The
crystals were collected by filtration and washed with ice-cold water (10 mL) to afford
lithium hydroxypyruvate monohydrate (1.65 g, 23%). m.p. 88-90 °C; Vmax(nujol)
cm-1: 3600-3200 (hr s, OH), 2730 (s, CO2H), 1605 (s, CO2H); Ôh (250 MHz, D2O +
TPS): 4.82 (s), 3.78(s); ratio, 1.4 : 1.
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3.8.2

L-Erythrulose triacetate (15)

Acetic anhydride (110 mL, 1.16 mmol; 3.6 equivalents) was added to a stirred
solution of erythrulose (9) (38 mg, 0.32 mmol) and DMAP (1 mg) in dry pyridine (3
mL) under a nitrogen atmosphere. The reaction was stirred for 16 hours and followed
by tic (95 : 5, ethyl acetate : MeOH) prior to quenching with water (3 mL) and ethyl
acetate (6 mL). The ethyl acetate extract was washed with HClaq (2M, 2 x 6 mL),
aqueous sodium bicarbonate (6 mL), dried (MgSO^) and concentrated in vacuo to
afford the crude products. Flash chromatography (eluant 1 , 3 : 1 petrol : ethyl acetate,
to eluant 2, 2 : 1 petrol : ethyl acetate) afforded L-erythrulose triacetate (15) as an oil
(40 mg, 50%). Vmax(CHCl3) cm'L 3200 (CH), 2960 (CH), 2940 (CH), 2860 (CH),
1760 (CO2), 1735 (CO); ÔR (100 MHz, CDCI3 ): 5.6 (IH, dd, J 4.0 & 5.2;
CH(OAc)), 5.3 (2H, s; CH 2OAC), 4.8 - 4.5 (2H, m; CHCH2OAC), 2.4 (6H, s; 2 x Ac),
2.3 (3H, s; OAc).

3.8.3

1,3,4,5-Tetraacetoxy-2-pentanone (16)

1,3,4,5-tetraacetoxy-2-pentanone was prepared as L-erythrulose triacetate,
using crude l,3,4,5-tetrahydroxy-2-pentanone (10) from 3.7.4 (70 mg, 0.41 mmol)
and acetic anhydride (142 mL, 1.5 mmol). This afforded the product (16) as an oil
(15 mg, 4.5% from glyceraldehyde). ao +11.5 (c = 0.4, CHCI3 ) (literature = +12.5;
C. Demuynck et al, 1991); ôh (250 MHz, CDCI3 ): 5.54 (IH, dt, J 3.5 & 6.0;
CH(OH)), 5.42 (IH, d, J 3.5; H0CH2CH(0H)), 4.88 (IH, d, J 17.0; HOHCH), 4.72
(IH, d, J 17.0; HOHCH), 4.30 (IH, dd, J 6.0 & 11.5; COHCHOH), 4.10 (IH, dd, J
6.0 & 11.5; COHCHOH), 2.18 (3H, s; OAc), 2.13 (3H, s; OAc), 2.07 (3H, s; OAc),
2.03(3H, s; OAc).

3.8.4

l,3-Diacetoxy-2-pentanone (17)
1,3-diacetoxy-2-pentanone was prepared as L-erythrulose triacetate, using 1,3-

dihydroxy-2-pentanone (11) (10 mg, 0.1 mmol), and acetic anhydride (31 mg, 0.3
mmol). The reaction mixture was purified by flash chromatography (2 : 1 petrol :
ethyl acetate) to afford the product (17) as an oil (5 mg, 2.5%). ôh (250 MHz,
CDCI3): 5.08 (IH, dd, J 7.5 & 5.0; CHOH), 4.80 (2H, dd, J 17.3 & 20.5; CH2OAC),
2.16 (3H, s; OAc), 2.15 (3H, s; OAc), 2.00 - 1.73 (2H, m; CH3CH2), 1.00 (3H, t, J
7.5; CH 3CH2).
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3.8.5

L-Erythrulose tribenzoylate (18)

Benzoyl chloride (0.2 mL, 2.0 mmol) was added to a solution of erythrulose
(9) (50 mg, 0.4 mmol) in dry pyridine (3 mL) under a nitrogen atmosphere and
stirring continued for 12 hours. The reaction mixture was quenched with water (3
mL) and ethyl acetate (6 mL) was added. The organic phase was separated, washed
twice with HCl^q (2M, 6 mL), aqueous sodium bicarbonate (6 mL), dried (MgS0 4 )
and concentrated in vacuo. The crude product was purified by flash chromatography
(5 : 1 petrol : ethyl acetate) to afford erythrulose tribenzoylate as a solid (18) (107 mg,
60%). m.p. 105-107 °C;
-10.3 (c = 1.18, CHCI3); VmaxCCHCb) cm'l; 3080
(CH), 3030 (CH), 2970 (CH), 2950 (CH), 1735 (CO2), 1725 (CO), 1605 (aromatic),
1590 (aromatic), 1500 (aromatic); ôh (250 MHz, CDCI3): 8.20 - 7.92 (6 H, m; OBz),
7.90 - 7.24 (9H, m; OBz), 5.92 (IH, dd, J 5.1 & 3.6; CH(OBz)), 5.34 (IH, d, J 17.0;
HCHOBz), 5.22 (IH, d, J 17.0; HCHOBz), 5.01 (IH, dd, J 5.1 & 12.2; BzOHCH),
4.85 (IH, dd, J 3.6 & 12.2; BzOHCH). ôc (62.9 MHz, CDCI3): 63.0 (CH2), 67.2
(CH2), 75.4 (CH), 128.5 (3 x CH), 128.6 (2 x CH), 128.7 (2 x CH), 129.1 (CH), 129.4
(CH), 129.8 (2 X CH), 130.0 (4 x CH), 133.4 (C), 133.5 (C), 133.9 (C), 165.6 (CO2),
165.7 (CO2), 166.0 (CO2), 198.5 (CO).

3.8.6

l,3-Dibenzoyloxy-2-pentanone (19)

l,3-Dibenzoyloxy-2-pentanone was prepared as L-erythrulose tribenzoylate
using 1,3-dihydroxy-2-pentanone (11) (20 mg, 0.17 mmol), and benzoyl chloride (63
mL, 0.54 mmol). The crude product was purified by flash chromatography ( 3 : 1 ,
cyclohexane : acetone) to afford l,3-dibenzoyloxy-2-pentanone (19) as a solid (25 mg,
45%). ttD = -5.6 (c = 0.7, CHCI3); Vmax(CHCl3) cm'L 3030 (CH), 2990 (CH), 2950
(CH), 1725 (CO & CO2), 1605 (aromatic), 1580 (aromatic), 1495 (aromatic); ôh (250
MHz, CDCI3): 8.18 - 8.04 (4H, m; OBz), 7.65 - 7.40 (6H, m; OBz), 5.43 (IH, dd, J
5.1 & 7.0; CH(OBz)-), 5.24 (IH, d, J 18.4; HCHOBz), 5.08 (IH, d, J 18.4;
HCHOBz), 2.21 - 1.96 (2 H, m; CH3CH2), 1.13 (3H, t, J 7.2; CH 3CH2). ôc (62.9
MHz, CDCI3): 9.4 (CH3), 24.4 (CH2), 66.7 (CH2), 78.3 (CH), 128.4 (2 x CH), 128.6
(2 X CH), 129.2 (2 x C), 129.9 (4 x CH), 133.4 (CH), 133.6 (CH), 165.8 (CO2), 166.0
(CO2), 200.6 (CO).
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3.8.7

l,3-Dibenzoyloxy-2,4-pentandione (20)

l,3-Dibenzoyloxy-2,4-pentandione
was
prepared
as
L-erythrulose
tribenzoylate using 1,3-dihydroxy-2,4-pentandione (14) (40 mg, 0.3 mmol) in place of
erythrulose, benzoylchloride (115 mL, 1 mmol), and pyridine (2 mL). Purification of
the crude product by flash chromatography (4 : 1 cyclohexane : ethyl acetate) afforded
a trace of 1,3-dibenzoyloxy-2,4-pentandione (20) {ca. 0.6%) by
nmr.

3.8.8

Attempted TBDMS protection of l,3-dihydroxy-2,4-pentandione (14)

TBDMSCl (134 mg, 0.72 mmol) in dry DMF (0.5 mL) was added to a stirred
solution of 1,3-dihydroxy-2,4-pentandione (14) (40 mg, 0.3 mmol) and imidizol (61
mg, 0.9 mmol) in dry DMF (1 mL) at 0 °C under a nitrogen atmosphere. The reaction
was monitored by tic (3 : 2, petrol : ethyl acetate) and allowed to warm to room
temperature gradually.
After 12 hr the reaction was quenched with saturated aqueous ammonium
chloride (3 x 1.5 mL) and ethyl acetate (3 mL) added. A precipitate appeared which
redissolved on addition of further aqueous ammonium chloride (9 mL). The organic
layer was separated and the aqueous layer washed with ethyl acetate (3x1 2 mL). The
combined organic fractions were dried over MgS04 and concentrated in vacuo. The
resultant oil was separated by flash chromatography (3 : 2, petrol 60/80 : ethyl
acetate) but none of the desired product was isolated.

3.9

Biotransformation Development

3.9.1

pH stat controlled biotransformation
In the TK reaction a moderate acid (hydroxypyruvate) is consumed and a weak

acid is produced (carbonic acid from the carbon dioxide produced). This results in a
nett increase in pH during the TK reaction. To maintain a constant pH throughout the
biotransformation, acid will therefore have to be added.
The potential large scale biotransformation was mimicked with a 5 mL
reaction volume in an agitated vessel using automated titration of HCl (1 M) to
maintain a constant pH. Initial experiments attempted to use a substrate concentration
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of 1 M but the time for complete solublisation of hydroxypyruvate at this
concentration was considerable. At 0.5 M this time was greatly reduced and
therefore, this concentration was used in all experiments discussed in this Section.
The reaction mixtures contained the following reagents, expressed in their
final concentrations: TPP, 0.2 mM; MgCl2.6H2 0 , 0.9 mM; glycolaldéhyde, 0.5 M;
lithium hydroxypyruvate, 0.5 M; and TK source, ca. 50 U; in a final volume of 5 mL.
The reaction mixture was agitated from above by a mechanical stirrer. The pH was
initially adjusted to the required value with either HCl (1 M) or NaOH (1 M) and
maintained at this value by the automated addition of HCl (1 M).
Aliquots (30 pL) of the reaction mixture were taken at regular intervals. These
aliquots were deproteinised immediately and assayed for hydroxypyruvate and
glycolaldéhyde (Sections 3.6.6 & 3.6.7).

3.9.2

Improvement to the pH stat controlled biotransformation

A mixture of TPP, MgCl2-6 H2 0 , hydroxypyruvate and TK, in the same
quantities described in Section 3.9.1, in a final volume of 4 mL was stirred at room
temperature for 3 hours. The biotransformation was initiated by the addition of a
solution of glycolaldéhyde (1 mL, 2.5 M) and maintained under the same conditions
described in Section 3.9.1.

3.9.3

Product inhibition investigation

Two separate experiments were performed to investigate product inhibition in
this biotransformation. In the first a pH stat biotransformation was accomplished as
described in Section 3.9.2. After 3 hr of reaction time hydroxypyruvate (275 mg, 2.5
mmol) and glycolaldéhyde (150 mg, 2.5 mmol) were added to the reaction mixture.
The decline in substrate concentrations was monitored throughout the experiment.
In a second experiment erythrulose (60% pure, 500 mg, 2.5 mmol) was added
to the incubation mixture described in Section 3.9.2. After an incubation period of 3
hr the reaction was initiated, maintained and monitored as in Section 3.9.2.
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3.9.4 pH stat controlled biotransformation with hydroxypyruvate addition to
maintain required pH
A mixture of TPP, MgCl2.6 H2 0 , and TK, in the same quantities described in
Section 3.9.1, and lithium hydroxypyruvate (28 mg, 80 mM) in a final volume of 4
mL was stirred at room temperature for 3 hours. The biotransformation was initiated
by the addition of a solution of glycolaldéhyde (1 mL, 2.5 M). The pH was
maintained by the automated addition of a 1 M solution of hydroxypyruvate (1 M, pH
1 .8 ).
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4

Results: Enzyme Production

4.1

Assays for transketolase

4.1.1

Linked-enzyme assay for transketolase

A method of measuring TK was essential to this research. The linked enzyme
assay used was based on a literature method (C.P. Heinrich et al, 1972) and involved
four other enzymes in a cascading pathway (Section 3.6.1). Validation of this assay
was achieved using commercially available yeast TK to show that quantification of
the TK produced during the course of this research would be possible.
Using a concentration of 0.2 U/mL of the four linking enzymes (Section 3.6.1)
the range of TK concentration over which the TK step is rate limiting in the assay was
determined. This range was established using commercially available yeast TK at
both room temperature and at 37 °C (Figures 19 & 20). At both of these temperatures
a linear correlation was initially observed between the actual units of TK used and the
measured number, over the range of 0-0.03 U measured TK. As TK concentration
increased this correlation deviated from linearity, illustrating that the TK step had
ceased to be rate limiting. At this point of deviation, the measured concentration was
approximately an order of magnitude lower than that of the linking enzymes. This
indicates the efficiency of TK at this pH and temperature relative to the other linking
enzymes.
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0.15

Actual I K (Sigma, U )
Figure 19: Correlation between actual units o f yeast transketolase (supplied by
Sigma) used and the number o f units measured with the linked-enzyme assay at
room temperature. Illustrating region o f linear relationship (0-0.045 U ).
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Figure 20: Correlation between actual units o f yeast transketolase (supplied by
Sigma) used and the number o f units measured with the linked-enzyme assay at
37 degC. Illustrating region o f linear relationship (0-0.02 U ).
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The equations relating actual and measured units of TK over the period of
linear correlation is given below, illustrating the temperature dependence of the assay:
room temperature:
measured (U) = 0.68 actual (U)
37 °C:
measured (U) = 1.36 actual (U).
The range of measured TK over which linear correlation was observed was
identical at both temperatures (0-0.03 U, Figures 19 & 20). This confirms that the
assay performed in an identical fashion at both temperatures. The corresponding
ranges for actual units used were not identical. These values relate to an assay
performed by the supplying company at a specific temperature, at different
temperatures the same quantity of TK will give a different result. Although the lower
limit of the assay is given as zero, in practice it is -0.001 U since below this value
background oxidation of NADH becomes significant.
It was demonstrated that this assay allows quantitative measurement of TK
provided a constant temperature is maintained for all assays. This assay can not be
used, however, for investigations into the enzymes behaviour, such as pH or
temperature profiles. Any fluctuation resulting from changes in the assay conditions
could be due to any of the five enzymes used. Ideally an assay with TK as the only
enzyme involved is required for this kind of study.
For fermentation extracts it was noted that the presence of TPP was necessary
in the assays for maximum activity. This illustrated that TK was produced in the apoenzyme form during fermentation.

4.1.2

Assay for transketolase based on a pH change
An alternative assay for TK, which used the pH change occuring in the TK

reaction between hydroxypyruvate and glycol aldehyde, was investigated as a method
for quantifying the enzyme. The advantage of this assay would be that only one
enzyme (TK) is used and so studies of the enzymes behaviour could also be made.
The feasibility of this assay at room temperature was demonstrated in Figure 15
(Section 3.6.2) by relating transketolase concentration to the rate of absorbance
change. Although this assay would appear to given a good linear correlation curve for
the TK reaction (Figure 15, Section 3.6.2), results were inconsistent. The main reason
for this was that the observed change in absorbance was very low (almost two orders
of magnitude lower than the linked enzyme assay). At this level of detection, the
errors involved are within the same order of magnitude as the observed absorbance
change, affording very uncertain results.
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4.2

Production of transketolase in shake flasks

4.2.1

Carbon source investigation

The original recombinant form of E. coli producing transketolase
(DH5a/pKDl 12A) and its wild type (BJ502) were grown on a minimal medium with
glucose as the carbon source (medium 3, Section 3.1.1).

Subsequent constructs

contained a vector repressed by glucose (Section 2.4). Alternative carbon sources
were used to establish the most productive medium for over-expression of TK. In
conjunction with this the productivity of this minimal medium was compared to that
of a complex medium (medium 2, Section 3.1.1). Since the use of minimal media is
preferred for industrial fermentations it was considered necessary to show that this
requirement did not adversely effect the productivity of a culture. In addition,
comparison of the results from the two preliminary constructs (JM107/pQR182 &
JM107/pQR183) afforded information concerning the transcription of the TK gene.
These constructs differ only in orientation of the cloned fragment of DNA containing
the TK gene with respect to a /ac-promoter on the vector. Table 8 below shows the
comparison between the productivity of these constructs under the different
conditions described. All cultures listed were harvested after 16 hr and the
productivity measured at this stage.
E. coli construct
BJ502 (wild type)
BJ502/pKD112A
JM107/pQR182
JM107/pQR183
BJ502/pKD112A
JM107/pQR182
JM107/pQR183
BJ502/pKD112A
JM107/pQR182
JM107/pQR183

Medium
Type
Minimal(3)
Minimal(3)
Minimal(as 3)
Minimal(as 3)
Minimal(4)
Minimal(4)
Minimal(4)
Complex(2)
Complex(2)
Complex(2)

Carbon
Source
Glucose
Glucose
Lactose
Lactose
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol

TK
(U/mL)
0.24
10.4
3.8
5.1
31.0
218
344
93.6
285
327

Protein
(mg/mL)
4.0
2.4
0.6
0.6

3.0
5.3
8.1

10.5
12.1

10.3

Activity
(U/mg protein)
0.06
4.3
6.7
8.5
10.3
41.2
43.0
8.9
23.4
31.8

Table 8
The effect of medium type and carbon source on the productivity of the
transketolase producing constructs BJ502/pKD112A, JM107/pQR182 &
JM107/pQR183.
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These results illustrated that glycerol was the most productive carbon source
yielding very high levels of transketolase. In all cases the JM107 constructs proved to
be more productive than the BJ502 construct but there is little difference between
pQR182 & pQR183. Although the complex medium also yielded high levels of TK,
the specific activity of this TK (the quantity of TK produced in relation to the total
protein) was reduced compared to the minimal medium. This indicated that minimal
medium is preferred for TK production.

4.2.2

Gel electrophoresis of the initial constructs and their wild types

To substantiate the productivities of the constructs and their wild type forms
obtained in shake flask experiments (Section 4.2.1), an SDS page electrophoresis gel
was performed. The same crude homogenates used for productivity determinations
were used for electrophoresis, along with a solution of the commercially available
yeast TK. Both yeast and E.coli forms of TK are reported to consist of two identical
subunits of -73 kDa, the comparison with yeast TK indicated which protein band
belonged to the E. coli TK in the crude homogenates.
The gel resulting from this electrophoresis is illustrated in Figure 21. It was
clear from this gel that the two JM107 constructs were much more productive than the
original DH5a construct. It was unclear, however, which of the two JM107
constructs was the most productive. These results compared well with those obtained
in shake flask experiments and indicated that the assay used for TK determination was
accurate when using crude homogenates.

4.2.3

Time courses for recombinant E. coli over-producing transketolase

The two new constructs produced for fermentation (JM107/pQR700 &
JM107/pQR701) were compared with the initial pair. For the purpose of determining
the ideal time range for inoculation, growth of the four JM107 constructs was
monitored in shake flasks. By monitoring the protein and TK produced throughout
the shake flask cultures, information regarding how and when TK was produced,
could be gained. Shake flasks to be used for the inoculation of fermenters were also
monitored in this way.
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i

F ig u r e 21 The electrophoresis gel o f homogenised extracts from shake flask cultures

o f the initial constructs over-expression TK and their wild types.

Lane 1,

commercially available TK from yeast; 2, BJ502 (Frost strains wild type); 3,
DH5a/pKD112A; 4, JM107 (wild type); 5, JM107/pQR182; 6, JM107/pQR183.

In Appendix I figures are given illustrating the productivity, in shake flasks, o f
the four constructs used for TK production. Productivity time courses are given for
complex medium starter cultures (Figures 11-14), minimal medium 4 shake flasks
(Figures 15 & 16), and minimal medium 5 fermenter inoculation flasks (Figures 17110). A summary o f these results is given in Table 9.
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Medium Time
(hr)

OD
(670 nm)

TK
(U/mL)

Protein
(mg/mL)

Activity
(U/mg prot.)

12

3.62

11.9

0.56

21.3

2

12

3.95

19.6

0.66

29.7

PQR700

2

12

3.01

4.1

0.42

9.8

14

PQR701

2

12

3.47

4.5

0.51

8.8

15

PQR182

4

12

1.71

8.6

0.31

27.7

15

2.75

14.5

0.37

39.2

12

1.53

7.6

0.27

28.1

16

2.18

13.6

0.36

37.8

12

1.82

6.9

0.32

21.6

15

2.67

9.3

0.50

18.6

12

1.56

5.6

0.28

20.0

16

1.81

8.1

0.28

28.9

12

1.57

4.1

0.27

15.2

16

1.85

4.8

0.27

17.8

12

1.85

4.6

0.28

16.4

16

2.23

4.9

0.31

15.8

Figure

Construct
JM107/..

11

PQR182

2

12

PQR183

13

16
17
18
19
110

PQR183
PQR182
PQR183
PQR700
PQR701

4
5
5
5
5

Table 9 Summary of time course results for bacterial growth in shake flasks.
From these time courses it can be seen that production of TK is constitutive, as
TK concentration increased in line with increasing biomass. Different constructs and
variations in the medium effected the productivity in these shake flasks. The
fermentation medium (medium 5) was less productive than medium 4 in shake flasks
over this time period. Constructs pQR700 & pQR701 were less productive than
pQR182 & pQR183 but there was little difference between the individual pairs.

4.2.4

Plasmid retention in shake flask time courses

There are two main factors that effect the productivity in a shake flask culture;
the protein expression and the plasmid stability. The activity of a culture will give an
indication of protein expression since, the higher the activity the higher the
expression. If a proportion of the culture consists of plasmid free cells the
productivity will bq decreased, since these cells produce negligible quantities of the
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desired protein. Therefore, in comparing the productivity of two cultures, conclusions
concerning the relative levels of protein expression can only be drawn if the plasmid
stabilities are also taken into account. Also, a construct which is unstable when
grown in a shake flask, will be even less stable in a fermenter and therefore unsuitable
for fermentation.
It was important, therefore, to consider plasmid retention in shake flasks of the
JM107 constructs. Table 10 below illustrates the percentage of viable cells which are
plasmid bearing in the cultures detailed in Section 4.2.3. Plasmid retention was
determined as described in Section 3.1.7. These results show that although the initial
two constructs are more productive than pQR700 & pQR701, they are less stable due
to segregational plasmid instability and unlikely to be suitable for fermentation.
JM107

Starter
culture

Shake flask

Medium 4

Construct

12 hr (%)

12 hr (%)

20 hr (%)

12 hr (%)

20 hr (%)

PQR182

90

95

59

98

92

PQR183

97

91

70

92

77

PQR700

87

n/d

n/d

100

100

PQR701

97

n/d

n/d

99

98

Shake flask Medium 5

Table 10 Plasmid retention (%) in shake flask cultures of transketolase producing
constructs. Time courses for these cultures are given in Figures 13-110 of this Section.

4.3

Fermentation of E. coli for the production of transketolase

4.3.1

Description of the fermentations

In the development of a suitable fermentation process for the production of
transketolase, a number of different fermentations were performed. A fed-batch
strategy was almost immediately employed as a method of controlling the growth
rate. Maintaining a low constant growth rate has been reported to increase the
stability of recombinant organisms and often to also increase protein expression (S.K.
Yoon et al, 1994 and K. Hellmuth et al, 1994). Subsequent modifications to the fedbatch procedure were made to increase the fermenter productivity. The oxygen
demand of the culture was also limited to within the capacity of the fermenter used.
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These fermentations are described in Table 11 below and refer to figures 22-37 which
illustrate profiles for these fermentations and their productivity.
Fermentation

Vector

Method

Feed
medium

Figures

(JM107/..)

Fermenter
volume (L)

i.

PQR182

20

Batch

none

22, 23

ii.

PQR182

20

Fed-batch

1 (glycerol)

24, 25

iii.

PQR700

20

Fed-batch &

1 (glycerol)

26, 27

OUR
limitation
iv.

PQR700

20

Fed-batch &
OUR
limitation

2 (glycerol &
kanamycin)

28, 29

V.

PQR700

20

Fed-batch &
OUR
limitation

3 (As 2, &
MgS0 4 )

30

vi.*

PQR700

20

Fed-batch &
OUR
limitation

3 (As 2, &
MgS0 4 )

31

vii.t

PQR700

20

Fed-batch

3 (As 2, &
MgS04)

none

viii.

PQR700

20

Fed-batch

3 (As 2, &
MgS0 4 )

32, 33

ix*

PQR700

1500

Fed-batch

4 (As 3, more
concentrated

34,35

x.t

PQR700

1500

Fed-batch

4 (As 3, more
concentrated

36,37

Table 11 Differing constructs, methods and feed solutions employed in the
production of TK to 1OOOL scale. * denotes that fermentation vi. was used for the
inoculation of fermentation ix., similarly t denotes that fermentation vii. was used for
the inoculation of fermentation x. Fermentation methods are described in Section 3.2
and feed media are detailed in Section 3.1.1.
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Figure 22: Fermentation profile for 14L batch fermentation (i) of JM107/pQR182.
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Figure 23: Biomass production in 14L batch fermentation (i) of JM107/pQR182.
Illustrating dry cell weight (—©—), OD ( - e > ), and constant growth rate
during exponential phase calculated from the OD readings ( A ,
gradient = 0.52 hr-1).
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Figure 24: Fermentation profile for 14L fed-batch fermentation (ii) of JM107/
),
pQR182. Illustrating DOT ( ------), impeller speed ( ........), CER (
& OUR (------ ).

20
Time (hr)
Figure 25: Biomass production in 14L fed-batch fermentation (ii) of JM107/
pQR182. Illustrating OD (■■£>-), and controlled constant growth rate during
fed-batch phase calculated from the OD readings ( A , gradient=0.12 hr-1).
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Figure 26: Fermentation profile for 14L fed-batch fermentation (iii) of JM107/
pQRTOO with OUR limitation. Illustrating DOT (------ ), impeller speed
(— - ) , C E R (
), and OUR (------ ).
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Figure 27: Productivity of 14L fed-batch fermentation (iii) of JM107/pQR700
with OUR limitation. Illustrating OD (—0—), transketolase ( -E}-),
protein ( ~ ^ ) , & plasmid retention ( - * - ) .
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Figure 28: Fermentation profile for 14L fed-batch fermentation (iv) of JM107/
pQRTOO with O UR limitation and kanamycin in feed stock. Dlustrating EXDT
(------ ), CER (........ ), and O UR (------).
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Figure 29: Productivity of 14L fed-batch fermentation (iv) o f JM107/pQR700
with O U R limitation and kanamycin in feed stock. Illustrating OD (~®“ ),
protein ( - • -), dry weight ("'^ ), transketolase (—e - ) & plasmid
percentage ( - * - ) .
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Figure 30: Fermentation profile for 14L fed-batch fermentation (v) of JM107/
pQRTOO with OUR hmitation and kanamycin & magnesium sulphate in feed stock.
Illustrating D O T (------ ), CER (
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Figure 31: Fermentation profile for 14L fed-batch fermentation (vi) o f JM107/
pQR700 used as the inoculum for a lOOOL fermentation (ix). Illustrating
DOT (------), CER (
), and OUR (.......).
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Figure 32: Fermentation profile for 14L fed-batch fermentation (viii) of JM107/
pQR700 without OUR limitation. Illustrating DOT (------ ), impeller speed
(.......), CER (
), and OUR ( - - - ) .
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Figure 33: Productivity of 14L fed-batch fermentation (viii) of JM107/pQR700
without OUR limitation. Illustrating OD (—e — ), dry weight ( - - e> - ) ,
protein ( A ), transketolase ( - # - ) , and plasmid percentage (- * -).
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Figure 34: Fermentation profile for lOOOL fed-batch fermentation (ix) of JM107
/pQR700 without OUR limitation. Illustrating DOT (------ ), impeller speed
(
),C E R (
), and OUR (------).
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Figure 35: Productivity of lOOOL fed-batch fermentation (ix) of JM107/pQR700
without OUR limitation. Illustrating OD (—©—), dry weight ( - - e> - ) ,
protein ( A ), transketolase ( - • - ) , and plasmid percentage (- * -).
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Figure 36: Fermentation profile for lOOOL fed-batch fermentation (x) of
JM107/pQR700 without OUR limitation. Illustrating DOT (------ ), impeller
speed
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Figure 37: Productivity of lOOOL fed-batch fermentation (x) of JM107/pQR700
without OUR limitation. Illustrating OD (—e —), dry weight ( - - e> - ) ,
protein ( A ), transketolase ( - # - ) , and plasmid percentage (- ■ -).
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4.3.2

Summary of fermentation results in a 20 L fermenter

Results for the 20 L fermentations described in Section 4.3.1, and depicted in
the profiles given in Figures 22-33, are detailed in Table 12 below. These results
illustrate how construct JM107/pQR182 was unsuitable for production of TK via
fermentation due to segregational plasmid instability. JM107/pQR700, however, can
achieve very high productivities under the right conditions. Some useful average final
results for all fermentations of JM107/pQR700 in a 20 L vessel (except iv.) are given
below:
DCW/OD =0.42
Protein/DCW = 0.50
Ygly =0.40

44.0

vi.
44.0

vii.
33.0

viii.
33.0

73.2
28.6

44.1
19.0

44.5
17.7

42.9
n/d

41.1
17.7

8.0

15.0

9.1

8.1

9.7

11.3

n /d

105
13

141
9

146
16

147
18

225
23

120
11

0

0

61

100

91

100

100

100

0.46

0.41

0.41

0.39

0.43

0.40

n/d

0.42

Protein/DCW

n/d

n/d

0.44

0.52

0.48

0.46

n/d

0.64

Glycerol
added (-kg)

0.70

0.57

0.62

0.75

n/d

0.63

0.62

0.61

^giy
(g dc/g gly)
Average
DCW/OD
Protein/OD

0.44

0.38

0.41

0.57

n/d

0.40

n/d

0.40

n/d
n/d

0.40
n/d

0.42
0.46

0.38
0.48

n/d
n/d

n/d
n/d

n/d
n/d

0.42

Fermentation
Fermentation
time (hr)
Final
OD (670 nm)
DCW
(g/L)
Protein
(mg/mL)
TK (U/mL)
Activity
(U/mg)
Plasmid
(%)
DCW/OD

i.
17.0

ii.
39.2

iii.
39.5

iv.
79.0

47.3
22.0

38.2
15.7

44.8
18.3

n/d

n /d

n/d
n/d

n/d

V.

0.6

Table 12 Summary of fermentation results for fermentations in a 20 L vessel (g dc/g
gly = g dry cells/ g glycerol).
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The accuracy with which the growth rate was controlled at = 0.15 hr"^ in
each fermentation by the feeding system, was determined from the profiles of the
fermentation variables OD, CER & OUR. The exponential regression of a
mathematical best fit curve for each of these variables will be equal to the growth rate.
The confidence interval is a measure of how well the mathematical curve fits the
experimental observations; this value is given between 0 - 1, with a perfect fit equalling
unity. The regression data (Table 13) demonstrate how over all fed-batch periods a
high degree of control was obtained (illustrated by the confidence interval values all
being close to unity) resulting in a growth rate of 0.15 hr“l ± 0 .02 .
OD
regression
factor

(670 nm)

CER

confidence regression
interval
factor

OUR
confidence
interval

regression
factor

confidence
interval

i.

0.52

0.996

0.59

0.976

0.51

0.981

ii.

0.12

0.993

0.17

0.981

0.17

0.995

iii.

0.16

0.984

0.13

0.908

0.15

0.980

iv.

0.16

0.984

n/d

n/d

n/d

n/d

v.

n/d

n/d

0.18

0.997

0.18

0.995

vi.

n/d

n/d

0.14

0.970

0.15

0.972

viii.

0.14

0.999

0.19

0.985

0.19

0.975

ix.

0.14

0.968

0.13

0.968

0.13

0.990

X.

0.14

0.997

0.15

0.992

0.15

0.982

Table 13 Regression data for OD, CER & OUR curves given in Figures 24-39 during
periods of controlled constant growth rate.

Results for the 1000 L fermentations described in Section 4.3.1, and depicted
in the profiles given in Figures 35-37, are detailed in Table 14. These figures show
that a high productivity fermentation can be reproducably achieved, using this
method, to 1000 L scale.
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4.3.3

Summary of fermentation results in a 1500 L fermenter

Fermentation
Fermentation
Time (hr)
Final
Air flow (L/min)
Impeller speed
(rpm)
Power draw
(kW)
Maximum OUR
(mmol/Lhr)
Mass glycerol
added (kg)
Average
DCW/OD
Protein/DCW

ix.
29.0

X.

30.5

Fermentation
Final
OD (670 nm)
DCW (g/L)

ix.
39.5

49.6

16.7

20.0

X.

460
400

500
400

Protein (mg/mL)

9.1

8 .8

12.0

12.0

TK (U/mL)

226

232

100

107

Activity (U/mg)

25

25

45

45

28

25

0.49

0.44

Volume NH3
added (~L)
DCW/OD

0.42

0.40

0.47
0.38

0.45
0.44

Protein/DCW
Plasmid (%)

0.54

0.44
80

100

(g dc/g gly)
Table 14 Summary of fermentation results for fermentations in a 1500 L vessel (g
dc/g gly = g dry cells/ g glycerol). Illustrating the reproducibility of this fermentation
at 1000 L scale.

4.3.4

Stability of transketolase produced via fermentation
In the absence of a suitable method for enzyme isolation, it was necessary to

determine the stability of the TK produced via these fermentations. With this
information the frequency and size of fermentation required to provide the necessary
enzyme could be assessed. A fermentation extract was also partially purified to help
ascertain the degree of purification that would be required to obtain a enzyme extract
stable for longer periods of time.
A clarified homogenate and an extract of the same homogenate partially
purified by ion-exchange FPLC (Section 3.4.4) were stored at 4 °C and -20 °C and
assayed regularly for TK and total protein. The stability profiles resulting are shown
in Figures 38 & 39. These figures illustrate that stability was increased when stored
at -20 °C and when the crude extract is partially purified by ion-exchange
chromatography. Perhaps more significant was that the crude extract retained more
than 80% of its original activity after nearly three weeks at 4 °C.
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12
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î5,

100

I
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«g

5

Days
Figure 38: Stability o f a clarified broth homogenate from a 20L fermenter.
Illustrating the decline in transketolase ( o ) and total protein (A)
when stored at 4 degC (------ ) and -20 degC (- — ).
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Figure 39: Stability o f a partially purified broth homogenate from a fermenter.
Illustrating the decline in transketolase ( o ) and total protein (A)
when stored at 4 degC (------ ) and -20 degC (....... ).
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4.3.5

Gel electrophoresis of the extracts used for stability profiles

To substantiate the productivity of JM107/pQR700 obtained in fermentations
(Section 4.3.2) an SDS page electrophoresis gel was performed. The same crude
homogenate and the corresponding partially purified extract used for stability studies
(Section 4.3.4) were used, along with a solution of the commercially available yeast
TK. By scanning the gel with a densitometer the relative intensity of each protein
band was recorded, and therefore the proportion of the total protein comprising TK
determined. This, combined with the TK and total protein content of the crude
homogenate used, enabled the calculation of an approximate specific activity of pure
E. coli transketolase.
The gel resulting from this electrophoresis is illustrated in Figure 40. The
scanning densitometer indicated that TK comprised -27% of the total protein in the
crude homogenate and -48% of the partially purified extract. This illustrated that the
purification factor resulting from this single chromatographic step was - 1.8 .

1

2

3

Figure 40 The electrophoresis gel of a homogenised extract from fermentation of
JM107/pQR700 and a partially purified sample of the same extract. Lanes 1,
commercially available yeast TK; 2, homogenised fermentation extract; 3, sample
partially purified by ion-exchange FPLC.
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4.4

Downstream processing

Obtaining a high dry cell weight in the fermentation potentially allows the
intensification of the downstream processing of the fermentation broth (Section 1.6 ).
Ultimately though, the processes required downstream of the fermenter will depend
on the enzyme isolation method used, as different isolation methods have different
requirements of the isolation mixture. Since an isolation procedure for this enzyme
had not been established, broth from 1000 L fermentations was processed in a number
of ways as described in Figure 41.
Fermentation

83 L

50 L
253 U/mL
10.3 mg/mL

4.2 U/mL
0.5 mg/mL
r

T

Collection of
bacteria (AS26)

Homogenisation (K3)
240 U/mL
9.3 mg/mL

7.2 kg
33.2 U/mL
0.6 mg/mL

Storage

-> Resuspension
(400 g in 4 L
0.01 M buffer)
212 U/mL
9.1 mg/mL

■> Storage
10 L

Clarification (IP)

Homogenisation
(Lab60)
210 U/mL
8.8 mg/mL

Storage

Storage
Figure 41 Downstream processing of broth from 1000 L fermentations. TK and
protein released by homogenisation is compared to the total present prior to
homogenisation (determined by 2 passes at 1200 bar in Lab40). Supernatant TK &
protein in the final clarification waste streams is compared to that prior to collection
of bacteria.
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The efficiency of the two homogenisers used is given in Table 15 and that of
the tubular bowl centrifuge in Table 16. Some disruption was observed in this
centrifuge. The degree of disruption would appear to increase inversely with the
degree of clarification. Table 16 illustrates that TK was entirely released (>95%) after
3 passes at 400 bar in both homogenisers.
It also suggests that further
homogenisation at this pressure damages the enzyme.
Type

Pressure

Pass

(bar)
Lab60

200

1
2

3
4
5
400

K3

400
400

400

1
2

3
4
5
3
1
2

3
3

TK
released
(U/mL)
105

Protein
released
(mg/mL)

120
122

7.8

6.6
8.0
8.2

133
140
129
159
208
171
148

9.3
9.2
9.6

210

8.8

147
253
240
175

6.4
8.5
9.3
8.5

8.7
7.6
8.6

Total
Total
TK
Protein release
TK
(U/mL) (mg/mL)
(%)
141
11.8
74
85
87
95
99
9.5
60
216
74
96
79
69
9.1
99
212
253
10.3
58

Protein
release
(%)
56
66
68

69
74
80
91
98
97
100

97
62
83
90
99

100

95
175

8.5

100

Table 15 Transketolase and total protein release in APV Manton Gaulin Lab60 and
K3 homogenisers.
Total concentrations were determined using the Lab40
homogeniser (2 passes at 1200 bar, Section 3.3.2) which was known to give total
protein release with E. coli (A. Sayed, 1994).

Processed
Volume
(L)
>1

55
83

Supernatant
OD
(670 nm)
0.46
3.76
9.00

TK
(U/mL)
4.2
4.0
33.2

Protein
(mg/mL)
0.5
0.5
0.6

Release by
TK
(%)
2
2

19

disruption
Protein
(%)
5
5
7

Table 16 Transketolase and total protein released in a Pennwalt AS26 tubular bowl
centrifuge by incidental cell disruption. Showing also the degree of clarification
achieved at a flow rate of 200 L/hr.
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4.5

Enzyme immobilisation on Eupergit®

4.5.1

Requirements for immobilisation on Eupergit®

Eupergit was examined as a potential immobilisation particle for the isolation
of TK from fermentation extracts. A number of experiments were performed in order
to ascertain the processes required downstream of the fermenter to achieve effective
isolation with these particles.
All immobilisation experiments were carried out as described in Section 3.5.1.
Alterations to the immobilisation solution and the immobilisation time were made in
order to attain the optimum conditions required for the maximum immobilisation.
Standards were run in parallel which containing the same immobilisation solution
without Eupergit; losses of TK and total protein were compared with this standard.
The buffer strength required for effective immobilisation was investigated.
Cell paste was resuspended in a range of different molarities of phosphate buffer prior
to the preparation of an extract for immobilisation. Figure 42 illustrates that at least
0.5 M phosphate buffer was required for efficient immobilisation. It should be noted
that all these experiments were achieved with unclarified homogenate and that no
increase in degree of immobilisation was recorded on clarification.
A time course, depicting the extent of immobilisation with time is given in
Figure 43. This indicated that a much shorter immobilisation time than the
recommended 72 hr could be used. More than 80% of the total TK was immobilised
after 6 hr.
The relationship between the volume of unclarified protein solution used and
the quantity of total protein presented per gramme of dry beads, compared to the
uptake of TK and total protein was also investigated. Table 17 illustrates the results
from these experiments and demonstrates the very high affinity of Eupergit beads for
protein, and in particular TK. As the volume and protein content of the
immobilisation solution increased the efficiency of binding begins to decrease.
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100

0

0.2

0.6

0.4

0.8

1

Phosphate buffer strength (M)
Figure 42: Effect o f cell paste resuspension buffer strength on total protein
( - - ♦ - ) and transketolase (—e - ) immobilised. Initial total protein was
11 mg/mL and transketolase was 150 U/mL.

100

Î

I
.9

I
3
2

o&
0

24

48

72

Time (hr)

Figure 43: Time course for immobilisation o f total protein

and

transketolase (—0 —) on Eupergit. Initial total protein was 10 mg/mL and
transketolase was 190 U/mL.
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Sample

1

2

3

4

5

6

7

8

Volume (mL)

5

5

5

5

7.5

10

15

20

Presented (mg)

9.9

19.8

29.6

39.5

59.3

79

132

176

Remaining (mg)

0

0

0.3

0.9

2.4

9.8

33

63

9.9

19.8

29.3

38.4

56.9

69.2

99

113

Presented (U)

185

370

555

740

1110

1480

2070

2760

Remaining (U)

0.5

0.9

1.6

2.1

6.8

26.6

85

139

Bound (U)

184

369

553

738

1103

1453

1985

2621

Binding
Protein (%)

100

100

99

98

96

88

75

64

100

100

100

100

99

98

96

94

Total Protein

Bound (mg)
Transketolase

Transketolase
(%)

Table 17 Effect of volume of immobilisation solution and total protein present on
efficiency of immobilisation with Eupergit beads (1 g dry weight).

4.5.2

Activity of immobilised transketolase

Due to interference with the light path of a spectrophotometer, the standard
TK assay method could not be used for immobilisation particles. Immobilisation
beads were therefore assayed for TK by recirculating the assay mixture though a flow
cell in the spectrophotometer, ensuring that no beads entered the recirculating system
(Section 3.6.3). In all cases the measured activity was between 1% & 3% of the
expected activity (the expected activity was calculated from that disappearing from
the immobilisation solution). On grinding the beads in a pestle and mortar the
measured activity increased approximately two-fold to between 3.5% & 6 % of the
expected activity.
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4.6

Enzyme purification and crystallisation

The TK in a clarified homogenate from a 2 L fermentation (Section 3.1.8,
method 2) was purified to homogeneity as described in Section 3.4. Purification to
homogeneity was important for two reasons. Firstly, it enabled the specific activity of
the pure protein to be determined. This figure afforded a value for the proportion of
total protein comprising TK in fermentation extracts.
Secondly, subsequent
crystallisation of the protein enabled other members of the group to elucidate the
crystal structure of the enzyme. This information is invaluable for many areas of
research concerning this project including, the evaluation of potential enzyme
isolation methods and modification of the substrate specificity.
The data for each purification stage are given in Table 18 and show the
degrees of purification. TK was found to precipitate at between 60-75% (w/v)
saturated aqueous ammonium sulphate solution. After the gel filtration step the
protein was a single band on an SDS electrophoresis gel, indicating that the specific
activity of the pure protein was 31.2 U/mg protein.
Volume
(mL)

[TK]
(U/mL)

Protein
(mg/mL)

Activity
(U/mg)

Crude extract

60

111.7

19.3

(NH4 )2 S0 4
Fractionation

30

75.3

Ion-exchange
(Superose 12)

30

Gel Filtration

5

Step

X-fold
Purification

Total
Units

Yield
(%)

5.3

1.0

6702

100

4.5

16.7

3.1

2259

34

61.3

2.7

22.7

4.3

1839

27

81.3

2.6

31.2

5.9

406

6

(Fast-flow Q)
Table 18 Purification of transketolase to homogeneity.
The protein solution containing pure transketolase was concentrated and used
for crystallisation studies (Sections 3.4.6 & 3.4.7). After 12 days crystals were
observed in 45% (w/v) saturated ammonium sulphate in glycylglycine buffer. Small
crystallites were also noticed in 50% & 55% saturated ammonium sulphate in
glycylglycine buffer and 55, 60, & 65% saturated ammonium sulphate in PIPES
buffer.
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5

Results: Enzyme Use

5.1

Substrate specificity and synthesis using transketolase

5.1.1

Substrate specificity of £. coli transketolase

Using the hydroxypyruvate assay (Section 3.6.6), the decline in
hydroxypyruvate concentration was monitored in biotransformations with a variety of
acceptor aldehydes, as described in Section 3.6.9. Graphs plotting the decline in
hydroxypyruvate with time for the aldehydes used are given in Figures 44-46. Table
19 below illustrates the rate of decline in hydroxypyruvate concentration for each
substrate and the rate relative to glycolaldéhyde. Since the background loss of
0*
hydroxypyruvate gives a relative rate of 8 , any aldehyde giving a value at or below
this figure is considered unreactive.
Rate
(mM/min)

^rel

Aldehyde

Glycol
aldéhyde
DL-Glyceraldehyde
D-Erythrose

10.1

100

Propanal

4.1

41

8.8

87

L-Threose

6.5

64

D-Glucose
D-Mannose

1.3
0.4

13
4

Pyruvaldehyde
Furfur
aldéhyde
Pyrrolaldehyde
But-2-enal
None

Aldehyde

Rate
(mM/min)
2.4

^rel

2.1

21

0.2

2

0.2

2

0.3

3

0.8

8

24

Table 19 Reaction rate, of various aldehydes in the transketolase biotransformation
given relative to glycolaldéhyde (Vj-ei). Determined by rate of decline of
hydroxypyruvate concentration in each case.
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Time (min)
Figure 44: The decline of hydroxypyruvate in TK reactions with glycolaldéhyde
(—©—), glyceraldehyde ( -£> ), propionaldéhyde ( A ), and
pynivaldehyde ( - • - ) as the acceptor aldehyde.
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Figure 45: The decline of hydroxypyruvate in TK reactions with glycolaldéhyde
(—6 ^ ) , D-erythrose

L-threose ( A ), D-glucose ( - • -),

and D-mannose (- ■ -) as the acceptor aldehyde.
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Figure 46: The decline o f hydroxypyruvate in TK reactions with gfycolaldehyde
(—e —), but- 2 enal

(--e>- ), furfuraldéhyde (

a

), 2 -pyrrolaldehyde

( - • - ) , and in the absence o f an acceptor aldehyde ( - * -).

Investigation of the range of aldehydes accepted as substrates provided
information about the active site of TK. This will allow the rational design and
potential of novel substrate aldehydes to be assessed. Experiments of this kind would
also give an indication of the suitability of a substrate for large scale synthesis via the
TK reaction.
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5.1.2

Preparative biotransformations

Several of the aldehydes used in substrate specificity studies (Section 5.1.1)
were used in preparative TK biotransformations with hydroxypyruvate (Section 3.7).
The general formula for the aldehydes and their products from biotransformation is
shown in Figure 47. A summary of the results, including yields after isolation of the
products, is given in Table 20. This table illustrates how yields after isolation were
generally low and how yields were increased by using a greater proportion of the
aldehyde relative to hydroxypyruvate.

o

O
+

02 C

OH

TK

R

OH

TPP, Mg2+

+

CO2

OH
8-14

1-7

Figure 47 Preparative biotransformations attempted with aldehydes 1-7 to afford
products 8-14.

Aldehyde

R-

Mole
equivalent

Yield
(%)

1

(EtO)2 CHCH2 (OH)-

0.9

?

2

HOCH2 -

1

34

2

2

46

3

HOCH2 H0CH2CH(0H)-

1

?

4

CH3 CH2 -

1

9

4

CH3 CH2 2 ’(C4 H3 0 )-

3

23

3

0

TM-HOC^H^CH3 CO-

3

0

3

16

5
6

7

Table 20 Preparative biotransformation yields for aldehydes given in Figure 47 with
the equivalent number of moles of aldehyde used per mole of hydroxypyruvate.
Product yields with 1 & 3 are unknown because the product was not isolated.
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5.1.3

Protection of the biotransformation products

Most of the products from biotransformation (Section 5.1.2) were more stable
with their hydroxyl groups were protected which rendered them less active. Also,
because polyhydroxylated compounds are highly polar, characterisation of these
products (particularly optical rotation data) was easier in the less polar, protected
form.
The biotransformation products were therefore subjected to further reactions
with hydroxyl protecting groups. Figure 48 illustrates these reactions and their
products. The yield and optical rotation for each reaction product are given in Table
21 .

OH

O

OR
-OH

OH
OH

io r ii.

L

9

O
X
OR

O

OR

15&18
O

-----►RO. JL X
OH

OR

10

Q

Q

.OR
16

o

OH
OH

.OR

' orii.

^

X

^

OR

11

Q

O
OH

w

.OR
17&19

O

X X

.OR
20 & 21

Figure 48 Attempted protection of biotransformation products for the purpose of
characterisation, i. Ac2 0 , DMA?, pyridine; ii. BzCl, pyridine; iii. TBDMSCl, DMF,
imidizol. R = Ac, Bz, or TBDMS.
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Product

Protecting
group (R)

Yield

15

Ac

16

«D

Product

Protecting
group (R)

Yield
(%)

50

n/d

19

Bz

45

-5.6

Ac

(4 5)

+11.5

20

Bz

<1

n/d

17

Ac

2.5

n/d

21

TBDMS

0

n/d

18

Bz

60

-10.3

(%)

«D

Table 21 Summary of protection reaction results for reactions illustrated in Figure
48. The yield of product 16 is an overall yield including the biotransformation with
glyceraldehy de (Figure 47).

5.2

Biotransformation studies

The biotransformations performed in Section 5.1 were of low substrate
concentration with buffer present to maintain a constant pH. For scale-up purposes
the most productive biotransformation process was desired. The most apparent way
of achieving this was to use an increased substrate concentration, hence yielding an
increased quantity of product in the reaction mixture. In using higher substrate
concentrations, the buffer concentration required to maintain a constant pH must also
rise. This would be expensive and may adversely effect the enzyme or a product
isolation procedure.
The potential large scale biotransformation process was mimicked in an
agitated vessel with a 5 mL reaction volume. Substrate concentrations were increased
to 0.5 M and pH was controlled by the automated addition of HClaq.

5.2.1

Elimination of the lag phase

An unbuffered biotransformation starting with 0.5 M concentrations of
hydroxypyruvate and glycol aldehyde, and automated HCl^q (1 M) addition to
maintain pH 7.6, was achieved (Section 3.9.1). A reaction profile monitoring the
decline in both substrate concentrations and the volume of acid added is given in
Figure 49. It was apparent from this profile that there was a lag phase at the start of a
biotransformation of this type.
For a highly productive and efficient
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biotransformation process the time is ideally kept to a minimum. In order to achieve
this, this lag phase should be removed if possible.
Figures 50 & 51 illustrate the reaction profiles for similar biotransformations
in which some components were incubated together prior to the initiation of the
reaction (Section 3.9.2 and Table 22). Two pre-reaction incubation mixtures were
investigated; TK and its cofactors (Figure 50), and TK, the cofactors and
hydroxypyruvate (Figure 51). By incorporating this incubating period prior to
reaction, the lag phase was eliminated. Initial rates of decline in substrate
concentration (Table 22) demonstrate the increase in initial reaction rate with this
incubation period.
Figure

Incubation
components

Hydroxypyruvate
loss (mM/min)

Glycolaldéhyde
loss (mM/min)

49

none

2.5

2.6

50

TK, cofactors

4.2

1.6

51

TK, cofactors,
hydroxypyruvate

3.8

4.1

Table 22 Removal of the biotransformation lag phase by incubation of its
components prior to reaction.

5.2.2

Enzyme activity loss during incubation and reaction periods

The reduction in the rate of decline in substrate concentration with time in
these biotransformations was cause for concern. It is important to reach complete
reaction in the shortest possible time for reasons of efficiency. The loss of enzyme
activity during the incubation and reaction periods may be compared with the
decrease in rate of decline in substrate concentration (Figure 52). It is apparent that
there was some loss in enzyme activity during the incubation period and substantial
loss during the reaction period closely relating to the decline in rate of loss of
substrates.
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Figure 49: Biotransformation, 0.5 M with respect to hydroxypyruvate (—©—)
& glycolaldéhyde ( - e —), maintained at pH 7.6 by addition of IM H Cl (—^ )
Illustrating the lag phase with no incubation prior to the reaction.
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Figure 50: Biotransformation, 0.5 M with respect to hydroxypyruvate (—©—)
& glycolaldéhyde ( - e —), maintained at pH 7.6 by addition o f IM HCl (-A —)
Reduction o f the lag phase by incubation of TK & its cofactors.
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Figure 51: Biotransformation, 0.5 M with respect to hydro^rpyruvate ( o )
& glycolaldéhyde (—B -), maintained at pH 7.6 by addition of IM HCl (-A —)
Elimination o f the lag phase by incubation o f TK, cofactors & hydroxypyruvate.
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Figure 52: Loss in transketolase activity (- -A - ) during incubation
(-180-0 min) & reaction (0-240 min) periods. Comparing the decrease in rate o f
decline in hydroypyruvate (—e —) & glycolaldéhyde (—e —) concentrations
at pH 7.5.
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5.2.3 pH profile for the biotransformation with an ammonium sulphate
suspension of transketolase as the enzyme source
It was necessary to determine the optimum pH at which the biotransformation
should be operated. Biotransformations maintained at a pH in the range 5.5-9.5
(Section 3.9.2) were monitored as in Section 5.2.1. The transketolase source was a
solution of the enzyme precipitated from a crude extract by ammonium sulphate
fractionation. Reaction profiles for each pH investigated are given in figures III-115
in Appendix II. The initial rate of addition of HCl^q and rates of decline in substrate
concentration at each pH were measured (Table 23); these results demonstrated that
the pH optimum was pH 8.5 (Figure53) and that the enzyme was active in the range
pH 6.5-8.5.
Figure

pH

Hydroxypyruvate
loss (mM/min)

Glycolaldéhyde
loss (mM/min)

IM HCl addition
(pL/min)

III

5.5

0.7

0.4

6.0

112

6.5

2.9

2.6

16.3

113

7.6

3.8

4.1

8.4

114

8.5

5.4

5.5

0

115

9.5

1.3

0.5

n/d

Table 23 Variation in biotransformation reaction rate with pH using an ammonium
sulphate suspension of transketolase as the enzyme source.

5.2.4 pH profile for the biotransformation with a clarified homogenate as the
enzyme source
Biotransformations maintained at a pH in the range 6-9 (Section 3.9.2) were
monitored in the same fashion as Section 5.2.1. The transketolase source was a
clarified homogenate of a resuspension of cells harvested from fermentation.
Reaction profiles for each pH investigated are given in figures II6-II12 in Appendix
II. The initial rate of addition of HCl^q and rates of decline in substrate concentration
at each pH were measured (Table 24); these results demonstrated that the pH
optimum was pH 8 (Figure 54) and that the enzyme was most active in the range pH
7-8.5.
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Figure 53: pH effect on initial rate o f decline in hydroxypyruvate (—©—)
& glycolaldéhyde ( - - e > - ) concentration in 0.5 M bio transformations using an
am m onium sulphate suspension of TK as the enzyme source.
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Figure 54: pH effect on initial rate o f decline in hydroxypyruvate (—e —)
& gfycolaldehyde ( - - e > - ) concentration in 0.5 M bio transformations using an
clarified homogenate o f a fermentation extract as the TK source.
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Figure

pH

116
117
118
119
IIIO
III!
II12

6.0

Hydroxypyruvate
loss (mM/min)
1.7
3.3
7.7
9.9
10.4
7.4
5.0

6.5
7.0
7.5
8.0

8.5
9.0

Glycolaldéhyde
loss (mM/min)
2.1

3.7
5.0
4.2
9.1
6.3
4.9

IM HCl addition
(pL/min)
15.4
12.6

19.2
12.6

5.4
0
0

Table 24 Variation in biotransformation reaction rate with pH using a clarified
homogenate as the transketolase source.

5.2.5

Product inhibition investigation

The decline in reaction rate observed during biotransformations could be due
to product inhibition. Two separate experiments were performed (Section 3.9.3) to
establish whether the biotransformation was inhibited by the accumulation of product.
In the first of these, after 3 hr of reaction time more substrates were added to return
their concentrations to the original values, and initial rates of decline at both t = 0 hr
& t = 3 hr compared (Figure 55). In the second experiment, pure product was added
to the incubation mixture and the initial rates of decline of the substrate
concentrations (Figure 56) were compared to an identical reaction without initial
product addition (Figure 51). Comparison of the rates of decline shows how the
presence of product reduced the reaction rate in this biotransformation (Table 25).
Glycolaldéhyde
loss (mM/min)

7.6

Hydroxypyruvate
loss (mM/min)
7.3

7.6

2.5

2.0

7.6
7.6

2.6

2.5
4.1

Figure

pH

55
( 1st curves)
55
(2 nd
curves)
56
51

3.8

2.0

Table 25 Comparison of rates of substrate decline in product inhibition experiments.
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Figure 55: Biotransformation maintained at pH 7.6, initialfy 0.5 M with respect
hydroxypyruvate (—e —) & glycolaldéhyde (—e —). More of both substrates
was added after 3 hours to restore their initial concentrations.
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Figure 56: Biotransformation, 0.5 M with respect to hydroxypyruvate ( o )
& glycolaldéhyde (-& -), maintained at pH 7.6 by addition of IM H Cl (-A —)
Performed in the presence o f erythrulose (0.5 M).
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5.2.6 Biotransformations using transketolase immobilised on Eupergit as the
enzyme source.
The activity of TK immobilised on Eupergit was determined by comparison of
reaction rates with the tree enzyme. Biotransformations (Section 3.9.2) were
performed using transketolase immobilised on Eupergit as the enzyme source.
Eupergit beads carrying 50 U of transketolase were added to the incubation mixture.
The wetidry bead weight ratio was determined to be 3.3:1, using this value U
transketolase/g wet Eupergit beads was calculated by assuming all enzyme
disappearing from the immobilisation solution was immobilised in an active form
(Section 4.6.1). Both whole beads and ground beads (Section 4.6.2) were used in two
separate experiments illustrated in Figures 57 & 58 respectively. Substrate decline
and product gain figures (Table 26) were compared to a biotransformation vvdth the
same quantity of free enzyme (Figure 60, Section 5.2.7). This demonstrated that the
activity retained on immobilisation was very low (<5% of expected value). The
percentages of expected activity compare well to those observed for assays of the
immobilised TK (Section 4.6.2).

Immobilised
form

pH

Hydroxypyruvate
loss (mM/min)

Glycolaldéhyde
loss (mM/min)

Erythrulose
gain (mM/min)

unground

7.5

0.27 (2.2%)

0.32 (3.3%)

0.27 (2.2%)

ground

7.5

0.54 (4.4%)

0.42 (4.3%)

0.37 (3.0%)

Table 26 Rate of production of erythrulose and decline in substrate concentration for
biotransformations with ground and unground Eupergit beads carrying transketolase.
Showing also the percentage of the expected value in each case in parentheses.

5.2.7 Biotransformation with hydroxypyruvate (free acid) addition to maintain
required pH
The free acid of hydroxypyruvate is a moderate acid, therefore the pH may be
maintained by its addition in place of HCl^q. A 1 M solution of hydroxypyruvate
(free acid) was added to the biotransformation mixture to maintain the required pH
and supply hydroxypyruvate to the reaction (Section 3.9.4). The profile for this
reaction, depicting component concentrations determined by the HPLC assay (Figure
59), was compared to the profile for a similar biotransformation without the use of
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hydroxypyruvate to maintain pH (Section 3.9.2, Figure 60). It was clear from these
profiles that the rate of reaction when adding hydroxypyruvate to maintain pH control
was very much slower (Table 27).
Hydroxypyruvate

pH

source

Hydroxypyruvate

Glycolaldéhyde

Erythrulose

loss (mM/min)

loss (mM/min)

gain (mM/min)

pH control

7.5

n/d

0.8

0.4

batch component

7.5

12.2

9.8

12.4

Table 27 Rate of production of erythrulose and decline in substrate concentration for
a biotransformation in which the free acid of hydroxypyruvate is added to maintain
the required pH. This compared to a biotransformation where hydroxypyruvate is a
batch component of the reaction.
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Figure 57: Biotransformation, 0.5 M with respect to hydroxypyruvate (—e —)
& glycolaldéhyde (—e —), maintained at pH 7.5. Illustrating erythrulose
production ( —A — ) using TK immobilised on Eupergit as the enzyme source.
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Figure 58: Biotransformation, 0.5 M with respect to hydroxypyruvate
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& glycolaldéhyde (—e —), maintained at pH 7.6. Illustrating erythrulose
production ( - A —) using ground TK immobilised on Eupergit as enzyme source.
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Figure 59: Biotransformation initially 0.05M with respect to hydroxypyruvate &
0.5M with respect to glycolaldéhyde (—e —). lUustrtaing erythrulose
production (—e —) when pH 7.5 is maintained by addition o f a IM solution o f
the free acid o f hydroxypyruvate (—A -).
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Figure 60: Erythrulose production (—A—) in a biotransformation, 0.5M with
respect to hydroxypyruvate (—©—) & glycolaldéhyde (—b —), maintained at
pH 7.5 by IM HCl addition. Component concentrations determined by HPLC assay.
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6

Discussion: Enzyme Production

There were two main objectives of the studies on enzyme production. Firstly,
production of small quantities of the enzyme was required for a range of studies on
the enzyme itself, its properties and the reaction characteristics (Chapter 7). The
second objective was to demonstrate that provision of sufficient quantities of enzyme
would not be a problem if industry wished to use it for large scale biotransformations.
The progress toward meeting these objectives is discussed in this chapter.

6.1

Plasmid construction and stability

6.1.1

Initial constructs over-expressing transketolase in Ecoli

The first recombinant form of E. coli over-expressing TK used in this research
(DH5a/pKDl 12A) was donated by J.W. Frost of Purdue University, Indiana (K.M.
Draths & J.W. Frost, 1990). In an attempt to improve the over-expression of TK in
recombinant E. coli, J.M. Ward of UCL excised the fragment of DNA containing the
TK gene from this construct and inserted it into a higher copy number plasmid
(pUC18; J. Vieira & J. Messing, 1982) in a different host E. coli (lab strain JM107).
The fragment was inserted into the plasmid in opposite orientations with respect to a
/ûfc-promoter on the plasmid which afforded the two new constructs JM107/pQR182
and JM107/pQR183 (these constructs are detailed in Section 2.4). The constructs
JM107/pQR182 & JM107/pQR183 are refered to as the "initial constructs" in the rest
of this chapter. All three constructs exhibited ampicillin resistance by containing the
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gene encoding for p-lactamase in their plasmids. Neither of the wild type organisms
contained this gene and so selective pressure (in the form of ampicillin) could be
applied to recombinant cultures to prevent the accumulation of plasmid free cells.
The higher copy number of the plasmid used in these constructs should afford
an increased TK productivity. As well as producing a greater quantity of TK these
two new constructs could also have provided information about the location of the TK
gene within the fragment and the mode of its transcription. If the TK gene had been
transcribed from the /ac-promoter then the construct producing the most TK would
have been the construct with the gene and the /ac-promoter in closest proximity. This
information would have indicated which half of the fragment contained the TK gene
and so aid further genetic work. However, it was later found that TK was not
transcribed from the /ac-promoter and so no further information was derived about the
fragment in this way.

6.1.2

Stability of the initial constructs

When scaling up enzyme production, a stepwise progression in culture volume
from shake flask to the final fermenter size is required. It is important that the culture
is in a good condition at each stage so that a high productivity is maintained
throughout the scaling process. The productivity of the final culture will therefore
depend on that in each of the proceeding cultures. One factor that will have a
pronounced effect on productivity is the stability of the recombinant organism. If the
organism is prone to segregational plasmid instability, the recombinant nature of the
organism will be lost and the desired protein will not be over-produced.
The stability of both the initial constructs was monitored during the course of
their culture in a variety of shake flask experiments (Section 4.2.5) containing
different culture media. The percentage of viable cells retaining the recombinant
plasmid in both medium 4 and medium 5 cultures decreases substantially between 12
hr & 20 hr of culture, despite the presence of ampicillin.
This observation was explained by the knowledge that p-lactamase, the
enzyme produced by the recombinant plasmid to protect the cell from the biocidal
effects of ampicillin, is secreted into the periplasm where it degrades the ampicillin.
Some p-lactamase may also be leaked into the extra-cellular medium which will
enhance this effect and protect some plasmid free cells from the ampicillin. As the
ampicillin concentration decreases, due its continual degradation by p-lactamase, the
proportion of plasmid free cells will increase. Being non-recombinant, the metabolic
burden of plasmid free cells is lower than the plasmid bearing cells and hence they
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will have a faster growth rate. These observations indicated that the recombinant
organisms are very unstable. As this was the case in shake flasks, it already suggested
that the constructs were likely to be unstable in fermentations, and that more stable
constructs would have to be developed.
An attempted batch fermentation of JM107/pQR182 (fermentation Section
4.3) resulted in the non-recombinant organism having completely taken over after 12
hr, with no traceable plasmid bearing cells remaining. For the majority of this 12 hr
period the growth rate was 0.52 hr^, which was assumed to be the maximum growth
rate (Pmax) for ^ coli in this medium. Since high growth rates often increase the
chance of segregational plasmid instability (Section 1.5), and given the instability of
this construct observed in shake flask experiments, a fed-batch fermentation of this
organism was attempted.
After a short batch phase the fed-batch fermentation (fermentation ii.. Section
4.3) was maintained at a low, constant growth rate in the hope of reducing segregation
instability. Even though the growth rate was controlled in this manner thus giving
plasmid bearing cells a higher chance of survival, the non-recombinant organism once
again took over. Based on the results of shake flask cultures of this organism (Section
4.2.3), the inoculum for this fermentation was likely to have contained a substantial
proportion of plasmid free cells. It may be that the batch period at the start of the
fermentation, which proceeded at p^ax
lasted for ~9 hr, was sufficient for the
plasmid free cells to dominate. Nonetheless, ampicillin was present in this
fermentation and one would have expected it to have killed all the plasmid free cells
in the inoculum, particularly as the inoculum volume amounted to only 1% of the
fermentation volume. p-Lactamase would have been present in the inoculum
however, and more would have been produced by plasmid bearing cells during the
early stages of fermentation. It must be assumed that sufficient P-lactamase was
present to decompose all the ampicillin early on in the fermentation, thus allowing
complete dominance of the plasmid free organism. Considering the high copy
number of the plasmid and its constitutive production of p-lactamase, this is not an
unreasonable assumption.

6.1.3

Improved constructs over-expressing transketolase in Ecoli

The unstable nature of JM107/pQR182 & JM107/pQR183 in shake flask
cultures predicted their subsequent failure in fermentation. The fact that in both batch
and fed-batch fermentation plasmid free cells were able to dominate early on
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demonstrated their unsuitability for fermentation. Consequently a new, stable
construct that could be cultured in a fermenter without plasmid loss was required.
In an attempt to produce a recombinant organism of improved stability, C.
French of UCL excised the fragment of DNA containing the TK gene from
JM107/pQR182 and inserted it into a plasmid providing kanamycin resistance
(pBGS18“; B.G. Spratt et al, 1986) in the same host E. coli (lab strain JM107). The
fragment was inserted into the plasmid in opposite orientations with respect to a lacpromoter on the plasmid. This afforded the two new constructs JM107/pQR700
(=JM107/pQRl 82 in orientation with respect to the /nc-promoter) and
JM107/pQR701 (=JM107/pQR183) (Section 2.4). The constructs JM107/pQR700 &
JM107/pQR701 are refered to as the "improved constructs" in the rest of this chapter.
It was postulated that because resistance to kanamycin is intracellular and the
mechanism for resistance does not break down kanamycin, plasmid free cells could
not be protected from its biocidal action in the same way as they could from
ampicillin. In this way the recombinant organism may be cultured without the
appearance and eventual dominance of plasmid free cells.

6.1.4

Stability of the improved constructs

As with the initial constructs, the stability of both the improved constructs was
monitored during the course of their culture in shake flasks containing medium 5
(Section 4.2.5). These constructs maintained -100% plasmid retention throughout a
24 hr period, providing a more substantial case for fermentation.
A fed-batch fermentation of JM107/pQR700 (fermentation iii.) was attempted
in an identical manner to that for JM107/pQR182 over the initial stages. Up until the
later stages of the fermentation the culture consisted almost entirely of plasmid
bearing cells, and consequently the levels of TK in disrupted broth samples were high.
During the last 4 hours of cultivation however, the proportion of plasmid bearing cells
decreased. Nonetheless, the stability of this construct was a major improvement on
the previous one.
The resurgence of plasmid free cells at the end of this fermentation indicated
that the kanamycin was no longer effective. Although kanamycin is not decomposed
by the cells, it may be rendered inactive. It may also have become ineffective because
of the high concentration of cells achieved relative to the kanamycin present. It was
assumed that it would be possible to maintain 100% plasmid retention throughout the
fermentation by adding further kanamycin later in the fermentation.
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This was achieved in a subsequent fermentation (iv.) by adding kanamycin to
the feed solution. In this way the antibiotic was added to the fermentation at a rate in
line with the growth rate. An equivalent quantity of kanamycin initially added to the
fermentation medium was also added to the feed solution. This was considered the
most convenient and effective addition strategy because as the biomass increased so
did the levels of antibiotic, ensuring kanamycin was always present at an effective
concentration. Operation in this manner maintained 100% plasmid retention
throughout the fermentation.

6.2

Transketolase production in shake flasks

6.2.1

Initial productivity studies

The initial constructs (Section 6.1.1) were primarily used for shake flask
production of TK. The minimal medium supplied by Frost for the growth of
DH5a/pKD112A (medium 3, Section 3.1.1) uses glucose as its sole carbon source.
When grown in this medium the activity produced by this recombinant form was -100
times that produced by the wild type.
The newly generated constructs,
JM107/pQR182 and JM107/pQR183, could not be grown on glucose due to its
repression of the /ac-promoter. Experiments altering the carbon source within this
medium indicated that glycerol was the most productive of the limited range tested
(Section 4.2.1). The Frost medium with glycerol in place of glucose (medium 4,
Section 3.1.1) was used in the subsequent shake flask experiments involving these
constructs.
These results also demonstrated that, as hoped, these JM107 recombinants
were more productive than the original from Frost, both producing four times the
activity of TK produced by DH5a/pKDl 12A. It is important to note that the level of
the enzyme activity in this crude form was half as much again as the specific activity
of pure yeast TK. This means that, even if the TK produced in these JM107
constructs amounts to 50% of the total protein (the maximum likely), the specific
activity of E. coli TK is three times that of the yeast enzyme (-80 U/mg protein).
The fact that both the new constructs produced very similar TK activities
indicated that the TK gene was not transcribed from the /ac-promoter but was using
its own promoter. This observation was confirmed in a separate experiment in which
isopropyl-p-5-thiogalactopyranoside (IPTG), an inducer for the /ac-promoter, was
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added to the culture medium.
concentration.

This addition resulted in no increase in TK

It was also interesting to compare the productivities of all three constructs on
the minimal medium described and a complex medium including glycerol (medium
2). With each construct, although the complex medium resulted in the production of
at least as much TK as the minimal, there was a large increase in the total protein
produced (Section 4.2.1). The productivity was therefore decreased in complex
media, since the activity (the ratio of TK units to mg of total protein) was reduced.
This observation could be due to the fact that the minimal medium contained
substituents designed for TK production, whereas the complex medium contained
substituents for the production of most proteins.
The productivities of constructs JM107/pQR182 & JM107/pQR183 were
monitored with time (Section 4.2.2, figures II, 12, 15 & 16 in Appendix I) in both a
glycerol minimal medium culture (medium 4) and the complex medium starter culture
(medium 2). After a short lag phase of about 3 hr both starter cultures grew linearly
for 9 hr when an aliquot was used to inoculate a minimal medium flask. The reason
for linear rather than exponential growth was probably due to oxygen limitation. The
culture volume was -50% of the flask volume, whereas to avoid oxygen limitation,
<20% is required. Cultures with medium 4 had a lag phase of - 8 hr, after which the
exponential growth phase proceeded for 8-10 hr (culture volume is 20 % flask
volume).
Both constructs, in both media, produced TK in line with increasing biomass
illustrating constitutive production of TK. Constitutive production of the enzyme was
expected since the TK gene was being transcribed from its own promoter and not the
inducable /ac-promoter. The total protein however, increases more slowly in medium
4. This is very unusual, since if TK was being produced at the same rate as the
growth rate, the other proteins must have had an increasingly slow production rate.
This would explain the increase in activity observed between 12 hr and 15 hr in the
minimal medium 4 cultures. However,as the proportion of plasmid fi’ee cells was
increasing during the 12-20 hr period, the rate of production of TK, and therefore
activity, should have decreased relative to increasing biomass. As previously
described, the opposite was observed. Part of the explanation for this could be that
the total protein concentrations measured were inaccurate due to the low levels
present, particularly in the first 12 hr. This does not explain however, why the rate of
TK production did not decrease with an increasing proportion of plasmid ft"ee cells.
Despite the poor stability of the initial constructs (Section 6.1.2), they satisfied
one of the main objectives of the study of enzyme production. They enabled TK to be
produced in sufficient quantities in shake flasks for a range of studies on the enzyme
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to be accomplished. These studies included preparative TK biotransformations and an
investigation of the substrate specificity of the enzyme (sections 7.2 & 7.1
respectively). Most notably, TK from these constructs was purified to homogeneity
and crystallised (Section 6.7) which has resulted in the elucidation of the crystal
structure of this form of the enzyme.

6.2.2

Productivity in shake flasks containing fermentation medium

The criterion for fermentation was that a high productivity fermentation should
be achieved, in part by attaining a high density of cells (-20 g dc/L). One of the main
objectives of the studies on enzyme production was to demonstrate that provision of
sufficient enzyme would be possible if industry decided to utilise it for commercial
biotransformations. The minimal medium used for shake flask production of TK
(Section 6.2), whilst being very productive on a small scale, does not contain
sufficient nutrients for cell growth to high densities. The medium used for
fermentation was one previously used by A. Cockshott (1993) for recombinant E. coli
fermentations (medium 5).
Medium 5 was also used in shake flasks used for the inoculation of a 20L
fermenter. It was important to grow the seed culture in the same medium as that used
in the fermenter so that the change in the organisms environment on transfer was kept
to a minimum. With no change in the culture medium, the only change the organism
would have to adjust to would be the those relating to the vessel itself; e.g. increased
gas-liquid interface & higher shear modulus. Productivity profiles in shake flask
cultures were recorded for all four JM107 constructs in this medium(Section 4.2.2, &
figures 17-110 in Appendix I), along with profiles for starter cultures (medium 2) of
the improved constructs. Comparison of these profiles illustrated that the improved
constructs were less productive than the initial pair. This was to be expected since the
pBSGlS" plasmid has a lower copy number than pUC18. The productivities of the
two improved constructs were very similar, reaffirming that the TK gene is not
transcribed from the /ac-promoter.
Starter cultures of JM107/pQR700 & JM107/pQR701 followed the same
growth profile as the initial pair of constructs with a lower productivity. In medium 5
however, the initial pair of constructs grew exponentially for -16 hr before entering a
stationary phase whereas the improved pair of constructs appeared to grow linearly
over the 24 hr period recorded. Due to the high salt and glycerol concentrations in
medium 5 one may expect growth to have been inhibited. This inhibition would have
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resulted in a linear growth pattern. In this case, one would expect inhibition to have
been observed with both pairs of constructs.
Once again all constructs produced TK in line with increasing biomass,
illustrating constitutive production of TK, and total protein production generally
followed the same pattern. Of greater importance, from the point of view of
fermentation, was that the improved constructs appeared to be more stable than the
initial pair. Both of the improved constructs maintained -100% plasmid retention
thoughout the 24 hr period monitored.

6.3

Development of a fed-batch strategy for fermentation

6.3.1

The failings of batch fermentation

The fermentation of E. coli for the production of transketolase was initieilly
attempted in a 20 L vessel using JM107/pQR182 and medium 5 (sections 3.2.1 & 4.3,
fermentation i.; figures 22 & 23). After a lag period of -2 hr an exponential growth
phase began. Exponential growth continued until, at a fermentation time of -13 hr,
when the culture became oxygen limited, indicated by the DOT falling to below 5%
air saturation. Despite this limitation the culture continued to grow, albeit more
slowly, until the nutrients were exhausted after 17 hr.
At the point of oxygen limitation for the culture, the fermenter was at its
maximum impeller speed which sustained the OUR at -150 mmol/Lhr. Increasing in
the air flow rate stepwise to its maximum (and so the maximum gassed power for this
fermenter) resulted in the stepwise increase in OUR and CER to the maximum for this
fermenter (OUR =180 mmol/Lhr). This indicated that medium 5 could not be used to
its full potential in batch mode with this fermenter without increasing the oxygen
supply (e.g. by sparging with oxygen enriched air). A fed-batch fermentation was
already more attractive, since the oxygen demand of the culture could be controlled
and never be allowed to exceed the maximum supply rate of the fermenter.
The other main failing of a batch fermentation process was the inability to
control the growth rate. It has been widely reported that by operating at a reduced
growth rate reduces the chance of segregational plasmid instability (S.K. Yoon et al,
1994 and K. Hellmuth et al, 1994) and can increase the expression of recombinant
DNA products in E. coli (D. Riesenberg et al, 1990). During the exponential growth
phase the growth rate was 0.52 reciprocal hours as determined by the OUR and OD
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curves (Table 13, Section 4.3.2). This figure is assumed to be the maximum growth
rate (fimax) for E. coli in this medium. In batch mode it was not possible to prevent
the growth rate from reaching, and remaining at, this value.

6.3.2

Maintenance a constant growth rate during fermentation
For reasons already discussed, batch operation is not suitable for fermentation

to high densities of cells. A fed-batch cultivation of JM107/pQR182 was attempted
(sections 3.2.3 & 4.3, fermentation ii.; figures 24 & 25). The same basic medium was
used as in batch fermentation but with a reduced glycerol content (medium 6 ). The
reduced glycerol content, and hence limited carbon source, was designed to allow the
bacteria to become accustomed to the fermentation conditions, and to begin
replication to generate a biomass of -0.1 g/L. This initial period was uncontrolled and
therefore proceeded in a batch mode.
The depletion of the limited glycerol in the batch period was indicated by a
sharp rise in DOT and fall in both OUR & CER. In the absence of an organic carbon
source aerobic metabolism can not take place and so there is no requirement for
oxygen or evolution of carbon dioxide. At this point in the fermentation the biomass
of the culture was estimated from an optical density measurement and the fed-batch
phase of the fermentation began.
Feeding a solution of glycerol at an exponentially increasing rate controlled
the growth rate at the value of the exponential which was set at 0.15 h rT This was
achieved using the LabView software programme (Section 3.2.2). During the fedbatch period the fermentation parameters recorded all increased at a constant
exponential rate equal to the observed growth rate. The degree of success achieved
with this fed-batch system could be evaluated from the exponential regression data for
the fermentation profiles (Table 13, Section 4.3.2).
The OD curve gave an exponential regression factor of 0.12 whereas both the
OUR & CER curves gave 0.17. The discrepancy between these values would result in
a substantial difference in doubling time of the culture if they were taken as the
growth rate. This is shown with the relation below:
t[) = (In 2)/p
where t^ is doubling time
=> if p = 0.12 hr^
tp = 5.8 hr
= 0.15 hr^
= 4.6 hr
= 0.17 hr^
= 4.1 hr
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The values of OUR & CER calculated by the fermentation data logging
system were slightly higher than the actual values for the fed-batch period. This was
because the data logging system (Section 2.1.3) did not take into account the
increasing culture volume due to feeding; the volume is related to these parameters by
the formula below:
OUR or CER =
air flow rate x I % exit gas - % sparge gas I
culture volume x molar gas volume at analysis temperature
If the culture volume was larger than that used in this calculation the resulting
OUR and CER would have been too high. This feature was most significant toward
the end of the fermentation when the feed rate was greater and the volume difference
was therefore more pronounced. As a result of the slightly inaccurate values of OUR
and CER, the exponential regression values for their curves would also have been
slightly high. The error in this exponential regression value (z) can be calculated from
the relation below, using the observed values for volume change over the controlled
feeding period:
V] = Vq exp(zt)
=> z = ( 1/t) In (VI A^o)
= (1/30) In (14/12)
= 0.005 hr^

where

Vi = volume after feeding
Vo = volume before feeding
t = time of feeding

This calculation shows that the error was relatively small and does not alter the
values significantly. Therefore, a discrepancy still remains between the growth rate
determined from the OD profile and that determined from the OUR and CER profiles.
This discrepancy prevents a accurate judgement being made on the relationship
between the set point growth rate and the observed value. In subsequent
fermentations however, the discrepancy was much lower (± 0.01 hr^) and it can be
concluded that the regression values do show the growth rate was being controlled by
this system to a value very close to 0.15 h r ^ (the set point value).
Despite this discrepancy, the high degree of control achieved with this system
was illustrated by the confidence interval for these regression values. The confidence
interval is a mathematical measurement of how closely the "best fit" curve (from
which regression values are taken) matches the actual curve over the chosen range.
The confidence interval value is given between 0 - 1 , with a perfect match having a
value of unity. As the confidence interval values for all the regression data are close
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to unity it is clear that this system has a very high degree of control over the feed rate
to maintain a constant growth rate.

6.3.3

Suppression of oxygen requirement

The fed-batch strategy described in Section 6.3.2 overcame the problem of
growth rate control experienced with batch fermentation. However, it did not prevent
the oxygen demand of the culture exceeding the maximum supply rate of the
fermenter. This was illustrated towards the end of fermentation ii. (Figure 24, Section
4.3) when at 35 hr the culture became oxygen limited. As a result of this the bacteria
start to produce organic acid, as indicated by the decline in CER relative to OUR
(Section 6.5.2). The fermenter was not at its maximum gassed power at this stage, but
on increasing both the impeller speed and air flow rate to their maximum values, the
culture did not cease to be oxygen limited before the end of the fermentation.
The fact that oxygen limitation was again reached in this fed-batch
fermentation suggested that further alterations were required in order to avoid this
effect. In addition, since the oxygen supply rate of larger fermenters is lower than that
for the 20 L vessel, due to gassed power considerations (A. Einsele, 1978), the next
scale of fermenter was also considered when designing the new strategy. The
proposed strategy was to allow the exponentially increasing feed rate to proceed as
before until the OUR reached a value of 50 mmol/Lhr. At this value, which was
considered to be approaching the maximum oxygen supply rate of a 1500 L vessel,
the feed rate was kept constant at the value it had reached by this stage. Glycerol was
now being supplied at a constant rate, therefore it could only be metabolised at the
same rate and so the oxygen requirement should remain constant at 50 mmol/Lhr. In
this way a larger scale fermentation process was mimicked in a 20 L fermenter.
This new fed-batch process was first attempted through fermentation of
JM107/pQR700 (sections 3.2.2 & 4.3, fermentation ill., figures 26 & 27). After the
initial batch phase a constant growth rate was maintain over the period of
exponentially increasing feed rate. When a constant feed rate was introduced at an
OUR of 50 mmol/Lhr, the OUR and CER did not remain constant as expected but
slowly increased, linearly with time (this is discussed in Section 6.5.3). Despite this
slow increase in OUR (to a maximum of ~65 mmol/Lhr), by operating a linear feed
the oxygen requirements of the culture were easily met by the fermenter and at no
time was it oxygen limited. This process was used for fermentations
and it was
predicted that these characteristics could be reproduced in a larger fermenter.
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The main purpose of fermentations in a 20 L vessel was for the inoculation of
a 1500 L fermenter. Mimicking the potential scale-up process in the 20 L vessel
(fermentations
increased the fermentation time, and so the fermentation times
for subsequent cultures of this size were kept to a minimum by not limiting the OUR.
In fermentations vii. & viii. (Section 4.3, figures 32 & 33) the feed rate was
not kept constant when the OUR reached 50 mmol/Lhr but allowed to continue
exponentially increasing to maintain the constant growth rate. A new strategy was
adopted; when the maximum oxygen supply rate of the fermenter was reached, the
feed rate would become linear. In this way the fermentation was completed 11 hr
earlier than one with OUR limitation (three-quarters of the fermentation time).
In both these fermentations the maximum oxygen supply rate of the fermenter
was only reached at the completion of the fermentation and so linear feeding was not
required. This was contrary to the results of fermentation ii. (Section 6.3.2) which
became oxygen limited at the maximum oxygen supply rate during the final hour of
fermentation. In fermentation ii. however, large quantities of organic acid were
produced during a period of oxygen limitation before the maximum oxygen supply
rate was reached. It was likely that the increased oxygen demand at the end of this
fermentation was a result of the additional metabolism of this acid (Section 6.5.3).

6.3.4

Modifications to the feed medium

The feed medium for initial fed-batch cultivations contained only glycerol. As
indicated in section 6.1.4, a decrease in the proportion of plasmid bearing cells during
the latter stages of the fermentation was observed. Improvement of the fermentation
process was therefore required for the more effective production of TK by the new
construct. In addition to more effective TK production, improvement was required for
the purposes of scale-up. Fermentation in a 20 L vessel was required as a seed culture
for the next scale of fermentation. It was important that this seed culture was in the
best condition possible on transfer to the larger vessel since any defects would only be
amplified on scale-up. This was achieved by further addition of the selective
antibiotic, kanamycin, during fermentation via the feed medium (sections 3.2.2 & 4.3,
fermentation iv.; figures 28 & 29).
Fermentation iv. proceeded in the same fashion as fermentation ill..
Unfortunately, about 4 hr into the fed-batch phase the feed pump stopped leaving the
culture without a carbon source for -11 hr when the feed was restarted. At this point
the data logging system stopped working for ~8 hr which explains the linear period
between 24-32 hr in the DOT, OUR & CER plots in Figure 30. For this reason
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regression data for these parameters over the fed-batch period was not available. This
data was calculated for the OD profile, which showed the constant growth rate, once
the feed was restarted, to be 0.16 hr*; once again very close to the desired value.
More significantly the culture contained 100% plasmid bearing cells at this stage,
demonstrating that, despite the period of inactivity when the pump stopped, the
feeding of kanamycin in this way successfully prevented the appearance of plasmid
free cells.
The fermentation was then allowed to continue by feeding more glycerol
solution of the same concentration and kanamycin content. The feed rate was initially
increased to a higher, constant value for a period of 10 hr, indicated by the step up in
OUR & CER, before being returned to the original constant rate for the remainder of
the fermentation. Although this procedure led to a very inelegant fermentation
profile, the culture remained entirely of plasmid bearing cells when kanamycin was
constantly fed to it, despite the changes in growth rate due to changing feed rates.
Consideration of the biomass achieved in this fermentation resulted in a
further alteration to the feed medium. The fermentation medium (medium 6)
contained sufficient nutrients to support the growth of this E. coli to almost 29 g dc/L
in fermentation iv. when it was assumed to only contain sufficient for growth to 25 g
dc/L. Using the elemental composition of dry E. coli cells (S.E. Luria, 1960) the
quantity of each of these elements required to reach 25 g dc/L in fermentation culture
was calculated. This was then compared to the elemental composition of medium 6
(calculated from its components), as illustrated in Table 28.
Element

Bacterial dry
weight (%)

Required for
25 g dc/L (g/L)

Medium 6
content (g/L)

Medium 6
/requirement

N

14

3.5

4 .35 a

1.2

P

3

0.75

1.39

1.9

S

1

0.25

1.41

5.6

K

1

0.25

4.11

16.4

Na

1

0.25

0.68

2.7

Mg

0.5

0.125

0.07

0.6

Ca

0.5

0.125

0.09

0.7

Fe

0.2

0.05

0.09

1.8

Table 28 Comparison between the elemental requirement for bacterial growth to 25 g
dc/L and the elemental content of medium 6.
3 Assuming 400 mL of ammonia solution is added to the fermenter for pH control.
The observed quantity was at least this.
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Table 28 illustrates that medium 6 more than satisfied the bacterial
requirement for all these elements except magnesium and calcium. The fact that 29 g
dc/L was reached in fermentation iv. suggests that, either extra magnesium and
calcium are present due to impurities in other medium components, or the percentage
of bacterial dry weight used for both these elements is incorrect. The former was
unlikely to contribute anything like the required amount of the two elements since the
maximum impurity of any component was less than 0.01%. One must therefore
assume that the dry weight percentages quoted for bacteria are not correct for this
strain of E. coli, since on the basis of these calculations only 14 g dc/L could have
been achieved. Assuming 29 g dc/L was the maximum possible with the quantities of
magnesium and calcium present, the dry bacterial content of these elements should be
0.24% and 0.31% respectively. It should be noted, however, that the elementary
composition of dry cells of the same generic organism can differ slightly depending
on the growth conditions (S. Bauer & E. Ziv, 1976 & J.A. Roels, 1983).
Magnesium was considered particularly important in this fermentation since it
is one of the cofactors of TK. Therefore, the same mass of magnesium sulphate used
in the fermentation was also added to the glycerol feed solution in subsequent
fermentations. Thus the magnesium content in the fermentation was doubled and the
requirement according to S.E. Luria (1960) satisfied. Fermentations v. & vi. (sections
3.2.2 & 4.3, figures 30 & 31 respectively) used this feed medium in fed-batch
fermentations of the type already described.
The OUR and CER were recorded for both fermentations represented by the
profiles depicted in figures 30 & 31. These profiles follow a very similar pattern to
those already discussed for similar fermentations giving the same RQ values over the
constant growth rate and linear feeding periods. The productivity of neither of these
fermentations was monitored with time, only final results were recorded. The final
biomass was unchanged in these fermentations but the final TK content was
increased. The addition of magnesium in the feed would, therefore, appear to have
had no immediately obvious effect on the biomass production. It is possible that the
increased level of TK was due to the additional magnesium content of this
fermentation and for this reason magnesium sulphate was added to all subsequent feed
media.. It seems unlikely that the absence of magnesium would have prevented the
protein jfrom being formed. It is more probable that the folding of the protein was
influenced by the presence of this cofactor. However, since the assay used for TK
contained magnesium, any folding influence the cofactor has would not have effected
the level of TK observed unless folding in the absence of magnesium was irreversible.
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6.4

Transketolase production in a 20 L fermenter

6.4.1

Factors effecting transketolase production

The productivity of a recombinant fermentation depends on two major factors,
the proportion of plasmid bearing cells (the plasmid retention) and the level of protein
expression within these cells. The proportion of plasmid bearing cells is simply
calculated as previously described (Section 3.1.7). Its effect on TK production was
demonstrated in fermentations involving JM107/pQR182. In these fermentations
there was negligible quantities of TK produced because there were no plasmid bearing
cells.
Levels of protein expression can be related by the comparison of the activities
of broth samples, since activity is the ratio of the TK produced to the total protein
produced. In relating levels of over-expression however, the relative proportions of
plasmid bearing cells must also be taken into account. This effect was best illustrated
in fermentation iii. involving the more sable construct JM107/pQR700 (Figure 27,
Section 4.3). Over the period between 25-35 hr in this fermentation the TK
concentration increased due to the increase in biomass. However, because the
plasmid retention decreased over this period, the TK activity actually decreased
slightly. This effect was even more pronounced during the remaining fermentation
time when the plasmid retention decrease resulted in a reduction in the TK
concentration as well as activity. The decrease in TK concentration which
accompanied this plasmid loss was in direct relation to the increase in biomass over
this period. This suggested that, over this period, only plasmid free cells were
produced.
In fermentation iv., during which the feed pump stopped for an 11 hr period,
another effect was observed. Comparing TK and total protein concentrations when
the biomass of fermentation iv. had reached the final biomass of fermentation iii., it
was observed that TK and protein levels in the disrupted broth were both
proportionallly higher than fermentation iii. This resulted in very similar activities
for both fermentations despite the plasmid retention of fermentation iv. having been
maintained at 100%. Considering the 100% plasmid retention in this fermentation it
would have been reasonable to expect the TK level to have been proportionally higher
than the total protein and therefore afford a higher activity. The fact that it was not
demonstrated that protein expression in this construct can be effected by external
physical factors. In this case the lower protein expression was probably due to the
period of inactivity when the feed pump stopped.
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The activities at the end of subsequent fermentations (v. & vi.) was increased,
suggesting that external factors were indeed responsible for the low activity of
fermentation iv. It was possible, however, that the increased TK activity was also
due to the additional magnesium content of these fermentations (Section 6.3.3).
A further factor influencing protein expression was illustrated in fermentation
vii. which was not subjected to a period of linear feeding. The level of TK reached in
this fermentation was considerably higher than those subjected to OUR limitation
(225 U/mL compared to 147 U/mL). Since a similar level of total protein was
attained the activity of the disrupted broth was also higher, reaching 23 U/mg protein
(compared to 18 U/mg protein). These results suggest that the linear feeding of
glycerol did not provide conditions for optimum TK expression. This is presumably
because the growth rate was gradually decreasing over this period (Section 6.5.3),
presenting additional stress to the organism.
Hellmuth and co-workers (1994) have reported an optimum growth rate of
0.13 hr^ for protein expression in their recombinant E. coli over the range 0.07-0.17
h r ^ Perhaps more significantly, they observed a 50% reduction in activity at 0.11 h r
^ and a 70% reduction at 0.07 h rk Therefore, the growth rate decline during linear
feeding may also deviate further from the optimum value for TK expression for this
organism. Fermentation vii. was not monitored throughout and so although the
growth rate was set at 0.15 h r ^ on the fed-batch controller the actual growth rate is
unknown
In an attempt to further investigate this relationship between growth rate an
protein expression, fermentation vii. was repeated and monitored throughout
(fermentations viii., sections 3.2.2 & 4.3, figures 32 & 33). However, the condition of
the inoculum for this fermentation was poor, containing only 40% plasmid bearing
cells. This meant that it was 24 hr before the culture consisted entirely of the
recombinant organism. During this time the activity of disrupted fermentation broth
increased to -16 U/mg protein which was constant until the last hour of fermentation.
Over the last hour the growth rate slowed down and organic acid production became
significant (illustrated by the decline in CER relative to OUR, Section 6.5.3).
Accompanying these changes was a large decrease in TK concentration suggesting
that the bacteria were utilising it as an energy or carbon source. Consequently the
activity fell t o l l U/mg protein at the end of the fermentation.
Disregarding the last hour of the fermentation, the activity reached in
fermentation viii. was still lower than that in fermentation vii.. The poor state of the
inoculum and competition with plasmid free cells in the early stages of fermentation
would have reduced protein expression. In the light of the results of Hellmuth and co
workers (described earlier) the observed growth rate may also have been a factor.
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Unfortunately there is some disagreement between the growth rate given by the CER
& OUR profiles (both 0.19 h r and that given by the OD profile (0.14 h r 1), but an
average gives 0.17 h r ^ This growth rate may have been slightly higher than that in
fermentation vii. and result in a lower expression of TK.
It should be noted that the TK produced in fermentations was in the form of
the apo-enzyme. This was determined by assaying fermentation extracts in the
absence of the cofactors for TK. It was found that although Mg^"*" was present in
sufficient quantities in the extract to form the holo-enzyme, TPP needed to be added
to the extract to obtain maximum activity (Section 4.1.1).

6.4.2

The specific activity of E. coli transketolase

Densitometric scanning of a polyacrylamide electrophoretic gel of a clarified
homogenate sample of fermentation iii., revealed that TK comprised -27% of the total
protein in this fermentation (Figure 40, Section 4.3.5). If TK constituted 27% of the
total protein in fermentation iii. (8.0 mg/mL) then at the end of the fermentation the
TK produced was 2.2 mg/mL. Since the TK concentration at this point was
determined as 105 U/mL the specific activity of TK would be -48 U/mg protein. This
figure is higher than that reported for any other form of TK (Table 1, Section 1.3) but
in the right order of magnitude.
Fermentation vii. produced TK and total protein concentrations of 225 U/mL
and 9.7 mg/mL respectively. Using these values and the figure of 48 U/mg protein as
the specific activity of TK, TK should have comprised 48% of the total protein in this
fermentation. Similarly, for 1000 L fermentations (ix. & x.) the level was between
52-55% of the total protein. This is a very large proportion of total protein, in the
region of the maximum reported for recombinant E. coli, suggesting that the specific
activity of TK may be greater than 48 U/mg protein.
To establish the specific activity of TK accurately, the protein was purified to
homogeneity. This resulted in a specific activity of 31.2 U/mg protein (Section 6.4.6).
However, if this figure is correct then the productivities of the fermentations would
suggest that TK constituted 50-80% of the total protein, which is unheard of in
recombinant protein production. The reason for this disagreement was due to
temperature differences in TK assays. The assays during protein purification were
performed at room temperature whereas those for the fermentation extracts were
performed at 36 °C.
To establish the effect of temperature on the TK assay, the range of TK
concentration over which the TK step is rate limiting in the assay was determined.
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This range was established using commercially available yeast TK at both room
temperature and at 37 °C (figures 19 & 20, Section 3.6.1). Comparison of the
correlation factors over the linear period for the two figures illustrates the temperature
dependency of this assay. Assuming room temperature to be 22 °C, increasing the
temperature by 15 °C was shown to exactly double the correlation factor.
The range of measured TK over which linear correlation was observed was
identical at both temperatures. This confirmed that the assay was performing in an
identical fashion at both temperatures. This would imply that the specific activity of
TK, determined from the homogeneous protein, at 36 °C is ~62 U/mg protein. Using
this figure with the fermentation data indicated that TK comprised 25-40% of the total
protein produced, which is a much more plausible range and one in which the
densitometry result falls.

6.4.3

Stability of the transketolase produced in a fermentation

The stability of TK in a clarified homogenate of fermentation broth
(fermentations iii.) and an extract of the same homogenate partially purified by ionexchange FPLC, were monitored when stored at 4 °C and -20 ®C (figures 38 & 39,
Section 4.3.4). The partially purified sample proved more stable than the unpurified
sample but a high degree of stability was observed in both samples, at both
temperatures. This was probably due to the high over-expression of TK. Scanning of
the polyacrylamide gel electrophoresis of both these samples with a densitometer
indicated that TK comprised -27% of the total protein in the crude sample and -43%
in the partially purified sample. The partially purified sample was more the stable
because proteases that break down TK were likely to have been removed by the
chromatographic step.
These stability results showed that just a single chromatographic step renders
the enzyme in a form stable enough for storage for later use in biotransformations.
However, to accomplish this with just 10 L of fermentation broth would involve a
very large and expensive chromatographic column and result in a ten-fold increase in
sample volume. This volume increase would mean that a protein concentration step
would also be required before a volume suitable for storage was obtained.
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6.5
Growth
fermenter

6.5.1

characteristics

of the

recombinant £*. coli

in

a 20 L

The batch phase

In batch fermentation (i.) the ratio of CER to OUR, or the respiratory quotient
(RQ = CER/OUR), rose steadily to 0.72 over the first 10 hr and then maintained this
value for the remainder of the fermentation time. The complete oxidation of a mole
glycerol (the sole carbon source) results in the production of three moles of carbon
dioxide and the consumption of three and one half moles oxygen, as illustrated below:
CgHgOg + 3.5 O2 ----- ^ 3 CO2 + 4 H2O
=> RQ = 3/3.5
=

0.86

Assuming complete oxidation of glycerol one would expect the observed RQ to reach
0.86. Since this was not the case and the observed value was lower than this
calculated value some of the glycerol was not being completely oxidised in this way.
The two other main ways in which glycerol, or more generally the carbon source, will
be used in fermentation is in the construction of cells (which comprise a large
proportion of carbon) and in the production of organic acid. Ideally the latter is
restricted to a minimum since organic acid is an inhibitory by-product of
fermentation. Assuming no organic acid production, a new equation taking into
account the cell construction and a nitrogen source can be written. The equation is
written for the production of one mole of cells (the elemental formula of dry E. coli
cells is taken from B. Atkinson & F. Mavituna, 1983):
aCH2
+ b02 + cNH] ----- > CH2O0 gNo 25 dC02 + eH20
balancing this equation for each element gives: C a = 1 + d
H
2.67a + 3c = 2 + 2e
O
a + 2b = 0.5 + 2d + e
N
c = 0.25
The element balancing provides three equations for the four unknovm
coefficients (a, b, d, & e). Therefore, in order to solve these equations a further
relation is required which can be derived from experimental observation. The
experimental observation can be either the RQ ( = d/b) or the growth yield (Ygiy =
formula weight of dry cells/(a x formula weight of carbon source)).
The growth yield on glycerol in this fermentation was 0.44 g dc/g glycerol.
Solving the equations with this relation gives; a = 1.89, b = 1.14, d = 1.89, e = 0.89,
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and hence an RQ of 0.78. This value of RQ is much closer to the observed value,
however, it is still slightly high, which suggests that some organic acid wass being
produced during batch fermentation. In the production of organic acid, glycerol is
oxidised to acetic acid instead of carbon dioxide, and so the ratio of carbon dioxide
produced to oxygen used decreases. The equation below demonstrates why oxygen is
still required for acetic acid production from glycerol:
CgHgOg + 0.5 O2 ------ > I. 5 CH3 CO2 H + H2 O
The growth rate during exponential growth of the batch fermentation was 0.52
hr^, as determined from the OUR and OD profiles (Table 13, Section 4.3.2). During
the initial batch period of fed-batch fermentations the growth rate (determined in the
same fashion) was also -0.50 hrT This demonstrated that the lab. strain E. coli,
JM107, was not inhibited by glycerol concentrations of up to 50 g/L in the medium,
since the growth rates in the batch phases of the two methods of fermentation (one
having glycerol concentration of 0.2 g/L the other of 50 g/L) were the same. This
form of E. coli may, however, be inhibited by the high inorganic salt concentrations
which were present in both media (medium 5 & medium 6).

6.5.2

Period of controlled constant growth rate

Fermentation ii. was essentially a fed-batch fermentation of the wild type
organism JM107, since plasmid free cells were dominant early on in the fermentation.
The similarity between this fermentation and those involving JM107/pQR700,
demonstrated little difference in the growth characteristics under these conditions
between the recombinant form and its wild type. This was an unusual result for this
host/vector system (C. French, 1993) but was due to the fact that the growth rate was
being controlled below the maximum of the recombinant organism.
In all fed-batch fermentations the RQ maintained a steady value of -0.73
throughout the region of controlled constant growth rate. The average growth yield
for these fermentations was 0.40 g dc/g gly. Based on elemental balances (Section
6.5.1), this growth yield gives a theoretical RQ of 0.79. As already described the
lower RQ was due to acetic acid production. The equation below for the metabolism
of glycerol can be written to include acetic acid production (where CH2O is the
empirical formula of acetic acid):
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aCH2
+ b02 + cNH] ----- > CH2OQ gNq 25 + (ICO2 + eH20 + fCH20
balancing this equation for each element gives: C a = l + d + f
H
2.67a + 3c = 2 + 2e + 2f
O
a + 2b = 0.5 + 2d + e + f
N
c = 0.25
the observed values of RQ and Ygiy provide the additional relations required to solve
these equations:

RQ
0.73b = d
Ygiy
0.4 = 25.5/(30.67a)
solving these equations provides the values of the coefficients given in the equation
below:
2 .O8CH2.67O + I.O6 O2 + O.25NH3 ----- > CH2O0.5N 0.25 + 0 .77 CÜ2 + I. 84 H2O

+ O.3ICH2O
hence ~15% of the carbon source was used for acetate production during the constant
growth rate period.

6.5.3

Period of linear supply of the feed solution

As described in Section 6.3.3, when a constant feed rate was introduced at an
OUR of 50 mmol/Lhr, the OUR and CER did not remain constant as expected but
increased linearly with time. The imprecise calculation of these values by the data
logging system in not account for the increasing culture volume (Section 6.3.2), did
not compensate for this increase. During linear feeding, since glycerol is being
supplied at a rate below the maximum metabolic rate of the bacteria, the additions of
glycerol were always metabolised instantly (if the feed was stopped OUR & CER fell
instantly). The oxygen requirement for this metabolism will always be the same.
Therefore, for a constant volume, the OUR should remain constant. Accounting for
the increasing volume would result in a linearly decreasing OUR over this period.
The fact that, accompanying the OUR & CER rise, the DOT decreases during
this period further suggests that these observations are real effects. The most likely
explanation for this is that acetic acid, produced from glycerol metabolism during the
period of constant growth rate, was being used as a carbon source for cell growth
during the linear feeding stage. This would have required more oxygen and resulted
in an increased carbon dioxide evolution, explaining observed changes in OUR, CER
& DOT. Also, since an additional carbon source was being used during linear feeding
the elemental balances for growth, discussed in Section 6.5.1, alter.
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The metabolism of acetic acid requires proportionally less oxygen than the
metabolism of glycerol because it is in a more oxidised state. This is illustrated in the
two formulae below:
CgHgOg + 3.5 O2 ----- > 3 CO2 + 4 H2O
RQ = 0.83
C2H4O2 + 2 O2 ----- > 2 CO2 + 2 H2O

RQ=1.00

As described in Section 6.5.1, some of the carbon source will be used for cell
construction which will alter the RQ. Provided the growth yield on acetic acid was
not significantly greater than the growth yield on glycerol, the change in RQ will be
approximately equivalent. This indicates that the utilisation of acetic acid as a carbon
source should result in an increase in RQ. In all fermentations which operated a
period of constant feed rate, the observed RQ was steady at -0.73 during the period of
constant growth rate and then rose to -0.79 during the period of linear feeding. The
rise in RQ during linear feeding would, therefore, support the hypothesis that the
acetic acid was being utilised as a carbon source by the cells (causing an increase in
OUR & CER) over this period.
It is also worth considering the growth rate during this linear feeding period.
There are three factors changing over this period which will effect the growth rate:
1. dilution of the biomass concentration due to feed addition
2. increase in biomass due to glycerol and acetic acid metabolism
3. increase in culture volume due to feed addition.
Because the observed biomass concentration increased during this period one
can assume that 2 > 3 » 1. With the biomass increasing and the feed rate remaining
the same the growth rate must have gradually decreased during linear feeding.

6.6

Transketolase production in a 1500 L fermenter

6.6.1

Transfer of inoculum

With a successful fermentation process in a 20 L vessel in hand, which
included a method to account for the potential limited oxygen supply rate of a larger
vessel, scale-up of the fermentation to a 1500 L fermenter was attempted. The same
feed strategy was employed but due to the large quantity of glycerol required (40 L) a
more concentrated solution was used (50% v/v; feed solution 4, Section 3.1.1).
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Fermentation ix. was inoculated with 10 L of fermentation vi. via a sterile
transfer line using a peristaltic pump. The complete transfer took <5 min and the
broth had a residence time of -45 sec in the transfer line. Although the 20 L vessel
was agitated and aerated during transfer the feeding had ceased and so growth had
stopped. The batch phase medium for fermentation ix. was the same as in the 20 L
vessel. As a result of the higher concentration of cells in the inoculum however (-20
X that for 20 L fermentations), the batch phase was much shorter in fermentation ix.
than in 20 L fermentations.
Fermentation x. was similar to fermentation ix. in order to check the
reproducibility of the fermentation process. Broth from fermentation vii. (10 L,
Section 6.3.8) was used as the inoculum which had not been subjected to OUR
limitation (unlike the inoculum for fermentation ix.) and so had a higher TK
concentration on transfer. It was transferred in the same manner with one exception.
Feeding of the glycerol solution was continued during transfer such that the culture
should not have stopped growing at any point.
As a result of the improved transfer method, the batch phase for fermentation
X . was reduced from 4 hr to less than 1 hr. The fact that there had been no linear
feeding during the seed fermentation may also have contributed to the shortening of
the batch phase since the metabolic rate of the bacteria will not have been gradually
slowing down. However, because the batch phase was over so quickly, feeding was
not implemented until -1 hr later, consequently the culture was left without a carbon
source for this time.

6.6.2

Fermentation characteristics and productivity

On initiation of the feeding regime in fermentation ix. the culture grew with an
RQ settling dovm to 0.77; a value closer to the calculated value than that observed
previously. This indicated a lower acetic acid production. When an OUR of 50
mmol/Lhr was reached in was clear that this value was much lower than the maximum
attainable with this fermenter. At this stage both the impeller speed and air flow rate
were at -75% of their maximum values. These parameters were increased to values
close to their maximum and the exponentially increasing feed rate allowed to
continue. The OUR increased to -75 mmol/Lhr before the DOT had fallen to 30% air
saturation after 25 hr, at which point the feed rate was kept constant for the remainder
of the fermentation.
The linear feeding period initially results in the expected levelling out of both
OUR & CER profiles, however, after 1 hr they both start increasing again as if
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following an exponential profile. As with the 20 L fermentations this was probably
due to consumption of the acetic acid produced. After a total of 29 hr the OUR had
reached 100 mmol/Lhr and the DOT had fallen below 10% air saturation, illustrating
that the fermentation could not have continued in this manner any longer without
becoming oxygen limited. The approximate volume of ammonia added was greater in
fermentation ix. than in fermentation x. This would suggest that a greater amount of
acetic acid was produced in ix. during the fermentation. The rise in OUR & CER
observed during the linear feeding of ix. would corroborate this inference since the
rise in these parameters would be due to acetic acid consumption (Section 6.5.3).
For the period of controlled constant growth rate the OD, OUR, & CER
profiles 2ill indicate the growth rate was -0.13 h rL The proportion of plasmid
bearing cells in this fermentation appeared to fluctuate a little but remained close to
100%. Nevertheless any loss in plasmid stability was not reflected in the TK content
which reached 226 U/mL giving an activity of 25 U/mg protein.
The high activity observed would appear to add a twist to the theory, discussed
in Section 6.4.1, that linear feeding has an adverse effect on TK expression in the
bacteria. Although linear feeding was employed for 4 hr in this fermentation a fall in
activity over this period was not observed. It may be that the linear feeding period
was too short in this fermentation to have any significant effect, even though the OD
profile indicated a reduction in the growth rate over this period.
On initiation of the fed-batch mode in fermentation x. the culture started
growing immediately and a growth rate of 0.14 h r ^ (determined fi*om the OD profile)
was maintained until 28.5 hr of fermentation time. At this stage the DOT was at 40%
air saturation and the impeller speed and air flow rate at their maximum values, so the
fermenter could have supported a higher oxygen demand. However, foaming had
become significant by this time and so the feed rate was kept constant in the
anticipation that it would not become worse. The protein content in the extracellular
medium was determined to be -5% of the total protein in disrupted broth (compared
to -3% in fermentation ix.). This extracellular protein combined with the high air
flow rate will have been the cause of the foaming.
Linear feeding continued for the final two hours of the fermentation which
meant that, despite the shorter batch phase, the total fermentation time was 1.5 hr
longer than that of ix.. As a result a higher dry cell weight was achieved reaching 20
g dc/L. At the end of the fermentations broth from both ix. and x. was used for an
assessment of downstream processing methods. This is discussed in Section 6.7.
In fermentation x. the plasmid stability began to decrease after 21 hr, falling to
80% at the end of the fermentation. This decrease is likely to be the reason for the
level of TK reached being comparable to that in fermentation ix. despite the higher
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dry cell weight achieved. It is worth noting that the enzyme produced at this scale
would be sufficient, on the basis of enzyme use studies (Section 7.3), to produce -0.8
tonnes of product (erythrulose) with 98% yield in 1 hr.

6.6.3

General comments on fermentation
There were slight variations in the ratios of DCW/OD and protein/DCW

observed in all the reported fermentations, due to the small inaccuracy in the
measurement of optical densities for both protein (595 nm) and broth OD (670 nm)..
The average ratios for these fermentations were DCW/OD = 0.42 & total
protein/DCW = 0.50. Different spectrophotometers were used for these readings and
it was subsequently found that, for the same sample, slightly different results were
obtained. This error is of particular significance to broth OD readings since the
sample was diluted and the reading multiplied by the dilution factor, which was as
much as 150.
In both 20 L and 1000 L fermentations final bacterial concentrations of -20 g
dc/L were obtained. In fermentation iv. linear feeding of glycerol was continued until
other nutrients were depleted and growth stopped. In this way a higher biomass
concentration was attained. To reach a dry cell weight of 25 g/L took a further 10 hr
of fermentation time and it was an additional 16 hr before essential nutrients were
depleted and the culture stopped growing, at which point the dry cell weight had
reached almost 29 g dc/L. These figures illustrate the trade off between biomass
attained and the fermentation time required in a fed-batch system. This trade off is of
particular significance to this fermentation process since the growth rate is gradually
decreasing over the linear feeding period.
Higher concentrations of recombinant E. coli have been reported in much
shorter fermentation times (A. Cockshott, 1993; X.-M. Yang, 1992; B. Wipf et al,
1994; W.A. Knorre et al, 1991; L. Yee & H.W. Blanch, 1993), but in many cases
oxygen supplementation has been used. It would be possible to increase the fermenter
productivity in this way. As illustrated earlier however, the amounts of enzyme that
can already be produced are likely to be more than adequate and the extra expense
unnecessary.
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6.7

Downstream processing of fermentation broth

6.7.1

Assessment of the required homogenisation

The disruption of bacteria on a small scale (Lab40 homogeniser, Section 3.3.2)
was achieved using pressures unattainable with pilot scale equipment. Using broth
from fermentations in a 20 L vessel (-18 g dc/L), the pressure and number of passes
required to afford >95% release of TK in a pilot scale homogeniser was determined.
In a Lab60 homogeniser 5 passes at 200 bar were required to yield >95% TK, at
which point only 75% of the total protein was released. Ideally the fewest number of
passes are required to reduce time and cost.
By operating at 400 bar >95% TK was released after 3 passes. Further passes
at 400 bar resulted in a reduction of TK in the homogenate which indicated that the
homogenisation process was damaging the enzyme. This was more likely to have
been mechanical damage rather than thermal denaturing since this homogeniser was
operated with a heat exchanger, which maintained the homogenate at <10 °C. Hence,
3 passes at 400 bar were used as the conditions for homogenisation of fermentation
broth in both pilot scale homogenisers (Lab60 & K3).

6.7.2

Downstream processing of broth from a 1500 L fermenter

As indicated in Section 1.6 fermentation to a higher dry cell weight allows the
intensification of downstream processing methods. Nonetheless, the processes
required downstream of the fermenter will depend on the method of enzyme isolation
employed. It may be possible to selectively remove the enzyme from an unclarified
homogenate which would be ideal as only one downstream process would then be
required. If cell debris interferes with the removal of the enzyme then clarification
will be required. Similarly, components in the extra-cellular medium may interfere
with this removal, in which case the collection of the bacteria vsdll initially be
required.
As an isolation method for TK had not been established, a number of possible
downstream processing routes were investigated with broth from 1000 L
fermentations to determine the requirements for each route. These routes and the
processed quantities are illustrated in Figure 61.
Of all the individual processes examined, the collection of bacteria in the
Pennwalt AS26 tubular bowl centrifuge was, by far, the most laborious. Manual
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retrieval of the bacterial paste was necessary which required the dismantling of the
equipment. Also, less than 100 L of this broth was sufficient to fill the collection
bowl of this centrifuge which means that more than 10 runs would be required to
process 1000 L of fermentation broth. With a turn around time o f -1.5 hr, to process
1000 L would take at least 15 hr.
It was clear from the analysis of the supernatant liquid (Table 16, Section 4.4)
that a small proportion of cell disruption was associated with collection. A total of 83
L of broth was processed, after which the collection bowl was almost full. After 55 L
had been processed one can assume that the bowl was at least half full, since this was
more than half of the total volume processed and the degree of clarification decreased
with the increasing volume processed. At this stage there was no incidental disruption
by the centrifuge as the supernatant level of TK was the same as that in the extra
cellular fermentation medium. However, after 83 L had been processed 19% of the
total TK present was in the extra-cellular supernatant. Therefore, from the limited
results of this experiment, incidental cell disruption would appear to have occurred
only when the collection bowl of the centrifuge was almost full.
Fermentation

Homogenisation (K3)

Collection of
bacteria (AS26)
Resuspension
T
Storage
Homogenisation
(Lab60)

■> Storage

Clarification (IP)

Storage
Storage
Figure 61 Downstream processing of broth from 1000 L fermentations.
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Both homogenisers provided good release of TK after 3 passes at 400 bar
without denaturing the protein. As the K3 model can be used continuously at a flow
rate of 250 L/hr, 1000 L of broth could be processed in 12 hr. Although this is only
slightly less than the time for collection of bacteria in the AS26, this process is much
less labour intensive due to the continual dismantling and reassembling of the
centrifuge required.
Some of the homogenate from the K3 homogeniser was clarified using the IP
tubular bowl centrifuge to remove the cell debris. If 1000 L of homogenate were
being clarified the larger AS26 would have to be used. Larger volumes of
homogenate could be processed before filling the collection bowl with cell debris than
with the removal of cells, as cell debris will pack more tightly and hold less water
than undisrupted cells. This should reduce the number of runs though the AS26
required to process 1000 L. However, because debris is smaller than whole cells the
degree of clarification is likely to be poorer for the same flow rate. In order to achieve
better clarification the flow rate should be lowered which will increase the processing
time.
Consequently, with the equipment discussed, it would be advantageous to
avoid steps involving centrifugation. The only step that could be accomplished in a
day with 1000 L of material is the homogenisation step. Therefore, these results
further emphasise how, if a large scale process is to be operated, an isolation method
that can be performed in an unclarified homogenate is highly desirable.

6.8

Immobilisation on Eupergit®

6.8.1

Requirements for immobilisation on Eupergit®

Eupergit is a porous, polyoxirane bead of -150 pm diameter. Proteins bind to
it covalently (and, therefore, irreversibly) via nucleophilic attack at the epoxide groups
on the beads through its amine groups. Although Eupergit is a relatively expensive
immobilisation particle, groups have reported high degrees of stability and retained
activity when using it (in particular M. Mahmoudian et al, 1993).
Early experiments with this bead revealed that the fermentation medium
interfered with the immobilisation process preventing significant immobilisation of
protein. This is presumably due to the fermentation medium containing large
quantities of stronger nucleophiles than the amino groups on the protein, in particular
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chloride ion. This was an unfortunate discovery since, if immobilisation on Eupergit
were to be used as the isolation method, the most laborious downstream processing
route via collection of bacteria and resuspension (Figure 61, Section 6.7) would have
to be taken.
Resuspension of cell paste in water prior to disruption gave low and
inconsistent results for the subsequent immobilisation. Rohm, the company supplying
Eupergit, indicated that the solution for immobilisation needs to be of a high ionic
strength and recommended that protein solutions be made up in phosphate buffer (1
M). This is, no doubt, the reason for the poor immobilisation obtained after
resuspension in water.
The effect of the phosphate buffer concentration used for resuspension on the
immobilisation of TK and total protein was investigated (Figure 42, Section 4.5.1). It
was clear from these results that a buffer strength of less than 0.6 M afforded less
effective immobilisation. For the purpose of consistency, 1 M phosphate buffer was
used for all following experiments.
On comparing immobilisation from a clarified extract to that from an
unclarified extract of the same homogenate, no difference was noted in the final
quantities immobilised. This was an important finding, since a step can be removed
from the downstream processing of fermentation broth. Consequently, all following
experiments involved unclarified homogenates.
Varying the homogenate volume and the amount of total protein presented to
the same dry mass of beads did not effect the immobilisation process (Table 17,
Section 4.5.1). As the homogenate volume increased there was no reduction in uptake
of protein illustrating that, since there was no agitation during immobilisation, it was
not diffusion limited over this time period. As the amount of total protein presented
increased, although the total amount bound increased, the percentage of the total
presented that bound decreased. This effect was much less significant with TK than
with the total protein, suggesting that TK has a very high affinity for Eupergit beads
compared to other protein.
Over the range of the experiments described in Table 17 (Section 4.5.1) the
maximum binding capacity of the beads for TK and total protein was not reached.
The results indicate that the binding capacity per gramme of dry beads was in excess
of 110 mg protein and 2600 U TK. These results were comparable with the binding
capacity reported by Rohm (20-200 mg protein per gramme of dry beads).
The immobilisation time recommended by Rohm is 72-96 hr at room
temperature. At room temperature the dénaturation of protein, including TK, over a
period of 3-4 days was not insignificant (typically TK levels were reduced to 75% of
the initial level after 3 days at room temperature). In all the immobilisation
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experiments a control was used that did not contain Eupergit, to account for these
losses such that the results were reliable. For a large scale immobilisation the time
and such losses are ideally kept to a minimum, so that the maximum amount of TK is
isolated in the shortest possible time. To investigate the potential for this the
percentage of total protein and TK present that bound with time was monitored
(Figure 43, Section 4.5.1). After 1 hr, most of the TK and more than half of the total
protein had disappeared from the immobilisation homogenate, and after 12 hr the total
protein immobilised was at comparable levels with the TK. This time course
illustrates that a 72 hr period for immobilisation is not necessary and that the
immobilisation time could be reduced to <12 hr.
The result for immobilisation after the first hour is worth further mention. At
this stage, a much greater proportion of the TK was bound to the beads than the total
protein. This further indicated that TK has a very high affinity for Eupergit relative to
other proteins. Using a much shorter immobilisation time resulted in a greater purity
of immobilised TK. Considering the purity factor, the increased losses of TK due to
dénaturation, and that in a larger scale immobilisation process the extra time required
for filtration and washing of the beads is also significant, an immobilisation time of 12 hr may be prudent. With this shorter time, although some TK vsdll not be
immobilised, losses due to dénaturation will be negligible and the immobilised
enzyme could be prepared and stored in the same day.

6.8.2

Activity of immobilised transketolase

The quantities of TK bound to the immobilisation support were all calculated
fi-om the amount that disappeared from the homogenate after immobilisation,
accounting for that lost due to natural dénaturation during immobilisation and that
present after washing the beads. Immobilised enzymes are not necessarily as active as
the fi*ee enzyme for many reasons, including, diffusion limitations, occlusion of the
active site, or distortion of the enzymes structure. For this reason, a method of
assaying the immobilised TK was developed.
Using the same assay mixture used to assay the ft-ee enzyme, the immobilised
enzyme could be quantified by the same principle. However, the immobilisation
particles need to be stirred in this assay mixture, to avoid errors due to poor diffusion,
and the presence of these particles in the light path of the spectrophotometer will
afford inaccurate results. These problems were overcome by operating the assay in a
stirred vessel and continually circulating the assay solution through a flow cell in the
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spectrophotometer. The stream into the flow cell was filtered to prevent particles
entering the circulating solution.
The measured activity of the immobilised enzyme was between 1-3% of the
activity expected. The expected activity was calculated from the amount of bound TK
and the ratio of wet to dry bead mass. Since the enzyme was in the apo-enzyme form
during immobilisation and prior to assay (Section 6.4.1), it was postulated that the
holo-enzyme was unable to be formed from the immobilised apo-enzyme due to
restrictions in conformational changes. However, when a homogenate was incubated
with the cofactors for TK prior to immobilisation (theoretically producing the holoenzyme) the resulting immobilised TK did not have an enhanced activity.
It is also important to consider diflusional effects (J.-M. Engasser & C.
Horvath, 1976). Substrate from the bulk medium will have to diffuse through the
stationary liquid film surrounding the bead (the Nemst layer) to the enzyme active
site. If the rate of this diffusion is low in relation to the immobilised enzyme activity
the reaction rate will be externally diffusion limited. In both the assays and the
biotransformations involving immobilised enzyme, the systems were considered to be
well mixed and it was hoped that this form of diffusion limitation was kept to a
minimum. Since the bead is porous, however, the reaction rate may also be internally
diffusion limited due to diffusion through the particle itself. On grinding the beads
(and so reducing the particle size), the measured activity increased approximately
two-fold. This observation demonstrated that the reaction was internally diffusion
limited.
The fact that, even when diflusional effects were kept to a minimum (ground
particles in a well mixed reaction), the beads still only exhibited ~5% of the expected
activity suggested that other factors were responsible for the activity loss. These
results are in contrast to the only other reported immobilisation of TK (G.A.
Kochetov, 1979) in which -50% activity was retained. The most likely explanations
are that either TK binds at or close to the active site occluding it from substrate
molecules, or that the binding was such that its structure was altered rendering it
inactive.
Should a large proportion of the activity have been retained on
immobilisation, then the laborious downstream processing of the fermentation broth
required for this isolation method may have been worthwhile. However, the failure of
the immobilised enzyme to retain a significant proportion of the activity observed in
the free enzyme rules out Eupergit as an immobilisation particle for TK.
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6.9

Purification and crystallisation

6.9.1

Purification of transketolase from E. coli

The purification to homogeneity of TK was desirable for two main reasons.
Firstly, to establish the specific activity of the pure protein. With this result,
conclusions could be drawn from culture productivities as to the degree of over
expression of TK in TK producing constructs (Section 6.4.2). Secondly, in the light
of the recent publication of the crystal structure of yeast TK (Y. Lindqvist et al, 1993),
if the protein was purified to homogeneity and thence crystallised, data from these
crystals could be collected and compared to the yeast enzyme.
By fractionating with ammonium sulphate an initial purification was achieved
(Table 18, Section 4.6). The yield of TK from this step was low due to some TK
precipitation below 60% (w/v) saturated aqueous ammonium sulphate, but the
purification was three-fold.
The subsequent ion-exchange and gel filtration
chromatography steps further purified the enzyme to homogeneity. The yield after the
gel filtration step was low because only the fraction which was homogeneous was
selected, other TK containing fractions also contained other proteins and where not
accounted for.
The specific activity of the pure TK was 31.2 U/mg protein, when assayed at
room temperature, which is comparable with other forms of the enzyme. As already
mentioned (Section 6.4.2) this value was low when considering the results from
fermentation, assayed at 36 °C. The reason for this discrepancy was the difference in
temperature at which the assays were performed. Pure TK should have been assayed
at 36 °C, the assay temperature of fermentation samples, to establish the specific
activity at this temperature and finalise the value of the over-expression of TK in
fermentations.

6.9.2

Crystallisation of transketolase from E. coli
TK from S. cerevisiae has been reported to crystallise at 50-60% (w/v)

saturated ammonium sulphate (G. de la Haba, et al, 1955) and 13-17% (v/v) PEG
6000 (G. Schneider et al, 1989). Similar saturation ranges were used in crystallisation
of TK from E. coli. Two different buffers were used, glycylglycine (50 mM, pH 7.9)
and PIPES (50 mM, pH 6.4), both containing TPP (2 mM) and CaCl] (9 mM) to
enable different pHs to be used. After 12 days crystals were observed in 45% (w/v)
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aqueous saturated ammonium sulphate in glycylglycine buffer. Small crystallites
were also noticed in 50% & 55% saturated ammonium sulphate in glycylglycine
buffer and 55, 60, & 65% saturated ammonium sulphate in PIPES buffer.
The main crystal from 45% (w/v) saturated ammonium sulphate in
glycylglycine buffer was subsequently cut by H. Watson and used by J. Littlechild to
collect preliminary crystallographic data (J. Littlechild & H. Watson, 1993). This was
a major step forward in the area of transketolase research.
The elucidation of the full crystal structure of this form of TK has significance
in many areas connected with, but outside the scope of, the research reported in this
thesis. For example, assessment of possible enzyme isolation \ia the fusion of a poly
amino acid tail to the coding sequence of the protein (Section 1.6) can be made.
Knowledge of the crystal structure will reveal where the tail would best be attached so
as to avoid occlusion of the active site on immobilisation. Also, the substrate
specificity of the enzyme may be altered by changing amino acids at or near the active
site. Similarly, knowledge of the crystal structure will reveal which amino acids
would best be altered. These features are being investigated by the TK group more
widely than reported in this thesis.
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7

Discussion: Enzyme Use

The TK produced in cultures of the recombinant forms of E. coli was used for
the study of the enzyme and its properties. These studies are detailed in this chapter.

7.1

Substrate specificity

Using the assay for hydroxypyruvate (Section 3.6.6), the specificity of E. coli
TK for the acceptor aldehyde was investigated. By monitoring the decline in
hydroxypyruvate concentration with different acceptor aldehydes, the specificity of
the enzyme for the various aldehydes was assessed (Section 5.1.1). Glycol aldehyde
was the fastest reacting substrate investigated and the rates of the other aldehydes
were compared relative to glycol aldehyde. A number of interesting features of the E.
coli TK were highlighted by the substrate specificities (relative rates of reaction) of
the limited range of aldehydes investigated.
One would expect the sugar-like substrates to have high reaction rates since
they more closely represent the natural substrates, and this was indeed observed for
erythrose and threose. 0-Glucose and D-mannose were interesting for two reasons.
Firstly, D-mannose wass essentially unreactive compared to D-glucose indicated a
feature also observed with yeast TK (F. Effenberger et al, 1992), namely that it is
sensitive to the stereochemistry of the a-hyroxyl groups. Secondly, the relative
reaction rates of D-glucose was low. This may be a result of the equilibrium between
the chain and ring forms being in favour of the ring; the chain form being required for
the TK reaction.

143

Discussion
Propanai, pymvaldehyde, and DL-glyceraldehyde have low relative rates of
reaction.
However, the fact that they have all been used in preparative
biotransformations illustrates that a high relative reaction rate is not necessarily
required for a substrate to be synthetically useful. The use of propanal and
pymvaldehyde resulted in the synthesis of two novel compounds, 3S-1,3-dihydroxy2-pentanone and 3S-l,3-dihydroxy-2,4-pentan-dione. These results also demonstrate
the broad specificity of the enzyme, in particular that an a-hyroxy group is not a
requirement for the reacting aldehyde to be a substrate. The selectivity observed
when an a-hydroxy group is present (above paragraph & Section 7.2.3) however,
would suggest that the relative rate recorded for racemic glyceraldehyde was in fact an
average of that for the reacting and non-reacting isomers.
The three aldehydes whose relative rates were lower than the control
experiment (reaction with no aldehyde present) were deemed not to be substrates for
E. coli TK. This was presumably due to unfavourable steric interactions at or near the
active site of the enzyme preventing the aldehyde from reacting.

7.2

Chemical synthesis

7.2.1

Synthesis of lithium hydroxypymvic acid (22)

The literature method for the production of hydroxypymvate from pymvate
(Figure 62) has an overall yield of 17% (F. Dickens 1962). The second step of this
synthesis was repeated following the method reported to afford lithium
hydroxypymvate (22) in an identical yield (Section 3.8.1).
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Figure 62 Synthesis of lithium hydroxypymvate (22) reported by F. Dickens (1962).
The purity of hydroxypymvate was determined by iR nmr using 3[trimethylsilyl]-1-propane sulphonic acid (TPS) as an internal quantitative standard.
The iR nmr spectrum demonstrated that, although >95% pure, in D2O
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hydroxypyruvate (22) existed in equilibrium with its hydrated form (23, Figure 63) in
the ratio 1.4 : 1.

Î

.H :0,

22

“V "
23

Figure 63 Hydroxypyruvate (22) and its hydrated form (23).
The price of hydroxypyruvate from Sigma Chemical company is ~£17/g, or
£14/g for a bulk order of 1 kg. This cost would severely limit the scope and scale of
operation of research concerning the TK biotransformation since a single 1 L batch
reaction at IM substrate concentration would require 1 kg of (22). Assuming the
literature yield could be achieved, it was calculated that this compound could be
produced in house at a material cost of ~£l/g. This is a considerable saving on the
quoted price.
Large scale synthesis of (22) has been attempted at the University of Exeter
(G. Morris, 1994) but the very slow addition of LiOH required was problematical. An
economically viable source of large quantities of hydroxypyruvate has yet to be
found. A solution to this problem is essential to the development of a complete
biotransformation process for the TK reaction.

7.2.2

The transketolase biotransformation

A number of different TK biotransformations were attempted (Section 3.7)
based on the results of substrate specificity experiments (Section 5.1.1).
The first reaction attempted utilised a novel substrate 3,3-diethoxy-2hydroxypropanal (1). A mixture of products was obtained, including the 1,1diethoxy-2,3,5-trihyroxy-4-pentanone (8), partly due to the impure nature of the
substrate.
Glycol aldehyde is the fastest reacting non-phosphorylated substrate for yeast
TK recorded to date (J. Bolte et al, 1987, and Y. Kobori et al, 1992). The
biotransformation with this aldehyde was first accomplished using yeast TK
purchased from Sigma, and repeated using E. coli TK prepared from a fresh culture of
DH5a/pKD112A. An identical product yield of 34% was obtained with both
enzymes (Section 3.7.2). A preliminary experiment to determine the enantiomeric
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purity (e.e.) of the product was attempted using chiral shift
nmr. No shift in any of
the peaks was observed from which one of two conclusions can be drawn; either, the
compound was enantiomerically pure, or the chiral shift reagent was unable to resolve
the enantiomers. Examination of racemic erythrulose in the same way would prove
which conclusion is correct.
It was noticed in previous preparations that some hydroxypyruvate remained
after complete disappearance of glycol aldehyde and hence two equivalents of glycol
aldehyde were used in a subsequent synthesis (Section 3.7.3). This improved the
yield to 46% suggesting that the aldehyde was either unstable in this reaction mixture
or was forming a by-product in a competing reaction.
The synthesis of 1,3-dihydroxy-2-pentanone (11) as a biotransformation
product was first accomplished with one equivalent of propanal, but as with glycol
aldehyde it was observed that hydroxypyruvate was still present after complete
disappearance of the aldehyde. The synthesis was repeated vrith three equivalents of
propanal which considerably improved the product yield (23%).
The reaction was attempted with pymvaldehyde (7) as a substrate. Following
the protocol previously described of adding an excess of the aldehyde, only a low
yield of l,3-dihydroxy-2,4-pentan-dione (14) was obtained (16%). This low yield
could be due to pymvaldehyde being a poor substrate for TK or because of the
unstable nature of diketones of this type.
Using DL-glyceraldehyde (3) as a substrate afforded l,3,4,5-tetrahydroxy-2pentanone (10). However, due to its high polarity purification to homogeneity was
not achieved and the cmde product was used in subsequent reactions (Section 7.2.3).

7.2.3

Acétylation of the biotransformation products

The acylation reactions using acetic anhydride in pyridine, generally afforded
very poor isolated yields of the acetylated products. Erythmlose triacetate (15),
l,3,4,5-tetraacetoxy-2-pentanone (16), and 1,3-diacetoxy-2-pentanone (17) were all
synthesised for characterisation purposes and [a]o determinations. These products
may well have been very volatile as a result of the intermolecular hydrogen bonding
present in the reactants being reduced in the acetylated products. Since the acetylated
products are of reasonably low molecular weight the increased volatility may account
for the poor isolated yields.
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Figure 64 l,3S,4R,5-tetraacetoxy-2-pentanone (24).
The

synthesis of

l,3,4,5-tetraacetoxy-2-pentanone

(16) via the

TK

biotransformation enabled conclusions to be drawn regarding the enzymes
enantiospecificity and selectivity, since l,3S,4R,5-tetraacetoxy-2-pentanone (24) is
reported in the literature (J. Bolte et al, 1987). The
nmr spectrum and [a]o
reported compares well with that of (16) implying that the stereochemistry is the same
as the reported compound. This evidence illustrated that the E. coli TK exhibits the
same enantiospecificity (demonstrated by the stereochemistry at the carbon atom *)
and the same enantioselectivity towards the reacting aldehyde (demonstrated by the
stereochemistry at the carbon atom •) as the yeast enzyme (Section 1.7). Also, the
comparability of the observed [a]o (+11.5) with the reported value (+12.5) indicated
that the enantiomeric excess of the biotransformation was very high.

7.2.4

Benzoylation of the biotransformation products

Synthesis of the benzoyl protected compounds using benzoyl chloride in
pyridine, gave improved yields over the acétylation reactions. The increased stability
of the benzoylated compounds was possibly due to the increased molecular weight of
these products reducing volatility. Erythrulose tribenzoylate (18) and 1,3,4,5tetrabenzoyloxy-2-pentanone (19) were both synthesised in reasonable yield, but only
a trace of 1,3-diacetoxy-2-pentanone (20) could be seen by
nmr of the partially
purified product.

7.3

Biotransformation studies

All of the biotransformation reactions discussed so far have been carried out
under buffered conditions with low substrate concentrations (typically <50 mM). As
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with scale-up of enzyme production through fermentation, it was desirable to operate
the most productive biotransformation process when transferring to a large scale. The
first, and most obvious, way of achieving this was to use a much greater substrate
concentration, which would theoretically yield a greater quantity of product per unit
volume of reaction mixture. In this way, reactor volumes are kept to a minimum and
so, consequentially, are the costs of operation.
Higher substrate concentrations would require a higher buffer concentration to
control pH effectively. In practice, the amount of buffer that could be added would be
insufficient to control the pH if high concentrations of product were to be achieved.
This also means that the reaction mixture would have a high ionic strength, which
may effect the enzyme or subsequent product isolation methods.
In the TK reaction, a moderate acid (hydroxypyruvate, pK^ ~ 4) is consumed
and a weak acid is produced (carbonic acid from the carbon dioxide produced, pK^ =
6.4). This results in an overall increase in pH during the TK reaction. To maintain a
constant pH throughout the biotransformation without the use of buffer, acid would
therefore have to be added.
A large scale biotransformation was simulated with a 5 mL reaction volume in
an agitated vessel using automated titration of HCl^q (1 M) to maintain a constant pH.
Initial experiments were attempted using a substrate concentration of 1 M but the time
for complete solublisation of hydroxypyruvate at this concentration was considerable.
At 0.5 M this time was greatly reduced and therefore, this concentration was used in
all experiments discussed in this section.

7.3.1

Elimination of the lag phase

Initially, scaled down biotransformations for the study of a potential large
scale process (described in the previous section) were performed in a batch mode
adding TK as the final component to initiate the reaction. Monitoring the volume of
HCl added to maintain pH and the substrate concentrations in a biotransformation of
this sort, revealed a lag phase at the start of the reaction (Figure 49, Section 5.3.1).
The lag phase was best illustrated in the HCl addition profile which demonstrated that
greater than 30 min elaped before any HCl was added. During the lag phase the
substrate concentrations appear to rise, which was inexplicable, and then decline at a
steady rate once the reaction began.
It was considered that this lag phase could be due to the time required for TK
to form the holo-enzyme since the source of the enzyme was from a fermentation and.
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therefore, was likely to be in the apo-enzyme form (Section 6.4.1). Incubation of the
TK sample with TPP and magnesium sulphate for three hours prior to a
biotransformation significantly reduced the lag phase (Figure 50, Section 5.2.1). This
was illustrated by the increased rate of decline in hydroxypyruvate concentration and
by the addition of HCl being required immediately. This result would reinforce the
evidence from TK assays of disrupted fermentation broth which indicated that the
enzyme is produced in the apo-enzyme form in fermentation.
If the formation of the holo-enzyme was the main rate limiting step to this
reaction, prior incubation with the cofactors would be necessary on a large scale to
avoid an increased reaction time. The ideal solution would be to produce the holoenzyme during fermentation so that it is also isolated in this form and ready to use in
biotransformations. This may be possible by simply adding the cofactors in the
required quantities to the fermentation medium. A more adventurous approach would
be to produce a recombinant organism capable of producing TPP as well as TK.
Although this preincubation significantly reduced the lag phase there was still
an initial period over which the maximum rate of HCl addition was reached. This was
originally assumed to be a lag phase. It was thought that the lag phase was now due
to the rate limiting formation of the TK-hydroxypyruvate complex (the Zwitter ion, 3,
Figure 8, Section 1.7). Therefore, in a subsequent experiment hydroxypyruvate was
also added to the incubation mixture. This reaction afforded no change in the profiles
for hydroxypyruvate decline or HCl addition (Figure 51, Section 5.2.1). The profile
for glycol aldehyde, however, followed that for hydroxypyruvate more closely
suggesting that the previous result was erroneous.
The initial period over which the maximum rate of HCl addition was reached,
was due to the time taken for carbon dioxide to reach its saturation concentration.
Some of the carbon dioxide released by the reaction dissolved into solution and
formed bicarbonate, the pH deficit resulting from this and the combined loss of
hydroxypyruvate was offset by addition of HCl. When the carbon dioxide in solution
reached saturation all subsequent quantities were released as a gas. At this point the
deficit was greatest and so, for a constant rate of decline in hydroxypyruvate
concentration, the rate of HCl addition was greatest. This explains why the initial
period was not a lag phase.
The rates of decline in substrate concentration were initially constant. As
these rates did not increase with decreasing substrate concentration it is reasonable to
assume that substrate concentrations of up to 0.5 M do not inhibit the enzyme.
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7.3.2

Reaction rate reduction during a batch biotransformation

After about 90 min reaction time in the biotransformation illustrated in Figure
51 (Section 5.2.1) the rate of decline in substrate concentration was dramatically
reduced and there was an accompanying reduction in HCl addition rate. There are
three likely explanations for this observation. Firstly, that the enzyme may have been
losing activity over the course of the reaction due to dénaturation. Secondly, that the
concentration of one or both of the substrates may have fallen below its Michaelis
constant (K^i) value for this reaction. Thirdly, that, since -80% of the substrates had
disappeared by this stage, a significant concentration of product would have been
present, and this may have been inhibiting the enzyme. The observation is likely to be
due to a combination of these effects.
The first of these possibilities was tested by monitoring the activity of TK in
the reaction mixture during the incubation and reaction period (Figure 52, 5.3.1). The
activity loss over the incubation period was not insignificant (-20% loss) and could be
explained by the vigorous agitation of the mixture resulting in a high gas-liquid
interface causing dénaturation. The activity loss during the reaction period was
substantial and at a much greater rate than during incubation. This would suggest that
the nature of the reaction was damaging the free enzyme. The most likely cause of
this was that the gas-liquid interface was ftirhter increased due to carbon dioxide
productions well as the vigorous agitation.
Since the profile for the decline in TK activity over the reaction period
followed a similar pattern to those for the decline in substrate concentrations, it was
possible that this was the only reason for the observed reaction rate decrease.
However, a reduction in rate of decline of hydroxypyruvate was also observed in
substrate specificity studies using both glycol aldehyde and D-erythrose (Figure 45,
Section 7.1). These reactions lasted no more than 15 min and so the reduction in rate
was unlikely to be due to enzyme activity loss. The reduction in this case was likely
to be due to either product inhibition or that the concentration of one or both of the
substrates had fallen below its Michaelis constant (K^) value for this reaction.
For this reason the possibility of product inhibition was also investigated. In a
preliminary experiment a reaction similar to that described in Figure 51 was
undertaken. After 3 hr of reaction time, when a significant concentration of product
was assumed to be present, further quantities of the substrates were introduced to
return them to their original concentrations and the reaction allowed to continue
(Figure 55, Section 5.2.5). Product inhibition could be evaluated by comparison of
the initial rates of substrate decline at both the start of the reaction and after extra
addition of substrates.
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The rate of decline in hydroxypyruvate concentration was greatly reduced in
the second period when product was already present. This would tend to suggest
product inhibition despite the corresponding rate for glycol aldehyde having remained
unchanged. However, in the light of the results for the decline in enzyme activity
(discussed earlier in this section), this observation could also have been due to enzyme
activity loss rather than product inhibition.
In order to test more conclusively for product inhibition, a second reaction was
performed with the addition of pure erythrulose to the initial incubation mixture
(Figure 56, Section 5.2.5). Erythrulose was added at the same concentration as
hydroxypyruvate. The initial rates of substrate decline were -65% of those observed
without initial product addition (Figure 51) suggesting that this reaction is subject to
considerable product inhibition.

7.3.3

Competitive product inhibition

The use of hydroxypyruvate as the ketol donor in the TK biotransformation
affords carbon dioxide as the bi-product. The carbon dioxide is clearly not able to
function as an acceptor aldehyde (Section 1.7). Therefore, although another potential
ketol donor is produced (erythrulose) the reaction is irreversible. However, there is no
reason why erythrulose can not react with glycol aldehyde via the TK
biotransformation. These two biotransformations are illustrated in Figure 65.
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Figure 65 The transketolase biotransformation between glycol aldehyde and
hydroxypyruvate and the analogous reaction with erythrulose.
It is clear from Figure 65 that, if erythrulose does react in this way, the
products are identical to the reactants and that in this case the reaction is reversible.
Synthetically, this reaction is of little consequence since there are no side products
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produced, which probably explains why it has not been reported before. From the
point of view of scale up, however, this reaction would be of great concern. As
product accumulates it will compete with hydroxypyruvate for the enzyme to an
increasing extent, using up enzyme time and reducing the productivity of the
biotransformation process.
This product inhibition and the extent of its effect on the biotransformation
(Section 7.3.2) indicated that to operate the most productive process some form of in
situ product removal may be required Given the nature of the reaction components
and their inherent similarity the selective removal of product will not be a trivial
process. This requirement will also effect the choice of bioreactor, since some form
of continual recycling of the reaction mixture through the product isolation apparatus
will be necessary.

7.3.4

Choice of biotransformation pH and method for its control

In experiments studying the rate of decline of substrate concentration as a
function of pH, the optimum pH for reaction with an ammonium sulphate suspension
of TK was determined as pH 8.5 (Figure 53, Section 5.2.3). This value is higher than
that quoted for yeast TK (pH 7.6; A.G. Datta & E. Racker, 1961) which may be due to
the background losses of the substrates at the higher pHs not accounted for in this
data.
It has been reported that high sulphate concentrations are inhibitory to the
yeast TK reaction. Because of this, the initial experiments were repeated using a
clarified homogenate of a fermentation extract as the TK source. These experiments
gave much higher rates of reaction (determined by rate of substrate decline)
illustrating that sulphate was also inhibitory to the reaction with E. coli TK. The
optimum pH with this form of the enzyme was in the range pH 7.5-8.0 (Figure 54,
Section 5.2.4) which is more in line with that for the yeast enzyme. It was likely that,
due to the faster rates of reaction, background substrate losses were less significant
and so more accurate values were observed.
It was also interesting to note that, the initial rate of decline in
hydroxypyruvate concentration at pH 7.5 (9.9 mM/min) in this experiment was very
similar to that observed in the substrate specificity experiment, performed at pH 7.6,
using glycol aldehyde (10.1 mM/min). The fact that the substrate specificity
experiment was carried out at a much lower substrate concentration indicated that TK
was not inhibited by substrate concentrations of up to 0.5 M.
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In the determination of the pH to be used for large scale biotransformation it is
also necessary to consider the quantity and rate of addition of the acid for pH control.
There are two factors that will effect this, the rate of reaction and the quantity of
carbon dioxide that remains in solution at that pH. As the rate of reaction increases
the rate of acid addition will also increase, however, at higher pHs this will be
partially offset by greater carbon dioxide dissolution and hence less acid addition
required.
As the scale of the biotransformation increases the mixing time in a stirred
vessel becomes greater and so less efficient (A. Einsele, 1978 & M.D. Lilly, 1983).
Additions of acid to inefficiently stirred reactions could create areas of low pH for
short periods of time, which could damage the biocatalyst. The greater the rate of acid
addition the greater the potential damage to the biocatalyst. Thus effecting the
productivity of the biotransformation.
The quantity of IM hydrochluoric acid required during biotransformation is
not insignificant, even at higher pH, amounting to between 20-35% of the initial
reaction volume. This volume increase will reduce the productivity of the
biotransformation process in itself, since the product concentration will be reduced.
This may be overcome by using more a concentrated acid solution but in doing so the
problem of dénaturation due to poor mixing is likely to be enhanced.
Since hydroxypyruvate is a moderate acid, it could be utilised as the acid
added to regulate the pH. This has reportedly been achieved by Y. Kobori and co
workers (1992) with much lower substrate concentrations. In attempting to repeat this
fed-batch method (Section 5.2.7), with an initial glycol aldehyde concentration of 0.5
M, the reaction was found to proceed at a much slower rate than when operating in a
batch mode. Since erythrulose was in considerable excess to hydroxypyruvate, the
product inhibition was always at a maximum throughout this reaction. If a process
'svith in situ product removal was operated this method of pH control may be viable
but for this process, in the light of the enzyme activity lost during reaction (Section
7.3.2), the reaction time required was too long.
An alternative solution to this problem would be to operate the
biotransformation in a sealed or pressurised reactor. In this way all the carbon dioxide
produced would be forced into solution, so reducing the acid addition required to a
minimum at any given pH. A reactor of this type is used for the industrial production
of L-alanine from L-aspartic acid by the Tanabe Seiyaku company (M. Furui & K.
Yamashita, 1983) in which carbon dioxide is also produced. They found that by
preventing the liberation of carbon dioxide pH control was not necessary facilitating a
wider choice of bioreactor.
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7.3.5

Form of the enzyme for use in the biotransformation

The results of the biotransformations accomplished with a homogenate of a
fermentation extract illustrated that purification of the enzyme was not required for
use in the biotransformation. However, the stability of the unpurified free enzyme in
these reactions was poor and steps to increase the stability would be necessary to
avoid enzyme wastage and low productivity. For, even though the enzyme is
available in very large quantities from the fermentation, the most economic process is
desired from an industrial perspective.
It has been shown that a partially purified form of the enzyme was more stable
than a crude fermentation homogenate when stored (Section 6.4.3). Whether this
extra stability would also be observed under the reaction conditions is not known. It
has also been shown that sulphate was inhibitory to the reaction, and so any
purification by ammonium sulphate fractionation will require dialysis to remove the
sulphate prior to use in the biotransformation.
The use of immobilised enzymes in industrial biotransformations is highly
desirable since the stability is often increased and the enzyme can be recovered and
recycled. TK immobilised on Eupergit (Section 6.8) was used in biotransformations
of the type described previously (Section 5.2.6). The mass of both unground and
ground beads calculated to be carrying the same number of units of enzyme as that
used in biotransformations with the free enzyme, was used in these reactions. Since
the same quantity of enzyme was used, the rates of decline in substrate concentration
would have been expected to be the same. Any reduction in these rates would,
therefore, be due to loss in enzyme activity resulting from immobilisation.
The rates of substrate decline with immobilised enzyme were only a small
fraction of the expected values in both cases (2-3% for unground & 4-5% for ground
beads), suggesting that most of the enzyme activity was lost on immobilisation.
These results compare very well with those obtained for the activity of the
immobilised enzyme determined by the TK assay (Section 6.8.2). As both sets of
results were obtained under different conditions, in particular very different substrate
concentrations, the activity loss was undoubtedly occurring and rules out Eupergit as a
suitable immobilisation particle.
Despite the very slow rates of reaction (due to the low activity), the substrate
concentration profiles indicated that there was little or no loss in enzyme activity
during the course of the reaction with immobilised enzyme. The substrate
concentrations decreased, and the product concentration increased, approximately
linearly over the reaction time. This apparent increase in stability on immobilisation
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of TK would strengthen the case for using an immobilised enzyme in the
biotransformation process.
If an immobilisation form of TK were to be used in the biotransformation, the
type of particle used for immobilisation will have to be considered carefully. If the
particle is porous and allows enzyme immobilisation within its pores the production
o f carbon dioxide will occur in these regions. Should this carbon dioxide come out of
solution within the particle, the enzyme may be damaged due to the gas-liquid
interface. Also, if a stirred tank is used, the particles may float on the surface,
reducing the reactor efficiency.

7.3.6

Erythrulose yield

With the development of an HPLC method for the determination of all
reaction components (R. Mitra, 1994) the decline in substrate concentration can be
related quantitatively to the production of erythrulose.
In preparative
biotransformations using glycol aldehyde (Section 5.1.2) the best yield of erythrulose
after isolation was 46%. The best reported yield is 60% (Y. Kobori et al, 1992) using
yeast TK. In Figure 74 the yield of erythrulose based on the loss of glycol aldehyde
was 98%. and based on loss of hydroxypyruvate was 86%. The lower yield based on
hydroxypyruvate would suggest that some hydroxypyruvate was undergoing
decomposition during the course of the reaction.
Although the yield based on glycol aldehyde loss was high, there was still a
significant proportion of the original aldehyde remaining after the duration of the
reaction (-25%). By this stage no further product was being formed and so the
reaction had stopped. The reason for this unreacted glycol aldehyde was probably due
to product accumulation reducing the rate of reaction to below the rate of degradation
of hydroxypyruvate.
Of greater cause for concern is the discrepancy between the yield of
erythrulose after isolation in preparative biotransformations compared to that
predicted by HPLC. The method of isolation used was flash chromatography on
silica. It may be that the acidic nature of the silica caused decomposition of the
product or that the product was volatile and some was lost during concentration in
vacuo. An alternative explanation, however, is that the conditions of the preparative
biotransformations did not allow quantitative product formation. Monitoring a
preparative biotransformation using the HPLC assay should help provide an answer to
this problem; however this was not achieved during this research.
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7.3.7

Bioreactor design

The design of a reactor suitable for a biotransformation is dependent on the
characteristics of the biotransformation itself and all its components. This was briefly
introduced in Section 1.8 and has been detailed in a recent pulication (J.M. Woodley
& M.D. Lilly, 1994). These characteristics will indicate the kinetic and catalytic
constraints and the reaction medium options which determine the liquid flow pattern
and the mode of operation of the reactor. With this information in hand the necessary
bioreactor can be designed. There are several features of the TK reaction which
immediately present themselves as influencing the choice of large scale bioreactor.
The research presented in this thesis, although not providing all the information
necessary, has highlighted further characteristics which will have a significant bearing
on the bioreactor design. These characteristics and their implications for the final
reactor are discussed in this section.
The production of carbon dioxide poses a number of potential problems.
Since it is produced stoichiometrically in the TK reaction, assuming operation at IM
substrate concentration, for every litre of reaction mixture at least 22 L of carbon
dioxide will be produced. This feature alone suggests the use of a stirred tank or a
fluidised bed reactor, since gas removal is easier in these vessels. However,
production of carbon dioxide in this quantity will cause foaming due to protein
mediated bubble stabilisation, and enzyme damage as a result of the high gas-liquid
interfacial area (C.R. Thomas et al, 1979). Therefore, additional catalyst constraints
may be imposed. One possible solution to this problem would be to operate a sealed
or pressurised reaction vessel which would keep all the carbon dioxide in solution.
The carbon dioxide could then be removed from solution under controlled conditions
when desired.
This biotransformation requires pH control in the form of mineral acid
addition. As already indicated (Section 7.3.5), a pressurised reactor would also help
satisfy this requirement. By keeping all the carbon dioxide produced in solution (and
therefore increasing the carbonic acid concentration), the pH rise resulting from the
consumption of the acid, hydroxypyruvate, will be partly offset. This will reduce the
requirement for addition of extra acid but, although the problem of gas removal will
have been solved, the choice of bioreactor will still be restricted to either a stirred tank
or a fluidised bed because of the acid requirement necessitating a well mixed
environment to avoid pH gradients. If the extent of this pH offset is sufficient,
however, since the enzyme is active over a reasonably wide pH range (pH 6.5-8.5) it
may be possible to remove the requirement for acid addition altogether, but this will
depend on the pH stability of the other components. In this case, the choice of reactor
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is widened to include a packed column. If an immobilised form of the enzyme is
eventually used in the large scale biotransformation the use of a packed column
reactor would be of particular advantage with respect to reactor efficiency. In a
packed column a much greater proportion of catalyst can be used and plug flow can be
achieved, resulting in a higher product concentration in the exit stream.
Throughout the research reported in this thesis only the use of
hydroxypyruvate as the ketol donor has been considered due to the resulting TK
reaction being irreversible. It is also necessary to consider the implications of using
an alternative substrate. To date the natural substrates for TK are the only known
alternatives. With these substrates, although the reaction would be in equilibrium, the
problems associated with carbon dioxide production and pH control would be
eliminated. This would allow a free choice of bioreactor dictated only by the
requirements of the enzyme.
Whichever substrate is used, the inhibitory nature of the product formed will
kinetically constrain the bioreactor options. Due to the high cost of the substrates the
most productive biotransformation is desirable. This could be achieved by removing
product from the reactor in situ to ensure that the reaction proceeded to completion in
an acceptable time period. Alternatively, the substrates would have to be isolated
after the reaction and reused. The use of natural substrates further complicates this
problem for two reasons. Firstly, both the biotransformation products resulting would
be competitive inhibitors to the reaction, potentially reducing the productivity further.
Secondly, both in situ product removal and substrate recovery are likely to be even
more problematical with a natural substrate than with hydroxypyruvate, since the
physical and chemical properties of the reactants and products will be even more
similar. It may, however, be possible to aid product removal with careful choice of
the substrate aldehyde so that more significant differences are introduced.
As indicated in this section further work is required to fully evaluate the
biotransformation characteristics for reactor design. This work should concentrate on
the areas of carbon dioxide production, its effects and implications for pH control, and
product inhibition and removal.
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8

Conclusions and Future Work

8.1

Enzyme production

It is clear from Chapter 6 that the objectives of the studies on enzyme
production were met. All recombinant forms of E. coli could be used for the
production of sufficient quantities of TK for a range of and biotransformational
studies. These constructs could continue to be used in the future to supply TK for
similar studies, hence, meeting the first objective of the enzyme production studies.
Although the initial constructs (JM107/pQR182 & JM107/pQR183) were
highly productive, they were also highly unstable due to segregational plasmid
instability, even in the presence of ampicillin, their selective antibiotic. This meant
that they were unsuitable for scale-up of enzyme production via fermentation. The
improved constructs (JM107/pQR700 & JM107/pQR701), however, were stable
throughout fermentation when a controlled, reduced growth rate was enforced and
selective pressure continually applied, in the form of kanamycin.
Even though the improved constructs are not as productive as the initial pair in
shake flasks, the over-expression in fermentation was such that TK constituted 25%40% of the total protein produced. This is approaching the maximum reported for
recombinant forms of E. coli. The fact that this level of over-expression was reached
in fermentations where final bacterial concentrations were ~20 g dc/L, illustrates that
a TK titre of up to 4 g/L could be produced. This demonstrates that provision of
sufficient enzyme would be possible if industry wished to use it for large scale
biotransformations.' This was undoubtedly so, when one considers that a 1000 L
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fermentation of this sort produced sufficient enzyme to produce nearly 1 tonne of
reaction product in 1 hr. Thus, the second objective of the enzyme production studies
was met.
Yeast TK is commercially available from the Sigma Chemical Co. Ltd. at a
cost of ~£1/U. Based on this value the enzyme produced in fermentations would have
a commercial value of ~£200,000/L fermentation broth. Although these figures are
relative they demonstrate how E. coli TK could easily rival the yeast form of the
enzyme as a commercial source.
The use of kanamycin as an antibiotic is preferable to ampicillin for two
reasons. Firstly, ampicillin is broken down during culture (unlike kanamycin) and so
it's period of effectiveness is reduced. Secondly, ampicillin is more expensive than
kanamycin, and as it is used in quantities at least 10 times greater than kanamycin, the
cost of using ampicillin on a large scale is considerably greater.
Despite the success of using the kanamycin resistant organism in fermentation
this is still not an ideal situation. Apart from the inherent cost involved in using an
antibiotic in fermentations to a large scale, there is an increased risk involved due to
operator sensitivity to the antibiotic, which increases with increasing scale. Ideally a
recombinant organism that was not prone to segregational plasmid instability, or that
could prevent the production of plasmid free cells inherently, would be used thus
removing the requirement for antibiotic in fermentation.
Although a high productivity fermentation has been achieved, a suitable
method of enzyme isolation remains to be established. It is important to harness the
enzyme in a concentrated, stable form that can be used in biotransformations when
required and preferably recovered afterwards. This requirement is necessary for the
enzyme production studies to be complete. The growth of TK crystals and subsequent
elucidation of the crystal structure, which has been achieved during this project,
should help provide a solution to this problem

8.2

Enzyme use

The E. coli form of TK exhibits a low specificity for the aldehyde component
of the biotransformation with hydroxypyruvate. It is also apparent that the selectivity
for stereochemistry of the carbon-carbon bond forming step is very high. These two
features combine to increases the potential of TK for use in asymmetric synthesis.
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The stereoselectivity of the E. coli enzyme is the same as that of the yeast
enzyme. The specificity of the two enzymes also appears to be very similar and so
there is little synthetic advantage of using this form over the yeast form. With the
crystal structure of the E. coli enzyme in hand, however, research is currently
progressing to investigate the reaction mechanism and alter the substrate specificity.
Also, the production of TK through fermentation (Section 8.1), has made available
quantities of the enzyme far exceeding that of the yeast enzyme produced before. All
these factors would bring credence to the marketing of E. coli TK as a cheaper
alternative to the yeast form.
For the demand for TK to even approach the quantities potentially available
through fermentation, it would have to be used by industry for large scale
biotransformations. Before this is likely to happen, however, the biotransformation
must at least be shown to be viable on a large scale. As a result of this research, a
number of features of the reaction have been highlighted as potentially effecting this
viability.
The first consideration is the cost of the main substrate, hydroxypyruvate. The
current commercial cost of hydroxypyruvate is f14,000/kg (Sigma Chemical Co. Ltd.,
1994). Considering that 1 kg of hydroxypyruvate would be required for a 1 L reaction
at 1 M substrate concentration, the reaction product would have to be extremely
valuable, or difficult to produce any other way, to make the TK route viable. If an
alternative substrate is used, the reaction will become reversible and product yields are
likely to be reduced. Hydroxypyruvate is produced naturally via the transamination of
serine. Serine is a very cheap amino acid and so a single step biological route to
hydroxypyruvate could potentially be achieved with great economy. Before an
industrial company is likely to develop a process for production in this manner,
however, the demand for hydroxypyruvate must increase. If the process for the
production of TK reported in this thesis were commerciallised, a cheap form of the
enzyme would be made available and the demand for hydroxypyruvate may increase.
The combined areas of pH control and carbon dioxide production associated
with this reaction are another potential cause for concern in scaling up this
biotransformation. However, this research has shown that, with careful consideration
for the operating conditions of the chosen bioreactor, there is scope to alleviate any
problems associated with these factors.
The final factor highlighted in this research, that is likely to affect the viability
of a large scale process is product inhibition. Provision must be made for the
continuous in situ removal of product from the reaction mixture. Owing to the similar
nature of both substrates and the product, this will not be a trivial matter.
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Despite the areas mentioned that still require attention, this research has
demonstrated the value of a multidisciplinary approach. By tackling all the areas
considered essential to the process development at once, and with the collaboration of
experts in these individual areas, the goals have been reached quickly and in a more
focused manner.
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Time course experiments for shake flask cultures of recombinant forms of E.
coll.

162

Appendix I

™i2

4

i

10
3

•I

I

:i
8

1

0

0

2

4

6

8

10

12

Time (hr)
Figure II: Time course for shake flask starter culture o f JM107/pQR182.
Illustrating transketolase ( - - e> - ) and protein (

a

) production with

increasing biomass (O D, o ) in medium 2.

5

i

4

I

*§ 3

I

I

2

0

0

2

4

6

8

10

12

Time (hr)
Figure 12: Time course for shake flask starter culture o f JM107/pQR183.
Illustrating transketolase (--e> - ) and protein ( A ) production with
increasing biomass (O D, o ) in medium 2.

163

Appendix I

0.5

I

04

I

0.3

H
0.2 Z
o

§
Time (hrs)
Figure 13: Time course for starter culture shake flask of JM107y)3QR700.
Illustrating transketolase (- B -) and protein ( A ) production with
increasing biomass (O D ,- e -) in medium 2.

0.6

I
U

0.4

I

0.3 C/

0.2
0.1

8
0

2

4

6

8

10

12

Time (hrs)
Figure 14: Tim e course for starter culture shake flask o f JM107/^QR701.
Illustrating transketolase (- b - ) and protein ( A ) production with
increasing biomass (O D ,—e —) in medium 2.
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Figure 15: Time course for shake flask culture o f JM107/pQR182 in medium 4.
Illustrating transketolase (- - e>*) and protein ( A ) production with
increasing biomass (O D ,—e —).
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Figure 16: Time course for shake flask culture o f JM107/pQR183 in medium 4.
Illustrating transketolase (- -D - ) and protein ( a

) production with

increasing biomass (O D ,—©—).
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Figure 17: Time course for shake flask culture o f JM107/pQR182 in medium 5.
Illustrating transketolase (--EK-) and protein (

A

) production with

increasing biomass (O D ,—©—).
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Figure 18: Time course for shake flask culture of JM107/pQR183 in medium 5.
Illustrating transketolase (--£>-) and protein ( A ) production with
increasing biomass (O D ,—©—).
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Illustrating transketolase (- s -) and protein (- *^ - ) production with
increasing biomass (OD,—^ ) .
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Biotransformation profiles for pH stat reactions maintained at differing pH
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Figure III: Biotransformation, 0.5 M with respect to hydro^rpyruvate (—©—)
& glycolaldéhyde ( —b —), maintained at pH 5.5 by addition o f IM HCl
( —A — ) .

Using an ammonium sulphate suspension of TK as enzyme source.
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Figure 112: Biotransformation, 0.5 M with respect to hydrojtypyruvate ( o

)

& glycolaldéhyde (—b —), maintained at pH 6.5 by addition o f IM HCl
(—A—). Using an ammonium sulphate suspension of TK as enzyme source.
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Figure 113: Biotransformation, 0.5 M with respect to hydroxypyruvate ( - e — )
& glycolaldéhyde (—B—), maintained at pH 7.6 by addition o f IM HCl
(—A—). Using an ammonium sulphate suspension o f TK as enzyme source.
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Figure 114: Biotransformation, 0.5 M with respect to hydro^typyruvate ( - e — )
& glycolaldéhyde (—e —), maintained at pH 8.5 by addition o f IM HCl
(—^ ) . Using an ammonium sulphate suspension of TK as enzyme source.
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Figure 115: Biotransformation, 0.5 M with respect to hydrojqrpyruvatc ( - e —)
& glycolaldéhyde (—b—), maintained at pH 9.5 by addition o f IM NaOH
(—A—). Using an ammonium sulphate suspension o f TK as enzyme source.
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Figure 116: Biotransformation, 0.5 M with respect to hydroxypyruvate (—e —)
& glycolaldéhyde (—B -), maintained at pH 6 by addition o f IM HCl
(-A —). Using a clarified fermentation homogenate as enzyme source.
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Figure 117: Biotransformation, 0.5 M with respect to hydro^rV ^vate ( - e - )
& glycolaldéhyde ( □ ), maintained at pH 6.5 by addition of IM HCl
(—zÈr). Using a clarified fermentation homogenate as enzyme source.
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Figure 118: Biotransformation, 0.5 M with respect to hydroxypyruvate (—e —)
& glycolaldéhyde (—e —), maintained at pH 7 by addition o f IM HCl
( -A- -). Using a clarified fermentation homogenate as enzyme source.
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Figure 119: Biotransformation, 0.5 M with respect to hydrojQrpyruvate (—e —)
& gfycolaldehyde (—b —), maintained at pH 7.5 by addition o f IM HCl
(—&—). Using a clarified fermentation homogenate as enzyme source.
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Figure HID: Biotransformation, 0.5M with respect to hydroxypyruvate (—e —)
& gfycolaldehyde (—b —), maintained at pH 8 by addition o f IM HCl
( —A—).

Using a clarified fermentation homogenate as enzyme source.
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Figure I I ll: Bio transformation, 0.5M with respect to hydroxypyruvate ( —e —)
& gfycolaldehyde (—e —), maintained at pH 8.5 by addition of IM HCl
( A -). Using a clarified fermentation homogenate as enzyme source.
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