Kinetic Modelling of Enzyme Inactivation

Kinetics of heat inactivation
of the extracellular proteinase
from Pseudomonas fluorescens 22F




Promotor: dr. ir. P. Walstra
emeritus hoogleraar in de Zuivelkunde

Cao-promotor: dr. ir. M.A.J.S. van Boekel
universitair hoofddocent geintegreerde levensmiddelentechnologie




Kinetic Modelling of Enzyme Inactivation

Kinetics of heat inactivation
of the extracellular proteinase
from Pseudomonas fluorescens 22F

E.P. Schokker

Proefschrift
ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van de Landbouwuniversiteit Wageningen
dr, C.M. Karssen,

in het openbaar te verdedigen

op maandag 3 februari 1997
des namiddags te vier uur in de Aula.



CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG
Schokker E P

Kinetic Modelling of Enzyme Inactivation.

Kinetics of Heat Inactivation of the Extracellular Proteinase
from Pseudomonas fluorescens 22F | E.P. Schokker. - [S.1.:s.n.]
Thesis, Wageningen. - With ref. - With summary in Dutch.
ISBN 90-5485-838-6
Subject headings: Modelling/Kinetics/Enzyme inactivation

BIB I  TrienX
LA TSOU U TROITRT

| TR Y, LY TN




wNOgZ-O‘ \ Q'?"’\k\

Stellingen

Het boek van de natuur is in wiskundige taal geschreven.
Galilei Galileo, Il Saggiatore (Opere, VI, 232)

Kinetisch modelleren is een krachtig hulpmiddel bij het ophelderen
van mechanismen van enzyminactivering.
Dit proefschrift

Lage-temperatuur-inactivering van de extracellulaire proteinase van
Pseudomonas fluorescens 22F wordt veroorzaakt door
intermoleculaire autoproteclyse.

Dit proefschrift

Spectroscopische en calorimetrische methoden zijn slechts beperkt

bruikbaar voor de bepaling van ontvouwing van proteinasen.
Dit proefschrift

Met behulp van autoproteolyse kunnen, in principe, zowel de
thermodynamische als kinetische parameters van de ontvouwing van

proteinasen bepaald worden.

Dit proefschriff

Het feit dat de meeste psychrotrofe bacterién hun extracellulaire
enzymen vooral produceren in hun laat-exponentiéle fase, is voor de

zuivelindustrie een geluk bij een ongeluk.

De optimaliseringscriteria van Schwarz en Akaike zijn

schaatafhankelijk.

G. Schwarz, Ann. Statist. 6 (1978) 461-464
C.M. Hurvich and C.L. Tsai, Biometrika 76 {1989) 297-307
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De hoge prijs van eco-producten strookt niet met het principe dat de

vervuiler betaalt.

Nutraceuticals lijken vooralsnog vooral gezond voor de producent.

De lage prijs van vliegtickets heeft een negatief effect op het milieu

en de veiligheid van de passagiers.

Ondanks het feit dat de productie van genetisch gemanipuleerde soya
minder milieubelastend is, zijn het vooral de milieu-actiegroepen die

weerstand bieden tegen de introductie ervan.

De meeste psychrotrofe bacterién hebben geen baat bij de grote

hittestabiliteit van hun extracellulaire enzymen.

Erix Schokker
Kinetic Modelling of Enzyme Inactivation, Kinetics of Heat Inactivation of the
Extracellular Proteinase from Pseudomonas fluorescens 22F

Wageningen, 3 februari 1997
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Abstract

Schokker, E.P. (1997) Kinetic Modelling of Enzyme Inactivation: kinetics of
heat inactivation of the extracellular proteinase from Pseudomonas
fluorescens 22F. Ph.D. Thesis, Wageningen Agricultural University, The
Netherlands (150 pp., English and Dutch summaries).

Keywords: Kinetic modelling, enzyme inactivation, psychrotrophic bacteria

The kinetics of heat inactivation of the extracellular proteinase from
Pseudomonas fluorescens 22F was studied. It was established, by making use of
kinetic modelling, that heat inactivation in the temperature range 35 - 70 °C was
mast likely caused by intermolecular autoproteolysis, where unfolded proteinase
molecules are attacked by still active species. Kinetic modelling also showed that
sodium caseinate acted as a competitive inhibitor against autoproteolysis.
Autoproteolysis experiments gave indications for the dependence of the
conformational stability of the proteinase on metal ions and pH.

Although some mathematical modeis could describe the inactivation of the
extracelluiar proteinase from Pseudomonas fluorescens 22F in the tempsrature
range 80 - 120 °C, the mechanism of inactivation could not be precisely elucidated
by making use of kinetic modelling. A model consisting of two consecutive
irreversible reactions, possibly involving deamidation, where the first reaction would
lead to a parially inactivated enzyme molecule with a specific activity of
approximately 0.6, appeared to be in best accordance with the mechanism of
inactivation. The inactivation behaviour was dependent on the sodium caseinate
concentration and the pH, but not on the calcium ion activity.

Kinetic modelling appeared to be a powerful method to predict enzyme
inactivation as function of temperature and time. In combination with analytical
methods, kinetic modelling may be a useful tool in the elucidation of the
mechanism of enzyme inactivation.
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Chapter 1

Introduction

1.1 Enzymes of psychrotrophic bacteria in milk

Introduction of new methods in production and storage of milk caused new
technological problems. In the past, milk was stored in milk cans, which were, at most,
water-cooled. After storage at the farm, the cans were collected daily by the dairy,
where the milk was heat-treated and stored until further treatment. Because the initial
storage temperature was ambient, lactic streptococci and coliforms were the dominant
microbes. These bacteria cause an increased acidity of the milk.

Nowadays in many countries, milk is cooled immediately after production and
is stored at low temperature in tanks at the farm. The milk is collected by cooled
tankers every few days and transported to the dairy. Here the milk is processed
immediately or stored in large refrigerated tanks for another few days. Due to the low
storage temperature psychrotrophic bacteria become predominant. Eddy (1960)
defined psychrotrophs as microorganisms that can grow at 5 °C and below. Food
microbiologists define psychrotrophs as microarganisms that can grow relatively fast
at 7 °C or less, irrespective of their optimal growth temperature (International Dairy
Federation, 1969; Morita, 1975; Vedamuthu et al., 1978; Suhren, 1989; Muir, 1990;
Kraft, 1992; Shah, 1994).

Only 10 % of the flora after milking consists of psychrotrophic bacteria, but
because they grow relatively fast, they soon dominate the flora during refrigeration.
The most comman psychrotrophs are Pseudomonas spp., particularly Pseudomonas
fluorescens. QOther organisms include Bacillus, Micrococcus, Flavobacteriurn,
Acinetobacter, and Aeromonas species and Coryneforms (Cousin, 1982, Suhren,
1989; Shah, 1994). Contamination may occur from the environment (water, air, soil,
outside of udder) and from inadequately maintained milk equipment {milking machine,
bulk tank, road tanker) (Cousin, 1982; Subren, 1989; Muir, 1990; Bramley and
McKinnon, 1990).

Psychrotrophic bacteria as such do not pose a very serious problem to the dairy
industry. Pasteurization of the milk will eliminate virtually all of the psychrotrophs
(Kraft, 1992; Shah, 1994). |n the Netherlands thermization (15 s at 63 °C) is used
immediately after the milk has arrived at the dairy. This very mild process is sufficient
to kill most of the psychrotrophs (Gilmour et al., 1981; Griffiths et al., 1986).

1
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Problems for the dairy industry arise when enzymes, such as proteinases,
lipases and phospholipases, are secreted in the milk. These enzymes can be very
heat stable; most of them resist pasteurization (15 s at 72 °C) and UHT treatments
(1 s at 145°C). Several are even more heat rasistant than spores of Bacillus
stearothermophilus and proteinases can be more heat resistant than thermolysin, the
well described thermostable proteinase from Baciflus thermoproteolyticus (Barach and
Adams, 1977, Driessen, 1983; Kroll, 1989; Serhaug and Stepaniak, 1991). It is clear
that, although psychrotrophs are readily eliminated, their presence is undesired,
because production of enzymes must be avoided, since these would cause serious
enzymatic deterioration of milk products.

Some proteinases from psychrotrophic bacteria are susceptible to inactivation
at relatively low temperature (40 - 60 °C). This process, which is often referred to as
low temperature inactivation, appears to be due to autoproteolysis. QOther authors
believe that this inactivation is caused by aggregation with casein (Barach et al., 1976;
Stepaniak et al., 1991). Also lipases from psychrotrophic bacteria can be inactivated
at low temperature. Possible mechanisms for this inactivation are proteolytic
degradation by associated proteinases, self aggregation or aggregation with milk
proteins, or interaction with histidine or Hg®. Destruction of enzymes at low
temperatures may be useful, since heat damage of the product would be avoided
(Stead, 1986; Bucky et al., 1988; Kroli, 1989).

Heat inactivation of the extracellular proteinase from Pseudomonas fluorescens
22F at high temperature (80 - 120 *C) will be discussed in chapter 6 of this thesis, its
low temperature inactivation (35 - 70 °C) in chapter 5.

1.2 Physical and biochemical effects on milk components

Milk proteins are mainly composed of casein (80 % of total protein) and whey
proteins (19%). Casein consists of four different molecular species, o,,-, o,-, B- and
x-casein. The structure of caseins is mainly random-coil (Walstra and Jenness, 1984).
In milk, most of the caseins are present in large particles, called casein micelles,
which also contain calcium and phosphate (Rollema, 1990). Most of the x-casein is
at the outside, giving the micelle a 'hairy' surface, and the o,- and §-caseins are
predominantly located in the interior of the micelle. The k-casein, being on the outside,
is very susceptible to proteolytic attack. At 20 *C and pH 6.7 about 10 % of the casein
is located in the serum, presumably in submicelles. When milk is stored at low
temperature, this amount increases to 23 %, mainly caused by dissociation of f-casein
fram the interior of the micelle to the surface and to the serum (Davies and Law,
1983). This causes the casein to be more susceptible to protealysis (Cousin, 1989).

Most of the whey proteins are globular, like B-lactoglobulin, a-lactalibumin, and
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blood serum albumin. The group of whey proteins also inciudes immunoglobuling and
small peptides. Whey proteins are not or hardly degraded by proteinases from
psychrotrophic bacteria, because of their giobular conformation. Pseudomonal
proteinases, and also proteinases from most other Gram-negative bacteria, in general
degrade x-casein > B-casein > a,-casein >> whey proteins (Fairbaim and Law, 1986;
Cousin, 19889).

The action of proteinases in milk is twofold. Firstly, they hydrolyze k-casein,
causing destabilization of the casein micelle, leading to aggregation. Extensive
hydrolysis may cause visible coagulation of the protein in the milk. Secondly, small
molecular weight peptides and amino acids are formed, some of which cause bitter
off-flavours (Cousin, 1989),

Milk lipids consist of ftriglycerides (approximately 98.3 9%), di- and
monoglycerides (0.3 %), free fatty acids (0.1 %), phospholipids (0.8 %), and other
lipids (0.5 %). Most milk fat is present in globules, which are surrounded by a thin
protective membrane, compased mainly of proteins and phospholipids (Walstra and
Jenness, 1984). The intact glabular fat in milk is not susceptible to lipolysis. Combined
action of phospholipase C and lipase may cause degradation of milk fat (Chrisope and
Marshall, 1976). Also mechanical disruption of the globules, for instance by
homogenization or foaming, makes the milk fat susceptible to lipolysis, because the
globule membrane is replaced by milk proteins and the interfacial tension is increased.
Triglycerides are hydrolyzed to 2-monoglycerides and free fatty acids. Free fatty acids
cause rancid (C, and C;) and soapy (C,, and C,, } off-flavours. Fatty acids of chain
length C,, to C,; do not contribute much to flavour (Stead, 1986; Cousin, 1988).

The action of proteinases and lipases in milk is associated with several
technological problems occurring during processing and storage of dairy products
(Cousin, 1982, Driessen, 1983; Fairbairn and Law, 1986, Stead, 1986; Mottar, 1989;
Serhaug and Stepaniak, 1991; Cromie, 1992; Champagne et al., 1994; Shah, 1994).
Defects in pasteurized milk by enzymes of psychrotrophs have not been described;
the low storage temperature and the short storage period prevent development of such
defects. Ultra-high temperature treated milk is stored for a long time and at
intermediate temperatures, and a defect reported in relation to proteinases from
psychrotrophs is formation of bitter off-flavours. Also gelation, caused by aggregation
of casein micelles has been reported. Lipolysis by psychrotrophs lipase also occurs,
but is of less importance than proteolysis (Mottar, 1989; Muir, 1980).

The two most important effects of psychrotroph enzymes in cheese are on yield
and flavour (Cromie, 1992). Part of the degradation products of proteclysis, peptides
and amino acids, are soluble and may be lost into the whey instead of forming part
of the curd, thereby reducing cheese yield. Also fatty acids may be lost in the whey.
Formation of bitter and unclean off-flavours caused by proteinases from psychrotrophs
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can occur during cheese ripening, although the major part of the proteinases is lost
in the whey. Formation of soapy and rancid ofi-flavours is more important, because
lipases are concentrated in the curd {Driessen, 1983).

Lipases that resist pasteurization are concentrated in the cream, and
subseqguently in the butter, during the butter-making process, causing rancidity.
Proteinases of psychrotrophs do not affect the flavour of butter (Stead, 1986; Cousin,
1989).

Proteolytic enzymes, produced by psychrotrophic bacteria, also generate
technological problems. Aged milk may cause more fouling in a heat exchanger than
fresh milk, because of proteolysis of casein {Jeurnink, 1991).

1.3  Stability and inactivation of enzymes

Enzymes are globular proteins that catalyze chemical reactions in biclogical
systems. They are highly compact proteins of more or less spherical shape. For
biological activity a specific conformation of the enzyme is needed. This conformation
is called the native state. This three-dimensional structure of globular proteins is
stabilized by noncovalent forces including electrostatic interactions, hydrogen bonding,
van der Waals forces and hydrophabic interactions, that are in a very subfle balance.

Several agents may distort this balance, like high or low temperature, extreme
pH, changed solvent quality, and high pressure. The originally compact structure will
unfold, a process that is often called denaturation. The unfolded enzyme molecule is
not catalytically active. Denaturation is in principle a reversible process: after removal
of the cause of denaturation, the protein molecule may refold to its native
conformation. This refolding process is called renaturation.

Generally, the transitions N = U are cooperative, because stabilizing

interactions are dependent on each other and several bonds are broken
simultaneously. This cooperativity leads to a two-state nature of unfoldingffolding
transitions; the protein is either fully folded or fully unfolded. The temperature at the
midpoint of this transition from native to denatured protein is referred to as the thermal
denaturation temperature 7,. Different types and extents of denaturating agents may
cause different unfolded conformations (Lapanje, 1968; Tombs, 1985; Kristjansson and
Kinsella, 1991; Darby and Creighton, 1993).

Denaturation will result in an inactive enzyme molecule, but it will not lead to
inactivation, as denaturation is in principle a reversible process. However, full recovery
is not always found, because reactions occurring when the protein is unfolded may
prevent correct refolding. A general scheme for irreversible inactivation was proposed
by Lumry and Eyring {1954):
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K, K
N =y —| (1.1

where N is the native, U the partially unfolded and reversibly denatured and | the
irreversibly inactivated enzyme. K, defines the equilibrium constant between the N and
U states of the enzyme, and k; is the reaction rate constant of the irreversible
thermoinactivation processes. In this thesis, the inactivation occurring after
denaturation, in the temperature range 80 °C and higher, is referred to as thermal or
high temperature inactivation. In chapter 2 the thermodynamics and kinetics of enzyme
inactivation are discussed in more detail.

Reactions that cause irreversible inactivation above the denaturation
temperature can be subdivided into reactions where covalent bonds are involved and
the primary structure of enzyme molecule is affected, and reactions leading to
changes in higher orders of structure {(Ahern and Kiibanov, 1988; Volkin and
Middaugh, 1992). Examples of reactions affecting the primary structure include:

- Hydrolysis of peptide bonds at aspartic acid residués in the polypeptide chain. This
reaction takes place at high temperature and low pH.

- Reshuffling of disulfide bonds. Enzymes containing cystine may be inactivated by
exchange of disulfide bonds. Reshuffling may occur within or among enzyme
molecules. This reaction is relatively fast at higher temperature and pH.

- Destruction of amino acids. A typical example is deamidation of asparagine (Asn)
and glutamine (GIn}, resulting in the formation of aspartic acid (Asp) and glutamic acid
(Glu), respectively. At high pH, destruction of cystine residues via B-elimination
{formation of dehydroalanine) can cause irreversible thermal inactivation. Also
racemization of asparagine and aspartic acid may contribute to thermal inactivation
(Zhao et al., 1989).

- Maillard reactions. In milk Maillard reactions may occur between protein-bound
lysine and lactose forming protein-bound lactulosyllysine residues.

Examples of reactions affecting higher order structures are:

- Aggregation. Denaturation leads to exposure of hydrophobic amino acid residues,
that were buried in the interior of the molecule in the native state, to the aqueous
solvent. in order to minimize this unfavourable exposure the protein molecules will
associate intermolecularly, primarily via hydrophobic interactions. Also covalent cross-
linking may occur.

- Formation of incorrect conformations. The model of Lumry and Eyring (eq. 1.1)
suggests that refolding into the native conformation will ococur after removal of the
cause of unfolding. However, conformations other than the native may be formed, for
instance because peptide bonds are still in ¢is configuration (purely kinetic reasons),
resulting in inactive enzymes.
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Often a thermal inactivation behaviour deviating from the model of Lumry and
Eyring is found, and more complex models to describe this inactivation have been
proposed (Sadana, 1991). In chapter 6 the thermal inactivation of the extracellular
proleinase from Pseudomonas fluorescens 22F will be evaluated with the classical
inactivation model (eq. 1.1) and with adjusted inactivation schemes. Some proteolytic
enzymes will hydrolyze partially unfolded molecules of their own type, either
intramolecularly orintermolecularly (Barach et al., 1978; Kawamura et al., 1981; Adler-
Nissen, 1986; Owusu and Doble, 1994). This type of inactivation will occur near the
denaturation temperature of the proteinase, for the extracellular proteinase from
Pseudomonas fluorescens 22F in the temperature range 35 - 70 °C, and will be
referred to in this thesis as low temperature inactivation. This inactivation is absolutely
not related to cold denaturation of proteins, occurring at sub-zero temperatures
(Privalov, 1990). In chapter 5 the low temperature inactivation of the extraceliular
proteinase from Pseudomonas fluorescens 22F is discussed

1.4  OQOutline of this thesis

As described in this chapter, proteinases secreted by psychrotrophic bacteria
can be very heat stable and therefore can cause deterioration of milk and milk
products if insufficiently inactivated. In order to make an estimate of the residual
proteolytic activity after heat treatment a predictive model should be available. Besides
predicting residuat activity, kinetic modeiling can also be used as tool for elucidation
of the mechanism of enzyme inactivation. The aim of this study is to gain more
fundamental knowledge about the kinetics of the thermal inactivation of the
extracellular proteinase of a psychrotrophic bacterium.

As kinetics is the tool to study the inactivation quantitatively, some basics of
thermodynamics and kinetics of enzyme inactivation will be discussed in chapter 2.
Pseudomonas fluorescens 22F, a psychrotroph isolated from raw milk, was chosen
to produce the proteinase. In chapter 3 the production, purification and
characterization of its extracellular proteinase is discussed. For kinetic study of
enzyme inactivation a reliable method to measure the activity is essential. In chapter
4 two assays to determine the proteolytic activity are evaluated.

In chapter 5 the inactivation of the proteinase in the temperature range
35 - 70 °C, and the factors influencing this inactivation, are discussed. The inactivation
at temperatures above 80 °C is discussed in chapter 6. In chapter 7, an attempt to
elucidate the mechanism of thermal inactivation by means of urea is described.
Finally, in chapter 8 the consequences of the heat stability of the proteinases, and the
possibilities and limitations of kinetic modelling are evaluated.
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Chapter 2

Fundamentals of Enzyme Inactivation Kinetics

21 Introduction

Knowledge of enzyme inactivation kinetics is of great importance. It can provide
biochemists insights into the structure, function and composition of enzymes (Sadana,
1991). Also, it is essential for food technologists to estimate the residual activity of
quality-related enzymes, In this chapter some fundamentals of enzyme inactivation
kinetics are described. Whether a reaction takes place and in what direction is
determined by the thermodynamics of a system. Some thermodynamics of reactions
is described in the second section of this chapter. Kinetics is the study of the rate and
mechanism of reactions. In section 2.3 some basic concepts of reaction rates and their
dependence on temperature are explained. In section 2.4 these concepts are applied
to enzyme inactivation. Finally, in section 2.5 the use of kinelic models as predictive
tools is discussed.

2.2 Thermodynamics of chemical reactions

The driving force of chemical reactions is the difference in free energy of
reactants and products. Reactions will proceed in the direction that minimizes free
energy until thermodynamical equilibrium is reached. Also in enzyme inactivation
equilibria are involved, for instance:

Native = Unfolded (2.1}

Under constant pressure the equilibrium between the folded and unfolded state of an
enzyme is determined by their respective Gibbs energies:

[Unfolded]

K, = —— (2.2)
[Native]

AG Ly = AG® = G - G, = -RT lh K, (2.3)
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Figure 2.1: Schematic energy profile for the unfolding/refolding transition. AG ° = Gibbs energy
difference between the folded and unfolded state, AG* = the activation free energy.

in which K, is the equilibrium constant and AG® the difference in Gibbs energy
between the native and unfolded state (figure 2.1). The temperature where AG® = 0
(K, = 1), is defined as the denaturation temperature of the enzyme T,.

Because AG® = AH®* - TAS"®, equation 2.3 can be rewritten as:

AH® AS®
nK, = - + (2.4)
RT R

This equation is known as van 't Hoff 's equation. The enthalpy change AH® and the
entropy change AS® may be obtained from a van 't Hoff plot, assuming that AH° and
AS® are independent of temperature. For small temperature ranges, this is a fairly
good approximation.

Thermodynamics can not describe the rate of the reactions, it can only predict
the concentrations of products when equilibrium is reached. An energy barrier may
prevent a thermodynamically favourable reaction to proceed, or it may determine the
rate of the reaction (Hill, 1977; Chang, 1981; Laidler, 1987, Van Boekel and Walstra,

1995).
2.3 Some basic concepts of chemical kinetics

Chemical kinetics is the study of the rate of a reaction, its mechanism by which
one chemical species is converted inte another, and its dependence on concentration
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of reactants, temperature, and other possible factors influencing the rate, such as pH
and ionic strength.

The rate of reaction is defined as the change in moles of a component in time,
per unit of volume of reaction mixture. In principle, the rate of a reaction is directly
related to its stoichiometric equation. Suppese an elementary reaction:

aAh + bB — pP + qQ (2.5)
then the rate of the reaction v can be described as :
v = k [A]" [B) {2.6)

the reaction has an order o with respect to A, an order B with respect to B and an
overall reaction order o + 3. The reaction rate constant k is dependent on conditions
such as temperature, pressure, presence of catalysts, and so on.

The way a reaction proceeds may be different than the stoichiometric equation
of that reaction indicates, for example when intermediates exist that do not appear in
the final equation. That means that the order of a reaction has to be distinguished
from the molecularity of that reaction. The molecularity indicates the number reactants
participating in an elementary reaction, while the order indicates the empirical
dependence of reaction rate on concentration. Also if the complete stoichiametry of
a reaction is not known, the order can be determined from experimental data. The rate
at which a concentration c of a single reactant in batch systems changes with time can
be written as a differential equation:

dc
v = -— = kg" @7
dt

in which # is the order with respect to ¢. The order is an empirical quantity, and it may
be non-integer or zero.

The order of a reaction can be determined using the differential method. Initial
reaction rates are measured at various concentrations, and In v is plotted versus In ¢,
resulting in a straight line with slope /i and intercept In k. The order determined in this
way is the order with respect to concentration 1, or true order. When the reaction
rates are measured at various times during a single run, corresponding to a number
of values of reactant concentration, the order found is the order with respect to time
fi, .

A method to determine the arder f, is by integration. Equation {2.7) can be
integrated for concentration of a single reactant as function of time:
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¢ = ¢’ - (1-A) Kkt (Az1) (2.8)

¢ = c e’ A=1) {2.9)
in which ¢, is the initial concentration. Units of ¢ and k are M and M'- " s*,
respectively.

For simple reactions, the order may be zero, first or second. A reaction is zero-
order if the rate of the reaction is independent of reactant concentration, for example
for such an excess of a reactant so that its concentration is virtually constant during
reaction. Typical for a first-order reaction is that the halving-time {,, (time needed for
50 % of the reaction to proceed) does not depend on the initial concentration.
Examples of first-order reactions are radicactive decay or protein denaturation.
Pseudo-first-order reactions may occur when in bimolecular reactions one of the
reactants is present in large excess.

For second-order reactions two possibilities are of interest. The first possibility
is that the rate is proportional to the product of two unequal concentrations of two
reactants. The reaction is second-order for the overall reaction, but first-order with
respect to the individual reactants. The second possibility is that the rate is
proportional to the product of equal concentrations. Besides these fairly simple
reactions also more complex reaction schemes may occur, including reversible and
chain reactions (Hill, 1977; Chang, 1981, Laidler, 1987, Van Boekel and Walstra,
1995).

Reaction rate constants strongly depend on temperature for most reactions.
Most food scientists apply the empirical Arrhenius model for the effect of temperature
on reaction rates:

- AE
k = kyexp(——) (2.10)
RT

where k, is a constant, known as the pre-exponential factor or frequency factor, and
AE, is the activation energy. AE, is usually determined experimentally from a plot of
In kversus 1/ T.

A theoreticaily better justified approach to describe the relation between
reaction rate constants and temperature was developed by Eyring and others, and is
called the activated complex or transition state theory. In this theory kinetics are
interpreted in terms of thermodynamic properties. It is assumed that an activated
complex X * (or transition state) is formed from reactants, which is in thermodynamic
equilibrium with the reactants, and which subsequently decomposes to products:
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A + B = X* — products (2.11)

Since equilibrium is assumed for the first step, the concentration of X* is determined
by the equilibrium constant K*:

X1 = K*[A}[B) (2.12)
The rate v of the overall reaction is determined by the frequency of decomposition of
the complex and its equilibrium concentration [X *]. It can be shown that the

decomposition frequency v = k, T 7 h, where h is Planck's constant (6.62+10™* J s),
and k, is Boltzmann's constant (1.38+10% J K'), so that.

kK = K* (2.13)

The equilibrium constant can now be related to thermodynamic quantities:

AG* = -RT InK? (2.14)
where AG?* = G°,uied compiox = O resctenis - FUHETMOrE,
AG* = AH* - TAS?

so that the reaction rate constant becomes:

kT AS*? - AHF 215
ex -— ) ex — .
. p{ R ) exp ( RT) )

x>
1

(Hill, 1977; Chang, 1981; Laidler, 1987, Van Boekel and Walstra, 1995).

Food technologists often use other kinetic parameters than those discussed in
this section. The temperature dependence parameter Q,, is defined as the factor by
which the reaction rate is increased if the temperature is raised by 10 °C:

K. 10 E,
Qi = = ex
1 K, p( RT?

) (2.16)

Q,, itself is strongly temperature dependent. At about 100 °C, Q. is 2 - 3 for many
chemical reactions, and 6 - 175 for protein denaturation {(Walstra and Jenness, 1984),
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The z-value is the temperature rise {K} needed to increase the reaction rate by a
factor 10:

10 RT?
= = 2.303 — (2.17)
log Q¢ E,

Also the Z value strongly depends on temperature. The decimal reduction time D is
defined as time needed to reduce ¢ to 0.1 ¢,. For first-order reactians it is related to
k by

= — (2.18)

2.4 Kinetics of enzyme inactivation

In chapter 1 the general scheme for enzyme inactivation as proposed by Lumry
and Eyring was already mentioned:

ki
N =U — | (2.19)
K,

where N is the native, U is the partially unfolded and reversibly denatured and | the
irreversibly inactivated enzyme. k,, &, and k are the reaction rate constants for
denaturation, renaturation and subsequent irreversible thermoinactivation processes,
respectively. If we consider this simple inactivation scheme, the rate of inactivation is
given by:

v = k (U] (2.20)

Since measurement of residual activity involves [N] + [U] (U will renature upon
cooling), the observed rate of inactivation (k) is:

k(U] = ke, (IN]+[UD {2.21)

Because K, = [U] / [N] {eq. 2.2}, assuming rapid equilibrium, equation 2.21 can be
transformed into:
K K,

Kyy = — (2.22)
1+ K,
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Consequently, at high temperatures, where K, » 1, the observed rate constant of
inactivation k., equals k, , and does not depend on the reversible denaturation. At
temperatures near the thermal denaturation temperature 7,, where K, = 1, the
observed rate constant of inactivation is a combination of k, and K. In the latter case
the inactivation will depend on factors influencing the equilibrium constant K, such
as pH and ionic strength {Zale and Klibanov, 1983). Using eq. 2.22, different types of
thermostable enzymes must be distinguished. Some enzymes unfold at relatively high
temperature, but the rate of thermal inactivation may be high, for instance many
enzymes from thermophilic microorganisms. Other enzymes unfold at relatively low
temperatures, but their resistance against thermal inactivation at high temperatures
(where K, » t and k. = k) is much higher. Proteinases and lipases from many
psychrotrophic bacteria are typical examples of this type of heat stable enzymes.

The model for inactivation of enzymes, according to eq. 2.19, may be applied
in many cases. However, often more complex inactivation kinetics are found, because
inactivation may occur by consecutive or paralle! processes or by some other
mechanism. Many alternative mechanisms are described by Sadana (1991). Some of
these alternative mechanisms may result in apparent first-order inactivation kinetics
{Sadana, 1991; Lencki et al., 1992). In this thesis the inactivation kinetics of the
proteinase from Pseudomonas fluorescens 22F is described. The autodigestion
reaction, mentioned in section 1.1, responsible for inactivation at relatively low
temperatures (35 - 70 °C), is a complicated bimolecular process, showing non-first-
order Kkinetics. The kinetics of low temperature inactivation of the proteinase is
described in chapter 5. Also at high temperatures (80 - 120 °C), the proteinase shows
an inactivation behaviour deviating from eq. 2.19. This is described in chapter 6 of this
thesis.

2.5 Modelling enzyme inactivation during heat processing of foods

Study of kinetics of enzyme inactivation can provide insight into the mechanism
of inactivation. This would involve precise determination of molecular processes
involved in the inactivation. The determination of the reaction mechanism is a process
of inductive and deductive thinking, although general guidelines can be given for
finding the mechanism (Hill, 1977). Additional methods and techniques may be
necessary to check the validity of the proposed mechanism.

Often it is not possible to find a complete scheme of elementary equations
describing all molecular processes. For those interested in the estimation of residual
activity of enzymes, for instance subsequent to heat treatment, knowledge of the
reaction mechanism may be useful, but it is not essential. For analysis and
interpretation of kinetic data mathematical models can be used. Theése simplified
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schemes may help to model the enzyme inactivation. These mathematical models are
no longer mirrars of the actual mechanism, but they describe the inactivation as a
black-box. Still, speculations can be made about what is happening in this black-box.
Food technologists often use simple first-order modeis to describe transformation and
inactivation processes. In order to justify the use of these simple models instead of
more complex ones, statistical methods must be used {van Boekel, 1986).

Foods are complex systems with many ingredients, and many reactions that
complicate enzyme inactivation may take place. Impurities may inhibit the enzyme or
act as catalysts for inactivation, and substrate may stabilize the enzyme. Using purified
enzymes may lead to a more precise determination of kinetic parameters, but
translation of the results to food systems is often not possible. Other factors
complicating accurate prediction of heat inactivation of enzymes in foods are the finite
rate of heat transfer and variation in temperature. During heating and cooling of the
reaction mixture, some inactivation will take place,

Despite the limitations, mathematical modelling of enzyme inactivation can be
very useful. Even without knowing the molecular processes underlying the inactivation,
kinetic models can be used for product improvement, new product development, and
shelf-life testing.
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Chapter 3

Production, purification and partial characterization
of the extracellular proteinase
from Pseudomonas fluorescens 22F

Abstract

Pseudomonas fluorescens 22F was inoculated into tryptone-lactose medium,
and incubated at 20 °C for 8 days. Proteinases were produced during the exponential
and stationary phase. Cells were removed by centrifugation, and from the supernatant
an extracellular proteinase from the bacteria was purified to electrophoretic
homogeneity by ammonium sulfate precipitation, hydrophobic interaction
chromatography, ultrafiitration and gel filtration. The increase in specific activity was
57-fold, the yield was 40%. The purified enzyme had an apparent molar mass of
52 kDa as determined by SDS-PAGE, 47 kDa as determined by gel filtration. The
proteinase was characterized as an alkaline metalloproteinase with an optimum pH for
activity on sodium caseinate of 9.5-10. The optimum temperature of the enzyme was
50 °C, activity decreased rapidly with increasing temperatures. With sodium caseinate
concenfrations up to 1%, Michaelis-Menten-type reaction kinetics was observed,
whereas at higher concentrations substrate inhibition occurred. V,_, and K, were
estimated at 1560 TNBS units/ml and 0.24 % sodium caseinate, respectively.

17
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3.1 Introduction

The heat stability of extracellular proteinases from psychrotrophic bacteria has
beean studied by several authors. Various bacteria were used for the production of the
proteinases, and although most of these bacteria were Pseudomonas fluorescens
strains, the proteinases investigated were all slightly different from each other
(Fairbairn and Law, 1986a; Fox et al, 1989), making it difficult to compare heat
inactivation results (Kroll, 1989).

In our study on the heat stability of proteinases from psychrotrophs we used the
proteinase produced by Pseudomonas Ruorescens 22F. The proteinase of this
bacterium had been found to be very heat stable (Driessen, 1983). In this chapter
production, purification and partial characterization of the extracellular proteinase from
Pseudomonas fluorescens 22F are described.

3.2 Materials and methods

Culture

Pseudomonas fluorescens strain 22F, originally isclated from raw milk (Driessen
and Stadhouders, 1974), was obtained from the Netherlands Institute for Dairy
Research (NIZO). Pseudomonas fluorescens 22F was incculated inta conical flasks
containing sterile growth medium, consisting of 2.0 % tryptone, 1.0 % lactose, 0.2 %
(NH, ),80,, 0.1 % KH,PO,, 0.05 % MgS0,, 0.02 % yeast extract, 0.01 % NaCl,
0.01 % CaCl,, and 0.01 % ZnSQ, in demineralized water, and incubated for 8 days
at 20 °C. Bacterial growth was followed by measuring the optical density at 580 nm.
Cells were removed by centrifugation {27,000 g for 30 min at 4 °C), resulting in a clear
supernatant containing the proteinase.

Enzyme purification

All experiments were performed on ice water or at 4 °C. Ammonium sulfate was
added to the supernatant up to 40 % saturation and this solution was centrifuged
(27,000 g for 10 min at 4 °C). To the supernatant ammonium sulfate was added to
80 % saturation. After centrifugation (27,000 g for 10 min at 4 °C) the pellet was
dissolved in a small volume of 0.02 M TrisHCI, pH 7.0, containing 2 mM CaCl,, 2 mM
ZnS0,, and ammonium sulfate up to 20 % saturation. The material not dissolving was
remaved by centrifugation.

The clear supernatant was applied to a 29 x 1.6 cm Phenyl Sepharose 6 FF
column (Pharmacia), which is a hydrophobic interaction chromatography column. The
column was washed thoroughly with 0.02 M TrisHCI, pH 7.0, containing 2 mM CaCl,,
2 mM ZnS0O, , and ammonium sulfate up to 20 % saturation. The proteinase was
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eluted with the same buffer containing ammonium sulfate up to 10 % saturation. The
linear flow rate was 100 cm/h. Fractions with proteclytic activity were pooled and
concentrated by ultrafiltration in stired cells with a cut-off of 3 kDa (Filtron). The
concentrate was purified further by gel filtration using a 92 x 2.6 cm Sephadex G75
(superfine, Pharmacia) column, equilibrated with 0.02 M TrisHCI, pH 7.0, containing
2 mM CaCl,, 2 mM Zn30,, and eluted with the same buffer. The linear flow rate was
4.9 cm/h.

To check whether only one or more extraceliular proteinases were produced by
Pseudomonas fluocrescens 22F, the unpurified supernatant was applied to the
Sephadex G75 column, and fractions were examined for proteolytic activity,

Enzyme assays

Proteolytic activity was determined using the TNBS and azocasein methods, as
described in chapter 4 of this thesis. The TNBS methad, being quantitatively more
accurate than the azocasein method, was used for determination of the yield. The
azocasein method was applied to identify proteolytic activity in the fractions obtained
by liquid chromatography.

Protein content

Fractions eluting from the chromatography columns during purification were
tested for protein content by ultraviolet absorption at 280 nm (Stevens, 1992).
Determination of the protein content of the pooled fractions after dialysis (4 °C,
Spectrapor membrane, Spectrum Medical Industries, 6 - 8 kDa) was done with the
Bichinchoninic Acid method (Smith et al,, 1985) using bovine serum albumin as a
standard.

Molar mass

Relative molar mass of the enzyme was estimated by sodium dodecy| sulfate-
polyacrylamide gel electrophoresis (SDS PAGE) according to the method of Laemmli
and Favre (1973), performed on a Pharmacia Phastsystem apparatus on precast
gradient gels (Pharmacia Phastgel gradient 8-25). Visualization of the bands was
accomplished by Coomassie staining. Proteins used for calibration were
phospharylase b (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa),
carbonic anhydrase (30 kDa), soybean trypsin inhibitor (21.1 kDa), and bovine
a-lactalbumin (14.4 kDa).

Relative molar mass was also estimated by gel filtration chromatography on a
220 x 13 mm Superdex 75 HR 10/30 column (Pharmacia), calibrated with bovine
serum atbumin (67 kDa), ovalbumin (43 kDa), bovine p-lactcglobulin (36 kDa) and
bovine a-lactalbumin (14.4 kDa) as standards. The column was equilibrated with
0.06 M phosphate buffer, pH 7.0 at a flow rate of 1.2 ml/min, 2D °C.
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Isoelectric point (pl)

Isoelectric focusing was performed on a Phastsystem apparatus (Pharmacia)
on PhastGel IEF 3-9 gel using trypsinogen (p/ 9.3), basic lentil lectin {p/ 8.65), neutral
lentil lectin (p/ 8.45), acidic lentit lectin (p/ 8.15), basic horse myoglobin (p/ 7.35),
acidic horse myoglobin (p/6.85), human carbonic anhydrase (p/6.55), bovine carbonic
anhydrase (p/ 5.85), bovine f-lactoglobulin A (p/ 5.20), soybean trypsin inhibitor
{p/ 4.55) and amyloglucosidase (p/ 3.50) as standard proteins. Visualization was done
by silver staining. Prior to the electrophoresis run o-phenanthroline, a specific Zn®'
chelator, was added to the enzyme solution in order to prevent autoproteolysis.

Temperature optimum

The optimum temperature was determined by measuring the increase of free
aming groups during 10 and 90 min, using the TNBS method. The concentration of
the purified enzyme used in the 10 minutes experiment was 12 pg/ml, in the S0
minutes experiment 2.8 ug/ml. Experiments were performed in triplicate.

pH optimum

The optimum pH was determined by measuring the increase of free amino
groups with the TNBS method, after incubation of 1.5 pg/ml proteinase in 1.1 %
sodium caseinate in 0.1 M Universal buffer with various pH values (James and Leord,
1992).

pH stability

Purified enzyme was brought into 25 mM Universal buffer with various pH
values (James and Lord, 1992) to a final concentration of 1.5 pg/mi and kept at 25 °C
for 1 h or at 4 °C for 24 h. After incubation 0.5 ml of the enzyme solution was
transferred to a sodium caseinate solution in 0.1 M TrisHCI, pH 7.15 at a final
concentration of 1.0 % and the residual activity was measured using the TNBS
method. The actual pH during the incubation with sodium caseinate varied from 6.9
to 7.3.

Effect of inhibitors

Equal volumes (0.25 mi) of proteinase (3 pg/ml) and inhibitor in 0.2 M TrisHCI,
pH 7.0, were mixed and incubated for 30 minutes at 30 °C. The remaining activity was
assayed with the TNBS method, with the modification that the TrisHCI solution did not
contain calcium chloride. The activity was expressed as a percentage of the control,
to which only buffer was added. Proteinase inhibitors used were EDTA (Janssen
Chimica), ethylene glycol-bis-(B-aminoethyl ether)N,N,N' N'-tetraacetic acid (EGTA,
Sigma), o-phenanthroline (oPA, Sigma), p-hydroxymercuribenzoic acid (PCMB,
Sigma), phenylmethylsulfonylfluoride (PMSF, Sigma), bestatin (Sigma), soybean-
trypsin-inhibitor{Serva),trans-epoxysuccinyl-L-leucylamido{4-guanidino)-butane({E64,
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Determination of V., and K

Volumes of 0.5 ml of a 3.3 pg/ml enzyme solution were incubated with sodium
caseinate solution in 0.2 M TrisHCI, pH 7.0 at a final concentration of 0.5 - 50 mg/ml.
Exceptfor the caseinate concentration the proteolytic activity was measured according
to the standard procedure.

33 Results and discussion

Growth of the culture and production of proteinase

Biomass production and production of proteinases were followed in time.
Results are shown in figure 3.1. Proteinases were produced during the exponential
and early stationary phase, paralleling growth. This was also seen for a few other
strains of Pseudomonas fluorescens (Adams et al., 1975; Gebre-Egziabher et al,,
1980; Birkeland et al., 1985, Rowe et al., 1990; Hellio et al., 1993), although the
majority of strains have a maximal production during late exponential and early
stationary phase (McKellar, 1982; Stead, 1987; Kohimann et al., 1991a}. Driessen
(1983) investigated growth and proteinase production of Pseudomonas fluorescens
22F in fresh skimmed milk at 7 °C and found maximal production towards the end of
the exponential growth phase. Differences are possibly due to different growth media
or temperature. Although further investigation of the relation between growth and
enzyme production is beyond the scope of this thesis, it is important to realize that it
determines whether or not proteinases are secreted in the milk under normal storage
conditions.
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Figure 3.1: Biomass production ( © ) and proteinase production ( I ) by Pseudomonas

fiuorescens 22F.
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Figure 3.2: Protein content { O0) and proteolytic activity ( &) on azocasein of samples eluting from
a Phenyl Sepharose 6 FF column.
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Figure 3.3 Protein content ( 5 ) and proteolytic activity { ¢ } on azocasein of sampies eluting from
a Sephadex 75 column.
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Only one peak with proteolytic activity was detected when the unpurified
supernatant was separated on the Superdex G75 gel filtration column, suggesting that
prabably one single proteinase is produced by Pseudomonas fluorescens 22F. This
was found for most strains of Pseudomonas fluorescens, although some strains were
found to produce more than one proteinase (Fairbairn and Law, 1986b; McKellar,
1989).

Purification

The results of a typical purification procedure of the proteinase from
Pseudomonas fluorescens 22F are summarized in table 3.1. Determination of
proteolytic activity and protein content of pooled fractions after each purification step
were performed after dialysis (6 - 8 kDa) against 0.02 M TrisHCI containing 2 mM
CacCl,, pH 7.0.

Ammonium sulfate precipitation led to a thirteenfold increase in specific activity,
removing, amongst other materials, the greatest part of peptides and amino acids from
the culture broth. Another threefold purification was achieved with hydrophobic
interaction chromatography (figure 3.2). In this purification step also most of the green
pigment was removed from the enzyme selution. Gel filtration (figure 3.3) led to purity
of the proteinase, as SDS-PAGE of the pooled fractions 34 to 40 showed a single
band. The complete purification procedure resulted in 57-fold purification and 40 %
recovery.

Table 3.1: Purification of proteinase from Pseudomonas fluorescens 22F. AS = ammonium sulfate,
HIC = hydraphobic interaction chromatography.

step protein activity spegcific purification yield
conc. TNBS- activity factor %
Mg / mi units / ml TNBS-
units / pg
supernatant 520 434 0.83 1 100
AS precipitation 1506 16216 10.7 13 96
HIC 203 5685 28.0 34 73
Ultrafiltration 1232 48425 393 47 66

Gel filtration 180 9072 47.7 57 40
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Molar mass

The denatured proteinase in disintegrating buffer, as estimated by gel
electrophoresis, had a molar mass of 52 kDa. Estimation with gel filtration gave a
lower value of 45 kDa, suggesting that the enzyme occurs as a monomer. A lower
estimate from gel filtration was also found for other enzymes (Richardson, 1981; Baral
et al., 1895). The molar mass is in accordance with other proteinases from
Pseudomonas fluorescens reported (Fairbairn and Law, 1986a; Fox et al., 1989).

Isoelectric focusing

The IEF gel with the proteinase showed a single band, focused at pH 7.4.
isoelectric pH values of ather proteinases from Pseudomonas fluorescens strains vary
widely from 5.1 to 8.8 {Fox et al., 1989).

Optimum temperature

The optimum temperature of an enzyme is dependent on the length of the
experiment, because denaturation and inactivation may occur during the experiment.
Also other factors, such as pH and jonic strength, may influence the optimum
temperature. The optimum temperature under standard conditions, found in the
experiment lasting 90 minutes was around 47 °C, in the 10 minutes experiment 50 °C
(figure 3.4). This is somewhat higher than optimum temperatures of most other
pseudomonal proteinases, which were between 30 and 45 °C (Fairbairn and Law,
1986a; Fox et al., 1989), although Richardson (1981) also found a temperature
optimum between 45 and 50 °C.

06 1

amount of conversion
(arbitrary scale)
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temperature (°C)

Figure 3.4: Effect of incubation temperature on activity of proteinase from Pseudomonas
flucrescens 22F. { = experiment of 90 min; 0 = experiment of 10 min.
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relative activity
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Figure 3.5: Effect of pH on proteolytic activity, using 1.2 % sodium caseinate in 20 mM TrisHCI
( O) or in 25 mM Universal buffer ( ¢ ) as a substrate.

relative activity

Figure 3.6: Effect of pH on the stability of proteinase from Pseudomonas fluorescens 22F, using
25 mM Universal buffer. Incubation 1 hat25°C (O)and 24 hat 4 °C ( Q).
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pH optimum and stability

The isolated proteinase from Pseudomonas fluorescens 22F had a broad pH
range of activity towards caseinate as substrate (figure 3.5). The optimum was near
pH 8.5-10, which means that it was an alkaline proteinase. At the pH of bovine milk
(6.6) the proteinase had an activity in this buffer of 80 % of its maximum. The
proteinase was stable between pH 5 and 10 at 4 and 25 °C (figure 3.6).

Inhibitors of the proleinase

The effects of various inhibitors on the activity of the proteinase are
summarized in table 3.2. EDTA, a chelator of divalent cations, was a strong inhibitor,
indicating that the proteinase was a metalloproteinase, like most proteinases from
Pseudomonas fluorescens (Fairbairn and Law, 1986a; Fox et al., 1989). EGTA, which
especially chelates Ca®, had only little effect on the activity, whereas o-phenanthroline
(oPA), a Zn*-chelator, could inactivate the proteinase. Inactivation curves of EDTA
and oPA are shown in figure 3.7. Because oPA has a much higher association
constant for zinc (2.5+10° M) than for calcium (3.2 M), inhibition by oPA is a
diagnostic for a Zn*-metalloproteinase (Salvesen and Nagase, 1990). Calcium is
assumed to stabilize the structure of proteinases from psychrotrophs, zinc is assumed
to he essential in the active site. Phosphoramidon, which is a strong inhibitor of some
metalloproteinases like thermolysin, did not strongly inhibit the proteinase.

inhibitors for serine proteinases (PMSF), cysteine proteinases {(PCMB, E,, },
aspartic proteinases {Pepstatin A}, and aminopeptidases (Bestatin) had no significant
influence on the activity of the isolated proteinase, and neither had soybean trypsin
inhibitor. Sulfhydryl blocking agents such as cysteine and fi-mercaptoethanol caused
inhibition, which may indicate that cysteine residues are essential for the tertiary
structure, although B-mercaptoethanol is also used for inhibition of metalloenzymes
(Whithaker, 1994). Inhibition by cysteine and B-mercaptoethanol was also found for
a few other proteinases from Pseudomonas fluorescens (Alichanidis and Andrews,
1977; Fairbairn and Law, 1986b; Kohimann et al., 1991b), although for several
proteinases from Pseudomonas fluorescens strains it was found that they did not
contain any cysteine (Mayerhofer et al., 1973; Barach and Adams, 1877, Richardson,
1981; Diermayr and Klostermeyer, 1984; Mitchell et al., 1988).

Kinetics of sodium caseinate degradation

The Michaelis-Menten constants were estimated with nonlinear regression. V,__,
was found to be 1560 TNBS unitsiml, and K, = 2.44 mg / ml (0.11 mM]}; in figure 3.8
a Lineweaver-Burke plot is given. At caseinate concentrations of 10 mg/mi and higher
substrate inhibition was observed. Other proteinases from Pseudomonas flucrescens
strains have similar K values on caseinate (Alichanidis and Andrews, 1977; Stepaniak
et al., 1982; Patel et al., 1983).
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Table 3.2; Influence of various inhibitors on the aclivity of proteinase from Pseudomonas
fluorescens 22F. Enzyme concentration 3 pg/ml.

Inhibitor concentration activity
nohe - 1
EDTA 0.1 mM 1.03
EDTA 1.0 mM 0.03
EDTA 10 mM 0.01
EGTA 0.1 mM 1.03
EGTA 1.0 mM 1.04
EGTA 10 mM 0.97
oPA 0.1 mM 1.00
oPA 1.0 mM 0.50
oPA 10 mM 0.01
phosphoramidon 2mM 0.80
PCMB 1.0 mM 0.91
PCMB 10 mM™ 0.87
p-mercaptoethanol 5 mM Q.79
E., 3mM 1.01
cysteine 10 mM 0.23
bestatin ImM 0.99
pepstatin A 1mM 0.93
trypsin inhibitor 0.2 % 1.11
PSMF (+isopropanol) 10 mM 0.97
1

N 0.8 -

s

T o8]

2

% 0.4 -
0.2 -

D i
1 2 3 4 5 6 7

- log [chelator]

Figure 3.7: influence of o-phenanthroline ( O) and EDTA ( ¢ ) on the activity of proteinase from
Pseudomaonas fluorescens 22F.



28 Chapter 3

- 0.003 +
E .
E r
5 002 -
@ 0. r
m
Zz
e ,
> oo 5
- ’ o=}
v
0 ‘ f ‘ : ——
-1 0 1 2
1/[S] {mg caseinate/ml) "’
Figure 3.8: Lineweaver-Burk plot for the proteolytic activity of proteinase from Pseudomonas

fluorescens 22F on sodium caseinate in 0.2 M TrisHCI, pH 7.0.

Substrate specificity

In order to complete the characterization of the proteinase from Pseudomonas
fluorescens 22F, we like to mention results on substrate specificity, as found earlier
by Driessen (1983). When milk is incubated with the proteinase at 37 °C, x-casein and
[-casein were notably digested to form para-x-casein and y- casein, respectively.
Para-k-casein and y- casein were digested further to form peptides and amino acids.
as~Casein and whey proteins were not hydrolyzed.

Summarizing the results, it can be concluded that the extracellular proteinase
from Pseudomonas fluorescens 22F is quite similar to other Pseudomonas fluorescens
proteinases for all characteristics studied.
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