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ABSTRACT

The tyrosine phenol-lyase (TPL) - E.C. 4.1.99.2 - activity of free and
alginate-polylysine-alginate microencapsulated whole cells of Erwinia herbicola,
was used to convert ammonia, pyruvate and pheno! or catechol into L-tyrosine or
dihydroxyphenyl-L-alanine (L-dopa). This conversion could serve as the basis of
a novel system for the removal of toxic ammonia and phenol from the blood during
liver failure.

It was found that there were endogenous modifiers in the whole cell TPL
system, hence the Kinetic parameters vary with the amount of cells in the system.
However typically the apparent K, for tyrosine varied from 0.2 mM to 0.28 mM,
while that of phenol was 0.5 mM. Whole cell TPL can display kinetics of great
complexity, suggesting that the enzyme is likely to be a tetramer.

The effect of process variables on the relative strength of alginate -PLL-
alginate microcapsules can be conveniently assessed by entrapping blue dextran
(Mwt 2.0 X 10%) within the microcapsules and then agitating them within a rotary
shaker.



RESUME

L'activité enzymatique du tyrosine phenol-lyase (TPL) - E.C. 4.1.99.2
associée aux cellules entieres d'Erwinia herbicola libres ou conteriues dans les
microcapsules alginate-polylysine-alginate (APA), a éte utilisée afin de convertir
soit I'ammoniaque, le pyruvate et le phénol, soit le catéchol, en L-tyrosine ou en
dihydroxyphenyl-L-alanine (L.-dopa). Cette conversion peut servir de base a un
nouveau systéme ayant pour but I'élimination sanguine d'ammoniaque et de
phénols toxiques, lors d’'une crise hépatique.

Comme les agents modificateurs endogénes ont été localisés dans le
systeme TPL de la cellule entiére, les parameétres cinétiques varient avec le
montant de cellules présernites dans le systéme. Pourtant, le K, apparent a varié
typiquement entre 0.2 mM et 0.28 mM pour le tyrosine, tandis que celui du phénol
était 0.5 mM. Le TPL de la cellule entiére peut faire preuve d'un caractére
cinétique de grande compléxité, suggérant qu'il est probable que I'enzyme soit un
tetramere.

L'effet des variables du procédé sur la robustesse relative des microcap-
sules APA peut étre convenablement évalué, en enfermant de la dextrine bleue

(P.M. 2x10°% & lintérieur des microcapsules, assujetties aux secousses d'un
agitateur rotatif.
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1.0 INTRODUCTION

Daring ideas are like chessmen moved forward; they may be beaten,
but they may start a winning game.
-Goethe
1.1 GENERAL INTRODUCTION

The essence of the project is to use the tyrosine phenol lyase (E.C.
4.1.99.2) activity of Erwinia herbicola to convert ammonia, phenol and pyruvate
into tyrosine. The reaction is:

ammonia + phenol + pyruvate « tyrosine.

0
O |- CH3 C02H + NH$ “7H0‘/©CH2CC02H : H20

Yyrosine
PHENOL PYRUVATE phenol~  TYROSINE

lyase

The tyrosine produced by this reaction can then be adsorbed onto charcoal.
. tyrosine, = tyrosine,

It is hoped that the results of this project can be applied in the development
- of a treatment for liver failure; in particular, for lowering the levels of ammonia and
phenol that are present in the blood during liver {ailure. The intended use of the

I



reaction requires that the cells of Erwinia herbicola be microencapsulated and so
a portion of the project was dedicated o an analysis of the encapsulation process
and its effect upon the properties of the whole cell tyrosine phenol lyase (TPL)
activity of Erwinia herbicola. ‘

Initial growth studies were done to observe how the cells grew as a function
of temperature and RPM. This data was used to choose a suitable temperature
and agitation rate for the growth of Erwinia herbicola cells. The cells were then
grown in a medium which caused them to induce TPL activity.

The kinetic data obtained with whole cell TPL enzyme were analyzed by
using nonlinear regression. Models investigated included the Michaelis Menten, the
Hill, Adair, Monod and the Koshland-Nemethy Filmer models of enzyme action.
This is the first detailed kinetic study of whole cell TPL activity.

The first detailed study of the effects of alginate molecular weight on the
relative strength of alginate-polylysine microcapsules was also done. This study
was necessary to produce capsules which could withstand high shear. These
microcapsules could then be used in a bio-reactor to convert ammonia, pyruvate
and phenol into tyrosine.

A review of the relevant information on the liver and liver failure with some
emphasis on the effects of ammonia and its removal during liver failure is also
presented. Studies on micro-encapsulation systems for the immuno-isolation of
cells or enzymes from biological fluids are also discussed.

1.2 CONCISE STATEMENT OF THE OBJECTIVES OF THE STUDY.
“What is to be done?"

Viadimir llyich Lenin.

The objectives of the study can be summarised briefly as follows:

1) To investigate the growth of Erwinia herbicola sufficiently, to obtain
conditions suitable for the growth of the organism and the induction
of tyrosine phenol-lyase (TPL) activity; “
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2)

To characterise the kinetics of the whole cell TPL to such a degree
that the effects of microencapsulation on the kinetics can be
assessed;

To investigate the variables involved in the producﬁdn of alginate-
poly-L-lysing-alginate microcapsules. The resulting information will
then be used produce microcapsules which can be shaken vigorous-
ly enough to minimise the resistance to mass transfer due to the
external Nernst layer;

Prepare microcapsules with entrapped whole cells of Erwinia
herbicola with the ability to convert ammonia, pyruvate and phenol
or catechol into L-tyrosine or di-hydroxy-phenyl-L-alanine (L-dopa).



2.0 LITERATURE SURVEY AND BACKGROUND.

...... And he (Zeus) bound devious and wily Prometheus with hard
and inescapable bonds, after driving a shaft through his middle; and
roused up a long-winged eagle against him that used to eat his
immortal liver. But all the long-winged bird would eat during the
whole day would be completely restored in equal measure during the
night....... "

From the Theogony
-Hesiod @ 800 B.C

2.1 THE LIVER AND LIVER FAILURE

2.1.1 The Liver.

The liver is a vitally important organ for the normal functioning of the body.
This importance was surmised by the ancient Babylonians whe considered the liver
to be seat of the soul. Indeed if the soul is that which "animates and gives life",
then the Babylonian perspective is not without merit, since life cannot long
continue without a properly functioning liver.

The Greeks called the liver "hepar”, and from this word comes the common
adjectival form for things pertaining to the liver "hepatic". Thus the principal cells
of the liver, i.e. its parenchymal celis are called hepatocytes.

The hepatic circulation lies between the venous drainage of the intestinal
tract and the systemic circulation. Therefore almost all substances absorbed from
the intestinal tract pass through the liver via the portal blood before reaching the
systemic circulation (1). The substances in ihe blood coming from the gastro-
intestinal (Gl) tract are altered chemically by the liver into forms that are suitable
for direct use or for further processing by other specialized tissues or organs. For
example ammonia in the blood from the Gl is converted to urea by the Krebs cycle



enzymes in the liver (2,3). The kidneys are then able to excrete ammonia as urea
with the urine.

The liver produces many peptides and hormones and discharges them
directly to the bloodstream. It produces the bile which is then secreted through a
system of ducts into the duodenum. The bile aids in digestion, and is alsc used as
a medium for the excretion of certain detoxified compounds and waste materials;
and for their eventual elimination from the body with the faeces. Bilirubin is only
one of many substances conjugated in the liver and excreted in the bile.

In addition, the liver is a metabolic factory, which performs a number of
important biochemical and other functions. it manufactures several of the plasma
proteins and coagulation factors, riotably factor Il (prothrombin) and factor V {pro-
accelerin). The metabolic detoxification of many compounds and drugs also occur
in the liver. <

If the liver is severely compromised, metabolic disturbances follow. These
disturbances are such that they prevent the proper functioning of the body

including the brain and can lead to death (4,5,6).

2.1.2 Liver Failure

Liver failure is the inability of the liver to carry out its normal functions.
Jaundice and disturbed mental functioning including coma, characterise liver
failure.

There are several degrees of liver failure; and an important criterion in its
characterization is the presence or absence of hepatic encephalopathy (5, 6).

Hepatic encephalopathy is a disorder of mentation, neuromuscular
functioning and consciousness occurring in patients with liver disease (7). This
disorder may be graded in order of increasing severity from | to IV (7, 8).

Fulminant Hepatic failure (FHF) is acute liver failure complicated by hepatic
encephalopathy, and it has monrtality of 80 percent (6, 8, 9).

The major causes of liver failure are acute viral hepatitis and acute drug
induced hepatitis (5, 6).



There are at least 14 categories of metabolic disturbances which occur
during liver failure (10). The complexity of the disturbances have not allowed the
identification of the precise metabolic event or events which cause hepatic
encephalopathy. However since liver failure complicated by encephalopathy has
such a high mortality the question of what causes the encephalopathy has
received a lot of attention (5).

The concentration of all amino acids are elevated during liver failure.
However the concentrations of the aromatic amino acids (AAA) increases more
than that of the branched chain amino acids (BCAA). Some amino acids such as
tryptophan are toxic in large concentrations (10). Therefore the imbalance in the
amino acids concentrations has been suggested as a possible cause of hepatic
encephalopathy (11, 12). '

Bilirubin is normally excreted with the bile, however during liver failure this
toxic substance accumulates in the blood (13).

Middle molecular weight substances (from 400 to 1500 Daltons), which are
not usually present in normal plasma, are present in increased amounts during
liver failure (14, 15). These middle molecular weight substances have been
suggested as having a role in hepatic encephalopathy (15).

Ammonia and mercaptans in the hepatic portal blood from the Gl are
usually trapped by the liver. In liver failure these substances accumulate in the
blood. Toxins which precipitate coma, such as ammonia, mercaptans, and fatty
acids, act synergistically. When they are present together much smaller amounts
are required to induce coma (16). The increase in the concentrations of ammonia,
mercaptans and fatty acids have been suggested as a likely cause of the
encephalopathy which occurs during liver failure (10, 16).

Inhibitory neurotransmitter substances such as y-amino-butyric acid (GABA)
are present in increased amounts in the blood during liver failure. GABA comes
from the Gl tract as a result of bacterial action (17, 18). Tyrosine and
Phenylalanine (and other AAA) are elevated in the blood (11). This elevation leads
to an increase in the concentration of phenolic compounds such as phenols and
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tyramine (4-hydroxyphenethyiamine). False neurotransmitters which resemble
dopamine (hydroxy-tyramine) are produced from the catabolism of these phenolic
compounds. The presence of increased amounts of inhibitory neurotransmitters
such as GABA, and of false neurotransmitters from phenolic compounds, could
cause the cerebral dysfunction that is typical of hepatic encephalopathy (19).

Organic acids such as pyruvate, a-ketoglutarate (o-kg), lactic and citric
acids are present in increased amounts during liver failure. However they are
considered to be a consequence of severe liver function impairment (7, 10).

With such a wide range of metabolic disturbances it is likely that the cause
of the encephalopathy and the concomitant high mortality is multifactorial (20, 21).

The complexity of liver failure has meant that few successful approaches
to hepatic support are available.

2.1.3 Conventional Artificial Liver Support

In the Theogony, Hesiod described the nightly regeneration of Prome-
thesus's liver after its daily partial destruction. Even in these modern times the
approach to treating acute liver failure relies on the enormous capacity of the liver
to regenerate. Indeed after a 90 percent hepatectomy the human liver can regen-
erate (22, 23).

The philosophy underlying artificial liver support {(ALS} is that certain toxins
ought to be removed from, and or certain critical factors ought to be provided to
the liver failure patient. If this is done then the patient’s life can be prolonged until
his liver regenerates and he will survive (20, 24). There are 4 areas where ALS
is applicable. These are:

1) for the treatment of liver failure due to poiscnings or idiosyncratic

drug reaction;

2) for the treatment of viral hepatitis;

3) for terminal liver failure due to other long term conditions;

4) for the improvement of the clinical picture in preparation for trans-

plantation or for temporary replacement after transplantation (24).
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In both viral and drug induced hepatitis the liver has the ability tc regener-
ate; however in viral hepatitis steps to maximise viral suppression are also
necessary (20). In cirrhosis the liver will not regenerate, since normal tissue has
been replaced by fibrotic tissue, and the pockets of functional hepatocytes may be
few and isolated (25). If a suitable artificial liver support device was available the
life of a cirrhotic could be prolanged until a suitable donor liver was obtained.

The conventional therapy for FHF attempts to:

1) eliminate toxic compounds;

2) maintain fluid and electrolyte balance;

3) provide glucose efc;

4) supply essential metabolites missing during liver failure;

5) control the increased bleeding tendency;

) use nonabsorbable antibiotics such as neomycin to control the

amount of nitrogenous material from the gut due to bacterial action
(6, 26).
The overall survival rate in grade IV encephalopathy using these methods is 20
percent (5, 6).

Prior to 1972 whole blood exchange and or plasma exchange
(plasmapheresis) were unsuccessiul for treating liver failure (27, 28). In 1972
Chang treated a cirrhotic liver failure patient by polymer coated charcoal
haemoperfusion (29). The patient was in coma but regained consciousness after
the treatment. In charcoal haemoperfusion (CH) the blood from the patient is
percolated through a column packed with polymer coated activated charcoal. The
blood from the column, now partially cleared of toxins, is returned to the body.

Charcoal's capacity to remove water soluble toxins was well known,
however its in-vivo use with blood was not possible; since charcoal releases
microemboli which can block blood vessels. The direct contact between charcoal
and blood causes the loss of platelets (thrombocytopenia) and leucocytes. These
problems were solved by coating the charcoai particles with nitrocellulose polymer
(20, 24, 29). A variety of other polymers including cellulose acetate and its
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derivatives, nylon and polyethylene-glycols have since been investigated for their
suitability to coat charcoal (30).

The ability of charcoal haemoperfusion to return consciousness, extend
survival time and reduce mortality is now well established (13, 20, 31). Charcoal
haemoperfusion is particularly effective when it is used in grade 1l coma or earlier
(32, 33). ltis not effective for long term survival in grade [V coma since irrevers-
ible damage may have already occurred (20). Charcoal haemoperfusion is not a
complete artificial liver. Hence, it cannot replace all the functions of the liver.

Charcoal haemoperfusion clears the blood of a wide variety of toxins
including mercaptans, phenols, aromatic amino acids, and toxic middle molecular
weight substances (13, 20). Hence the detoxification functions of the liver can be
partially replaced by charcoal haemoperfusion. Some essential substances can
be provided by a partial blood exchange (31). A great advantage of charcoal
haemoperifusion is its simplicity and straight forwardness. A disadvantage of
charcoal haemoperfusion is that it does not clear the blood of ammonia {29, 31).

The deleterious effects of ammonia during FHF are not limited to its ability
to precipitate coma. Ammonia also increases the permeability of the blood brain
barrier and so it is patrtially responsible for the cerebral oedema which accom-
panies liver failure (34). Another deleterious effect of ammonia is that it inhibits
the regeneration of the liver (35).

Other approaches at artificial liver support which remove ammonia have
been attempted. Adsorbents such as oxystarch (36, 37) or zirconium phosphates
(38) can be taken orally, but they have a low capacity in vivo and they are mainly
applicable for conscious patients.

lon-exchange resins in particular cation-exchange resins can remove
ammonia and they have been incorporated into haemoperfusion devices. These
resins can cause thrombocytopenia and the loss of leucocytes if they are not
coated with a biocompatible membrane (13, 20, 24). Charged resins will give up
an equivalent amount of cation for each mole of ammonia removed. They may also
remove K* and Ca®* and thus perturb unfavourably the electrolyte balance of a
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FHF patient (39). Uncharged resins are not as effective for the removal of
ammonia; however they are effective for the removal of lipophilic substances (13,
20). lon-exchange resins have not been shown to be better for the treatment of
liver failure than charcoal haemopetfusion.

The methods of artificial liver suppoert discussed above were based on the
direct removal of ammenia, either by adsorption, exchange of body fluids or by
dialysis. An alternative approach would be to remove the ammonia after it has
been converted to another form. ldeally the ammonia would be converted to a less
toxic form or to a form that is adsorbable by charcoal. The reaction to be used for
the conversion of ammonia, if it is to be applied in-vivo, must be able to proceed
under approximately physiological conditions. Therefor2 &s a minimum it should
be kinetically feasible at 37 °C and at pH close to 7.4. Enzymes are ideally suited
for effecting such a conversion of ammonia. The precedent for this approach is
Nature herself, since in health ammonia detoxification occurs by the use of the
urea cycle enzymes of the hepatocytes (3, 40, 41).

2.1.4. Immobilized Hepatocytes and Artificial Liver Support.

Given the structural complexity of the liver and its many functions, it is
perhaps not surprising that haemoperfusion, haemodialysis or plasmapheresis
cannot provide a complete artificial liver system. Theoretically an improved system
could be developed which incorporated the principal functional cells of the liver, the
hepatocytes. Such a system should be able to provide both detoxification functions
and synthetic functions.  Extracorporeal perfusion of the blood through stirred
tank reactors containing liver slices and cubes has been done (42, 43). These
systems can marginally lower the concentrations of certain toxins and produce liver
synthesized factors. The inefficiency of the liver slices or liver cubes systems, is
at least partially owed to the inability of oxygen or nutrients to diffuse to the interior
of the liver slices. The lack of oxygen and nutrients reduces the viability of the
cells. There is also no immuno-isolation between the treated blood and the liver
slices or cubes.
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Immuno-isolation can be provided by using either hollow fibre or microen-
capsulated hepatocyte systems. In hollow fibre systems, hepatocytes are placed
on the exterior of semipermeable hollow fibres. The blood or plasma being treated
flowé in the lumen of the hollow fibres (44, 45). In microencapsulated systems the
hepatocytes are entrapped within microcapsules with semipermeable membranes
(46, 47, 48, 49). Microencapsulated hepatocytes could be incorporated into a
bioreactor rather than using (immunologically) exposed hepatocytes. The use of
microencapsulation for immunoisolation is a well developed field in its own right
and it will be discussed later (50, 51, 52}.

Some of the enzymes inside dead hepatocytes can continue to work for a
while (42, 43). However for maximum effect the hepatocytes should be viable and
this means that oxygen and other nutrients need to be supplied to the hepatocytes.
Yarmush et al analyzed the oxygen demand of an artificial liver support system
based on hepatocytes (25). They concluded that an artificial liver support system,
which contains 10 percent of the total number of hepatocytes of the liver, ie.
roughly 25 billion immobilized hepatocytes, will require 10 m? of exchange
surface area. Immobilised hepatocytes are often implanted in the peritoneal cavity,
however the peritoneal cavity can only supply 1.5 m? of exchange surface area
(25). The analysis of Yarmush et al is not supported by certain animal studies (46,
49).

The implantation of 15 million microencapsulated hepatocytes within the
peritoneal cavity of liver failure rats show an increase in survival time (46). When
50 millidn microencapsulated hepatocytes were implanted intraperitoneally in liver
failure rats there was also a significant increase in the survival rate (49). As the
size of the animal increases the number of hepatocytes required for treatment
increases substantially (53). Therefore, notwithstanding the early encouraging
results with microencapsulated hepatocytes, it is worthwhile investigating other
approaches for ammonia removal during liver failure,
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The paucity of detailed knowledge required for successful long-term culture
of hepatocytes make it worthwhile investigating other enzyme methods for
ammonia removal during liver failure.

2.2 ALTERNATIVE ENZYME SYSTEMS FOR AMMONIA REMOVAL
"Extremme remedies are very appropriate for extreme diseases."
-Hippocrates

2.2.1 Immobilized Enzyme Systems for Ammonia Removal.

Ammonia is converted to urea by the urea cycle enzymes of the liver. Urea
(NH,CONH,) is formed from ammonia and CO, as one of the last products of a
cycle which involves at least five enzymes (3, 40). The process is energy intensive
and requires the consumption of ATP. The net result of the complicated series of
reactions described by the urea cycle are shown as reaction [1] below.

3 ATP* + 2 NH* + HCO, = NH,CONH, + 2 H,O + H* + 2 ADP? +

AMP?' + 4 P2 [1]

The conversion of the ammonia in the blood to amino acids could reduce
the encephalopathy of liver failure. Some multienzyme systems for the production
of amino acids from ammonia have been developed (54, 55, 56). There are also
enzyme systems for the detoxification of compounds other than ammonia. The in-
vivo conversion of ammonia to an amino acid during liver failure has the immediate
advantage of converting a toxic component to a less toxic or even beneficial
substance. The nitrogen load of the body would remain high since only the form
of the ammonia nitrogen would be changed. This means that there is a possibility
that the disturbed metabolism of the body would once again reconvert the amino
acid to ammonia and ketoacids. Indeed the infusion of amino acids such as
glycine, serine, threonine, glutamine, histidine, lysine or asparagine induced
hyperammonemia in patients with hepatic encephalopathy (57). It is therefore
desirable to convert ammonia to branched chain amino acids (BCAA), which are
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present in relatively lower concentrations, or to other amino acids that are
adsorbable by charcoal.

Enzyme systems, immobilized within semipermeable microcapsules, have
been developed for the conversion of ammonia to BCAA (58, 59, 60). The
process of converting ammonia to BCAA requires expensive co-substrates such
as NADH or NADPH. The NADH or NADPH could be regenerated by another
enzyme reaction which utilises the energy of a cheap substrate such as glucose,
however the NADH would still leak from the enzyme system. The problem of
cosubstrate leakage was solved by linking the NADH to a high molecular weight
dextran (58, 59, 60, 61). The semipermeable membrane was then able to retain
both the enzymes and the Dextran-NAD",

This system is attractive conceptually; however there are limitations to its
use. The viscosity of a Dextran-NAD" solution increases rapidly with concentration.
This limits greatly the amount of Dextran-NAD" that can be incorporated in the
system, and so rather low rates of reaction occur with these immobilized enzyme
systems.

The conversion of the ammonia to BCAA, without their subsequent removal,
may not be enough to correct liver failure. The parenteral infusion of solutions of
amino acids at concentrations which corrected the ratio of AAA to BCAA has been
shown not to increase the survival rate in humans (62) orin experiments with rab-
bits (63). Therefore the conversion of ammonia to amino acids that could be
subsequently removed by charcoal haemoperfusion may be better. This approach
would not only reduce the ammonia concentration, it would also reduce the total
nitrogen load of the body.

Tyrosine, tryptophan, phenylalanine, lysine and arginine, (in that order}, are
adsorbed preferentially by charcoal. Aspartate and alanine are hardly adsorbed
(64). Multi-enzyme systems for the conversion of ammonia to tyrosine, tryptophan,
phenylalanine. lysine or arginine are not available, but could theoretically be
developed. The necessity of retaining cofactors and or coenzymes in the system,
would perhaps ensure that these systems would be of limited efficiency. Microbial
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systems are able to produce amino acids from ammonia and other simple sub-
strates. Perhaps some of the problems encountered with artificial multi-enzyme

systems could be overcome by using an immuno-isolated microbial system ?

2.2.2 The Microbial Production of Amino Acids.

"...The thin sturdy envelope of the living cell consists of lipid,

phosphate and protein. The proteins act as both gatekeepers and

active carriers, determining what passes through the membrane....”
-C. Fred Fox.

The use of micro-organisms for the production of amino acids from
ammonia and other substrates has several advantages over the use of immobilized
enzyme systems. The problem of coenzyme and or cofactor retention within the
system becomes less of a problem. The cell membrane of micro-organisms is
selectively permeabie, hence the cell retains its coenzymes and its cofactors as
well as other valuable components. The problem of coenzyme or cofactor retention
in the sysfem is therefore less problematic with a microbial system. The overall
system could also be cheaper, since the intermediate steps of enzyme isolation
and purification are not required.

There are bacteria, yeasts, filamentous fungi and actinomycetes which
cause the accumulation of amino acids in culiure medium; however bacteria are
the best producers (85). Initially the only commercially important amino acid was
glutamic acid. It was used extensively as a flavour enhancer. Amino acids are now
used as food additives, animal feed additives, therapeutic agents, and as raw
materials for chemical processes (66). Aspartame, the artificial sweetener aspartyl-
phenylalanine-methyl ester, is made by reaction between the constituent amino
acids.

Amino acids are essential components of the microbial cell, and their
biosynthesis is regulated to maintain optimum levels in the cell. For the
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overproduction of an amino acid to occur there is typically a mutation in the cell.
This mutation leads either to a defective repressor protein or to a defective regula-
tory site on a key enzyme. Consequently, there is the over production of a
particular enzyme (66, 67). The over production of the enzyme then leads to
higher synthetic reactions for tﬁe corresponding amino acid. There could also be
detect in the cell wall of the microbe. In this situation because the cell wall is leaky,
some amino acids escape from the cell. The optimum concentration of a key
amino acid is never attaineél; and so the cell continues to overproduce the amino
acid. This mechanism is often critical to the successful microbial production of
glutamic acid (68).

In amino acid production, based on the mechanisms described above the
cells are alive and in a zense it could be claimed that the amino acids are
produced by a process of fermentation. The best amino acid producers are either
aerobes or facultative anaerobes cultured under aerobic conditions {65); therefore
the adaptation of these processes for /n-vivo use would require the design of a
system to provide sufficient oxygen to support the cells. The problem 6\f\oxygen
and nutrient supply has not been adequately solved for hepatocyte use in ALS
systems (25). The metabolic rate (i.e. amount of substrate or oxygen per hour per
unit cell mass) for bacteria is typically 10 - 100 fold higher than that of eucaryotic
cells (69). This indicates that the problem of nutrient and oxygen supply, to an in-
vivo system for ALS using aerobic microbes, will not solved in the near future.

For those amino acid producers that have defects in the cell wall, the
feakiness of the cell is often related to how much biotin is in ihe media. Biotin is
essential for the construction of the cell wall of these bacteria. If there is too little
biotin, the cells will not grow. If there is too much biotin, the cell wall will not allow
lﬂ? escape of the amino acids and so there is no overproduction of amino acids.
In the industrial production of amino acids, it is often found that substrates such
as sugar cane molasses have too much biotin. This problem is solved by including
penicillin or ampicillin, antibiotics which incorporate themselves within the cell wall,
in the culture media. This ensures that the cell walls of the microbes are weak
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even if there is an excess of biotin (68). Detergents such as cetylpyridinium
chloride (CPC) may also be used to modify membrane permeability and allow the
excretion of amino acids into the media. Very careful control over membrane
permeability is required for successful amino acid production with these bacteria.

Cells that are actively growing are able to escape from the usual polymer
gel matrices used to immaobilize bacteria. This escape occurs even if the pore size
of the membrane which retains the microbes, is smaller than the microbe (70, 71,
72). There could then be a problem‘with immuno-is.ation if live actively growing
cells are used. The problems associated with oxygen supply, the maintenance of
the proper amount of biotin in the media, and immuno-isolation suggest that
actively growing cells should not be the first choice for the conversion of ammonia
to amino acids during liver failure.

The alternative to th. fermentative mode of production is the enzymatic
mode. In the enzymatic mode an enzyme is induced in the bacteria with the ability
to transform sutstrates intc_nr"amino acids. The bacteria is then merely a "bag" which
contains the necessary enzyme and cofactors. This method has been used for the
production of aspartate, tryptophan and tyrosine (66).

_ln":',:the production of;aspartate the enzyme aspartate ammonia lyase, is
induce‘(j: in microorganisms such as Bacillus megateriurn, Escherichia coli and
Pseudbimgnas trifolii (66). This enzyme cétalyses the conversion of fumarate and
. ammonia {B'aspartic aci"c‘i._,Aspartate,is not adsorbed strongly by charcoal (64).

In the production of"tryptophan the enzyme tryptophanase is induced in
microorganisms such as Proteus rettgeri. The enzyme catalyses the conversion
of indole, pyruvater-and ammonia to tryptophan (66). Tryptophan is strongly
adsorbed by charcoal (64), and further the concentration of both indole, ammonia
and pyruvate are elevated during:‘liifer failure. Apparently tryptophanase, suitably
immobilized, could be used to remove both ammonia and indole from the blood
during liver failure.

Thé- enzyme tryptophanase requires pyridoxal-5-phosphate (PLP) as
coenzyme at the active site ,-(73)'. It is worthwhile investigating the use of micro-

16



organisms with tryptophanase activity, for use in systems for ammonia
detoxification during liver failure. However tryptophan, in high concentrations, is
one of the more toxic amino acids (10).

In the production of tyrosine, the enzyme tyrosine phenol-lyase (TPL) can
be induced in organisms such as Erwinia herbicola (66). This enzyme, which
requires PLP, converts ammonia, phenol and pyruvate into tyrosine (73). Tyrosine
is strongly adsorbed by charcoal (64), therefore if ammonia and phenol are con-
verted to tyrosine by the use of TPL we could remove these toxins from the blood
during liver failure.

TPL also converts catechol, ammonia and pyruvate to dihydroxyphenyl-L-
alanine (L-dopa). - The infusion of L-dopa into FHF patients has caused them to
regain consciousness (10). L-dopa is, incidentally, also useful in the treatment of
Parkinson's Disease. The study of whole cell tyrosine phenol lyase activity and its
immobilization could lead to a system for the removal of ammonia and phenol
from the blood during liver failure. It could also lead to the development of new
approaches for the production of tyrosine and L-dopa.

2.3 TYROSINE PHENOL LYASE DEAMINATING (EC. 4.1.99.2).

2.3.1. Sources of TPL.

Interest in L-tyrosine phenol-lyase deaminating (EC 4.1.99.2) was first
aroused when it was discovered that Bacterium coli phenologenes liberated
phenol from L-tyrosine. The enzyme was initially called B-tyrosinase (74). TPL is
however quite distinct from tyrosinase. Tyrosinase degrades tyrosine by oxidising
its phenolic ring irreversibly; TPL lyses tyrosine into phenol, ammonia and
pyruvate.

TPL is widely distributed among several species of the family Entero-
bacteriacae. TPL activity has been found in the Escherichia, Proteus, Erwinia,
Citrobacter, Salmonella, Pseudomonas, and Xanthomonas genera. Yeast, fungi
and the actinomycetes have no TPL activity (74). Enei found that especially high
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TPL activity could be induced, by tyrosine, in Erwinia herbicola strains ATCC
21434 and ATCC 21433. Strains of Escherichia intermedia are also good sources
of the enzyme (74). Escherichia intermedia was renamed Citrobacter intermedius
(75). For the sake of consistency with the original literature both names will be
used in this report.

Clostridium tetanomorphum has an enzyme with the ability to convert
tyrosine to ammonia, phenol and pyruvate (76). However whole cell preparations
of this enzyme also degraded pyruvate to acetate and CO,. This implies that
undesirable side reactions could occur if the whole cell TPL activity of C.
tetanomormphum was used for tyrosine production.

When Erwinia herbicola is grown in yeast and meat extract, medium
maximal TPL activity appears in the early stationary-phase of growth (74). A
tyrosine rich medium which allows the induction of high TPL activities in some
micro-organisms was developed by Enei (77). However the induction of TPL
activity with time in E. herbicola {the best source of the enzyine), with this medium
was not reported. The effect of aeration on the development of TPL activity in E.
herbicola was studied by varying the volume of medium in 500 ml shake flasks.
It was found that somewhat higher specific activity was obtained when the volume
of medium was 60 mi; however the growth of the cells was limited under these
conditions (77).
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2.3.2 Reactions of TPL.

Tyrosine phenol-lyase catalyses a broad variety of reactions including «,B-
elimination, B-replacement, and racemization (73, 78) as shown in selected
examples below:

1. o,B-elimination;

L(D)-tyrosine + H,0 « phenol + pyruvate + NH, ...[2]
L(D)-serine » pyruvic acid + NH, e[ 3]
L{D)-tyrosine + catechol  « L-dopa + phenol ...[4]

2. B replacement; .

L(D)-serine + phenol = l-tyrosine + H,0 ..[5]
L(D)-serine + catechol « L-dopa + H,0O ...[6]

3. Racemization;

L-alanine « D-alanine w[7]

Tyrosine is produced in high yield by reaction [8], i.e. the reverse of reac-
tion [2], and by reaction [5]. L-dopa is produced by reactions [6), [9] and [10]. Both
crystalline TPL (78, 79, 80, 81) and whole cell TPL (78, 82, 83, 84, 85) have been
used for the production of L-tyrosine and L-dopa.

pyruvic acid + NH, + phenol « L-tyrosine + H,0 ...[8]
pyruvic acid + NH, + catecho! « 3,4-dopa + H,0 -[9]
pyruvic acid + NH, + resorcinol « 2,4-dopa + H,0O ..[10]
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2.3.3. The Structure of TPL.
“...The processes of life are turned on and off by means of a
universal control mechanism that depends on the ability of protein
molecules to bend flexibly from one shape to another under external
influences...".
-Daniel E. Koshfand Jr.

The group of Yamada and Kumagai crystaliized TPL from Escherichia
intermedia, and reported that the enzyme had a molecular weight of 170,000 (78,
86). They also stated that two moles of pyridoxal-5'-phosphate (PLP) were bound
per mole of enzyme (78, 87). The same group reported that the TPL from Erwinia
herbicola had a molecular weight of 259,000; and bound 2 moles of PLP per mole
of enzyme (78, 88). Recently the results of Yamada and Kumagai, on the number
of moles of PLP bound per mole of TPL, have been challenged (89, 90).

The tyrosine phenol-lyase from Citrobacter intermedius was crystallized and
analyzed by X-ray crystallography. The results show that TPL is a tetramer
made up of 2 dimers with weaker contacts than those between the monomers in
a dimer (89). The tetramer binds 4 moles of pyridoxal phosphate (PLP) per mole
of enzyme. Each polypeptide chain is folded into a small and a large hydrophobic
domain. Each active site of the dimer is composed of amino acid residues from
both the large and small domains of one subunit, and the large domain of the
neighbouring subunit. The PLP is located at this interface as shown in Figure 1
(89).

Gene fragments which code for tyrosine phenol-lyase activity has recently
been prepared from Citrobacter freundii (90, 1) and Escherichia intermedia (92).
These fragments code for proteins with a molecular weight of about 50,000. This
further strengthens the view that TPL is a tetramer buiit up of 4 monomers of
50000 Daltons each (90). The current thought is that TPL is a tetramer of four
identical subunits, which binds 4 moles of PLP per mole of enzyme (89, 90, 91).
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The clarification of the structural relationship of the subunits, and the
number of active sites on TPL is critical for the interpretation of kinetic data
obtained using the enzyme. The quaternary structure of protein molecules affect
the ability of protein molecules to bind substrates and other ligands. Many
multisubunit enzymes are known to display kinetic and binding behaviour that is
profoundly non-Michaslis-Menten because of the subunit interactions which occur
during substrate binding (93, 94, 95, 96).

All pyridoxal-5'-phosphate requiring enzymes probably evolved from a
common ancestor (97). However TPL (EC 4.1.99.2) and tryptophanase (EC
4.1.99.1) differ from other PLP enzymes in that the PLP is easily resolved from
these enzymes (87). If tryptophanase (TNA) is crystallized in the presence of high
concentrations PLP the resulting enzyme will not contain its full complement of
PLP. The dissociation of the PLP was attributed to conformation changes in the

S : small domain
L : large domain

& : pyridoxal phosphate

+ : molecular diads

Figure 1. Schematic representation in the dimeri¢ o, molecule of TPL. Domalns are shown as
circles. The molecular dlads (+) are perpendicular to the page. Drawn after Antscn et al (1992).
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quaternary structure which reduced its afiinity for PLP during the crystallization
process. The lack of PLP causes the dissociation of tetrameric TNA to nonfunc-
tional dimers (73). There is a high degree of homology between TPL and TNA (90)
and so it is possible that PLP has a similar stabilising effect on quaternary
structure of TPL.

Monovalent cations (NH,", K*, or Rb*) are required for activity, the tight
binding of PLP, and the stabilization of the apoenzyme-pyridoxal phosphate
complex in both TPL and TNA (73).

2.3.4. Kinetic Mechanism of Tyrosine Phenol Lyase.

Tyrosine phenol lyase has pyridoxal-5-phosphate (PLP) (Figure 2) at its
catalytic centre. PLP will readily form a Schiff base with an amino acid to produce
an aldimine. The reactions which can then occur in the amino acid or keto acid
moieties of these Schiff bases and their metal chelates are influenced by several
constitutional factors. These are:

1) the electron withdrawing effect of the pyridine ring, especially if the

pyridine nitrogen has been protonated;

2) the electron-withdrawing effect of the azomethine nitrogen containing
a covalently bound protein;

3) the electron-withdrawing influence of a metal ion coordinated to the
azomethine nitrogen of the Schiff base, as well as the phenolic
oxygen of the pyridine ring and to the carboxylate group of the amino
or keto acid (98).
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Figure 2. Pyridoxal-5-phosphate

1 PLP enzymes pyridoxal phosphate is usually bound to the e-nitrogen of
a lysine residue (73, 87). In the presence of an amino acid substrate such as
tyrosine, an aldimine is formed between the substrate and PLP. "The substrate’s

o-proton is abstracted by an enzyme-bound base (B1) te form the gquinoid structure
() shown in Figure 3. Another base {B2) abstracts the hydroxyl proton, and the

first base (B1) returns a proton to the aromatic C-4 position with the formation of
a cyclohexadienone moiety (llI). The activated carbon-carbon bond now breaks
with simultaneous electron push from the PLP, and electron pull when the hydroxy!
proton is returned by the base B2. Phenol is released, and after transamination
and hydrolysis, pyruvic acid and ammonia are released from the enzyme" (99).
The exact nature of all enzyme intermediates and the stereochemistry of the
intermediate steps.is still being investigated (73, 99, 100, 101, 102, 103).
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Figure 3. Summary of the mechanism of tyrosine degradation by TPL

In the degradation of tyrosine, the order of product release is phenol,
pyruvate then ammonia (73, 99, 100, 01. 102, 103, 104). This suggests that the
production of tyrosine with these products as substrate should occur by the ter-t;_ni
mechanism of Cleland (105). In this ordered mechanism ammonia would bind the
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enzyme first, pyruvate second and phenol third with the subsequent release of
tyrosine (78, 106).

2.3.5. Kinetic Parameters for Tyrosine Phenol Lyase.

Detailed kinetic studies of velocity versus substrate profiles of TPL have not
appeared. Indeed the majority of the recent literature on TPL is focused on the
nature of the intermediate steps and of the complexes formed as the degradation
of tyrosine proceeds. Table | list the information that is available on the K;, of some
substrates of the crystallized enzyme.

In the production of tyrosine from phenol, ammonia and pyruvate, high
concentrations of phenol inhibited the free enzyme at high concentrations. The
inhibition constants for some substances are given in Table l. Kumagai and
Yamada reported that the inhibition of purified TPL by phenol was of the mixed
type (78, 86, 88). However Para et al found that phenol inhibited whole cell TPL
with "classical”" inhibition kinetics (107).

It is perhaps prudent to mention that some of the kinetic constants in Tables
| and |l were obtained from the studies (78, 86, 87) that suggested that only 2
mcles PLP were bound per mole of TPL. It is now thought there are likely to be
4 moles of PLP per mole of TPL (89, 90). Is it possible that the enzyme that was
used in the earlier study was either partially inactive or partially denatured?

There are no published values for the equilibrium constant for the production
of tyrosine from the substrates of TPL.
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Table 1. Literature K,, Values for free TPL (Tyrosine Synthesis and
Degradation)

Substrate Ky (MmM) Reference Reaction
tyrosine 0.59 Brot (1965) 2] a,p-elim.
tyrosine 0.23 Kumagai {(1970) | [2] o, p-elim.
phenolf 1.1 Yamada (1975) | (8]
pyruvate® 12 Yamada (1975) | [8])"
ammonia’ 20 Yamada (1975) | [8]*

1 cosubstrate
# synthetic reaction, reverse of [2]
Table 1. Literature K, values for free TPL
Inhibitor K, (mM) Inhibition reference

Phenol 0.04 mixed type Yamada (1975)

Pyrocatechol 0.46 mixed type Yamada (1975)

L-alanine 6.53 competitive Yamada {(1975)

2.3.6. The Immobilization of TPL Activity.

Several studies on the production of tyrosine by either crystalline or whole
cell TPL have appeared (78, 79, 80, 81, 82, 83, 84, 85). However only few studies
have used immobilised TPL activity (107).
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Sepharose-bound-TPL may be prepared by using the cyanogen bromide
method to link the enzyme to the sepharose. The activity of the hound enzyme is
30 percent of that of free enzyme (108). In a system for the continuous tyrosine
production the immobilized enzyme is inefficient unless PLP is supplied
continuously. The enzyme loses activity (but more gradually) with repeated use in
a batch system if fresh PLP is not supplied.

Sepharose-bound-TPL may also be prepared by linking the enzyme to
pyridoxal phosphate previously bound to sepharose (108). The link between the
PLP and the sepharose is then made firm by reduction with NaBH,. The optimum
pH range (7.5 to 8.5) of the enzyme was shifted by 0.5 to 1.0 pH unit towards the
alkaline side by the immobilization process. Since sepharose is uncharged the shift
of 1 pH unit probably indicates a distortion of the active site by the immobilization
process (108).

Whole cells of Escherichia intermedia with TPL activity have been
immobilized in polyacrylamide gel (107). The activity of the immobilised cells was
60 percent of that of the free cells. It was found that at concentrations of ammonia
and pyruvate of 145 mM and 80 mM respectively, the K, of phenol for free cells
was 40 mM, and that for immobilized cells was 28 mM. Phenol concentraticns
above 55 mM were inhibitory, with a K; of 73 mM and 128 mM respectively for free
and immobilized cells. The Michaelis constants for ammonia and pyruvate for
whole cell TPL were not reported.

Whole cells of Citrobacter freundii with TPL activity have been immobilized
in carrageenan gel, and used for tyrosine production (109). In this study TPL
activity was only observed after the cells were permeabilised by phenol. The
duration of this "induction" period was a function of the "growth batch" and the
initial phenol concentration. The "plastic strength” of the gel was low when the
concentration of carrageenan in the gel was low. The plastic strength of the gel
was high when the carrageenan concentration was high. The diffusion of phenol
was restricted in the high strength gels. The gel also adsorbed a significant
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amount of phenol. intense mixing improved the reaction rate of the free cells by
60 to 70 percent.

The current experience with immobilised TPL suggest that whole cell TPL
enzyme is better than free crystalline TPL (107). Cell free immobilized TPL enzyme
nas low activity, or else requires the resupply of pyridoxal phosphate. The previcus
methods used for the immobilization of whole cell TPL enzyme can not provide
immuno-isolation. Indeed when cells are used in gels often they are alive and in
systems designed for continuous production a steady state can be established,
where the new cell growth in the gel balances the loss of cells from the gel (70).
This approach is not suitable for the development of a system that may contact
biological fluids such as blood or plasma. Gels can be strengthened by adding
materials such as locust bean gum, or by crosslinking with glutaraldehyde (110).
However these composite gels merely "suppress”, they do not eliminate the loss
of cells from the gel.

Micro-encapsulation (50, 51, 52) immuno-isolates cells or other biologically
active material, and this concept will be introduced formally in the next section on
"artificial cells".
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2.4 ARTIFICIAL CELLS

" ‘artificial cell" is not a ‘“specific physical entity. It is an idea
involving the prenaration of artificial structures of cellular dimensions

for possible replacement or supplement of deficient cell functions."”..
-T.M.S. Chang

2.4.1. Artificial Cells: General Principles.

Many substances including enzymes, cell organelles, whole cells,
detoxicants, antigens, antibodies, adsorbents and resins have useful biological
activity. In 1964, Chang pioneered the concept that these substances could be
configured as "artificial cells" (50, 51, 52).

Even the sl’,rh'plest of biological cells are very complex. Artificial cells only
employ a few of the many propenies of biological cells. An artificial cell may be
considered to be a semipermeable microcapsule with Eiological'l; 'éctive material
inside. One of the most important properties of the a’ﬁfficial cell is its selectivel'yf'--"
permeable ultra-thin membrane. This allows rapid equilibration of permeant
molecules across the membrane (50, 52, 111).

The membrane of the artificial cell can be formed by precipitation.c;”
interfacial polymerization techniques. In these techniques a membrane is formed
at the surface of a liquid that has been emulsified in another liquid.

When enzymes are immobilised inside semipermeable microcapsules with
-a high concentration of protein, such as haemoglobin, increased stability of the
enzymes at 37 °C has been observed. This information is consistent with the faci
that in most biological cells the protein concentration is in excess of 100 mg of
protein per ml. The many protein-protein interactions help to stabnas the enzymes.

Attificial cells have made and wilt continue to make a tre'mendous impact
in the treatment of disease. In the enzyme deficiency disease acatalasaemia, there
is a defect in the enzyme catalass. Normally, this enzyme localised in the red
blood cells breaks down hydrogen peroxidg';tb water and oxygen. If the red blood
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Figure 4. Schematic representation of an artificial cell (adapted from Chang (1972).

cells have a defect in catalase, hydrogen peroxide reacts with haemoglobin to form

- methaemsglobin (112, 113). The usefulness of anificial cells in the treatment of

enzyme deficiency diseases was iliustraied by encapsulating catalase in artificial

g ~_cells andiinjecting the cells into the peritoneal cavity of acatalasaemic mice. When

trese mice were injected with perborate (a substance which is removed by
catalase) they recovered within half an hour. Acatalasaemic mice that were not
protected with catalase containing artificial cells were incapacitated (113).

~ Acatalasaemia is only one of many in-born error diseases for which artificial

’éells !ié\/e been deveIoped.‘jMicrocapsules with phenylalanine ammonia lyase can
: Iowerthg}._:levels of phenylalanine in rats with phenylketonuria (PKU) (114).

Artificial celis increass: 12 range in which-biclogically active material may
be used for in-vivo applications because it protects the material from the immune
system.. Normally foreign proteins are rapidly deactivated by the body's immune
system. When material is microencapsulated the antibody molecules are prevented
from interacting with the foreign molecules (52).

One of the most notable applications of the artificial cell concept was in the
coating of charcoal beads with collodion. The resulting microcapsules were then
coated with albumin. The coating of the charcoal with nitrocellulose and then

~ albumin makes the microcapsules "blood biocompatible”. it was mentioned earlier

that the blood can be perfused through a column packed with the coated charcoal.
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This process is now used routinely to remove water soluble toxins such as
. theophylline or paracetamol from the blood (115, 116).

2.4.2. Artificial Cells with Living Cells and Tissues.

Cells can be immobilized by:

1) adsorbing them onto the surfaces of substances such as kaolin or

woodchips; by -

2) crosslinking them into pellets with bifunctional agents such as glutar-

aldehyde; by -

3) entrapping them within a crosslinked matrix or gel; and by

4) entrapping them behind a bartier, such as the semipermeable

membrane of a microcapsule or the outer surfaces of a tubes of
« hollow fibre devices (117, 118).

Micro'encapsulation is one of the more convenient barrier method available.
In the future better hollow fibre devices which can withstand higher pressures,
may challenge microencapsulation.

For encapsulating viable cells such as hepatocytes or islets, cross-linked
protein (51, 52), alginate-polylysine (119, 120, 121), chitosan-alginate (122),
cellulosesulphate-poly(dimethyldiallyl)}-ammonium chloride (123), hydroxyethyl
methacrylate-methyl methacrylate (124), and chitosan-carboxymethyl-cellulose
(125) have been used as membrane forming compounds.

~ The reaction between polylysine and alginate is often used to form the
me‘hbranes of microcapsules, the method is simple and no harsh solvents are
required. Briefly, the cells are suspénded ina (1.5 to 2.0 %) sodium alginate
solution, droplets of this cell suspension are then gelled by contact with CaCl,. The
calcium alginate beads with entrapped cells are then coated with a 0.05 to .1
percent polylysine solution. The polycationic polylysine then interacts with the
polyanionic alginate to form a polylysine-alginate membrane. A further coat with
a low concentration alginate solution may be applied. This results in the formation
of an alginate-polylysine-alginate membrane around a calcium alginate infra-
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structure. The interior of the bead is then liquefied by treating the beads with a
sodium citrate solution. The citrate sequesters the calcium from the gel and the ge!
is liquified. The calcium citrate is removed by washing with saline {118, 120, 121).
This process will be described in more detail in the experimental section.

Microcapsules made by this process have been used to encapsulate islets
which have been used in the treatment of experimental diabetes in rats (119, 120,
121). Microencapsulated hepatocytes for the treatment of experimental liver failure
in rats (46, 49) was mentioned eatrlier.

Alginate-PLL-alginate microcapsules can also be used for the culturing of
hybridomas in bioreactors. A small concentration of hybridomas are encapsulated.
If the conditions are suitable the hybridomas multiply and preduce moncclonal
antibodies (MoAb). The molecular weight of the monoclonal antibody is larger than
the melecular weight cut off of the membrane and so it is trapped inside the
microcapsule. The microcapsules can be easily separated from the culture medium
and then broken to release the entrapped protein. This process for making
monoclonal antibodies is cheaper since the MoAb is easily separated from the
media constituents. The MoAb from the microcapsules is also partially purified and
concentrated.

Several improvements to the basic microencapsulation procedure have been
made. Goosen et al examined the effect of the molecular weight of the polylysine
on the molecular weight "cut-off" of microcapsules and found that low molecular
weight PLL increased the strength and reduced the permeability of the microcaps-
ule membrane. It was felt that small molecular weights PLL could penetrate into
the alginate bead and cross link the alginate and procduce a more compact
membrane (126, 127).

The polylysine step can be done in 2 stages. In the first stage a high
molecular weight polylysine is used in the initial membrane forming stage. This
leads to microcapsules that are very permeabie. Therefore in the internal
liquefaction stage some of the alginate within the microcapsules will leak out. The
microcapsules are then treated with a low molecular weight PLL to reinforce the
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membrane of the microcapsules. When hybridomas were cultured in these
microcapsulss they accumulated more MoAb protein (127, 128).

. The biocompatibilty of PLL-alginate microcapsules is improved when an
additional coat of alginate is applied (129, 130, 131). This improvement is owed
 to the fact that the positively charged PLL is immunogenic, while the combination
of alginate and PLL is neutral and thus less immunogenic. Alginate is a linear
polysaccharide composed of 1,4 linked B-D-mannuronic acid (M) and a-L-guluronic
acid (G) units (129). It was found in one stu:dy that a final coat with a high G
alginates caused less fibrosis around the microcapsules (129). In another study
different researchers reported that a final coat with a high M alginate would reduce
the amount of fibrosis around peritoneally implanted microcapsules (130, 131).

A microcapsule'membrane infiltrated with cells will be discontinuous and
could consequently be weak. If these cells protrude from the microcapsule they
could trigger the immunol'ogical rejection of implanted microcapsules (132).

In order to further improve their biocompatibility a "two-step" procedure for
making alginate polylysine microcapsules was developed by Wong and Chang
(133). Calcium alginate beads with entrapped hepatocytes were suspended in a
1.5 % sodium alginate solution. This suspension was then extruded as droplets
which were then microencapsulated. In the internal liquefaction step the beads
within the microcapsule are also liquified. This "two-step" procedure then produces
microcapsules with cells inside, however there are no cells in the membrane of
these microcapsules (133). Wong and Chang have shown that there is less
fibrosis around intra-peritoneally implanted microcapsules, if they are made by the
two-step procedure, as opposed to those made by the traditional approach (133).

The consequence of subtle differences in the preparation of alginate-PLL-
alginate microcapsules were underlined in a report by Goosen et al, who
mentioned that the permeability of the microcapsules to a protein could vary from
batch to batch, even if the "same" conditions were used in the preparation of the
microcapsules (127). This result on permeability, and the conflicting reports on the
role of high G or high M alginates en biocompatibility, show that the conditions
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during microencapsulation must be carefully controlled. If this is not done it is
difficult to determine the exact effect of changes in process variables.

The variation in the biocompatibiity of different types of alginate-PLL-alginate
microcapsules partially explains the great variation in the results obtained when
they are intra-peritoneally implanted. For instance some continue to work for only
a few weeks, others for months to years (48, 47, 49, 117, 134).
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3.0 EXPERIMENTAL METHODS

"No facts are to me sacred; none are profane; | simply experiment,
an encless seeker with no past at my back."”
-Ralph Waldo Emerson

3.1 MICROENCAPSULATION

3.1.1 General Procedure

Alginate-polylysine-alginate microcapsules were prepared. The method used
was essentially that of Lim and Sun (119, 120, 121) with modifications. All
treatment solutions were kept in an ice-water bath until they were ready for use.
The pH was controlled to 7.4 by buffering with N-2-Hydroxylethyl piperazine-N-2-
ethanesulfonic acid (HEPES). The source and qual:ity of the chemicals used are
in Appendix .

broplets of'an Erwinia herbicola cell suspension in a solution of sodium
alginate were gelled as they fell in a 1.4 % calcium chioride bath. The concentra-
tion of the sodium alginate was typically 1.5 %, but it was varied for certain
experiments. The "gelation” time in the calcium bath was at least 6 minutes. The
calcium alginate gel beads with entrapped cells were retrieved from the calcium
chloride bath and washed with saline.

In the next stage in the process, the calcium alginate beads were placed in
a 0.05 % polylysine (PLL) in saline bath. The polylysine treatment was usually for
6 or 10 minutes as indicated in the results section. The polycationic polylysine
crosslinked the polyanionic alginate to form PLL-alginate coated calcium alginate
beads. The saline washed PLL-alginate beads were then treated with a 0.1%
sodium alginate (NAG) solution for 4 minutes. The 0.1 % NAG was always made
from Kelco Gel® low viscosity alginate that had been heat sterilized for 5 minutes
as described below. This process "mops up" polylysine residues that are not com-
plexed by the alginate near the surface of the beads. The beads are now alginate-
PLL-alginate coated.

35



The final stage in the formation of the microcapsules requires that the
interior of the beads be liquified. This liquefaction occurs when the beads are
placed in a sodium citrate (3 %, diluted 50:50 with saline) bath. The citrate
sequesters the calcium in the bead and breaks up the gel. After this stage the
beads have been transformed into microcapsules with an alginate-PLL-alginate
membrane with a liquid core. The citrate treatment was done twice. The overall
process is shown schematically in Figure 5.

The size of the microcapsules were obtained by sizing with an eye piece
micrometer attached to a microscope. Generally 400 or more microcapsules were
examined and the frequency of the diameters observed used to deterniineg the
size distributions for the microcapsule population.

Effects due to systematic error or bias was minimised by varying each

element of the experimental designs for airflow and alginate concentration et
cetera in random order.
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1- Cells in sodium alginate (1.5 %).

2- Gellation in CaCl, (1.3 %) for at least 6 minutes.

3- Gelled beads are washed with saline (1.0 minute).

4- Gelled beads are coated with 0.05 % PLL (6 or 10 minutes).

5- Washed PLL coated beads are coated with 0.1 % NAG (4
minutes).

B- Alginate-PLL-alginate coated beads are washed with saline
{1.0 minute). Done twice.

7- Internal liquefaction of the beads by treatment with 1.5 %
citrate in saline (7 minutes). Done twice.

8- The resulting alginate-PLL-alginate membrane microcapsules|
are washed with saline (1 minute). Done thrice.

Figure 5. Basic scheme of the steps in the formation of alginate-polyly-
sine-alginate microcapsules.
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3.1.2. The Droplet Former

The droplet former was made of 2 concentric cylinders with extensions for
"luer locks" to connect tubing for air and liquid flow. The cell suspension in alginate
was pumped by a syringe pump through the inner cylinder. An airflow was
maintained in the annulus formed by the inner and outer cylinder. This airflow
helped to break up the liquid jet from the inner cylinder and sheared off the
droplets. The size of the microcapsules could be partially controlled by varying the
airflow. The inner cylinder was made from a 24 gauge needle. The outer cylinder

had a diameter of 2.1 mm. The droplet former is shown below in Figure 6.

cells + alginate
from syringe pump

l

Connection to droplet
former made through
iuer lock assembly

sterile
16 G 24G <~  airflow

Figure 6. Schematic of the droplet former.
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3.1.3 Application of Treatment Solutions

Microcapsules were made in 5.0 ml batches. The volume of the 1.4 %
calcium chloride bath was 900 ml. In effect this bath was “infinite" since it was
more than enough to completely gel 5.0 ml of 1.5 or 2.0 percent sodium alginate.
The large bath was used to ensure gelation and to capture all the droplets from
the droplet former. The droplets from the droplet former did not fall vertically, but
were dispersed in a cone with its apex at the droplet former. If a large diameter
bath was not used many of the droplets would have been lost when high air-
flowrates were used.

The volume of all other treatment solutions, except for the PLL, was 200 ml.
The volume of the PLL solution was 100 ml, this smaller volume was used
because PLL is very expensive.

For the gelation stage a polypropylene beaker was modified by replacing its
bottom with a 170 um nylon grid. This modified beaker was then placed in a 1.0
litre beaker which contained the 1.4 % CaCl, solution and a magnetic stir bar. The
alginate droplets fell in the modified beaker and were supported on the grid. In this
way the CaCl, solution was constantly stirred with a minimum of disturbance to the
beads as they gelled. The system is shown in Figure 7.

A similar procedure was used for the application of all other solutions.
However the alginate gel beads were transferred to a smaller beaker (that was
also modified to have a perforaicd bottom) to facilitate the use of smaller volumes
of solution.
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ALCINATE
°<'§77 DROPLETS

caci,

GTIR AR

MAGNETIC STIRRER

Figure 7. Apparatus for the gelling ot alginate drops, or the treatment of alginate gel beads.

3.1.4. Estimation of the Relative Strength of the Microcapsules.
General Procedure ‘

The effect of changes in alginate molecular weight and PLL reaction time
on the relative strength of the microcapsules was evaluated by monitoring the
fraction of the microcapsules broken, while they were shaken at various speeds.
Blue dextran 2000 (Pharmacia, Mwt 2x10°% and cells were entrapped in the micro-
capsules, and samples of the microcapsules in buffer were shaken at various
revolutions per minute (rpm). The increase in the absorbance of the blue dextran
in the supernatant was monitored after 80 minutes of shaking. Scans of absor-
bance versus wavelength were used to show that alginate does not interfere at (A
=616.1 nmor A = 257.9) the absorbance maxima of blue dextran. The scans are
shown in Appendix Il. Typically 0.5 ml of "blue-dextran microcapsules” and 4.5 ml
of HEPES buffered saline (pH 7.4) were placed in a 20 ml scintillation vial
(diameter 2.8 cm). The vials were shaken at 37 °C in an incubator with a 2 inch
throw.

The fraction of the microcapsules that were broken was estimated as:
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£ _Abs-Abs, a4
% Abs_-Abs,

where f,, is the estimate of the fraction of the microcapsules broken after 60
minutes of shaking; Abs is the absorbance {(measured at 616.1 nm) of the blue
dextran in ithe supernatant after shaking; Abs, is the absorbance before shaking
and Abs,, isthe ab';sorbance when the microcapsules are all broken by shaking the
microcapsules with glass beads at high rpm. Plots of {,, versus rpm were used to
determine the rpm that was required to break the microcapsules.

Preparation of Blue Dextran Microcapsules

A solution of blue dextran was prepared by mixing 50 mg (of blue dextran)
per ml of saline and stirring overnight. The resulting blue dextran solution was then
mixed in a 70 to 30 ratio with a cell sUspension stock (8.374 mg/ml total cell
protein). This mixture was then mixed with an equal volume of a 3 % alginate
solution. After thorough mixing, the combination of cells and blue dextran in the
resulting 1.5-% alginate solution was then microencapsulated as described above.

The liquid flow and airflow to the droplet former in these experiments were
1.07 ml/min and 2.5 I/min respectively.

Kelco-Gel® LV (i.e. the low viscosity gelling grade alginate) and Kelco-Gel®
HV the high viscosity gelling grade aiginate were used in these studies. The
alginates were sterilized for 5 minutes and 15 minutes. The polylysine "reaction
time" (really the contact time with the PLL solution) was varied from 6 to 10
minutes except in one case which will be discussed in the Results section.
Examination of the Size Distribution of Blue Dextran 2000

The molecular weight of blue dextran 2000 is nominally given as 2 million
by the manufacturér (Pharmacia). However the size distribution is not provided and
the polydispersity of the blue dextran could be significant. An idea of the size
distribﬁ{ion of blue dextran 2000 was obtained by"bassing it through a sepharose
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CL-6B gel column. This sepharose gel resolves dextrans with molecular weights
from 10,000 to 1,000,000. The elution profile of the blue dextran 2000 was
compared to that of dextran 150 (Pharmacia) and dextran T500 (Pharmacia).

Dextran 150 and dextran T500 have molecular weights of 150,000 and 500,000
respectively.
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3.2 MATHEMATICAL SIMULATION OF SPORE DEATH DURING HEAT
STERILIZATION

3.2.1. Simulation of Can Temperature During Heat Sterilization.

Alginate was initially sterilized in pyrex bottles, but the resuilts indicated that
there was considerable depolymerization of the alginate in the autoclave. It was
therefore critical to determine the minimum time required to autoclave the alginate.
Solutions of sodium alginate were subsequently sterilized in a thin walled steel
can. The heat capacity of this can was small relative to the 100 ml of alginate
stock that was to be sterilized in the autoclave. The assumption that the contents
of the can would be reasonably well mixed (especially at temperatures above
7¢°C) was used to facilitate the mathematical analysis. Once the can's
temperature, as a function of time was known, the relationship of spore death as
a function of temperature and time was used to determine the proportion of cells |
that would die during the sterilization cycle. This procedure is similar to that
described by Humphrey ef af (135, 136).

The temperature in the autoclave was assumed to be constant at T,, the
temperature of saturated steam during the heating cycle of the autoclave. This
assumption was assurec in practice, by preheating the autoclave to reduce the
time of the initial "conditioning" stage during the autoclave cycle.



A heat balance around the can in a time period 86 gives:
heat in = rate of accumulation

d

UA(T ~-T)50 = MCi—|59 .2
(7,-T)00 = T 3

To-T AU
dnfE | = - £t 3,
[TS_T(.J] MC 3

| »

or T = Tg - (Ts-TYe M 3.4

where A is the effective heat transfer area to the can; U is the overall heat transfer
coefficient; C is the heat capacity of can and contents, T, is the steam tempera-
ture;. T, is the initiél‘;emperature of the can and contents; and T is the tempera-
ture of the can at time t.

The overall heat transfer coefficient (']} was estimated as :

B

I B
d,8x 1
h kB

1

where h, is the heat transfer coefficient for steam condensing .on the outsidie of the
can; h; is heat transfer coefficient for the inside of the can; k is the "t\'.‘!]ermal
conductivity of steel; and Ax is the thickness of the wall of the can. -

The heat transfer coefficient of condensing steam at 398 K is_;}\large, about
10,000 W/mPK (137), therefore the major resistances to heat tranéfer are owed
to the can’s wall and to the low value of the heat transfer coefficient for the inside
of the can, hence:
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< AE+l 3.8

3.7

Ax 1
k nm

A value for h, was estimated by the correlation for free convection in enclosed
spaces {rom the work of Evans and Stefany (138)

(_'Lﬁ = Nu, = 0.55(GrPr)™ .38

where h, is the internal heat transfer coefficient, L is the length of the container
(involved in heat transfer), k is the thermal conductivity of the liquid, Nu, is the film
Nusselt number, Gr, is the film Grashof number, Pr, is the film Prandtl number.
The values of the physical properties of the water-alginate mixture were taken from
tables in the text by Geankoplis (137) Additional properties for alginate solutions
were obtained from the alginaie rﬁé'nufacturer Kelco (New Jersey).

3.2.2. Simulation of Spore Death During Heat Sterilization

Once the can temperature as a function 6';\L‘rt-'im'e was known, the relation-
ship of spore death as a function of temperature was used to determine the
proportion of cells that would die as a function of temperature and time. The rate
of spore death is first order:

aN _ _in .38

: a
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where k is the death constant, and N is the number of spores at time t. The

relationship between k and temperature is given by an Arrhenius type relationship:

k=slel®) a0

with a constant B and "activation energy" E,. A general discussion of B and E,
can be found in the work of Deindoerfer and Humphrey (136). During sterilization
the viable spore population is reduced from its initial value to some predetermined
level adequate for the degree of steriljzation desired. This design criterion is often
called Nabla (V) , and it is equal to 'Ih (N¢/N). N, and N represent the number of
viable spores at the start of the sterilization, (l.e. att equal 0), and at time t
respectively.

In general V i§ given by the integration of equation 3.9 over a time period

No _ t
V = '"_NT = fo ket ...3.11

_Es
V- f ‘e AT 3,42
0

The express:on forVis comphcated because the temperature in the can is not a

3 constant However if the relationship for T is substituted, V can be evaluated by
et

nume'ic._. mtegratlon The trapezoudal rule was used to evaluate the integral with
Vo.lL.'Ob of At of 15 s. Values for B and E, (the constants in the expression for the

| ‘ “ ‘pecn’lc death rate) were taken from data for Bacillus stearothermophilus, since
| spores of thls organism is one of the most difficult to kill by heat.
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A typical criterion for V is the "12-D" kill, where log,, (N/N) is equal to 12.

This is equivalent to the reduction of the number of spores from 1x107 to 1x107.

Since fractional viable spores do not exist, 1x10° spores is considered to be the

probability that only 1 sterilization per 10° would fail.

Table 11! lists the values of the constants used in the simulation.

Table lll.  Value of the Constants Used in the Simulaticn of Spore Death
During Sterilization.
A Can’s heat transfer area 0.000841 m
U Overall heat transfer coefficient 1336 W/(m?K)
M Mass of can and contents 0.104 kg
C Heat capacity of can and contents 4185 J/IK
T, Autoclave steam temperature 397 K
T, Initial temperature of the can and contents 298 K
B Constant in the expression for death rate 7.94x10% min™
E, | "Activation Energy in the expression for death rate | 68.7x10° cal/gmol
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3.3 THE EFFECT OF STERILIZATION ON THE VISCOSITY AVERAGE
MOLECULAR WEIGHT OF ALGINATE.
3.3.1. Sterilization Procedure.

The effect of sterilization on the viscosity average molecular weight of
alginate was determined by. sterilizing 100 ml samples of either 3 or 4 % sodium
alginate stock solutions for 5, 10, 15 and 20 minutes. The alginate solutions were
prepared in HEPES buffered saline (pH 7.4). Beth Kelco low viscosity {L.V.) and
Kelco high viscosity (H.V.) gelling grade alginates were sterilized by this procedure.
The temperature was 255 °F (123.8 °C) and the sterilization was done in a can
vented'through a foam plug. (The simulation of spore death as‘_a function of time
was done for a similar container.) o

3.3.2. Estimation of Alginate Molecular Weights.

Molecular weights were determined by using the correlation of Donnan and
Rose (139, 140) .

DP = 58[q] ..3.13

where [n] is the limiting viscosity number or the intrinsic viscosity and DP is the
degree of polymerization. It was assumed that the monomeric weight of alginate
was 216; therefore the molecular weight (th) of alginate is given by:

Mwt = 12,528[n] w14

A monomeric weight of alginaie of 216 includes the water of hydration which is
normally bound to the monomers of alginate (139, 140).
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The following relationships are used to calculate [n]:

b q,=2 ..3.15
Mo
B ong, = o 3,18
Tlo
.. — B nsp
iy [n] = lim—2 3.17
0 C

where the relative viscosity 1, is the ratio of the viscosity of the polymer (alginate)
solution, n, to that of the solvent (saline), m,. The specific viscosity i, is the
relative increase in the viscosity which occurs when a polymer is dissolved in a
solvent. The viscosity number (nsp/c)'méasures the average contfib’Ution of the
solute molecules at concentration ¢ to the viscosity. The fimiting viscosity number
or the Straudinger index [n] is also called the intrinsic viscosity (14i).

The alginate stock solutions after sterilization were diluted with saline to
concentrations from 0.0375 to 0.25 g per 100 ml. The viscosity of these solutions
were measured by a Cannon-Ubbelohde semi-micro viscometer at 28 °C. Plots of
the viscosity number versus concentration were extrapolated to zero concentration.
The intercept of these plots withi the viscosity number axis was taken to be the
intrinsic viscosity.
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3.4 GROWTH, ACTIVITY AND PRODUCTION STUDIES.

Erwinia herbicola ATCC 21434 was obtained from the American Type Culturé
Collection (ATCC).
3.4.1. Culture Preservation.

Lyophilized cells of Erwinia herbicola were resuspended into nutrient broth
(Difco) and grown up to the late exponential phase. The cells were then divided
into aliquots and mixed with glycerol to aid cryo-preservation (142) and stored in
a -70 °C freezer. This provided a permanent stock of the original culture. In routine
work, cells freshly grown in Ehrlenmeyer flasks were stored in a cold room at 4 °C.
Cells from these flasks were used as preinocula for the inoculum flasks. Cells used
as inocula were always freshly grown and were in the late exponential phase.
After 1 month of culture maintenance by using inoculum from cultures stored in
the cold room, a fresh culturé' was started from the stock in the -70 °C. This
reduced the chance that contaminated cultures or cultures that had mutated
could be inadvertently used.

All experiments in the same design block or group were done with cultures
grown from the same stock from the 70 °C freezer.

3.4.2. Biomass Versus Time Profiles in Nutrient Broth

Dry weight or biomass per millilitre of cell suspension were determined by
filtering, under vacuum, measured volumes of cell suspension through tared nylton
0.2 um fiiters. The filters were obtained from Millipore. The filters were then dried
to constant weight in an oven at 105 °C. Standard curves of the "absorbance" of
the cell suspension versus the biomass as dry weight were constructed.
Absorbance was measured at 610, 490 and 410 nm. Biomass as a function of time
in growing cultures were then obtained by relating the abscrbance of the cell
suspension to the standard curve at 610 nm since this curve was most linear.
Growth was quenched before each absorbance determination by diluting with cold
nutrient broth which contained chloramphenicol at 175 ug/ml as recommended by
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Koch (143). The low temperature and the chloramphenicol stopped the growth of
the cells without killing them. The use of "absorbance" to measure biomass is
_ based on the "light scattering turbidimetric® method discussed by Koch (144).

3.4.2, Growth as a Function of Agitation and Temperature.

Growth as a function of agitation was conducted in 250 ml shake flasks with
an amount of medium equal to 20 % of the volume of the flask. The inoculum was
10 % of the volume of the medium. Nutrient broth (Difco) was used as medium.
The amount of agitation was varied by adjusting the shake speed from 60 to 220
revolutions per minute (rem). Experiments were conducted at 32 °C in an incubator
with a 2 inch (5.08 cm) throw. Cells that had been grown at 140 RPM and 30 °C
were used for the inoculation of the flasks. The cells of the inocula were in the late
exponential to early stationary phase of growth.

The effect of temperature and time on the development of biomass was
followed as above in the agitation studies, except that the shake rate was kept
constant at 180 rpm. The shaker (a Labline Junior Orbit Incubator) was also
modified by attaching an external cooler via the cooling tubes at the rear. The
external cooler's bath temperature was set at -1 °C. By using the combination of
the cooler and the "Labline" shaker temperature controller steady temperatures
with a deviation of * 0.5 °C could be maintained.

3.4.3. Enzyme Induction.

TPL activity was induced by growing the cells in a tyrosine rich“medium'
that was similar to that of Enei et al (77), howevé“r 12.0 ¢/l hydrolysed sc;} protein
was substituted for the soy liquor. The results of the growth studies (described
above) suggested that the éells could be successfully grown at 32 °C and at an
rpm of 180 in a shaker with a 2 inch throw. These conditions were used for the
growth of the cells in the induction medium with an initial pH of 7.0.

Growth was conducted in 500 m Ehrlénmeyer shake flasks with 100 ml of
TPL induction medium. The inoculum was 10 % of the medium and was prepared
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from cells grown in nutrient broth at 180 rpm and 32 °C. The cells were in the late
expenential to early stationary-phase.

3.4.4. Cell Harvesting

Cells were harvested by centrifugation at 10,000 g for 10 minutes. The
supernatant was discarded and the cells washed twice by resuspension in 0.1 M
phosphate buffer (PB) followed by centrifugation. The resulting cell pellet was then
reconstituted in PB. All cell harvesting was done at 4 °C.

3.4.5. Protein Assay

. For actlwty studies total cell protein was used as a measure of biomass.
’I'otal ceil protem was analyzed by the coomassie blue method (145) with bovine
serum albumin as the protein standard. Coomassie biue was obtained from
BioRad. Typically 100 pl of cell suspension was mixed with 500 pul of 3.0 M NaOH
in a pyrex test tube. The tube was then heated for 10 minutes in a water bath at
90 °C to solubilise the bacterial cell protein. The sample was neutralised with
500 ul of 3.0 M HCI. The sample was then centrifuged at 16,500 g for 3 minutes
to precipitate cell wall debris and other insoluble components. A sample of the
resulting supernatant was then analyzed for its protein concentration with the aid
of a calibration curve produced with bovine serum albumin (Bio-Rad) as standard.

For the assay of the amount of protein entrapped within microcapsules,
200 pl of microcapsules was mixed with 500 ul of 3.0 M NaOH and heated at
90 °C for 10 minutes. This process dissolved the microcapsules and solubilised the

bacterial protein. The rest of the assay was cartied out as described above for free
cells.

3.4.6. Assay of Tyrosine Phenol Lyase (TPL) Activity

TPL activity was determined by measuring the amount of phenol produced
with time by the degradation of tyrosine in the reverse of reaction 1. ™2 assay
flasks contained 18 mi of 2.0 mM tyrosine in PB (0.1 mM pH 8.0). Thé'tmﬁperature
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was 37 °C and the stir rate was 180 rpm unless cotherwise stated. Reaction was
initiated by adding 2.0 ml of cell suspension or 1.0 ml of microcapsules and 1.0 ml
of buffer. Samples were removed at various times and assayed for phenol by the
method of Porteous and Williams {146). The amount of cells in the assay is given
as total amount of cell protein in mg, rather than on a per unit volume basis. This
is done to stress the fact that the protein is in the form of whole cells during the
assay, and not in a solubilised or homogenised form.

The initial slope of the plot of phenol concentration versus time was
considered to be the initial rate or the activity. To remove bias from the determina-
tion of the initial slope, a best fit polynomial in time (such as equation 3.18) was
fitted to the data as suggested by various authors (147, 148). Diffrentiation of the

sequation (3.18) with time shows that the initial rate is given by the value of
parameter a, in equation 3.18. The minimum degree of the polynomial that could
fit the phenol production with time data was determined by the sequential F-test
(149).

Typically a polynomial in time of degree 2 or less was adequate to fit the
data.

[phonofi= g, + 8t + &% ... + af! +.. + g " .3.18

3.4.7. Assay of L-Tyrosine and L-Dopa

L-Tyrosine and L-dihydroxyphenyl-L-alanine (L-dopa) were analyzed by high
performance liquid chromatography (HPLC). Tyrosine and dopa have low solubility
in aqueous systems at pH values close to neutrality. Therefore the product
tyrosine or dopa could be partially solid depending on the extent of the production
reactions 8 or 9 (G, section 2.3.2). For tyrosine assay the total product of the
reaction was solubilised by mixing with an equal velume of 1.5 M NaOH. The high
pH assured the solubilization of the product tyrosine (and the microcapsules if
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present). 40 pl of this solution was made up to 2000 p with 20 % (v/Av) methanol.
The 20 % methanol caused the precipitation of cell protein that could foul the
HPLC column. The deproteinized tyrosine solution was then diluted with pure

methanol (1:4, v/v). This final sample was then analyzed by HPLC with the
method of Hill (150).

3.4.8. L-Tyrosine and L-Dopa Production

For the production of tyrosine or dopa, 8 ml of PB (0.1 M, pH 8.0) at the
required concentrations of ammonia, pyruvate and phenol or catechol respectively
were placed in flasks. Two millilitres of cell suspension were added to initiate
reaction in free cell studies. For immobilised cell studies 1.0 ml of microcapsules
plus 1.0 ml of PB was added to initiate reaction. The reactions were carried out in
an incubator at temperatures as indicated and shaken at 240 rpm.

3.4.9. Data Analysis

The fit of kinetic data to some of the classical models of enzyme kinetics
were analyzed by the use of nonlinear least squares regression. In these models,
the algorithm of Marquardt (151) was usually used when the number of
parameters were less than 3 or 4 (151).

The production data was analyzed by fitting the data to the integrated form
of likely rapid equilibrium mechanisms. The equations were nonlinear. The values
of the parameters which gave a minimum of the residual sums of squares of each
model were determined by using the algorithm of Ralston and Jennrich (152). This
algorithm was used because the derivatives of the resulting models with respect
to each paran'leiér' were calculated numerically. The complexity of these models
makes the explicit determination of the required derivatives time consuming and
tedious. The best model was considered to be the one with the smallest value for
the residual sums of squares due tc the regression and with all parameters
significant at the level of p < 0.05.
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4.0 RESULTS & DISCUSSION

4.1 MICROENCAPSULATION TECHNIQUE
I pass with relief from the tossing sea of Cause and Theory to the
firm ground of Result and Fact.
-Sir Winstcn S. Churchill.

4.1.1. Simulation of Spore Death [uring Sterilization.

The results of the simulation:"‘of spore death during the heat sterilization of
100 ml of alginate in a thin walled can are shown in Figure 8. These results
indicate that adequate sterilization occurs in approximately 4.8 minutes. This
degree of sterilization corresponds to V = 27.63 and represents a theoretical
reduction in the number of spores from 1x10” to 1x10®. The simulation gives

conservative results because it does not consider_ the additional death which

occurs as the autoclave cools down. On the liquid'é}cle{\the autoclave releases the
steam pressure by a slow exhaust cycle which lasts atout 7 minutes. In this period
the temperature in the autoclave drops from 255 °F to 212 °F (123.8 °C to 100 °C).
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SIMULATION OF ALGINATE TEMPERATURE
AND SPORE DEATH DURING HEAT STERILIZATION
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Figure -3. Mathematical simulation of spore death durlng heat sterilization of alginate.

4.1.2. The Effect of Heat Sterilization on Depolymerization of Alginate.

The alginate (in alginate in buffered saline solutions (pH 7.4)) depolymerised .
when it was heated to the steriiization temperature. After 20 minutes of
sterilization at-255 °F the viscosity average molecular weight of Kelco-Gel® LV
alginate (/.e. the low viscosity alginate) decreases by 19 percent (from 55,800 +
7,400 to 45,100 + 2,200 Daltons). The molecular weight of Kelco-Gel® HV alginate
(i.e. the high viscosity alginate} decreases by 42 percent {(from 113,600 + 5,400
Daltons to 65,700 + 1,200 Daltons) when it is heat sterilized for 20 minutes:“The
molecular weight of alginate as & function of the duration of heat sterilization is
shown in Figure 9. |
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EFFECT OF HEAT STERILIZATION TIME ON THE

u MOLECULAR WEIGHT OF ALGINATE
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Figure 9. The effect of sterilization on the molecular weight of alginate. Stock solutions

of alginate (3% Kelco H.Y. or 4 % Kelco L.V. were heat sterilized at 255 °F.

4.1.3. The Effect of Airflow on the Diameter of Alginate-PLL-Alginate

Microcapsules.

The effect of airflow and alginate concentration on the diameter of
microcapsules made with Kelco-Gel® HV alginate in the bead formation stage is
shown as Figure 10. The alginate was sterilized as a 3 percent stock in HEPES
buffered saline (pH 7.4). The alginate concentration was varied in 0.25 percent
increments from 0.75 to 1.5 percent. The flow of the cell suspension (of Erwinia
herbicola) in alginate to the droplet former was 0.388 ml/min. The airflow was
varied from 2.0 to 3.5 I/min. The number of cells in the cell suspension was
measured as total cell protein was 3.11 mg/ml. The diameter of the microcapsules
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decreased by an average of 590 microns for each 1.0 I/min increase in the airflow
to the droplet former. However at the higher flowrates the alginate drops emerged
as a fine spray. The fine droplets did not enter the calcium chloride solution. They
deposited on the air-water interface. This tendency was most pronounced when
the alginate concentrations was 0.75 or 1.00 percent and the airflow was 3.5 I/min.
- Microcapsules were examined by light microscopy. Well prepared
microcapsules have a size distribution that is unimodal. An alginate concentration
of 1.5 percent produced good microcapsules if the airflow was 2.0 or 2.5 /min. At
higher airflows the microcapsules were of smaller diameter, however some of
these microcapsules appeared empty.
At lower alginate concentrations the microcapsules were either not
spherical, or they were stuck together or else they were fragmented and broken.

The fragmented microcapsules occurred at the higher airflows (i.e. at 3.0 or 3.5
I/min).
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EFFECT OF AIRFLOW ON THE SIZE OF
ALGINATE—POLYLYSINE—ALGINATE MICROCAPSULES
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Figure 10. The effect of airflow and alginate concentration on the size of the microcap-
sules. Values are mean and standard deviation of the size distribution of
diameters.

Figures 11, 12, 13 and 14 show photomicrographs of microcapsules
~prepared with 1.5 percent Kelco-Gel® HV (high viscosity) alginate and various
airflows. Figures 15, 16, 17 and 18 show photomicrographs of microcapsules
prepared with 0.75 percent Kelco-Gel® HV alginate. The inability to make good
microcapsules at low alginate concentrations and high airflows is shown in these
latter Figures.
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Figure 11. Photomicrograph of microcapsules (1185 £ 197 ym) made with Kelco-Gel HY
alginate. The airflow was 2.0 I/min. The microcapsules are spherical and contain

yellow E, herbicola.
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Figure 12.

Photomicrograph of microcapsules (805 £ 51 ym) made Mth 1.5 % Kelco-Gel HV
alginate. The airflow was 2.5 I/min. N.B. the yellow coloured bacteria in the
microcapsules. o :
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Figure 13. Photomicrograph of microcapsules (549 + 59 pm) made with 1.5 % Kelco-Gel
HV. The airflow 3.0 I/min. N.B. smail empty microcapsules.
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Photomicrograph of microcapsules (331 £ 59 pm} made with 1.5 % Kelco-Gel

RV. The airflow was 3.5 /min.

Figure 14.
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Figure 15. Photomicrograph of microcapsules (796 + 54 pm) made with 0.75 % Kelco-Gel
HV alginate. The airflow was 2.0 I/min. Lots of microcapsules are stuck tegether.
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Figure 16. Photomicrograph of microcapsules (544 £ 33 pm) made 0.75 % Kelco-Gel HV.
The airflow was 2.5 /min. N.B. empty capsules, many not well formed..
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Figure 17.

Photomicrograph of "microcapsules” made with 0.75 % Ké!co-GeI HV. The
alrflow was 3.0 I/mIn. N.B. mlcrocapsules are not well formed
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Figure 18.
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Photomicrograph of "microcapsules” made with 0.75 % Kelco-Gel HV algin: te.
The airflow was 3.5 I/min. N.B. microcapsules are empty or broken.
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4.1.4. The Effect of Liquid Flow on the Diameter of the Microcapsules.

The effect of liquid flow on the diameter of microcapsules made with 1.5 %

Kelco-Gel® HV is shown graphically in Figure 19. The PLL reaction time was 10
minutes. The airflow to the droplet former was either 2.5 or 3.0 I/min as indicated

in the figure; the flow of the cell suspension was set at either 0.389, 0.763, 1.07

or 1.49 ml/min. These liquid flowrates corresponded to settings on a syringe pump

of 10, 8, 7 and 6. The amount of cells in the cell suspension in alginate (measured

as total cell protein) was 3.31 + 0.24 mg/ml. There was no significant change in

the size of the microcapsules with increases in liquid flow (under these conditions).
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The effect of liquid flow on the size of the miérocapsules made with 1.5 %
Kelco-Gel HV. .
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The increase in the airflow from 2.5 to 3.0 I/min resulted in the formation of
a great number of satellite microcapsules. These results are similar to those
described earlier in the airflow experiment, in that the satellite microcapsules also
appeared empty in this case. Typical size distributions obtained are shown in
Figures 20 and 21. They show the increased tendency tc form a bimedal
distribution as the airflow is increased from 2.5 to 3.0 I/min. Microcapsules made
at a liquid flow of 1.07 ml/min and an airflow of 2.5 and 3.0 ¥/min are shown in
Figures 22 and 23.

Thus while a high airflow to the droplet former produces microcapsules of
smaller mean diameter, the size distribution will be pronouncedly bimodal. In
addition defective satellite microcapsules will also be produced.
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Figure 22. Photomicrograph of microcapsules made with 1.5 % Kelco HV alginate. The
liquid flow was 1.07 mi/min and the airflow was 2.5 //min.
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Figure 23. Photomicrograph of microcapsules made with 1.5 % Kelco-Gel HV. The liquid
flow was 1.07 ml/min and the airflow was 3.0 I/min.
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4.15. The Effect of Alginate' Preparation and PLL Contact Time on the

Relative Strength of the Microcapsules.

Microcapsules which contained blue dextran 2000 (Pharmacia,
Mwt 2.0 x 10°) and Erwinia herbicola cells were shaken at speeds from 150 up to
400 rpm. The fraction bi‘éken after 60 minutes was assessed. They were prepared
using a ligquid flow of 1.07 ml/min and an airflow of 2.5 |/min to the dropiet former.
The presence of blue dextran in the microcapsules aided in the visual assessment
of the quality of the microcapsules. Broken microcapsules were almost transparent
under light microscopy, however intact microcapsules appeared as uniformly dark-
blue spheres.

Figure 24 shows blue dextran containing microcapsules made with Kelco-
Gel® HV alginate sterilized for 5 minutes and a PLL reaction time of 10 minutes.
Figure 25 shows microcapsules made under identical conditions except that they
were made with Kelco-Gel® LV alginate. The microcapsules made with Kelco-Gel®
HV alginate are all blue, because of the entrapped blue dextran. Some of those
made with Kelco-Gel® LV do not contain blue dextran.

74



Figure 24. Blue dextran 2000 (MW 2 million) containing microcapsules made with Kelco HV
heat sterilized for 5 minutes and PLL reactlon time of 10 minuies.
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Figure 25. BI;{e dextran‘rlzooo (Mwt 2 million) containing microcapsules made with Kelco LV 7
__-giginate sterilized for 5 minutes and a PLL reaction tiime of 10 minutes.

: Microcapsules made with Kelco-Gel® HV alginate sterilized for 5 minutes,
did ndt release blue dextran into the supernatant if the shaking speed was less
than 300 rpm. At 400 rpm the microcapsules started to release blue dextran, this
indicates that they started to broak at this rpm.

Microcapsules made with Kelco-Gel® HV alginate that was sterilized for 15
minutes started to release blue dextran at a shake speed of 150 rpm. The amount
of released blue dextran increased as the shake speed was increased. This sug-
__gests that either the microcapsules, made under these conditions, are highly
| permeable fo blue dextran 2000 (MW 2x10% or else they are very fragile, hence
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they break at a lower RPM. Microcapsules made with a PLL contact time (6r
reaction time) of 6 minutes released more blue dextran than those made with a
PLL contact time of 10 minutes. These results are shown graphically in Figure 26.
This indicates that an increase in PLL reaction time increﬁéses the strength of these
microcapsules {or reduces their permeability to blue dextran 2000).
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0.6 4 pLL TIME (min)

10 ' P

KELCO HV 1.5 %

15 MIN STERILIZATION
1 PLL TIME {min)
034 E3 6

J [m 10

FRACTION OF MICROCAPSULES BROKEN
O
N
|

[ L | i R 1
100 180 200 250 300 350 400 450
SHAKE SPEED
Figure 26. Breakage of microcapsules made with 1.5 % Kelco HV alginate.
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The fraction of microcapsules broken was not assessed when they were
made from 1.5 % Kelco-Gel® 1.V alginate that had been sterilized for 15 minutes,
and the PLL reaction time was 6 minutes. These microcapsules were too frag-
mented. iIf the polylysine reaction time is increased to 15 minutes, Kelco-Gel® LV
alginate sterilized for 15 minutes will produce some microcapsules containing blue
dextran, however many of them will not contain any blue dextran. The microcap-
sules without entrapped blue dextran may appear to be undamaged; since they
can appear as intact spheres under light microscopy.

One half of the microcapsules made with Kelco-Gel® LV alginate, that had
been sterilized for 5 minutes, and with a PLL reaction time of 6 minutes, broke
after being shaken at 300 rpm. One thitd of the microcapsules made with a PLL
reaction time of 10 minuies broke after being shaken at 400 rpm. The results are
shown in Figure 27.
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Figure 27. The effect of agitation on the breaking of microcapsules made with Kefco LV
alginate sterilized for 5 minutes.

The results with blue dextran.imicrocapsules taken aitogether indicate that
microcapsules made with high viscosity alginate, i.e. the high molecular weight
alginate, are stronger than those made with low molecular weight alginate. Longer
polvlysine reaction times increase the strength of the microcapsules.
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4.1.6. Elution Profile of Blue Dextran 2000

The elution profile of blue dextran 2000 (MW 2.0 x 10°% from sepharose
CL6B was compared to that of a 150,000 and a 500,000 molecular weight dextran.
The resulting elution profiie is represented in Figure 28. The data shows that blue
dextran 2000 is polydispersed, nevertheless most of the polymer chains have a
molecular waight above 150,000.
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Figure 28. Elution profile for blue dextran 2000; dextran 500 and dextran 150 (d 2000, d500
and ‘'d150 respectively). :



4.1.7. Cel! Protein in Microcapsules as a Function of Celi Proteir: in 1.5 %

Alginate. S

The amount of total Erwinia herbicola cell protein encapsulated per mi of
microcapsules was determined as a function of the amount of protein per ml of the
cell suspension in 1.5 percent Kelcc-Gel® HV alginate. The airflow to the droplet
former was 2.5 I/min, and the liquid flow was 0.389 ml/min. The results are shown
in Figure 29, The amount of protein encapsulated per ml of microcapsules was
linearly related to the amount of protein in the cell suspension (slope = 0.831, R
= 0.999). This calibration curve was used to determine how much free cell

suspension was equivalent to a given amount of microcapsules.

PROTEIN ENCAPSULATED VERSUS PROTEIN IN THE
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Figure 29. The amount of whole cell E, herbicola protein encapsulated per

ml of microcapsules plotted as a function of the amount. o!
protein in 1.5 % Kelco HV alginate,
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4.2 GROWTH STUDIES ON ERWINIA HERBICOLA

4:2.1 Absorbance Versus Biomass for Erwinia herbico!a.

The absorbance (at 400, 490 and 610 nm) of an Erwinia herbicola cell
suspension versus its dry cell mass {biomésé)‘ is shown in Figure 30. The
. absorbance was a function of the wavelength, however the absorbance measiUred; )
at 610 nm was most linearly related to the biomass. The absorbance at 610 nm N
was used to monitor the growth of Erwinia herbicola as a function of agitation "

(measured as rpm} and temperature.

ABSORBANCE VS BIOMASS FOR ERWINIA HERBICOLA
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Figure 30, The absorbaric2 of Erwinia herbicola cell suspensions in nutrient broth as func-
tion of the biomass. ' '
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4.2.2. Growth of Erwinia herbicola in Nutrient Broth,

The growth of Erwinia herbicyla (in nutrient broth) at 32 °C was observed
as a function of the shaking speed and time. At 60 rpm the cells grew up slowly
fo the stationary phase. After 5 hours of growth, cells grown at 60 rpm were
present at a biomass concentration of 300 pg/ml. Cells grown at 100 rpm or more
were present at a conceniration of at least 800 pug/ml. After 16 hours whether the
cells were grown at 60, 100, 140, 180 or 220 rpm, the amount of biomass was
about 500 ng/ml. These results, shown in Figure 31, indicate that Erwinia herbicola
tolerates vigorcus shaking.

A shawe rate-of 160 rpm was used as the shake speed in subsequent
growth of Erwinia herkicola. This rpm was partly chosen because the activity of
whole cell tyrosine phenol lyase (TPL) has to be assessed at an rpm of 180 or
more. This rpm was shown in preliminary work to produce an almost constant rate
of product fbrmation over 16 minutes, with 1.8 mM tyrosine as substrate. It was
reasoned that if the cells were grown under a certain condition oi shear perhaps
they would. be better able to withstand similar shear stresses in the activity or
production studies. In the TPL induction medium of Enei et al (77) there are
wyrosine crystals, because thé solubility of tyrosine is low. A high shake rate would
also promote the dissolution of the tyrosine crystals as the tyrosine in solution was
consumed by the growing cells. This fact also contributed to the decision to use
an rpm of 180 as the shake speed in subsequent work.
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GROWTH AS A FUNCTION OF RPM AND TIME AT 32 C
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Flgure'31. Gygwih of Erwinia he',‘_";lcola in nutrient broth as a function of agitation {as rpm) and

time.

" 4.2.3. The Growth of Erwinia herbicola as a Function of Temperature.

The effect of tempera}ufe on the growth E. herbicola as function of time
was studied from 22 °C to 42 °C at a shake speed of 180 rpm. At 22 °C and 25 °C

the cells grew up to the stationary phase and remained there for 10 hours or more.

At 37 °C the cells grew more rapidly then started to die more rapidly. There was
limited growth at 42 °C (Figure 32).
The results of the growth in nutrient broth studies suggested that the inocula

for the tyrosine phenol lyase induction flasks could be suitably prepared by growing
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GROWTH WITH TEMPERATURE AT 180 RPM
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. Flgure 32, The Effect of temperature on the growth of E. herbicola in nutrient broth. The

shake speed was 180 rpm.

E. herl;}'cola at 180 rpm and 32 °C. These cells were kept for at most 2 days at
4°C before being used as pre-inocula for the inoculum flasks. The inoculum was
always celis freshly grown in nutrient broth for 8 hours. If these steps were
adopted the duration of the lag phase in the enzyme induction medium was zero,
and the batch to batch variation from one fermentation to the next was minimised.
The detailed temperature profile studies were done in a shaker that was modified
to give a variation in tehperature of £ 0.5 °C. However routine work was done in
a shaker in which the temperature occasionally drifted up or down by 2 °C. The
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drifting of the temperature was due to the fact that the controlier was of the on-off
variety and the temperature in the Mcintyre Building (Mc Gill University) fluctuates
widely. This fluctuation in temperature could contribute to batch to batch variation
in the properties of the cells.

4.2.3. TPL Activity Induction with Time Profile.

When the enzyme induction medium was used to grow cells - at 180 rpm
and 32 °C - the cells grew to the stationary phase after 10 hours. The cells
remained at the stationary phase for at least 20 hours.

The Tyrosine Phenol-Lyase specific activity of the cells was obtained by
plotting the TPL activity of the cells as a function of the total protein in the cells in
mg. The initial slope of this plot was considered as the specific activity. The TPL
activity per milligram of total cell protein increased during the stationary phase
{Figure 33).

Celis were harvested after 24 hours of growth in all subsequent investiga-
tions unless indicated otherwise.
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BIOMASS AND ACTIVITY VS TIME IN INDUCTION MEDIA
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Figure 33. The induction of Tyrosine Phenol-Lyase activity per mg of cell protein in Erwinia

herbicola. Biomass as (cell protein per ml) of medium is also shown.
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4.3 EXPLORATORY STUDIES OF THE KINETICS OF WHOLE CELL
ERWINIA HERBICOL A TPL.

4.3.1. TPL Activity Versus Biomass Profile.

The Tyrosine Phenol-Lyase activity of the cells was plotted as a function of
the amount of cells in the assay. The amount of cells was measured as the total
cell protein in the assay flask. The resulting plot was nonlinear whether the cells
were grown for 12, 24 or 36 hours. The results in Figure 34 show that the specific
TPL activity (i.e. the TPL activity per mg of total cell protein) decreases as the total
amount of cells in the system increases. These results also show an increase in
specific activity with the duration of cell growth between 12 and 36 hours.
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Figure 34, The TPL activity of whole cell E. herbicola as a function of the total protein

in the assay and the duration of cell growth In induction medium.
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4.3.2. The Effect of the Buffer System Used for Activity Determination.

it is possible that the celis could break down during the assay because the
buffer used for cell washing and the re-suspension of the cell pellet after har-
vesting and for celi storage afterwards was not suitable.

In order to check if the 0.1 M PB (phosphate buffer) was an appropriate
buffer for the whole cell TPL system, the degradation of tyrosine by whole cell TPL
was examined in 0.1 M PB and in phosphate buffered saline plus gelatin (PBSG).
The results for the 0.1 M PB and the PBSG (8.5 g of NaCl, 0.3 g of anhydrous
KH,PQ,, 0.6 g of Na,HPQO,, and 0.1 g of gelatin per litre of distilled water) system
are summarised in Table IV. The initial rate of phenol production from tyrosine by
the TPL activity of whole cell tyrbsine phenol lyase was obtained by fitting phenol
production data with polynomials in time. No significant difference in activity was
observed when the buffer was changed t6 the general purpose diluent PBSG.
Therefore 0.1 M PB is as suitable as PBSG for the washing and suspension of
Erwinia herbicola cells, when they are being used for their TPL activity.

These results show that extra protein in the form of gelatin does not need
to be added to the whole cell TPL system to stabilise the walls of the cell.

The remainder of the activity studies on TPL were done in 0.1 M PB at pH
8.0. It was convenient to use a buffer which contained potassium since TPL
requires K* (or Rb* or NH,*) for its activity.

Magnesium ions can be added to the diluents or the buffers used for
bacterial storage, since this ion contributes to cell membrane integrity. A potassium
based buffer was desired (for reasons explained above), and Mg?* complexes with
potassium phosphate at about pH 8.0 so the effects of Mg?* addition were not
investigated.
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Table V. The Initial Rate of Phenol Degradation by TPL in
Comparative Buifer Study.

Total Cell Protein in Assay Activity
(me) 0.1 M PB PBSG
2.216" 0.01204 £ 0.0011 0.0121 £ 0.0001
4.432 0.0236 £ 0.0033 0.0221 £ 0.0003
8.864 0.0246 £ 0.004 0.0277 £ 0.0012

#n=2

4.3.3. The Effect of the Addition of PLP to the Assay Flasks.

If sufficient pyridoxal phosphate (PLP) is added to the assay flasks to give
a concentration of 4.5 mM, the rate of degradation of tyrosine decreases relative
to an assay without added PLP (Figure 35). This shows that the external addition
of excess PLP may inhibit the Tyrosine Phenol-Lyase system; and suggests that
the cells have manufactured and accumulated sufficient pyridoxal phosphate (PLP)
for their needs. The initial rate of phenol production in the two systems is shown
in Table V. These results show that when the amount of whole cell protein in the
assay is 8.40 mg, the activity in the presence of added PLP is lower than when
there is no externally added PLP. The results in Table V suggest that as the
amount of whole cell protein in assay increases the inhibition by externally added

PLP is stronger.
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THE DEGRADATION OF TYROSINE BY THE TPL
ACTIVITY WHOLE CELL ERWINIA HERBICOLA
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Figure 35. The degradation of tyrosine by the TPL activity of whole cell Erwinia herblcola.

N.B. that the addition of excess PLP decreases the rate.

Table V. Effect of PLP Addition on the Activity of Whole Cell TPL
Total Cell Protein Initial Rate of Phenol Production (mM/min) p Value for
in Assay (mg) PB PB + PLP Comparison
2.80 0.0155 £ 0.0004 | 0.0124 £ 0.0003 < 0.075
8.40 0.0354 +0.0023 | 0.0256 + 0.0004 < 0.005
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4.3.4. Initial Rate Kinetics of Whole Cell TPL for the Degradation of Tyrosine.
4.3.4a. Basic Features of Velocity versus Substrate Profiles of Initial Rate
Data. |

The initial rate or velocity of tyrosine degradation was studied by observing
the initial rate of phenol production from the tyrosine in an assay mixture (0.1 M
PB, pH 8.0, 37 °C ). The concentration of the tyrosine was varied from 0.1 to 1.8
mM. It was not convenient to use higher concentrations because the solubility of
tyrosine is low in most aqueous systems at pH 8.0. The limits of reliable phenol
detection prevented the observation of initial velocities at substrate concentrations
less than 0.05 mM. The Lineweaver-Burk plots (153) of early results were nonlin-
ear; and the determined values of the apparent K,, of tyrosine were a function of
the amount of cell protein the system. Herice velocity versus substrate profiles
were obtained at different amounts of total cell protein, to further investigate this
phenomenon. The cells were harvested after 24 hours of growth in the TPL
enzyme induction medium and they were used immediately after harvesting. The
data was plotted according to 3 different linearizations of the Michaelis-Menten
(154) equation: |

 VouS
Vo= K +8 we{dh1)

where V, (or V) is the initial velocity or reaction rate; V., is the maximum reaction
rate upon saturation with substrate; S is the concentration of substrate and K,, is
the half saturation constant or the dissociation constant for the enzyme-substrate
(ES) complex. | '.
Each of these plots will emphasize different aspects of the data if the data
is not Michaelis-Menten. The linearizations used were the Lineweaver-Burk plot
{153), the Eadie plot (155) which is the inverse of Scatchard plot (156) and the
Hanes plot (157). The required transforms of the data are shown as Figure 36.
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Transform . Predicted
Linear Transform

Operation Linear Plot
invert 1/v.yvs (1/5
> 1/ o= 1/ Vmcn<+ (Km/ Vmux)[1/ 3) ( /L?rzeWEG(VEi'—)
Burk Plot
V S .
invert, x vV~ - _
0 =—,qu__' : > %= Vmux Km(vo/ ) Yo Vs_ (VU/ S)
hm S Eadie Plot

invert, ¥5

> Sh,= KN Y+ (N _XS)  (S/v) s S

e Hanes plot

Figure 36, Some linearizations of the Michaelis-Menten Equation.
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Figure 37 show the velocity versus substrate profiles obtained when the
amount of whole cell Erwinia herbicola protein in the system is relatively small. The
plots of velocity versus substrate are initially sigmoidal. In the set of data at 0.680
mg of protein, there is an intermediate concentration range in which the data
plateaus markedly. This indicates non-Michaelis-Menten behaviour.

Earlier work (Figure 34) shows that the specific activity varies with the
amount of cells in the assay. The data in Figure 37 also show that the general
shape of the velocity versus substrate profile can vary with the amount of cells in
the assay. The complexity shown by the velocity versus substrate profiles in Figure
37 predict non-linear Lineweaver-Burk plots for the data (Figure 38).



VELOCITY VS SUBSTRATE PROFILE
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Figure 37. Whole cell TPL activity for the degradation of tyrosine. Note sigmoidal

behaviour and intermediate plateaux. Lines are a spline fit and are not meant to
indicate a mathematical model.
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LINEWEAVER—BURK PLOT
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* Figure 38. Lineweaver-Burk plots of the data in Figure 37. N.B. the curvature in the plots,

The Eadie and Scatchard plots of the data in Figure 37 is shown as Figure
39. The downward concavity of the Scatchard plots indicate that there is positive
cooperativity at low values of velocity (and therefore low values of S) (96). Positive
cooperativity being defined as the enhancement in the binding of a second
substrate molecule, because of the previous binding of a molecule of substrate or
some other ligand. Thus after the first substrate molecule has bound to the
enzyme the affinity of the enzyme for the second molecule increases and there is
sigmoidal increase in reaction rate. These results indicate that there are subunit
effects in the kinetics of the whole cell TPL system. Note however that there are
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also areas of upward concavity in the Scatchard plots, thus these systems also
indicate negative cooperativity (96). These systems then indicate a region of
positive cooperativity folicwed by negative followed by positive cooperativity (i.e.
mixed cooperativity). Negative cooperativity can be defined as a reduction in the
affinity for binding of a substrate molecuie because of the previous binding of a
ligand, or a substrate molecule.
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Figure 39.
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The Hanes plot of the data in Figure 37 show that at low S the value of S/V
decreases indicating that V is increasing rapidly relative to S. This initial region that
is concave upwards indicates an initial sigmoidal increase in reaction rate,
However as the total amount of whole cell protein in the assay system increases,
from 0.452 mg to 0.861 mg, the region indicating sigmoidal behaviour decreases.
The Hanes plot of the data in Figure 37 is shown as Figure 40.

HANES PLOT
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i~ . Total cell protein (mg)
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] A8 o g 88
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Figure 40. Hanes plot of the data in Figure 41. Note that at low S the data departs markedly
from Michaelis-Menten data.
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Figure 41 shows the velocity versus substrate profiles obtained with higher
concentrations of Erwinia herbicola cells (relative to those used to obtain the data
in Figure 37). These cells were harvested from a different batch than those used
in Figure 37). There are differences in the apparent enzyme activity from batch to
batch. Therefore the velocity versus substrate profiles in Figure 41 differ from
those in Figure 37 because the amount of cells are different and because of the
batch to batch variation in TPL activity. Since the cells were harvested from
different batches they have been analyzed separately.

VELOCITY VS SUBSTRATE PROFILE
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Figure 41. Velocity versus substrate profiles obtained with relatively high amounts of total
cell protein in the assay. Lines are a spline fit and do not imply a mathematical
model.
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The behaviour of the system is less sigmoidal at low values of substrate,
when higher amounts of protein are present in the system; however the intermedi-
ary piateaux are evident. This data confirms the trend that th2 initial sigmoidal
region decreases as the amount of whole cell protein in the system decreases.

The Lineweaver-Burk plot of the data in the data in Figure 41 is shown in
Figure 42. The plots are nonlinear indicating departures from Michaelis-Menten
behaviour. In particular both ends of the Lineweaver-Burk plots are curved.
However the departures from Michaelis-Menten behaviour are not recognised as
being pronounced in this plot.
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Figure 42. Lineweaver-Burk plot of the data in Figure 41. Note these plots are also non-
linear indicating non-Michaelis-Menten behaviour.
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The Eadie and Scatchard plots of the data in Figure 41 are shown in Figure
43. These plots are nonlinear, indeed when the amount of total cell protein in the
system is 3.267, 4.086 or 4.904 mg the curves are almost serpentine. These
curves suggest regions of positive followed by negative cooperativity.

The Hanes plot of the data in Figure 41 is shown as Figure 44, these plots
do not show the pronounced non-linearity of the Eadie or Scatchard plots.
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Figure 43. Eadie and Scatchard plots of the data in Figure 41. Note the serpentine shape
of the plots.
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Figure 44, Hanes plot of the data In Figure 41. These plot do not emphasise the departure
from Michaelis-Menten behaviour as clearly as the Eadie or Scatchard plots.

4.3.4b Kinetic Analysis of Initial Rate Data.
4.3.4b (i) Analysis by the Hill and Michaelis-Menten Equations

The Hill coefficient {n,) is a general measure of the: degree of cooperativity
in enzyme systems, or in other systems where protein-ligand interactions occur.
The value of the Hill coefficient for each profile in Figures 37 and 41 was
determined by fitting the velocity substrate profiles to the Hill (158) equation as
modified for kinetic data:
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v 8™
Vinex (Kos + Sn")

(4.2)

where v is the initial velocity of the reaction ; V,,,, is the velocity at saturating
enzyme concentrations; K, ; is the dissociation constant of the ES, complex to free
E and S, it is also the concentration which produces a velocity that is one half of
Ve @nd Ny, is the Hill coefficient. The equation is developed in Appendix [l
The values obtained for the parameters of the Hill equation are shown in
Tables VI and VII. The data in Table VI show that the value of n, -the Hill
coefficient- decreases as the amount of protein in the system is increased,
starting from a value of 2.0 (1.96 + 0.13) it decreases to 1.5 (1.5 £ 0.1). The data
in Table VIl show that when the total amount of cell protein was 2.45 mg the value
of the Hill coefficient was 1.00 + 0.13, (i.e. a value not significantly different from
1.0). If the Hill coefficient is equal to 1.0 then the system could approximate
Michaelis-Menten behaviour, since under this circumstance the Hill equation
collapses into the Michaelis-Menten equation. However, it must be remembered
that the n,, is only measuring the average cooperativity, and so a value of 1.0 for
ny does not preclude an area of positive cooperativity followed by one of negative
cooperativity (or vice versa). At higher protein concentrations the Hill coefficient
again starts to increase. If the resulis of the Tables Vi and VI| are combined the
following general conclusions can be reached:
1) with low amounts of cells (as measured by total cell protein) in the
system, its kinetics can be sigmoidal with the value of the Hill
coefficient close to 2;
2) as the amount of protein in the system is increased the value of the
Hill coefficient decreases and tends towards a value of 1.0.
The data in Tables VI and VIl also show that the value of K, ; decreases as
the amount of protein in the system increases. These results reveal the complexity
of the whole cell TPL system.
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Table VI.  Parameters of the Hill Equation for Data in Figure 37¢

Total Protein parameters Value Std dev significance
in Assay (mg) at 95 % C.l.

0.452 Voo 1.193 0.08 s

Kos 0.610 - 0.10 s

Ny 1.98 0.13 s

0.680 Vo 1.814 0.16 s

Kos 0.419 0.13 s

Ny 1.90 0.19 s

0.861 Vinax 1.98 0.11 s

Kos 0.38 0.08 s

N, 1.50 0.10 s

1 The specific activity of these cells is different from those used in Figure 41. Therefore only limited
comparison of both seis of data is possible. (Please see Table VIl also)
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Table VII, Parameters of the Hill Equation for Data in Figure 41t
Total Protein Parameters Value Std dev significance
in Assay (mg) at95%Cll.
2.45 V. 1.60 0.11 s
Kos 0.60 0.09 s
Ny 1.00 0.13 s
3.267 Voae 1.71 0.08 s
Kos . Q22 0.06 s
ny 1.11 0.04 5
4.086 Voo 2.21 0.08 s
Kos 0.144 0.035 s
ny 1.25 0.02 s
4.904 Vinax 3.27 0.37 s
Kos 0.31 0.13 s
Ny 1.12 0.11 s
1 Note the specific activity of the cells used in this study (Figure 41) was different from those used
in Figure 37.

The kinetic data was also fitted by the equation of Michaelis and Menten
and the values obtained for the parameters with non-linear least squares
regression are shown in Tables VIl and [X. At low total amount of whole cell
protein in the system, the values obtained for the parameters were not all
significant. At higher protein concentrations the nonlinear regression routine could
converge to statistically significant values of the parameters. However the pattern
of the distribution of the residuals showed that the model was inappropriate. If non-
linear regression is used to evaluate K; and V., they are always realistic, i.e. they
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are greater than zero even if they are not significant. If the Lineweaver- Burk,
Eadie or Hanes linearization is used for the evaluation of V,,,, and K,,, the values
obtained for the parametérs can be physically unrealistic in that negative values
for the parameters can occur (Tables X and XI).

If the Hanes linearization is used for the determination of the values of V,,
and K,, when the amount of cells in the assay is relatively large, the values
obtained can be statistically the same as those obtained by non-linear regression.
This occurred when the amount of cells in the assay was 2.45 mg of protein or
more (Table Xl). The Lineweaver-Burk linearization gave values for V,, and K,
different from those obtained by non-linear regression when the amount of
protein was 2.45 mg or 4.904 mg (Table Xl). The Eadie plot detected the
deviations from Michaelis-Menten behaviour most clearly as measured by square
of the regression coefficient R. R for the Lineweaver-Burk linearization was 69
percent when that for the Eadie plot was O percent (Table X).

The K,, values obtained by using nonlinear least squares to fit the
Michaelis-Menten equation to the data show the same trend as the K,z values
obtained with the Hill Equation. [f low amounts of protein are in the system, the
apparent K,, for tyrosine degradation ¢can be large (4.55 mM); if larger amounts of
protein are present the apparent K,, varies from 0.25 to about 0.3 mM. Note
however that when the amount of protein in the assay was 2.45 mg, the value
obtained for K, was 0.6 mM a value different from the 0.25 to 0.30 mM which
occurs at higher protein levels.

These results show clearly that the value obtained for the apparent K, of
the whole cell TPL system depends on the amount of whole cell protein in the
system. However the marked non-linearity of the Eadie plots show that even when
the values obtained for K, and V., are statistically significant, the system is not
truly Michaelis-Menten.
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Table VIlIl.  The Value of the Parameters of the Michaelis-Menten Equation for the

Data in Figure 377

Total Cell Protein FParameters Value std dev Significance at 95

in Assay (mg) % C.l.
0.452 Vo 3.74 1.81 ns

Ky 4.55 2.86 n.s

0.680 Vo 4,73 1.56 s

Ky 2.93 1.40 ns

0.861 Vinax 2.87 0.39 s

Ky 1.09 0.30 s

T The data in Figure 37 is being analyzed separately from that in Figure 41 because they were

harvested from different batches; * "s" indicates that the value of the parameter is statistically significant

at the p £ 0.05 level; "ns” indicates a lack of significance at this level.
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Table IX.

The Value of the Parameters of the Michaelis-Menten Equation for
the Data in Figure 41.1

Total Protein in Parameters Value std dev Significance at 85 %

Assay (mg} C.l
2.45 Voo 1.61 0.10 s

Ky 0.60 0.09 s

3.267 Vo, 1.80 0.07 5

Ky 0.28 0.03 s

4,086 V.., 2.39 0.08 s

K 0.25 0.03 5

4,904 Voo 3.02 0.20 5

Ky 0.30 0.06 s

T Note the data In Figure 41 is analyzed separately from that in Figure 41, because the cells were
harvested from different batches; "s" indicates that the value of the parameter is statistically significant at

the p < 0.05 level; "ns" indicates a lack of significance at this level.,
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Table X. Vo @nd Ky, (or Ky 5) Values Obtained by Different Procedures
(Original Data in Figure 31).*

Protein Parameter Lineweaver Eadie Hanes N.L.!' of M.M. N.L. of Hill

0.452 A -0.07 -0.03 -0.21 3.74 1.19
Ky -0.89 -1.00 -1.65 455 0.61

Rsq(%) 78.6 316 19.5
0.680 V ax -0.11 0.30 -0.66 4.73 1.81
Ky -0.70 -0.53 -1.91 2.83 1.817

Rsq(%) 80.3 8.6 14.3
0.861 Vo -0.53 1.46 13.99 2.87 1.98
K -0.85 0.31 10.44 1.1 0.38

* The Data for Figure 37 is analysed separately from that in Figure 41 because there are batch to batch
variations; # V., is in pmol/min; ™ K, is in mM; Rsq is the square of the correlation coefficient for a
finear model; N.L. Non Linear Regression.
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Table XI. V., and K, (K;5) Values Obtained by Different Procedures (Orig-
inal Data in Figure 41). |
Protein Parameter Lineweaver Eadie Hanes N.L.' of M.M. N.L. of Hill
2.45 Vi 2.62 1.44 1.64 1.61 1.6
Ky~ 1.25 0.49 0.64 0.60 0.60
Rsa(%) 89.3 705 94.8
3.267 Voax 1.71 1.74 1.80 1.80 1.71
Ky 0.24 0.25 0.29 0.28 0.22
Rsq(%) 96.2 88.7 98.0
4.086 Vinae 2.43 2.40 2.37 2.39 2.21
& Ky 0.26 0.25 0.24 0.25 0.14
Rsa{%) 98.3 91.0 99.4
4.904 Viax 5.28 2.96 3.16 3.02 3.01
Ku 0.86 0.28 ¢.35 0.30 0.24
Rsq(%) 848 51.0 93.1

* Data analysed separately from that in Figure 37 because the cells were harvested from different

batches; # V., is in pmol/min; ** K,, is in mM; T Rsq is the correlation coefficient for a linear model; | N.L

Non Linear Regression
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4.3.4b (ii). Analysis by the Model of Monod.

The Eadie or Scatchard plots of the initial rate kinetic data at relatively low
amounts of total cell protein show that the systems can have mixed cooperativity.
The most general model of Monod, Wyman and Changeux (159) is able to fit
systems which display complex cooperativity. The basic assumption of this model
is that the enzyme (indeed proteins in general) exist in at least 2 conformations; |
a relaxed (R) conformation with high affinity for substrate and a tense (T)

> conformation v.**h lower affinity for substrate. The general equation of Monod is :

_ nik,|El Loa(l + ca)™ + niglEl a(t + o)™
L1 +ca)” + (1 + a)°

.43

‘with parameters kq, kg, L, Kg, Ky and n. Where n is the number of substrate

binding sites; k; and kg are the respective rate constants for product formation
from the tense (T) conformation and the relaxed (R} conformation of the enzyme;
L is the equilibrium or allosteric constant for the transition of the enzyme from the
R state to the T state; a equal S/Kg is a normalised measure of the substrate
concentration with Ky as the dissociation constant of substrate from the R state;
¢ is the ratio Kg/Ky and Ky is the dissociation constant of substrate from the T
state; [E], is the total concentration of enzyme. The development of equation 4.3
is presented in Appendix Il

Since [E], is not known explicitly for a whole cell system equation 4.3 was
modified by setting:

nkT[E]! = Vmu (T) &nd
nkglEl = Yoam

In initia! fits of the general eguation of Monod, Wyman and Changeux, n
was allowed to vary. The best fit values of this parameter was from 4 to 5, and
never less than 2.5. This suggests that the number of subunits (or active sites) is
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more than 2 and is probably equal to 4. The literature suggests that the number
of subunits of TPL is either 2 (78, 86, 87, 88) or 4 (89, 90, 91), however in the light
of these results it was considered that 4 subunits was more likely. Therefore n was
set explicitly to 4 for further fits of the data.

The asymptotic correlation matrix of the parameters (160) had elements that
were almost all equal to 1. This suggested that a simpler model could fit the data
as well (or else enough data was not present to allow the accurate estimation of
each parameter). Therefore the model was simplified by assuming that the rate
constant for product formation was the same for both the T state and the R state.
This simplified form of the model is the more common form of the Monod allosteric
mode! and gives as a mathematical description of the initial velocity of the system:

v _ Lox(i + ca)™! + a(1 + o)™ 4.4
Vinex L +ca)’ + (1 + a)f

This equation can only describe Michaelis-Menten systems {(i.e. L=0or Ky
= K;) or positively cooperative systems. The best fit value of the parameters'
obtained upon fitting equation 4.4 to the data indicated values of K; that were
much larger than Kg. This suggested that the binding to the T state could be
ignored, hence equation 4.4 can be further simplified to:

v _ _e( + o)™
Vi L+ (1 +a)

This equation is the exclusive binding allosteric model of Monod et al (159).
If L is set to zero in this model it is identical to the Michaelis-Menten equation.
Since equation 4.5 becomes after substitution for o as S/Kg equation 4.6, which
gives immediately a Michaelis-Menten type equation as shown below.
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1+ -S;]
Ka
Viex®
Vv =
K+ 8 48

The Monod equation for exclusive binding (equation 4.5) converged to the same
value for the residual sum of the squares as the complete Monod model {equation
4.3). The exclusive binding model was therefore considered to be as good a fit to
the data as the complete Monod model.

The values of tile parameters which best fit the data are presented in
Tables Xll and XIIl. Typically only 2 (i.e. V., and Ky ) of the 3 parameters of the
model were statistically significant. At the higher concentrations of total protein in
the assay, a value of L not significantly different from zero implies that a Michaelis-
Menten fit to the data is just as good a fit to the data. If the total améiunt of cell
protein in the assay is low and hence there is sigmoidal behaviour, a value for L
that is not significant implies that this model is inferior to the model of Hill (158)
since that model converged to a similar residual sum of squares with all
parameters significant.

The values obtained for K; and V,,,, are identical to those obtained for K,,
and V,,, with the Michaelis-Menten fit when the amount of cell protein in the
system is 2.45 mg or more. For the data obtained at lower amounts of protein in
the assay (0.452, 0.680 and 0.861 mg) the values obtained for Vmax do not
increase (or decrease) monotonously, this result is anomalous and indicates that
the model is inferior to the Hill model as a desctiption of the data.
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Weighting the data with the reciprocal of the square of the standard
. deviation of the velocity did not improve the precision of the parameters for the
exclusive binding model of Monod.

Table XII. Best Fit Parameters for the Exclusive Binding
Model of Monod (Originai Data in Figure 37)
Total Amount | Parameter | Value | Std. Dev. of | Significance at
of Protein in Parameter 95 % C.I.
Assay {mg)
0.452 Viax 1.33 0.12 5
Ka 0.52 0.15 s
L 13.31 9.70 ns
0.680 W ax 2.89 0.96 5
Kg 1.11 0.82 ns
L 1.59 2.52 ns
0.861 Vs 217 0.25 8
Ka - 0.47 0.12 5
L 3.09 3.68 ns
* The data in Figure 37 is analyzed separately than that in Figure 41
because the cells were harvested from different batches. C, Table Xl
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Table XL

Best Fit Parameters for the Exclusive Binding Model of
Moned (Criginal Data in Figure 41)°

Total Amount | Parameter Value Std. Dev. of | Significance at
of Protein in Parameter 95 % C.I.
Assay (mg)

2.450 V.., 1.61 0.02 s
Ka 0.60 0.23 s
L 0.00 0.61 ns
3.267 Vs 1.80 0.17 s
Ka 0.28 0.10 5
L 0.00 0.00 ns
4.086 Ve 2.33 0.10 s
Kg, 0.21 0.04 s
L 0.85 1.22 ns
4.904 Vs 3.01 0.30 5
Ka 0.24 0.11 s
L 1.59 3.40 ns

* The data in Figure 41 was analayzed separately from that in Figure 37

because the cells were harvested from different batches.
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4.3.4b (iii). Analysis by the Model of Adair.
The Adair model for the rapid equilibrium binding of a ligand to a tetrameric
protein (161}, when applied to kinetic data (162) is :

| E,1 kKIS + 120KKIS + 12kKIIGS® + Ak KUIGKIIS |

T
1 + 4K S + BKIGS? + 4KIGHGS® + KIGIGKS®

Y

where v, is the initial velocity; [E], is the total concentration of enzyme; S is the
concentration of substrate; k; is the average rate constant for product formation
when i substrate molecules are bound to the enzyme; K; is the inherent affinity
constant for substrate binding to form ES, from ES,, and S (162). If k, =k, =k,
= ky = k, and 4k [E], is set to V_, then the Adair equation for kinetic data
becomes:

v _ 1K + 3KIGS? + BKIGIGS® + KIGIGKS® ]

Vo 1+ 4K(S + BKIK)S? + 4KKGKGS® + KIKGHGK]S®

The general Adair equation is developed in Appendix lil.

The Adair equation is able to fit systems with complicated mixed
cooperativity (162) and therefore its fit to the initial rate kinetic data in Figures 37
and 41 was examined. The values of the parameters which best fit the data did not
result in an improved fit relative to that obtained with the Hill equation. In other
words the intermediary plateaux were not fitted by the data. Also in general while
the value for V,, was statistically significant the values for K,, K,, K; and K,
respectively were usually not significant.

4.3.4b (iv) Analysis by the Model of Koshland, Nemethy and Filmer.

The general sequential interaction model of Koshland, Nemethy, and Filmer
(KNF) {(163) with restricted interactions between sites, assumes that the shbunits
of an enzyme will interact with each other. The strength of the interaction varies
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depending on whether the active sites of the subunits are free, and thus they are
in the A conformation, or else the active sites are occupied and the subunits are
in the B conformation. Depending on the degree of saturation of the enzyme there
can be AA, AB or BB interactions. The geometry or spatial arrangement of the
subunits will also affect the types and the number of possible interactions.

The complexity of the velocity versus substrate plots, and the result of the
Monod et al fit which gave betier results when n equals 4 suggest that TPL is
probably a tetramer. This result is also supported by the literature (89, 90, 91),
indeed X-ray crystallography suggests that TPL is a tetrameric protein whose
subunits are arranged as a square or rectangle (89). Therefore the KNF model for
a square was fitted to the initial rate data. This model is more versatile than the
simple allosteric model of Monod et al (159) since it predicts positive cooperativity,
negative cooperativity and mixed cooperativity depending on the relative strengths
of the AB, or BB interactions (93, 162). The mathematical description of the model
is given by equation 4.9 below:

Vo _ _ KGlKHS)+ (2K pKant KA (KK S+ 8K aal KoK S+ Kaal Ko S)*
Viee  144KGHKKS)+{(4KasKan 2K AR KHSY+ A KA KK S)*+ Kaal KK SY*

w8

where v, is the initial velocity, V_,, is the maximum velocity which occurs when the
enzyme is saturated with substrate S and is equal to 4k,[E], the product of the
rate constant for product formation and the total concentration of active sites; Kg
is the binding constant for substrate S to the active site; K, represents the
transformation constant of the enzyme from conformation A (which occurs when
the active site is vacant) to conformation B {(which occurs when the active site is
occupied); K,z is the equilibrium constant reflecting the strength of the interaction
between a subunit in the A conformation and a subunit in the B conformation; Kgg
is the eauilibrium constant reflecting the strength of the interaction between 2
subunits in the B conformation. K,, which measures the interaction between 2
subunits in the A conformation is set equal to 1.
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It equation 4.8 is fitted to the initial rate data obtained with relatively low
amounts of whole cell protein (Figure 37), the only parameter that is consistently
significant is V. The value obtained for V., was essentially the same as that
obtained when the data was fitted with the exclusive binding model of Monod (i.e.
the results of Tables Xl and XIll). The values of the other parameters have not
been presented since they were not statistically significant.

4.3.4b (v). Summary of the Preliminary Kinetic Analysis of the Initial Rate
Data.

Models based on the structural rate steady state analysis develcped by
Ricard et al (93) will be discussed in the General Discussion and are not
presented at this time. However a comprehensive analysis of the initial rate data
by the more common models of enzyme kinetics have been done. These analyses
show that the system can display very complex kinetic patterns especially when
the cell concentration, as measured by total cell protein, is low. At higher cell
concentrations however where intermediary plateaus are not as prominent the data
is still not truly Michaelis-Menten since Eadie or Scatchard plot of the data show
pronounced curvature. In section 4.6.3 the way in which the kinetics displayed by
a system can be affected by the amount of enzyme in the system will be
discussed in some detail.

The Hill model is the most parsimonious model which gives a reasonable
fit to all the initial rate data. This model can fit - with significant value for the
‘parameters - both the sigmoidal behaviour of the data which occurs with low
éoncentrations of cells, as measured by total cell protein, and the approximate
Michaelis-Menten behaviour which occurs with higher amounts of protein. The Hill
model is still only an approximation however since it cannot fit an intermediary
plateau.
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4.4 MICROENCAPSULATED TPL ACTIVITY OF WHOLE CELL E. HERB-
ICOLA

4.4.1. Effect of Shaking Speed on the TPL Activity of Free and Microencap-
sulated Erwinia herbicola.

The effect of stirring speed on the observed TPL activity of microencapsu-
lated Erwinia herbicola was studied at 37 °C in PB (0.1 M, pH 8.0). The activity
was determined by assay of the phenol produced by the degradation of tyrosine.
The activity of free and microencapsulated cells were compared. The microcap-
sules were made from a 100 mi stock of 3.0 % Kelco-Gel® HV alginate that had
been sterilized for 5.0 minutes in a can as described above (in section 3.3.1). The
degree of sterilization provided by this procedure was adequate to kill all spores
in the alginate. The stock of alginate was diluted with cell suspension to give a
cell suspension in 1.5 percent alginate in buffered saline. The airflow and liquid
flow to the droplet former were 2.5 litre/minute and 0.389 ml/minute respectively.
The PLL {mol. wt. 25,000) reaction time was 10.0 minutes. The final microcapsules
(751 +£68 um, mean # std. dev.) contained 5.6 mg of total cell protein per millilitre.
They were kept in PB (pH 7.0, 100 mMj) until they were ready for use.

Microcapsules with entrapped Erwinia herbicola, when made in this way,
were stable and could maintain their integrity during storage for at least 2 months
when kept in buffer supplemented with chloramphenicol (CAM). The CAM inhibited
bacterial growth. Comparative photomicrographs of before and after iwo months
of storage are shown in Appendix IV. The cells have settled (presumably under
gravity) but the microcapsule membrane is intact.

At low shake rates the activity of the microencapsulated cells is very low.
At a shake speed of 120 rpm the activity of the microencapsulated cells is almost
zero. When the shake speed is increased to 240 rpm or more the activity of free
and of microencapsulated cells is the same (Figure 45). For subsequent studies
of microencapsulated enzyme a shaking speed of at least 240 rpm was used.
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Flgure 45. The effect of shaking speed on the TPL activity (initial rate) of free and microen-

capsulated whole cell Erwinia herbicola. (Temperature =37 °C,pH=8.0,n = 2.)

4.4.2. The Effect of Temperature on the TPL Activity of Free and Microencap-
sulated Erwinia herbicola.

The activity of free and microencapsulated cells as a function of temperature
is shown in Figure 46. The shake speed was 240 rpm. The TPL activity of free and
microencapsulated cells are almost the same at 37 °C, but at lower temperatures
the free cells have a higher activity than the microencapsulated cells. The pseudo
Arrhenius plot (log,(activity) versus reciprocal temperature) - not shown - for both
free and encapsulated cells was approximately linear (r=0.78 and 0.84 respectively).
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Figure 46, The effect of temperature on the TPL activity of free and microencapsulated

whole cells of Erwinia herbicola.
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4.4.3. Comparative Study of TPL Activity Versus Substrate Profile for Free
and Microencapsulated Whole Cell E. herbicola.

The TPL activity of microencapsulated and free E. herbicola was compared
at pH 8.0 and 37 °C, the assay flasks were stirred at 240 rpm. The microcapsules
(821 + 83 um, mean * std. dev.) containing 0.5 mg of protein per ml were
prepared with Kelco-Gel® HV alginate that had been heat-terilized for 5§ minutes as
described previously. The airflow and liquid flow to the droplet former were 2.5
I/min and 1.07 ml/min, respectively. A liquid flow of 1.07 ml/min to the droplet
former is convenient since it reduces the time required to make a batch of
microcapsules. However previous studies {Section 4.1.4) have shown that
differences in the liquid flow rate (at constant airflow) do not change significantly
the size distribution of the resulting microcapsules so it was assumed that an rpm
of 240 was adequate for stirring the microcapsules.

The TPL activity versus tyrosine concentration profiles for free and
microencapsulated cells are shown in Figure 47. The Michaelis-Menten equation
was used to fit the data; and both the value for V__ and K,, were significantly
different -in a statistically sense- from zero (Table XIV); however this equation
does not fit the data well. These constants are more properly considered as
apparent Michaelis-Menten constants; since they refer to whole cells and there
may be endogenous inhibitors, activators and diffusional resistances et cetera in
the system. Each of these effects could modify the value calculated for the
parameters of the Michaelis-Menten equation.

As shown earlier the kinetics of the whole cell TPL system is very
complicated and none of the simpler kinetic models are able to fit the data well.
The residuals of the Michaelis fit are also shown in Figure 47. The pattern is
clearly not random and indicate an intermeciary area where the actual velocity
values are lower than predicted by ‘he equation. This suggests an intermediary
plateau area, however this plateau is not as pronounced as those obtained in
some sets of data (vide supra Figure 37 for example). The residuals of the
Michaelis fit for the encapsulated data shows a similar pattern to that obtained for
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the free data. These results provide further confirmation that the whole cell TPL
enzyme does not truly display Michaelis-Menten kinetics, although some authors
(76, 78, 86, 88) have made this claim. This poir;t will be discussed further in

Section 4.6.3.

The apparent value obtained for the V.

for the free and the encapsulated

system are statistically identical; however the apparent value for the K,, of the
encapsulated cells is significantly higher than that for the free cells. This indicates
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that there may be some mass transfer resistance in the system that would become
noticeable at low concentrations of substrate.

Table XIV. Initial TPL Activity of Free and Microencapsulated E. herbicola.
Parameter Value Std. dev.
free ' 0.46 0.05
Ky 0.30 0.12
encapsulated Vi 0.41 0.08
Ky 0.86 0.38 T
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4.5 PRODUCTION OF TYROSINE OR DOPA WITH THE TPL OF WHOLE
CELL ERWINIA HERBICOLA.

4.5.1. Conversion of Ammonia, Pyruvate and Phenol or Catechol into L-

Tyrosine or L-dopa.

The conversion of ammonia, pyruvate and phenol, or catechol into L-
tyrosine or L-dopa at 27 °C by the TPL activity of Erwinia herbicola is shown in
Figure 48. The reaction medium (10 ml) contained whole cells of Erwinia herbicola
(5.6 mg total cell protein). For the microencapsulated study the celis were
entrapped in 1.0 ml of microcapsules (916 + 103 um, mean * std. dev.). The initial
concentration of phenol was 50 mM in the experiment for tyrosine production. In
the experiment for L-dopa the initial catechol concentration was also 50 mM. The

initial concentrations of both ammonia and pyruvate were 80 mM. The shake
i speed was 240 rpm.

.The data for conversion to tyrosine suggests that for the first 5 hours of the
reaction free cells and microencapsulated cells perform equally well. However with
prolonged reaction encapsulated cells achieved a higher conversion of reactants
to tyrosine (Figure 48).
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Figure 48. The conversion of ammonia, pyruvate and phenol or catechol into L-tyrosine or

L-dopa respectively by the TPL activity of whole cell E. herbicola.

After 5 hours of reaction, the conversion (with respect to phenol) of
reactants to tyrosine in the flasks was 50 pércent. This compares with a
conversion of reactants to L-dopa in flasks which contained catechol of only 3
percent (Figure 48).

It was possible that the TPL was inhibited by the catechol or else the
product L-dopa and or the catechol was destroyed by light. An experimental
design was done to observe the effects of catechol concentration and of light on
the production of L-dopa. The experiments in the design were conducted at 37 °C
for 6 hours with microencapsulated cells of Erwinia herbicola (6.6 mg total protein
in 1.0 ml of microcapsules, (898 = 101 um). The results of the design are shown
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in Table XV. An analysis of the variance (ANOVA) of the data in the Table was
done. As the concentration of catecho! increased from 10 mM to 40 mM there was
a reduction in the amount of L-dopa produced but the effect was not significant
(p > 0.05). More L-dopa was produced when the reaction was done in the light as
opposed to when it was performed in the dark (p < 0.05).

Table XV. The Effect of Catechol and lllumination on the Produc-
tion* of L-Dopa by Microencapsulated E. herbicola.

conc of catechol (mM)

10 25 40
light! 1405 =+ 490 1221 + 489 692 + 57.5
dark 584 32 546 +6 634 * 49

# production = pmoles of L-Dopa produced
1 n = 2 for each cell of the factorial design

4,5.2 Evaluation of an Approximate Kinetic Model for the Conversion of
Ammonia, Phenol and Pyruvate into Tyrosine.

Model Development

The postulated mechanism for the degradation of tyrosine by tyrosine
phenol-lyase implies that the production of tyrosine from ammoni:é‘f*phenol and
pyruvate occurs by an ordered ter-uni mechanism (73, 99) (Section 2.3.4). The
scheme of the process is shown in Appendix V, in which ammonia, phenol and
pyruvate are bound by the enzyme in that order, before the release of tyrosine.

If rapid equilibrium assumptions are applied and subunit effects are
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assumed to be minimal and the system is sufficiently far from its thermodynamic
equilibrium, then an integrated form of the ter-uni mechanism can be readily
derived. The circumstances under which subunit effects can be minimal are
discussed in the General Discussion and will not be presented here.

The integrated form of the Kinetic equation can be applied to data obtained
during the production of tyrosine from ammonia, pyruvate and phenol. The
equatioris were derived as shown in Appendix V for 3 conditions. In the first
condition, inhibition by phenal is not considered explicitly. In the second condition,
it is assumed that phenol inhibits TPL with mixed type inhibtion kinetics. in the third
condition, it is assumed that phenal inhibits TPL with simple competitive inhibition
kinetics. Mixed type inhibition by phenol was considered because Kumagai and
Yamada (78, 86) reported that phenol inhibits TPL with mixed type kinetics. Simple
competitivé inhibition by pheno! was considered because Para et al (107) reported
that phenol inhibits whole cell TPL with "classical" inhibition kinetics. The well
known notation of Cleland (105) was utilised in the derivation of the equations.

The integrated form of the ter-uni mechanism when inhibition by phenol is
not explicitly considered is:

- - 2 _?_ S G, G, HtS
t vmax 01(30 ‘S) + (Ca+ H HZ) s (W"‘F)ln S +
(Cy+ Sy 1) @10
H" (H+S) (H+S)
with:

Cy=1; Cy=Ki Cy=Kakii C4=KAKBKC[1 %J
P

Ke

p

and Gy = KAK
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where H is equal to [A), - [C],, the difference between the initial concentrations of
substrates A and C. The concentration of substrate C has been replaced by S. A,
B, C and P are respectively the first, second and third substrates and the product
in a ter-uni mechanism, hence they designate ammonia (A), pyruvate (B}, phenol
(C), and tyrosine (P) in this analysis. K,, Kg K. and K, are the dissociation
constants of ammonia, pyruvate, phenol and tyrosine from the relevant enzyme
complex as shown in Appendix V; hence they are pseudo Michaelis-Menten
constants. V., is the maximum enzyme velocity which occurs when the enzyme
is saturated with substrates, i.e. when all the enzyme is in the form EABC
(enzyme-ammonia-pyruvate-phenol). In order to obtain more manageable
equations the simplification that [A] = [B] > [C] was invoked. The perinent
experimental data used for parameter estimation during tyrosine production were
therefore obtained under circumstances such that the initial concentrations of
ammonia (80 mM) and pyruvate (80 mM) were equal to each other and greater
than the initial concentration of phenol (40 mM).

Solubility Considerations.

The solubility of tyrosine is low in aqueous systems. This means that the
concentration of tyrosine can become constant as the reaction proceeds and
ammonia, phencl and pyruvate are converted to product tyrosine. This point would
occur when the concentration of the tyrosine is equal to its solubility, since any
additional tyrosine produced by the reaction would precipitate (unless some type
of supersaturation phenomenon occurred). This means that the production of
tyrosine by TPL from the substrates ammonia, phenol and pyruvate will have 2
regions. In region 1 the tyrosine concentration is less than its solubility, in region
2 the tyrosine concentration is constant and equal {o its solubility.

The exact solubility of tyrosine in this system (water, tyrosine, phenol,
pyruvate, ammonia, et cetera) is not known, since the presence of phenol in the
system will probably increase the solubility of tyrosine above what it would be in
an aqueous system lacking phencl. The solubility of tyrosine in water at 25 °C is
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2.5 mM (165), and at 37 °C can be predicted to be about 4.5 mM, However these
solubilities only give a guide to the minimum solubility of tyrosine in an agueous
system when phenol is present.

For a microencapsulated system the effect of tyrosine precipitation is more
complex, since tyrosine could precipitate within the microcapsules. The precipita-
tion of tyrosine within the microcapsules will introduce effects that are not easily
accounted for in kinetic or mass transfer terms. The equations are therefore not
meant to apply to the region in which tyrosine precipitates.

Equilibrium Considerations

The equation presented above and the others developed in Appendix V
ignore the reverse reaction, i.e. the catalytic reconversion of tyrosine to ammonia,
pyruvate and phenol, this is reasonable provided the system is far from
equilibrium. Data obteined with an initial phenol concentration of 40 mM and
pyruvate and ammonia concentrations at 80 mM show that a near 100 percent
conversion of phenol is possible after 24 hours of reaction (at 37 °C). Therefore
the effects of the equilibrium can be ignored under these conditions if the duration
of the reaction is about 10 hours. The data is shown in Appendix VI. These data
have not been analyzed with the data used in the mode! evaluation (see below)
because they were obtained with encapsulated cells; and the emphasis here is on
a comparative study of the activity of free and encapsulated cells under contem-
poraneous conditions.

Evaluation of the Parameters of the Model.

Two different levels of cells (total cell protéin 1.6 mg and 6.6 mg) were
used for the conversion of ammonia, pyruvate and phenol into tyroéi"n’e at 37 °C.
The initial concentrations of pyruvate were equal at 80 mM and that of phenol was
40 mM. Both free and microencapsulated cells were used. Microencapsulated cells
were contained in 1.0 ml of microcapsules (diameter 898 £ 101 pm, mean * std.
dev.). The data for the conversion to tyrosine of ammonia,_phenol and pyruvate is
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shown in Figure 49.

The data at 37 °C was analyzed because the solubility of tyrosine is higher
at 37 °C than at room temperature. This means that the reaction could be
followed for a longer time without having to account for the possible precipitation
of tyrosine within the microcapsules. At the higher cell concentration tyrosine

visibly precipitated after 8 hours of reaction. No precipitation occurred at the lower.

cell concentration used during the time course of the reaction.
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Figure 49. The Conversion of ammonia, phenol and pyruvéjté'to tyrosine by the TPL activity

of whole cell E. herbicola.

_ The fitting of the data at the lower cell concentration suggested apparent K,,
values for ammonia, phenol, pyruvate and tyrosine -the K., Kg, K¢, and K of the

133

it



integrated form of the kinetic equation- of 134, 46, 0.52 and 0.2 mM respectively
for free whole cells. The large value of the apparent K, for ammonia (K,)
suggested that the system could be considered approximately saturated with
ph'\iénol and tyrosine. That is [E] and [EA] are small relative to [EAB], [EABC] and
[EP]. Therefore equation 4.10 could be approximated by equation 4.11. The basis
for the simplification is shown in Appendix V in the subsection "Saturation by
Phenol Considerations".

S C. H+S,
C\(S,-9) + (Co+ )|n€"J - (Fg)ln H+SO +
G+ 22 LI WZRE):

H (H SO) (H+S)

Sy
with C,=1; C,=Kg; Cy= (KAKB)KC ; Cg= (KAKB)—-
Kp' Kp

Equation 4.11 does not allow the explicit determination of either K, or Ky
since they always occur together as the product K,Kg. Analysis of the data with
the integrated form of the equations modified to account for partial saturation by
phenol (i.e. 4.11), yielded apparent K,, and V,,,, values as shown in Table XV!. The
data indicates that the process of microencapsulation does not significantly affect
the apparent K,, values if the stirring speed is adequate and substrate concentra-
tions are high. The data in Table XVI also suggests that K,Kg the apparent K,, for
the dissociation of the enzyme-ammonia-pyruvate compiex (EAB) to free enzyme,
ammonia and pyruvate is a function of the amount of cell protein. V., seems
smaller for encapsulated cells than for an equal amount 6'7f?fréér cells, however the
difference was not statistically significant at the level of p < 0.05.
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Table XVI. Kinetic Parameters for Whole Cell Tyrosine Phenol Lyase
1.6 mg total protein 6.6 mg total protein
PARAMETER FREE ENCAP FREE ENCAP
Kof (mM) 0.179 £ 0.004 0.20 + 0.03 0.221 + 0.04 0.28 + 0.03
Ke (mM) 0.76 +0.24 0.513 £ 0.018 0.50 + 0.1 0.47 £ 0.04
K.Kg (mM?) 4433 + 85 4875 £ 174 3191 + 567 1871 + 375
V, o (MM/hE) 2.91+ 0.41 2.27 £ 0.14 6.98 + 1.35 4.34 £ 0.28

T K = Ky NHy; K = Ky Phenol; KKy = (Ky NH,)* (K, Pyruvate)

The data in Figure 49 is replotted in the form of time versus phenol
concentration in Figures 50 and Figure 51. The best fit line obtained with the
parameters of Table XVI is also shown in these plots. The distribution of the
residuals for the data obtained with the ehcapsulated cells is reasonably random;
however the distribution-for the free cells is not as random. However considering
the fact that the system is not truly Michaelis-Menten, and the complexity of the
whole cell TPL system as revealed by the earlier results, equation 4.20 represents
a reasonable approximation of the system. It should be borne in mind that the
intermediary plateau'effects, et cetera that were observed could not be fit by any
simple extension to the Michaelis-Ménten model, which accounted for the fact that
TPL is a muitiple subunit enzyme. Therefore an improved model would be
extremely complex and require many more parameters.

Analysis of the data with the models that also accounted for inhibition (see
Appendix V) did not;éignificantly reduce the sums of the squares of the residuals
relative to the model (equation 4.11) which did not explicitly account for inhibition.
This shows that K, the dissociation constant of phenol from an inhibitory site is
targe relative to the dissociation constants ior other enzyme species. Hence the
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putative inhibitory effects of phenol wouid only be significant at higher concentra-
tions of phenol. The simpler inhibition mode! was sufficient to account for the
inhibition effects observed. The mixed type inhibition mode! did not improve the fit
of the data. The value of K; obtained from fitting the data with the simpler inhibition
model was 200 mM at low concentrations of protein.

The integrated ter-uni mechanism is considered to be an adequate fit to the
data, since for concentrations of phenol less than 50 mM the inhibition mode] did
not improve the fit to the data. This model can be simplified somewhat when the
concentration of ammonia is low since the value of the apparent K, for ammonia
is large relative to the to the concentrations of ammonia used and the apparent K,,
values for phenol and tyrosine are small relative to their concentrations.
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4.6 GENERAL DISCUSSION

"What are the roots that clutch, what branches grow
Out of this stony rubbish? ...."
T. S. Elliot
4.6.1. Significance of Microencapsulation-Technique Results.

The results show that there is significant depolymerization of alginate during
the heat sterilization of its solutions. These results are supported by the work of
Leo et al (166), who showed that the viscosity of alginate solutions decrease with
increasing temperature. The reduction in solution viscosity was attributed to the
depolymerization of the alginate. However the change in molecular weight of the
alginate as a function of time during sterilization was not reported by the authors.

If the degree of polymerization of the alginate is too low, the properties of
the gel beads are affected. Indeed, below a certain critical molecular weight
alginate solutions cannot form gels (167, 168). The trend in alginate bead
preparation is to use low molecular weight alginates because they can be
sterilized by filtration through a 0.2 um filter (167).. Sclutions of high molecular
weight alginates cannot be readily filter sterilized because of their high viscosity.
Since alginates are depolymerised by heat, heat sterilization of alginates does not
seem popular.

The results obtained in the present study show that a high molecular weight
alginate can be adequately heat-sterilized and still have a molecular weight that
is high enough to gel well. If the alginate beads are of good quality then it is likely
that the polylysine (PLL) coat will be more even and the eventual microcapsules
will be better able to maintain their integrity under shear.

The molecular weight of Kelco-Gel® L.V, alginate is about 50,000 Daltons
according to the' supplier, this value agrees with that obtained in this study.
Microcapsules made with alginats of this molecular weight do not withstand shear
as well as those made with & higher molecular weight alginate. Thus microcap-
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sules made with Kelco-Gel® L.V. alginate may be suitable for implantation,
however they are less suitable for use in bioreactors in which vigorous stitring is
required.

There are correlations that describe the diameter of alginate beads
produced by 2 fluid atomizers {168, 170). However these correlations are not
directly applicable to rnicrocapsule data. They are best at predicting the diameter
of alginate droplets as they leave the droplet-former or atomizer. The final size of
the microcapsule is alsc related to the initial shrinking during the gelling process
and a final swelling after the liquetfaction of the core.

The more important result of the effect of airflow on the quality of the
microcapsules experiments, is the fact that as the airflow is increased. the
microcapsule size distribution becomes more bimodal and many. of the
microcapsules become empty. This suggests that the range of airflows that are
suitable for microcapsule preparation is gquite narrow.

The strength of the microcapsules increased when the PLL reaction time ‘
was increased. The longer polylysine reaction time pro“bably‘allows more time for
the diffusion of the PLL into the surface of the gel beads. This would provide a
membrane with more PLL-alginate crosslinks. This is consistent with the resulis
of Goosen (128), who showed that microcapsule membranes becarne more
compact and less permeable as the PLL reaction time is increased or PLL
molecular weight is reduced.

-The entrapment of blue dextran 2000 (MW 2.0 x 10°%) within the microcap-
sules proved to be a useful device. it allows the determination of the qualitative
changes in the shear strength of the mic?iabapsules with changes in alginate
molecular weight or PLL reaction time. It also serves as a visual guide to the
quality of the microcapsules. Damaged microcapsules made with Kelco-Gel® L.V.
alginate were often observed as intact spheres. The only visual clue that these
microcapsules were defective was the fact that they were not blue.

A rigorous analysis of the breakage of nylon microcapsules by shear in a
turbine reactor has been done (171). A similar analysis was not applied to the data
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in this study since the goal of the study is not to ascertain the exact breakage
strength of the microcapsules.

4.6.2 Significance of Growth-Studies Results.

Certain characteristics of cells such as the permeability vary with the stage
';i.f.growth of the cells {172), therefore if cells of reasonably constant properties are
to be used the effect of basic variables such as agitation and temperature should
be assessed. 4

The agitation partially controls the amount of oxygen available to the cell.
High agitation rates will reduce the Nernst layer around the cells allowing more
rapid transport of oxygen into the cells. High agitation can also cause the
entrainment of air within the medium, and this will markedly increase the surface
area for oxygen transport from the air into the medium. The results show that
increasing the available oxygen in the medium by increasing the rate of agitation
did not inhibit the growth of E. herbicola.

At 37 °C the cells grow up rapidly and then die. Therefore temperatures
above 37 °C are not really suitable for the grow‘.h of E. herbicola. The results in
this.study show that temperatures from 22 °C to 32 °C are the most suitable {5+ tie
growth of E. £arbicola. This conclusion was also reported by Enel et af (77). o

The data indicate that the decision to grow the cells at 32 °C and 180 rpm
and then harvest after 24 ho&fs of growth during TPL induction is probably a good
one. Under these cor. litions the cells are well into the stationary phase, but not
yet close to the deatu phase. The batch to batch variations could therefore be
much less pronounced under these circumstances. However the slow increase in
TPL activity ‘&Jer mg of protein) during th‘is pericd suggests that if & pure cell free
enzyme was desired better ylelds of TPL would be cobtained if growth was
prolonged until 36 hours.



4.6.3 Significance of the Exploratory Kinetic Studies.
4.6.3a Activity Versus Total Cell Protein in the Assay Profile

The TPL activity versus the total amount cells in the assay indicates that the
specific activity of whole cell TPL decreases with increasing amounts of total cell
protein (Figure 34). This is symptomatic of the presence of endogenous inhibitor(s)
in the whole cell TPL system (173, 174). As the amount of cells in the system
increases the concentration of the inhibitors also increase and so the apparent
specific activity of the pertinent enzyme decreases.

The presence of endogenous inhibitors and effectors or activators ir_1
complex biological systems such as whole cells or partially purified enzyme
systems is a common phenomena (173, 174). Although the results show that there
is at least one ethgenous inhibitor in the whole cell TPL system, it does not
preclude the possibility of several inhibitors and possibly some effectors.

The tyrosine degradative reaction is known to be inhibited by phenolic
compoundq and amino acids such as phenylalanine, alanine and serine (78, 86,
88). The amino acids are all fikely to be present in the whole cell system, since

they are such common metabolites in the cell.
The addition of ammonium ions to a whole cell TPL system increased the

yield of L-dopa from serine and pyrocatechol (82). Ammonia is an important

metabolite in the cell and so suff:uent quantities of it could remain in fhe syqtem
forit to exermse an effect as an endogenous effector. . P
4.6.3 (b) Significance of the Results Obtalned Durmq the External Addltlon '
of PLP. =

If PLP is added to the whole cell TPL system there.is a reduction in the -

‘tnnty of the system. ThlS mdlcates that the cells have accumulated sufficient

PLP, hence’ addmg extra gxmounts could be inhibitory. There would then be no
:advan.age in eddmg FLP to a whole caliTEE system

This conclusnon is consistent W|tn the' observatlon of Enei et al (82), wno

reported Dhat the ad adition of pyndoxmu pyrxdoxal and pyridoxal phosphate (PLP) -+
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to a whole cell system for the production of L-dopa from serine and pyrocatechol
only marginally increased the yield.

4.6.3c. Significance of the Initial Rate Data for the Kinetics of Tyrosine
Degradation by Whole Cell TPL of E. herbicola.

"... if there is anything that the enzymologist has learned, it is that
enzymes are more complex than one might expect..."
-Kenneth E. Neel.

4.6.3c (i) Background to the Initial Rate Experiments Conducted.

The production of tyrosine by Tyrosine Phenol-Lyase (TPL) from ammonia,
pyruvate and phenc! is an ordered ter-uni reaction. One of the concerns of a
project of this type is the characterization of the system such that the effects of
microencapsulation on the properties of free cells can be determined. The rriost
straight-forward way of doing this is to evaluate the apparent K,, and V_,, of the
degradative reaction since the analysis of the one substrate reaction would be
simpler. There is also information in the literature on the degradative reaction with ~
the free TPL and this allows some comparisonél"fé be made with rhe work of other
groups. .

Preliminary results obtained on the deé‘;jd?jéiive reaction of TPL suggested
that the apparent K,, of the whole cell TPL syéﬁem was a function of the amount

~of cells in the assay. This situation is often encountered in the analysis of

biological systems which contain whole cells or partially purified enzyme rather
than ideal "purified enzymes" (172), and is usually indicativs of the presence of
endogenous modifiers (173).

In a Michaelis-Menten sysiem in which endogenous modifiers are present,
the true K, can be estimated by determining the apparent Ky, at low concentrations
of enzyme protein and then extrapolating to the value of K,, at zero concentration
of protein (173). Therefore once it was established that there were endogenous
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modifiers in the system, velocity versus substrate profiles were obtained with low
~ amounts of cefls in the assay. (The reliability of the accurate detection of product
phenol places a limit on how small the amount of cells in the assay can be.)
However these detailed velocity versus substrate profiles revealed clearly that the
whole cell TPL system was not truly Michaelis-Menten.

The analysis of TPL data with the assumption that it truly displays Michaelis-
Menten kinetics has been done by Brot, Smit and Weisbach (76) and the group
of Kumagai and Yamada (78, 86, 88). The results in this'study challenge the
-~ Michaelis-Menten assumption.

A close reexamination of the data of these workers indicate that their
original published data showed deviations from Michaélis-Menten behaviour. In
Figure 52 the original data of Brot et al is presented. The data point at 5.0 mM
tyrosine has been included in the profiles because it was present in the original
data, but the solubility d'fb'“t'yrosine in an aqueous system is less than 5.0 mM under
these conditions. The Lineweaver-Burk plot and the Scatchard plot of the data
have been constructed and are also shown in Figure 52, The velocity‘ versus
substrate profile superficially appears tc be Michaelis-Menten, and the Lineweaver-
Burk plot seems linear except for the points at high tyrosine concentration. The
Hanes plot indicates thai atrhigh.va!ues of substrate there is some deviation from
linearity and thus from MichaelislMenten behaviour. The Scatchard plot of the data
however, indicates systematic deviations from Michaelis:Menten kinetics both at
low velocities and at higher velocities. .‘

A region of downward concavity in the Scéftfhékd pIo'i reveals that the rate
is higher than would be predicted by the hyperbolic velocity versus substrate profile
of a Michaelis-Menten system (95, 96, 175). There is also some evidence of
negative cooperativity at high velocities, but there are not enough data points to
definitely confirm this trend. Thus while the present study is the first to report-that
there is inixed cooperativity in the TPL system, a more detailed analysis of the
early work of Brot would have revealed the non-Michaelis-Menten nature of the
TPL system.
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The data of Kumagai and Yamada for cell free TPL crystallized from E.
herbicola protein is shown in Figure 53. In the original paper (88), only the
Lineweaver-Burk plot of the data was shown. In Figure 53 the vélocity versus
substrate profile, the Scatchard plot and the Hanes plot of the data have been
constructed. This data also shows definite curvature in the Scatchard plot, and
indeed the velocity versus substrate profile does not indicate the hyperbolic rise
expected from the Michaelis Menten equation. The Hanes plot also reveals that
the dgta is more likely to fit a curve, rather than the expected linear behaviour of
a Michaelis-Menten system.
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The Eadie plot (155) which is the inverse oi the Scatchard plot (156) has
been shown to be the best plot for the detection of deviations from Michaelis-
Menten behaviour (176, 1‘77). The Scatchard rather than the Eadie plot of the data
was presented since the Scatchard plot seems to be more popular and it mirrors
the curvature of the Eadie plot.

The Lineweaver-Burk plot does not refiably detect deviations from Michaelis-
Menten behaviour, nor does it reliably estimate Vma,; ‘a'nd Ky (177). The Hanes plot
is best for the estimation of V,,,, and K,, but it does not highlight deviations from
Michaelis-Menten behaviour (177).

It seems then, that the data obtained for TPL in this study is not truly at
variance with the previous published studies on cell free TPL. The above
reanalysis of the data in the literature indicate that an injudicious choice of
substrate concentrations in these early studies (76, 88) obscured the complexity
of the TPL system. Perhaps pronounced "bumps" or an intermediary plateau in the
profiles would have occurred if they contained more data points.
| Teipel and Koshland (162) have remarked on the fact that "bumpy curves
would most likely have been dismissed in the past due to the large number of
closely spaced points required to verify such curves and due to the tendency to
average out such bumps assuming that they reflect experimental error".
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4.6.3c (i) Significance of the Initial Rate Data for the Degradation of Tyrosine.
"Every simplification is an over simplification.”
-Alfred North Whitehead
“...God sets us nothing but riddles.."
-Fyodor Dostoyevski

The nonlinearity of Eadie plots of the initial rate kinetic data obtained in this
study (Figures 39 and 42) for the degradation of tyrosine show that the system is
non-Michaelis-Menten. If the velocity versus substrate profile of an enzyme has an
intermediary piateau, the degree of the equation describing the kinetic mechanism
must be of at least 3 (162, 178). |f there is an initial sigmoidal rise followed then
an intermediary plateau then the degree of the equation describing the mechanism
must be at least four (178).

The Hill coefficient {n,} in the whole cell TPL can be as high as 2 depending
on the batch of the cells and the amount of cells in the system. These values imply
that the degree of the kinetic mechanism is at least 3 since the number of subunits
 (n) or the degree of the steady state mechanism (z) must be greater than n, (986,
175, 177).

The values obtained for the Hill coefficients and the general shape of the
velocity versus substrate profiles indicate that the degree of the kinetic equation
which describes the mechanism of TPL is at least 3.

Until 1991 the information that was available on the structure of TPL
indicated that it was a dimer (73, 78, 86, 87, 88). |f a quasi-equilibrium or rapid
equilibrium analysis is applied to a dimer the degree of the equation of the
mechanism cannot be greater than the number of binding sites for substrate.
Therefore it was difficult to reconcile the complexity of the velocity versus substrate
profiles with the structure of the enzyme. o

One of the approaches that was used in an attempt to reconcile the data
with the reported structure of TPL was to consider that there was an endogenous
~inhibitor interacting with the enzvme. If the binding or dissociation of an inhibitor
is not rapid' relative to the préu_..ét forming steps th;::n the rapid equilibrium or
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Michaelis-Menten assumptions would not be valid. In this case the more rigorous
steady state approximation (93, 164, 177, 179) would have to be applied.

The degree (in S substrate) of the kinetic equation which describes a steady
state system is equal to the number of species which can react with S (180).
Therefore a dimeric enzyme E with 2 sites for substrate in the presence of a
competitive inhibitor |, could have E, ES, and El react with S to form ES, ES, and
EIS respectively. This system would then produce a mechanism described by an
equation of degree 3 in the concentration of S. Since the E, El, and ES could also
react with [ to form El, El, and ESI respectively, the equations would aiso be of
degree 3 in the concentration of I. The solution of steady state systems are
usually very difficult if more than 4 or 5 enzyme forms are present in the system
(164, 177, 179).

: The individual rate constant for each association and dissociation of
substrate and inhibitor from the enzyme, plus the rate constants‘ of product
formation are parameters of the equation. Hence, in generalz'steady state systems
have a large number of parameters. Ricard et af has shown that by using the
structural rate concept of enzyme kinetics (93, 181, 182, 183), the steady state
equation describing the kinetics of polymeric enzymes can be simplified. The rate
constants in polymeric enzymes are related to thai of the "intrinsic process” which
would occur if the enzyme subunit were isolated, and the subunit interactions
which occur because in fact the subunits are not isolated. This approach reduces
the number of parameters in a steady state mechanism. It also explains rigorously
for the first time, by thermodynamic principles, why so. many polymeric enzymes
may display Michaelis-Menten kinetics, when in fact there is no a-priori reason
why quasi equilib-rium principles should apply (93, 182, 183).

The structural rate equations for the interaction of a dimeric enzyme with
both substrate and an inhibitor have been developed by Ricard et a/ (183). These
equations successfully described the behaviour of phenylalanine ammonia-lyase
in the presence of various inhibitors (183). However when these equations were
applied to the data obtained with TPL in this study, they did not fit the data well.
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These equations have not been presented, but they are readily available in the
literature (183), nor were the values obtained for the parameters of the fit
discussed in the Results section. Indeed these equations were only used because
it was reported that TPL was a dimer, hence they represent the only way in which
the complex velocity substrate profiles obtained with whole cell TPL could be
generated. Recent reports however suggest that this view is erronecus, and that
TPL is likely to be a tetramer (89, 90, 91).

Oligomeric enzymés with 4 or more subunits, each with a binding site for
subs.-ate, may have velocity versus substrate profiles with an intermediary plateau. .
Notable examples of such enzymes are cytidine triphosphate (CTP) synthetase
(184), phosphoenclpyruvate carboxylase (185) and glutamate dehydrogenase
(GDH) (188).

Cytidine triphosphate synthetase catalyses the formation of CTP from UTP,
ATP and glutamine. The reaction velocity versus glutamine concentration appears
like 2 "stair-steps” when the concentration of the effector GTP is low. The region
of the second stair-step becomes more hyperbolic at moderate concentrations of
GTP. The region of the first stair-step also becomes more hyperbolic when the
concentration of GTP is high. If the concentration of GTP is high enough the profile
can appear to be Michaelis-Menten.

The behaviour of CTP synthetase and other enzymes shows clearly that the
complex velocity versus substrate profiles displayed by whole cell TPL are not
without precedent. The variation in the profiles observed in the whole cell TPL
system, when the amount of cells in the system increase, probably reflects the
effects of endogenous modifiers on TPL. i

Ricard has reminded us that, "evolution occupies a key position in biclogy
in the sense that any important problem may be considered in an evolutionary
perspective” (83). We can then wonder, what would be the neo-Darwinian logic
for the bacteria to have its TPL displaying mixed cooperativity in its kinetics?

Tyrosine phenol-lyase apparently evolved in some Enterobacteriato enable
them to survive in conditions where tyrosine is the sole carbon source (86). The
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enzyme serves this role by lysing phenol from tyrosine. The phenol can then be
. metabolised into other carbon compounds that the cells might requ{ire. Phenol is
toxic to cells, therefore once TPL has been induced and if high concentrations of
tyrosine are present the cell could Kill itself. It is known that the cell growth and the
induction of TPL are reduced if phenot is added during the growth of Erwinia
herbicola and Escherichia coli (187).
It would therefore be of considerable survival value to the bacteria If the
kinetics of TPL could display an intermediary plateau. This would mean that if the
-ﬁyrosine concentration is low the rate of phenol production would be high enough
to produce meaningful amounts of phenol. However if the tyrosine concentration
was high the rate of phenol production would plateau, rather than being so high
that the cells would produce enough phenol to inhibit their growth. It seems then
that there is an evolutionary logic behind TPL exhibiting complicated Kinetics.
The Adair equation for an enzyme with 4 or more subunits can fit mixed
cooperativity- cata if the intrinsic binding consfénts (K/) vary aporopriately. For
example binding?‘:épnstants which vary such that K, < K, 5K, < K,/ implies that:

1) the binding of the first substrate molecule induces conformation

changes in the subunits with available active sites such that their -

average affinity for substrate increases;

é)"" the binding of the second substrate molecule induces conformational
changes in the remaining subunits with available active sites such
that tHeir average affinity for substrate decreases; and

3) the binding of the third substrate molecule induces conformational
changes in the remaining subunits such that their average affinity for
substrate increases. '

If the differences in the magnitude of the K/ are substantial enough the velocity
versus substrate profile could have an initial” sigmoidal rise followed by an
intermediary plateau, foliowed by a hyperbolic or sigmoidal rise.

The Adair equation was not able to fit the data obtained for the degradation

of tyrosine with whole cell TPL. However this equation is not always able to fit data
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which reflect mixed cooperativity; since it was able to fit the data of CTP
synthetase and glutamate dehydrogenase, but not that of phoshoenol pyruvate
decarboxylase. It has already been mentioned above that these enzymes have
kinetic profiles with at least one intermediary plateau (162, 184, 185, 186).

The derivation of the Adair equation assumes that the system is at quasi-
equilibrium, i.e. that the rate determining step is the rate of product formaticin.
However if there are slow conformational changes or other transitions in the
system, quasi-equilibrium cannot be assumed and the equation would be invaiid.
Slow conformational changes have been observed in enzyme systems (188, 189).

~ The general concerted allosteric model of Monod (24) and the interaction
model of Koshland, Nemethy and Filmer (KNF} (163) can be shown to be
equivalent io particular cases of the Adair equation when there are constraints on
the values of K/ (180, 96). For example the Monc:i tnodel is consistent with a rapid
equilibrium situation such that K/ <K, ..« K/ <K/, ..< K/ . Thus the inability of
the Adair equation to fit the data implies that neilher the Monod rnodet nor the KNF
model will fit.the data. A reanalysis of the data in the literature on the kinetics of
cell free TPL indicate that the kinetics of TPL"iS quite complicated; hence the
appropriate assumptions required to build a valid kinetic mode! probably requires
a detailed analysis of the cell free TPL. o

The presence of endogenous inhibitors and the possible presence of an
endogenous effector such as ammonia in-the whole cell TPL system has been
discussed previously. One possible effect of an effector on an enzyme would be
to bind to the enzyme and force the subunits to all occupy the same conformation.
This would then simplify the kinetics of the enzyme, because in that situation the
affinity of the active sites for substrate would be a ccastant, regardiess of the
number of sites that were already occupied by substrate. The enzyme could then
display Michaelis-Menten behaviour if there are saturating concentrations of the
effector. -

If there is an endogenous effector in the whole cell TPL system, as the
ama:nt of cells in the assay increases the amount of the endogenous effector
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would likewise increase. The degree of cooperativity shown by TPL would then
vary with the amount of cells in the assay. If the concentration of the effector
reaches that required for saturation; the behaviour of the whole cell TPL system
could then approximate Michaelis-Menten behaviour. This saturating condition
could occur as the amount of cells in the assay increases; since the concentration
~ of the effector would be proportional to the éir?i'_'ount of cells. The results obtained
in this study supports the idea that as the amount of cells in the assay increases

. .. the system becomes somewhat more Michaelis-Menten. Indeed at low protein

concentrations the Michaelis Menten parameters may not be siginificant but as the
amount of cells in the assay was increased they become more so.

_ Kumagai used the data that was discussed in Figure 55 to calculate the Ky
of tyrosine with "purified" cell free TPL as 0.278 mM (88). In the exploratory
kKinetic studies, when the amount of cells present in the assay, as measured by
total cell protein, was 3.267, 4.086 and 4.904 mg the apparent K, was 0.28, 0.25,
and 0.39 mM respectively. These apparent K\, values are for the situation in which
the Eadie plots were most linear and their average is 0.277 mM. The similarity of
this average value to that obtained by Kumagai suggest that the transport system
for tyrosine is still intact in these cells, and so there is perhaps little resistance to
.. tyrosine transport across the cell membrane. There are endogenous modifiers in
*“the whole cell system, hence it is only a coincidence that the value obtained for
the K, of the cell free enzyme is so close to the apparent K,, for the whole cell
enzyme. The apparent K, for another batch of celis would be somewhat different,
depending on the amount of endogenous modifiers, whether inhibitor or effector,
and the amount of cells in the assay.

The above discussion suggests that the kinetics displayed by tyrosine
phenol-lyase is consistent with it being a tetrameric enzyme since the velocity
versus substrate profiles indicate a high degree of complexity. If the published data
on TPL is more thoroughly analyzed, it is clear that even the cell free purified
enzyme displays cooperativity in its kinetics. Thus the cooperativity in the kinetics
of the whole cell enzyme may be modulated by the presence of endogenous
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modifiers, but it is not caused by them. The complex be!.aviour displayed by TPL
however is not unlike that of other well known enzymes in the literature. Further
when it is considered that a product of the TPL reaction is phenol, there are good
evolutionary reasons why the enzyme would display mixed cooperativity in its
kinetics.

4.6.4. Significance of the Comparative Studies on the TPL Activity of Free
and Microencapsulated Whole Cell E. herbicola.

4.6.4 (a). Comparative Study of TPL Activity for Free and Microencapsulated
Cells.

Microencapsulated E. herbicola did not exhibit TPL activity unless the
microcapsules were stirred vigorously. A shake rate of 240 rpm was required
before the TPL activity of microencapsulated cells approached that of the free
cells.

A high stir rate was shown to be desirable in the determination of the TPL
activity of free cells (109). Therefore the resistances to mass transfer observed
with the microencapsulated cells are due to:

1) the "Nernst" or unstirred layer surrounding the microcapsules;

2

3

) the finite permeability of the microcapsule membrane;
) the "Nernst" or unstirred layer surrounding the cells; and

4) the finite permeability of the cell membrane.

The Nernst layer surrounding the microcapsules can be reduced by vigorous
stirring. The permeability of the alginate-polylysine-alginate membrane of the
microcapsule is high for small hydrophilic molecules, since the membrane can be
considered to be a hydrogel (126, 127). The Nernst layer around the cells within -
the microcapsule would not be significant if it is assumed that the contents of the
microcapsules are well mixed. Since in bacteria there is a transport system for
tyrosine (69), the cell membrane is not likely to offer significant resistance to

tyrosine. This discussion suggests that the bulk of the resistance to the mass
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transfer would be due to the Nernst layer surrounding the microcapsule; hence
with vigorous stitring this resistance can be minimised.

The fact that the apparent K,,, (assumirig that TPL system was approximat-
ing Michaelis - Menten behaviour), was 0.8 mM for encapsulate:j cells and 0.2 mM
for free cells from the same batch, suggest that there is still some resistance to
mass transfer in the TPL system. However since the microcapsules are washed
repeatedly during the process of making them, the higher K,, for the encapsulated
cells could also be due to some endogenous effectors being washed from the
system. Hence it is not clear whether all of the increase in the K,, of encapsulated
cells relative to that of free cells can be attributed to mass transfer effects.

If the difference in the apparent K, values for free and encapsulated cells
are due to kinetic effects related to the loss of endogenous effectors the addition
of ammonium ions or some other effector would lead to a reduction in K,,. The
effect of ammonium addition on the initial rate kinetics of tyrosine degradation by
whole cell TPL was not dene, but this could prove to be a worthwhile experiment.

4.6.4(b). Significance of the Results Obtained in the Comparative Study for
the Production of Tyrosine and Dopa.

The apparent Ky, for the substrates of an enzyme are usually much higher
for whole cell enzyme than for free enzyme. This is due to the presence of the cell
membrane which can offer significant resistances to the transport of substrates
and products to and from the cell. Permeabilization of the cell wall by toluene
treatment or freezing and thawing are among the methods employed to faciiitate
the movement of substrates and cofactors across the cell membrane (190). K
~ would therefore be interesting tc compare the values obtained for the apparent K,
N of the substrates of TPL for the whole cell enzyme, whether free or microencapsu-
lated, to those for the cell free enzyme. The values obtained for ihe cell free
enzyme by Kumagai (88) are not reliable, since the fact that there was
cooperativity in the TPL system was not considered. Notwithstanding this fact they
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will be used as the basis of comparison of whole cell enzyme to cell free enzyme
since there are no other values available.

The similarity of the apparent K, of tyrosine for both free enzyme and whole
cell enzyme has already been discussed. in the production of tyrosine with 1.6 mg
of whoie cell E. herbicola protein (Table XVI), the value obtained for the apparent
K, of tyrosine was 0.18 mM. This value is less than the 0.277 mM obtained in the
initial rate studies, and underlines the fact that there can be batch to batch
variation in the apparent Ky, because of the presence of endogenous inhibitors or
effectors in the system.

The appareht Ky, for phenol of cell free TPL enzyme is 1.1 mM (88). The
values in Table XVI for whole cell enzyme are about 0.5 mM. The similarity
between the whole cell enzyme and the free TPL enzyme is prcbably due to the
fact that the rate of stirring was high. This helps to reduce the resistance to mass
transport. Phenol is also lipid soluble and so it would travel rapidly through the lipid
membrane of the cell (191).

The K, for ammonia and pyruvate for free TPL is 20 and 12 mM respective-
ly (88). The results of this study indicate values for K, NH, that are much closer
to 100 mM, hence the large values of K,Kg, the apparent K, of the TPL-NH,-
Pyruvate complex. The ammonium ion and pyruvate are charged and so they will
not readily cross the cell membrane. It is therefore reasonable that the apparent
K, for ammonia and pyruvate will be higher for whole cells than for free enzyme.'

The value of V,,, obtained by the kinetic analysis of the production data at
6.6 mg of protein is twice what it is at 1.6 mg of protein (Table XVI). This shows
that the specific acitivity is less at higher concentrations of protein. This conclusion
is consistent with the activity versus total protein profile (Figure 34). However in

that profile there was no information about the simultaneous change in K, and
\Y

max*

Iif the specific activity decreases as the amount of protein increases there
is an endogenous inhibitor in the system (1'73, 174). This means that the value of
certain kinetic parameters obtained in an analysis could be a function of the
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amount of whole cells present in the system. For Michaelis-Menten or rapid
equilibrium type systems the effects of inhibitors are easily determined. A
competitive inhibitor in the system will result in an apparent Ky, that is higher than
the true K, however the V_, will be unchanged. The présence of an
uncompetitive inhibitor will result in an apparently lower value for V.. A mixed
type inhibitor increases K, and may lower V,, (174). The fact that V,, per mg of
protein is less at higher concentrations imply that uncompetitive inhibitor(s) are
present in the whole cell TPL system.

Some of the .i'nhibitors of TPL were discussed previously; for example
phenylalanine and alanine are competitive inhibitors and phenol, resorcinol and
pyrpcate.chol are mixed type inhibtors (78, 88). However no specific uncompetitive
inhibtors of TPL have been described. In-vivo there are likely to be several
inhibitors with varying mechanisms of ih'hibition; since this type of control _cf
enzyme activity using the effects of a variety of inhibitors is known (1'92). N

The cell free purified TPL enzyme is inhibited strongly by phenol (86, 88).
These results show limited inhibition of "whole cell TPL at the phenol concentra-
tions present in these experiment (i.e. at concentrations less than §0 mM). A
similar result was obtained by Para et al (107). This maybe due to the fact that the
whole cell enzyme is stabilized in a conformation with a lower affinity for phenol
by the high concentration of protein in the cell. Some the endogenous inhibitors
j_n the cell may also be occuppying the inhibitory site that would normally bind
phenol."{_Such competition for the inhibitory site would increase the apparent value
forK.

The similarity of the kinetic parameters for both free and microencapsulated
cells imply that the reaction is kinetically controiled even for the microencapsu-
lated cells; therefore the stir rate of 240 rpm is adequate. Therefore the hypothesis
that the presence of ammonium ions in the assay would reduce the K, of
microencapsulated system is supported by this fact. It should also be noted that
if ammonium ions are serving as an activator it would make the systerﬁ more
Mic'riaelis-Menten, since it could lock the subunits intc-ine particular conformation.
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If this is the case the subunit effects would not manifest themselves as much and
thus the model used for the estimation of the parameters would be more justified.

The parameters of the kinetic mode! of TPL were evaluated by using the
integrated equation of the ter-uni mechanism for the conditions in this study. The
use of of the integrated form of the Michaelis-Menten equation is well established
(193, 194, 195, 196); however the necessary algebra can be formidable for more
complex systems and thus the method is not as widely used as it should be (197).
The use of the integrated equation of the mechanism to analyse the kinetics of
whole cell TPL is desirable since time dependent changes in the cells due to the
permeabilization of the cells by phenol, or the effect of shear, could show up in a
~ study where the reaction is followed for a long time. In a short term initial rate .
study such effects may not be discernible.

Less L-dopa is produced relative to the tyrosine when the same concentra-
tion of substrates et cetera are used. Enei (83) showed that L-dopa and pyruvate
can react to form addition 6ampounds. The formation of these compounds would
deplete the net amount of L-dopa produced when the pyruvate concentration is
high. High'temperatures also increase the rate of the reaction to form undesired
by products. Aqueous solutions of dopa and catechol are oxidised unon exposure
to light. It is also known that TPL is inhibited by phenolic compounds. It is likely
then that there could be substrate inhibition and decomposition of the L-dopa
produced by light. Our results with microencapsulated cells (Table XV) showed that
decreasing the catéchol concentration from 40 to 10 mM did increase the amount
of L-dopa produced. This suggests that the degree of substrate inhibtion by by
catechol is severe relative to that due to phenol. If the reaction was conducted in
the dark less L-do;pa was produced. This probably means that in the light catechol
is decomposed rapidly. This decomposition reduces the amount=si” catechol
available to inhibit the reaction. If the concentration of catechol is high sufficient
catechaol can remain to inhibit the reaction and so th'e advantage in conducting the
reaction in the light is lost at higher concentrations of L-dopa. This result shows -
that low concentrations of catechol are desirable in tb\\e production of L-dopa from .
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ammonia, pyruvate and catechol.

- ¥ microencapsulated cells are used for the production of L-tyrosine or L-
dopa the benaviour of free and endapsulated cells are the same if the stir speed
is adequate and the concentration of substrates are high. If the reaction is
prolonged the free cells may no longer perform as well. It seems that iree cells
are broken down by prolonged stirring, hence microencapsulation protects the
cells from shear. More data is required before a definitive statement on this point
can be made.

The successtul microencapsulation of the whole cell E. herbicola TPL
activity offers another method for the removal of ammonia and phencl from the
blood during liver failure. It also suggests another approach for the commercial
production of tyrosine and L-dopa.

4.6.6. General Considerations and Suggestions for Further Work.

Tyrosine Phenol-lyase (TPL) is able to convert ammonia, phenol and
pyruvate into tyrosine. This process can occur at 37 °C and at physiological pH
(7.4) if the concentrations of ammonia, phenol and pyruvate are high enough.

In conditions such as liver failure where both phenol, ammonia and pyruvate
are elevated in the blood, the microencapsulation of TPL activity offers a way of
converting the toxic ammonia and phenol into the less toxic tyrosine. Further since
tyrosine can be adsorbed by charciéal, charcoal haemoperfusion could be used to
remove the tyrosine feading to a net removal of nitrogen from the blood. [n kidney
failure where urea concentrations are high, microencapsulated urease could be
used to produce ammonia from the urea. Therefore by including an extra step the
TPL system could also be used for the development of system for use in kidney
failure.

Care has bzen taken to ensure that the microcapsules are able to maintain
their integrity if they are shaken at 240 rpm. E:ra vigilance is required in the use
of bacteria for biomedical applications since the escape of viable cells into the
blood cuuid precipitate undesired consequences. Of course the cells could be
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treated with an antibiotic such as chloramphenicol before their use. This antibiotic
prevents cell growth without damaging the membranes of the cell, hence it is not
difficult to keep the cells intact and in a resting state. This would reduce the
chance of any escaped cells starting to profilerate in the biological fluid.

An alternative to the use of whole cell E. herbicola as the source of TPL
would be to clone the TPL gene and insert it into a mammalian cell, using a retro-
viral vector. If the mammalian cell is a fibroblast or an endothelial cell then it can
divide in culture and so the new genetically engineered cell line can be maintained.
Genetically engineered cells have found application in systems for drug delivery
and in the treatment of some diseases due to inborn errors in metabolism (198,
199).

The use of a genetically engineered mammalian cells with TPL activity
would increase the sarety of a whole cell TPL enzyme system.

The analysis of the velocity versus substrate profiles for tyrosine degrada-
tion revealed that tyrosine phenol-lyase is not a simple Michaelis-Menten enzyme,
but rather one that may display mixed cooperativii;“in its kinetics. Therefore a
detailed study of the kinetics of the purified cell free enzyme should be done.
There should also b¢ an attempt to discover the most important endogenous
modifiers in the whole cell TPL system, with this information the cells can then be
grown or treated to produce the maximum possible specific activity. This would
allow the use cf smaller amounts of microcapsules for any desired application, and

certain batch to batch variations in cell properties could probably be eliminated.
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5.0 CONCLUSIONS

"The fact is the sweetest dream that labour knows".
-Robert Frost.

This project was undertaken to see whether the whole cell Tyrosine Phenol-

lyase activity of Erwinia herbicola could be microencapsulated and used for the

conversion of ammonia, phenol and pyruvate into tyrosine. This reaction is of

relevance to the development of an alternative treatment for liver failure, since the

microencapsulated cells could be incornorated in a device for the removal of

ammonia and phenol from the blood during liver failure. The kinetics of the whole

cell TPL was also examined so that the effects of microencapsulation could be

better determined.

After reviewing the results obtained the following conciusions can be made:

1)

The molecular weight of the alginate is a very important variable
whose value affects significantly the final strength of the microcap-
sules; and so microcapsules made with heat sterilized Kelco-Gel®
L.V. alginate cannot withstand shear as well as those made with heat
sterilized Kelco-Gel® H.V. alginate.

If a high molecular weight alginate is not heat sterilised tor much
longer than the time required to kill all spores, it will have a degree
of polymerization that is sufficient for it to form microcapsules of
good quality with the capacity to withstand shear.

Increasing the polylysine reaction time results in an improvement of
the shear strength of the microcapsules.

As the airflow to the droplet former is increased the frequency
distribution of the microcapsule diameters become bimodal; and
more importantly many of the microcapsules deveiop defects and are
in fact empty.
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6)

7)

10)

11)

12)

13)

Changes in the liquid flow to the droplet former does not change
significantly the diameters of the microcapsules.

The entrapment of blue-dextran 2000 within microcapsules allows the
visual assessment of the effects of process variables on the quality
of the microcapsule.

The entrapment of blue-dextran 2000 also offers a rapid way to
determine the relative ability of microcapsules to resist shear while
variables such the molecular weight of the alginate or the polylysine
reaction time used in their manufacture are varied.

The growth of Erwinia herbicola in nutrient broth is limited by the
amount of oxygen available to the cells, but as the level of oxygen
available is increased by increasing the agitation speed the growth
rate plateaus.

The growth of Erwinia herbicola at temperatures from 22 °C to 32 °C
is quite stable in that the cells grow up to the stationary phase and "
remain thare for at least 10 hours. At 37 °C the cells grow rapidly but
they alsc enter the death phase rapidly. There is only limited growth
of Erwinia herbicola at 42 °C.

There are endogenous inhibitors and possible other modifiers in the
whole cell tyrosine phenol lyase systeni; thus the specific activily
observed is a function of the amount of cells present in the assay.
The exte:r:hgl addition of excess pyridoxal phosphate to whole
Erwinia herbicola cells can lower the TPL activity of the cells.
Tyrosine phenol-lyase displays mixed cooperativity in its kinetics; and
the complexity of the cooperativity implies that it is at least a
tetrameric enzyme.

Whole cells of Erwinia herbicola can be encapsulated within Alginate-
PLL-alginate microcapsules, and the TPL activity of the ceils used for
the production of L-tyfosine or L-dihydoxyphenylanine from ammo-
nia, pyruvate ard phenot or catechol reSpectively.
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14)

15)

In the production of tyrosine from ammonia, phenol, and pyruvate an
integrated equation of the ordered ter-uni mechanism can be used
to estimate the kinetic parameters of the system. If the stir rate is
adequate the kinetic parameters such as the apparent values of the
Ky for tyrosine and phenol are equal for both fram éhd microencapsu-
lated cells. N
Under those conditions where the whole cell TPL system is approxi-
mately Michaelis-Menten, the apparent K,, of tyrosine varies with the
amount of whole cells in the system and the amount of endogenous
modifiers present. However the apparent K, typically ranges from 0.2
to 0.3 mM. This compares well with the value for cell free enzyme
which is about 0.28 mM. The apparent K,, for phenol is 0.5 mM and
this is similar to an apparent K,, of 1.0 mM for cell free enzyme. The
apparent Ky, for both pyruvate and ammonia are about 10 times
higher for whole cells than it is for the cell free enzyme.
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6.0 CLAIMS TG ORIGINALITY

In the attempt to prepare a micro-encapsulated whole cell tyrosine phenol-
lyase enzyme with the ability to convert ammonia, pheno! and pyruvate to tyrosine

a number of

1)

original contributions were made. The chief of these were:

It was established for the first time, that tyrosine phenol-lyase (TPL)
displays mixed cooperativity in its kinetics to such a degree that TPL
is likely to be at least a tetrameric enzyme with 4 binding sites for
substrate.

It was established for the first time, that the kinetics displayed by
whole cell TPL can be affected by the amount of cells in the assay
because of the presence of endogenous modifiers in the system.

It was established for the first time, that heat sterilized Kelco-Gel®
high viscosity (H.V.) alginate can have a higher molecular weight
than Kelco-Gel® low viscosity (L.V.) alginate. The use of the higher
molecular weight alginate produces microcapsules which are much
better able to resist shear.

For the first time, blue dextran 2000 was microencapsulated within

alginate-PLL-alginate microcapsules, thus allowing the rapid ;

assessment of the effect of variables such as PLL reaction time and
alginate molecular weight on the relative strength of alginate-PLL-
alginate microcapsules.

For the first time, the concept of using tyrosine phenol-lyase for the
simultaneous detoxification of blood ammonia cnd phenol during liver
failure v::as advanced.

For the first time, the effect of the agitation rate and temperature on
the 'i:-j'iomass versus time profiles of E. herbicola were determined.
For the first time, the tyrosine phenol-lyase activity of whole cells of

Erwinia herbicola was microencapsulated. These microcapsules were
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used for the conversion of ammonia, pyruvate and phenol or
catechol into L-tyrosine or L-dihydroxy-phenylalanine.

For the first time the kinetic parameters of a model, which relates the
tyrosine produced with time, have been evaluated. The parameters
of the model compares well with the uterature values obtained by

other means.
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8.0 APPENDICES

8.1 APPENDIXI.

8.1.1. Source of And Purity of Chemicals.

The components of the medium for the induction of tyrosine phenol-lyase
activity in Erwinia herbicola is given in the Table XVII. The chemicals from Sigma
Chemicals (St Louis, Mo) were of the "microbiclogically tested for cell culture
grade". Chemicals from Fisher Scientific (Fairlawn, New Jersey) and BDH (British
Drug Houses) were of analytical grade. The hydrolysed soy protein was obtained
in powder form from ICN (Cleveland, Ohio).



%

Table XVII, Component; of the Tyrocing Phenol-Lyase Induction Medium
Chemical Amount per 4.0 | Source
of Medium (g)
Tyrosine 2.0 Sigma
KH,PO, 8.0 B.D.H
FeSO, 4.0 Fisher
Pyridoxine 0.004 Sigma
Glycerol 24.0 Fisher
Succinate 20.0 Sigma
L-Methionine 4.0 Sigma
L-Alanine 8.0 Sigma
Glycine 2.0 Sigma
Phenyl-L-Alanine 4.0 Sigma
Hydrolysed Soy Protein 48.0 [.C.N.

8.1.2. Chemicals used in Microencapsulation.

Alginate was obtained from Kelco, Division of Merck & Co Inc (Clark, NJ).
The 2 types of alginate used were Kelco-Gel® L.V. (low viscosity) alginate and
Kelco-Gel® H.V. (high viscosity). Poly-L-lysine was obtained from Sigma with a
nominal molecular’"ﬁ‘veight of 25000, but the actual molecular weight varied from
20000 to about 26000. The true molecular weight used in a particular experiment
is indicated in the text at the appropriate place. HEPES (N-2-Hydroxylethyl
piperazine-N-2-ethanesulfonic acid) was obtained from Boerhinger Manneheirﬁ



(Montreal, QC). Sodium chloride, calcium chioride and other chemicals were
. obtained from various sources but were of at least 98 percent purity.

. i



8.2 APPENDIX i

8.2.1. Scans of Blue-Dextran and Alginate Solutions.

The following scans (Figures 54 and 55) show that alginate does not
interfere at either at A = 616.1 nm or A = 257.9 nm the absorbance maxima of
blue dextran 2000 (Mwt 2.0 x 10°).
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Figure 54.  Scan of 0.1 percent alginate In HEPES Luffered saline.
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Figure 55.
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Scan of biue dextran 0.2 mg per ml In HEPES buffered saline (pH 7.4).




8.3 APPENDIX 1lI

8.3.1 Development of Rapid Equilibrium Kinetic Models Used.

A number of models of enzyme behaviour were discussed in the body of the
thesis. In this appendix some of these equations will be developed. The Michaelis-
Menten equation (154) is well known, hence it was only developed for the sake
of completion; and because some of the assumptions underlying this model are
common to all the models presented.

The Michaelis-Menten Equation for Enzyme Kinetic Data.

It it is assumed that the enzyme interacts in a rapid equilibrium or quasi-
equilibrium manner with substrate a simplified derivation of the Michaelis-Menten
equation (154) is possible. The more rigorous analysis by Briggs and Haldane
gives a steady state solution of similar form (164, 177}, but the rapid: equilibrium
derivation will be presented here.

The following assumptions are required for the derivation of the Michaelis-
Menten equation under rapid equilibrium conditions:

1)- The enzyme is a catalyst;

2) The enzyme and substrate complex react rapidly to form an enzyme

substrate complex;

3) Only a single substrate and a single enzyme-substrate complex are
involved and the enzyme substrate breaks down directly to forrﬁ free
enzyme and product; |

4) _ Enzyme (E), substrate (S), and the enzyme-substrate complex (ES)
are at equilibrium, and further the rate at which ES dissociates to E
and S is much faster than the rate at which ES breaks down to form
product;

5) The overall reaction rate is limited by the breakdown of the ES

“complex to form free enzyme and product;

Vi



B8) The reverse reaction is insignificant; i.e. the system is far from
equilibrium.
The above assumptions suggest the following mechanism for a Michaelis-
Menten system:

k
E+S = FS —5 E 4+ products

Ki

Further the ass_umptiohs imply that the reaction rate or velocity is given by
gquation 8.1:

v=kJES] .81

where v is the rate or velocity; k; is the rate constant for product formation; [ES]
is the concentration of the ES complex. A mass balance on the total amount of
enzyme implies equation 8.2:

[E), = E] + [ES] ..8.2

where [E], is the fotal concentration of enzyme. The reaction rate per total enzyme
concentration is given by 8.3:

v _ kJES]

i .83
. [E]r [E] + {ES]

By defining an equilibrium constant K|, for the dissociation of the ES complex to
E and S we can substitute for [ES] in terms of [E] as shown in equation 8.4; which
gives immediaterly 8.5 the Michaelis-Menten equation. If the product of k; and [E],
is called V_,,; the maximum rate which occurs when all the enzyme is in the form
of ES; equation 8.6 an alternative of the Michaelis-Menten equation results as
shown below. H '

Vil



kL ENS]

v Ku
= .84
(5, (g . 1EIS]
v kS|
= ..8.5
[El;, Ky +I[S]
v _ _ 18]
v KM  [5] ...8.6

The Hill Equation for Kinetic Data.

Hill (158, 96) assumed that for a polymeric protein the binding of ligand
could be considered to cccur in one step. Therefore for & multisubunit enzyme E
binding with S the following one step reaction is envisioned:

K
£+ nS = ES —>E + products

K

it is assumed that tEe rate of product formation is the slowest step hence E and
ES, are at equilibrium, and further other complexes of E with S occur to a
negligible extent. These assumptions are similar to those made in the Michaelis-
Menten system and will not restated in detail. The nomenclature is aiso similar and
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will be considered to be self explanatory. The rate of reaction is:

v=nklES,] .87

therefore:

v _ _ nklES,]
[El, [E] +[ES)]

..8.8

If K, a dissociation constant for the breakdown of ESn to E and S is defined, then

nk,[E]S)"
v K .89
[E], . LEnsr
[£] e
and immediately:
v Ml 810
[El, K+[8)

If nk;[E], is defined as V,,, the rate of reaction when all the enzyme is in the form
of ES,, then equation 8.11 results:

v.__ IS &11
Voax K+ [S)

The coefficient n is only equal to the number of subunits if the binding of S
to E occurs in essentially one step. This situation would occur if the binding of the
first molecule of S changes the conformation of the enzyme such that the affinity
of the remaining sites for substrate was infinite. The binding woulid then be highly
cooperative. In general the binding of the first molecule of S does not lead to an
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infinite increase in the affinity of the other sites for substrate; hence n is actually
less than the total number of subunits. Thus 8.11 is usually written as 8.12 where
n the number of subunits is replaced by n,, the Hill coefficient.

v [S1™

.8.12
Viex K + [S]™

The Adair Equation

Adair (161, 162) assumed that the binding of ligand with a multisubunit
protein did not necessarily occur in one step. Therefore the following equilibria is

envisioned for a polymeric enzyme with n sites for substrate per molecule of
enzymae.

E +S = ES

ES +S = ES,

S+ S = ES

ES,, +S = ES

K. K., .., K, .. and K, are association (binding) constants of substrate to E and
they include statistical factors which depend on the total number of binding sites
as shown equation 8.13:



K [ES] . K,= [ES,]

TIES” T (ESIS]
[ES] [ES)]
Kreom—2 . K=" _ 813
" 1ESIIS] [ES,]IS]

The intrinsic binding constants, which express directly the inherent affinity
of the individual binding sites for substrate, allows the assessment of what occurs
after each substrate molecule binds. The K; can be replaced by the intrinsic
binding constants by using equation 8.14:

K = -(’—’:‘-I‘—‘-Qm’ .8.14

The net rate of reaction by the multisite enzyme is:

n
v=Yik|ES] ..8.15
=1

where k; is the average rate of product formation from each site of a particular ES,
complex. Therefore:

v _ KIES|+2K[ES,]+...+ik[ES]+..+nkIES]
[E], [E]+[ES]+..+]ES]+..+[ES,]

..8.16

Hence in general, for a multisubunit enzyme the reaction rate is given by:
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n
PRLATEN
= L 817

1+Y IS
P

v
[£],

where the y are products of the binding constants as shown in equation 8.18
below:

i o
¥ = H(mj "]K,’ .8.18
=

For an enzyme with 4 binding sites the application of equations 8.17 and 8.18 gi've:':;

Vo _ [4KKIS + 12kKG1GS? + 12kKGIGKS? + Ak KIRGHGHGS® |

+.5.19
[£]; 1 + 4KIS + BKIIGS? + AIKIGS® + KGIGIGKS®

If ky = k; = ky = kg = k; and 4k [E], is replaced by V_,,, then 8.19 becomes 8.20
which is identical in form to the equation for the fractional saturation of a tetramer
by a ligand. This form of the Adair equation is often used for the analysis of
protein-ligand systems such as the haemoglobin-oxygen system.

% [ KiS + BK{IGS? + BKIGIGS® + KiIGKKS® |

= ..8.20
Viex 1 + 4K|S + BK|KIS? + AKKHKAS® + KIKIKaK.S*

Note that when the K/ are equal to each other and thus are replaced by K'; and
the k, are also equal to each other and thus are replaced by k,, the system can be
simplified to a form that is identical to the Michaelis-Menten equation. Since 8.20
then simplifies to:
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v . __[S] .8.21

where V., is 4k ][E], and 1/Kis Ky.

The Concerted Allosteric Model of Monod, Wyman and Changeux.

The assumptions in the model of Monod et al (159) are that:

1)

2)

3)
4)

5)

The protein is an oligomer which has at least 2 conformations and
changes reversibly between both conformations;

All subunits occupy equivalent positions in the oligomer i.e. there
must be at least one axis of symmetry in the oligomer;

There is only binding site per subunit;

The various conformations of the protein have different affinities for
the substrate; and

The symmetry of the protein is conserved during conformation
change, thus the conformation change must be a "concerted” all or
nothing change in ail subunits.

In the simpler allosteric model only 2 conformations the relaxed (R) and the

tense (T) conformation are considered. The R state has the higher affinity

for substrate. In this model K, and K; are the intrinsic dissociation constant

for substrate from the R state and T state respectively. L is the equilibsium

constant which describes the ratio of the T state to the R state in the

absence of substrate. The following equilibria (Figure 56) then exists for a

4 subunit oligomer where Kg/K; = €.
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Figure 56. Equilibria visualized in the allosteric model of Monod, Wyman and Changeux.
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The fraction of total sites occupied by S (the "saturation function") Y, is:

v o _ UTI2AT3(T 4T ) + (1A]+21R,]+3(A,]+41R,) )

= 8.22
A [TQHTIH T T +T] ) + 4( [Rl+{R)+[Aal+[Ral+[Ag )

The equilibrium relationships allow the substitution for the T, and R, where the
statistical values related to the different ways of forming a particular R, or T,
complex must be considered. Therefore :

_{ n-(-D\ [A4][S]
N
| -1\ TL1IS)
[Tﬂ _[ ' ) KT ...8.23

The equations are more readable if the following abbreviations are used:

After substitution for B; and T, into equation 8.22 we get a more usable expression
for Y, the fractional saturation:

YV, = Lowl v ou) v ol @) g0y
4L(1 + ca)* + 4(1 + a)*

In general for an n-sited oligomer:

v, - Lea(l + o)’ + (1 + @)™ 8.5
nl(l + cx)” + n(1 + «)”

if the protein is an enzyme and all sites with substrate release product at the same
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rate whether the other sites are occupied or vacant; and further the rate of product

formation is the rate limiting step then under this quasi-equilibrium condition:

v__ vy - Lee( - ca)™ + a(1 + @)™
=Yg

Vinex nl(1 + ca)" + n(1 + a)”

...8.26

where v is the velocity or reaction rate, V., = nk][E], is the maximum velocity
which occurs when the enzyme is saturated with substrate, and n is the number
of subunits. |
Equation 8.26 shows clearly thatifc =1 or ifL is' very small the system
becomes Michaelis-Menten. [f the rate constant for product formation for the R
state is different from that of the T state, the velocity relationship becomes:
_ kB Loa(l + ca)™ + kglEle(l + )™

V= ...8.27
nl(1 + ca)" + n(1 + a)”

The Induced Fit interaction Model of Koshland, Nemethy and Filmer (KNF).

The assumptions of the interaction mode! of Koshland, Nemethy and Filmer
(KNF) are that:

1} The subunits of the protein can exist in at least two different
conformations. in the simplest scenario there are only 2 conforma-
tions A and B such that the subunit prefers conformation A in the
absence of ligand and only B will bind ligand S. Symmetry does not
need to conserved, hence some subunits can be in the A conforma-
tion while others are in the B conformation;

2) Cooperativity in the system results from conformation changes as the
protein becomes saturated with substrate;

3) When the protein is an enzyme, the usual quasi-equilibrium assump-
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tions apply; that is the system is far from equilibrium; and the rate
limiting step is the rate of product formation from the various
complexes of enzyme with substrate.

The constants Kg, K, K,g and Kgg are defined for the KNF model as shown

below:

K. = J1BSL
S [B]lS]

- 18

A7
o = [AB][A]
[AA] (8]

_ 1B3|IA][A]

Kog =
%" 1AA)B)1B]

Ks is the substrate binding constant and representis the intrinsic affinity of the
figand for an individual subunit. K, is the transformation constant for a subunit
change from conformation A to conformation B. K,; is the equilibrium constant
which measures the strength of the interaction between two subunits when the
active site of one is occupied, and the active site of the other is vacant. Kgg is an
equilibrium constant measures the strength of the interaction between two subunits
when both their active sites are occupied. K,, which measures the strength of
- interaction between 2 subunits when their active sites are vacant, is set equal to
one.

The possible subunit interactions which can occur in a protein depend on
the arrangement of the subunits. For a tetramer arranged as a “"square" the
possible interactions are shown below (Figure 57). Note that the "square"
arrangement does not imply a particular arrangement in space, other than that
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each subunit interacts with only 2 others, and that diagonal interactions are not
. being considered.

112 1t |2
CORCORoo RO il s o R it
E ES4 ESqy e
| N —
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Ay AqBS A2Ba%; ABaSy 8484

Complex
Number of modes of 1 2 1 1
binding S
Numbar of ways of 4 4 2" 4 1
arranging S
Number of possible AB 2
interactions 2 2 2 0
Number of possible BB Y 1 b 2 4
Interactions
Term for species
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Figure 57, Scheme of subunitinteractions which occur in the sequential interaction

model of Koshland, Nemethy and Filmer for the square arrangement.
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Assuming that the rapid equilibrium assumption holds, and that the rate
limiting steps are the product forming steps; then the following expression for the

velocity of the tetrameric enzyme is:

v _ kIES| + 2k[ES) + 3kIES) + 4k ES) .

B, AlE] + [ES] + [E5)] + [E54] + [ESY)

where it is assumed that the average rate constant for product formation per
occupied active site is equal to k; for all species.

The concentration of each enzyme specie can be expressed in terms of the
equilibrium constants defined for the KNF model by referring to the above

illustration, hence:

[£8] = [ABS] = 4K3(KKISDIAY

[ES) = 14,8,5,] = (4K3/ap + ZKUKHISDIAL
[ESy] = [AByS) = 4iiaK a2 (KK ISDIAL

[ES] = [B,S] = KeplKsKISDHAL

If 4k [E], is set equal to V., and the expressions for the various complexes are
substituted into equation 8.28 the following expression for the rate results:

Vo _ _ KialKoK(S)+{2KipKan+ KA (KoK S+ BIGaKEAK K1+ Kael KK SY*

Vowr TG KK 4K 2 KA KK T KT

If K. is equal to the square root of Ky in the square sequential interaction mode,
then the system simplifies to:

XIX



V - KBBK&'[S "'8.%
Yinax 1 + KKK IS)

which is Michaelis-Menten in form.
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8.4 APPENDIX IV

8.4.1. Photomicrographs of Microcapsules Prepared Similarly to Those Used
in Comparative (Free Versus Microencapsulated) Kinetic Studies.

The following photographs (Figures 58 and 59) show freshly prepared
microcapsuies, and microcapsules from the same batch afier 2 months of storage
in the cold-room (4 °C). The microcapsules were made with a polylysine reaction
time of 10 minutes, and with Kelco-Gel® HV (high viscosity) alginate that had been
sterilized for 5 minutes as described previously. The airflow to the droplet former
was 2.5 I/min. Note that after 2 moaths the microcapsules still maintain their
integrity. |
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Figure 58.

Freshly prepared microcapsules made with Kelco-Gel® HV alginate
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Figure 59. Microcapsules from the same batch as those shown In Figure 58 after 2 months
of storage at 4°C.
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8.5 APPENDIX V.

4.5.2 Development of an Approximate Kinetic Model for the Conversion of
Ammonia, Phenol and Pyruvate into Tyrosine.

Model Development

Mechanistic Considerations.

The postulated mechanism for the degradation of tyrosine by tyrosine
phenol-lyase (73, 99) implies that the production of tyrosine occurs by an ordered
ter-uni mechanism. A simplified scheme of the process is shown as Figure 60, in

A = ammoniq; B = pyruvate; C = phenol

P

tyrosine

E A BB (EABC EP) E

k
P

Figure 60. Scheme of the steps in the formation of tyrosine from ammonia, phenol and
pyruvate by tyrosine phenol lyase (assuming the enzyme has identical and
equivalent active sites).
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which ammonia, phenol and pyruvate are bound by the enzyme in that order,
before the release of phenol.

This reaction scheme implies that under rapid equilibrium conditions (164)
the reaction rate when the system is far from equilibrium is given by:

v K EEABC]
[Elow  [E1+[EA]+|EAB]+|EABGI+[EP]

~(8.31)

This equation assumes that subunit interactions are negligible i.e. each
active site is identical, and equivalent. After substitution for the concentration of
each enzyme Spebie by the appropriate equilibrium relationships (using the
nomenclature from Figure 60), and replacing k[E], by V,..,, equation 8.32 results:

G
v = KAKBKC '(8.32)

Vo .04, 1418 | JAIBEC | 1A
K, KK, KKK, K, .

Therefore if the concentration of ammonia and pyruvate are equal, and greater
than the concentration of phenol then equation 8.33, an integral form of equation
8.32, can be readily derived.

Vousfy 0t = - G,f %05 - G, fsas%f?l

s _ds s ds
Us (Hv9S “f S (H+ s;zs * Gols, (H+8P ~(8.33)

whers.

C1=1; 2—-Ko 03 KBKO C4-KAKBK0[1+;§O]
P

and Gy=KyK, sﬁ
Ko
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S has been substituted for the concentration of phenol, therefore [A] = [B] =

S, where H = [A], - [C], and it is assumed that the concentration of tyrosing [P] is
S, - S since [P), is equal to zero. After integration, equation 8.33 gives
equation 8.34.

- es-8 s €+ 2 0% (G, Ca H+S,
t= VM(C«SO 9 + G+ Ha"“s G+ a2
1

Mixed Type Inhibition by Phenol Considerations.

It has been reported that phenol inhibits tyrosine phenol-lyase (78, 86,
107). In the degradation of tyrosine by TFL, phenol inhibits the reaction with mixed
type kinetics (78, 86). Therefore we may imagine that the following equilibria
(Figure 61) also occur in the system outlined in Figure 60 for the production of
tyrosine. K, is the inhibition constant for phenol, and the notation of Figure 61 is
the same as that in Figure 80, i.e. C is phenol, and P is tyrosine. This represents
the simplest mixed type inhibition mechanism by phenol; and it presumes that
there is a site for phenol other than the active site (where tyrosine or ammonia,
pyruvate and phenol in that order binds).
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dll fhe

CE+P = CEP

::KF

Flgure 61. A simple mechanism which accounts for the mixed type inhibltion of TPL by
phenol reported by Kumagai (1972).

Consideration of this equilibria leads to a rapid equilibrium relationship for the
reaction rate as shown below:

148G

v Ko
Ve 1,141, 1B, JAIBIC] , 1A, 10, O
Ky KiKg KKge Ko K oKKp

~(8.35)

After separation of variables and integration (from S, to S) equation 8.36 is
obtained. It is assumed that as in equation 8.33 the concentrations of ammonia
and pyruvate are equal and greater than the concentration of phenol.
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(01(30 9+ G2 - (BTt
& g-opm -1 .0
H 5 TN(H+S) (H+S .
where:
it Ky Co-KKs Co-KiiGKg Cu KK _.._._1_.+s°]
1 CKg G-k oK BKC[’ e
and __QKBKC

«KKp

Simple Inhibition by Phenol Considerations.
Para, Luciardi and Barrati (107) claimed that the inhibition by phenol of
whole cell TPL was analyzable by "classical" inhibition kinstics. This results

conflicts with that reported by Kumagai et al (78, 86) which suggest mixed
inhibition by phenol. If Para et al are correct the only equilibrium (in addition to
those in Figure 60) that needs to be considered is:

C+EtE —= Ct
K.

where phenol (C) binds to the inhibitory site, with dissociation constant K, The
rapid equilibrium expression for the reaction rate of this system (again using the
notation of Figure 60) is :
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_ KKale @)
Vw1140, AIEL, JAIEIC 1A,

K Kis Kol Ko K:

<

After separation of variables and integration, this equation gives 8.38.

_ 1 C, S C, 04 }'-=i+S0
T‘VM;Q(SO § + (G +—- )l (— i
(2-C) LY Y
H (H+ SG) (H+S) '
where.
Ci=1; GC=Kg C3=KgKg C4=KAKBKO[1 +;S-°—] and Cg= KAKBKC(—-l-
Ke K Kp,

Saturation by Pheno! Considerations

If K, is large relative to K and K, then when small amounts of ammonia are
in the system (relative to its K, i.e. pseudo K,,) as soon as EA is formed it will be
transformed to EAB and EABC. Therefore [E] and [EA] will be small relative to
[EAB], [EABC] and [EP], hence equation 8.31, 8.32, and 8.34 become 8.39, 8.40
and 8.41 respectively.
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v k 1EABC]

-(8.39
Bl  [EAB + [EABC] + [EF (8.39)
1810
v HaKpKe
Ve | TE, MIEG L, 1O
Kl Koo 1
s Q. . c4., S C, l’.*)'ﬂ‘.")?o
= Vmu[Q(So S) (C‘a Hz)!ns (Hz)ﬁ H+S
4 1
G+ s S))] (B.41)

S,
where Cy=1; C,=K,; C‘4=(KAKB)KGT(P-; 05=(KAKB)—§,E
P P
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8.6 APPENDIX VI

8.6.1 Data Obtained After Proloriged Reaction at 37 °C.

Figure 62 show data for the conversion of ammonia, pyruvate and phenol
to tyrosine by the TPL activity of microencapsulated whole cell Erwinia herbicola.
Note the microcapsules can survive after vigorous shaking for 24 hours.

CONVERSION OF AMMONI!A, PYRUVATE AND PHENOL TO TYROSINE
BY WHOLE CELL ERWINIA HERBICOLA.

110
) INITIAL CONC
S 1003 NH, =80 mM . 8
Z gp 3 PYRUVATE = 80 mM
2 77 I PHENOL = 40 mM
X 80
~ é
o 70 %
5 60
7]
= 50
2 o] ¢ |
o i 6.56 mg total cell protein.
5 30 whole calls microencapsulated
5 20 in 1.0 m! microcapsules
& rpm = 240
° 10 temp = 37 °c

0 LA AL B L RN B L RELENL AL NN LR RN R LR R
0 5 10 15 20 25 30
TIME (hours)
Figure 62. One example of the conversion of ammonia, phenol and pyruvate to tyrosine

(Initial phenol concentration 50mM).
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