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ABSTRACT

Due to its inherent stability, ease of handling and availability, horseradish peroxidase
(HRP) will continue to be used more extensively in analytical and industrial situations.
It is often used as a model for other peroxidases.

Developments in the fields of protein stabilisation and biosensor construction
are discussed in Chapter one; also, various enzymatic methods for treating phenolic
effluents are reviewed. The effects of chemical modifiers on native HRP were
investigated (Chapter two). Homobifunctional crosslinkers specific for lysine residues
were employed. No loss of enzyme activity occured on reaction with such N-
hydroxysuccinimide (NHS) compounds. Derivative forms of HRP displayed greater
thermostability and a greater tolerance of water-miscible organic solvents. Enhanced
resistance towards dénaturants was noted. Structural changes in the vicinity of the
heme of HRP derivatives were studied by UV/Visible spectrophotometry and
fluorimetry. The extent of modification on HRP’s six lysines has been determined.

The NHS derivatives of HRP have also been employed in the removal of
phenols from aqueous solution (Chapter three). HRP catalyses the oxidation of toxic
aromatic compounds in the presence of hydrogen peroxide. Reaction products
polymerise to form high molecular weight materials which can be easily separated from
aqueous solution. Modified peroxidases displayed greater removal efficiencies of
phenols compared to the native enzyme over a wide range of reaction conditions,
including high temperatures. For some pollutants, the efficiency of removal is high.

Native HRP has also been used in the development of a biosensor for the
selective determination of uric acid (Chapter four). The sensor was found to function
efficiently without the necessity for an electron transfer mediator. The mechanism of
the sensor’s response was thought to be due to direct electron transfer from the
electrode to HRP. A monomer, o-aminophenol, which was electrodeposited at the
working surface of the electrode, was found to protect the biocomponents from
interferences and fouling. The sensor was incorporated into a flow injection system for
the quantification of uric acid in human serum. Recoveries compared favourably with a

standard spectrophotometric method.

X1l



CHAPTER 1

INTRODUCTION



11 FOREWORD

This first section of this chapter deals with the characteristics and properties of
peroxidase enzymes, and especially those of horseradish peroxidase (HRP). The role of
peroxidase in physiologically important reactions is discussed, along with its moderate
stability in a range of adverse conditions. Although HRP exhibits characteristics similar
to that of an ideal enzyme, its catalytic ability could be considerably stabilised by
immobilisation techniques and/or specific chemical modification. Use of additives has
also been reported to stabilise HRP. The aforementioned strategies have also enhanced
HRP’s catalytic ability in adverse environmental conditions.

The second part details the various methods for treating phenolic wastes
(enzymatic, microbial, incineration, activated carbon, chemical oxidation, etc.) Aspects
of soluble and immobilised peroxidases systems are discussed. Strategies towards
enhancing the (soluble) peroxidase process are listed. Reactor design has been shown
to be crucial in achieving greater efficiency in the system, also, a good understanding
of HRP’s catalytic mechanism is essential if the removal of phenolic waste from water
is to be improved.

The final section of this chapter deals with the development of biosensors and
particularly the role of HRP in the entire field. The progress in uric acid sensor
research is also reviewed. The applications of various working electrode designs are
discussed, as well as procedures for immobilising the biocomponent in the electrode
configuration. Most attention is placed on the process of electropolymerisation. The

future prospects of such devices are discussed.



1.2 BIOCHEMISTRY AND STABILISATION OF HRP

1.2.1 Introduction
Peroxidases constitute a class of enzymes which are extensively distributed throughout
the plant and animal kingdom. Their widespread presence would suggest that they are
an essential component of practically all living systems. Peroxidases play an active role
in metabolism, i.e. participation in coupled oxidations and in the protection of the cell
against peroxide poisoning. They are also known to play an integral role in cell wall
biosynthesis. In plant cells they are located mainly in the cell wall, vacuoles, transport
organelles and on membrane-bound ribosomes [1], Peroxidases occur naturally in
human saliva, the adrenal medulla and in the liver, kidney and leucocytes. Products
from human salivary peroxidase participate in the regulation of oral bacterial growth
and metabolism [2], Peroxidase from a previously unreported source was reported by
Shindler el at. [3], The enzyme was found in all specimen human cervical mucus
samples collected from different patients. Electrophoretic techniques have shown a
type of peroxidase to be a major component of the soluble protein of cervical mucus.
The kinetic mechanism proposed for the cervical mucus peroxidase, utilising 2,2'-
azinobis(3-ethylbenzothiazo!ine-6-sulphonic acid) as a substrate, is identical to a
previous mechanism proposed for horseradish peroxidase

Of all the peroxidases, most research has been devoted to horseradish
peroxidase (HRP), which was discovered in 1903 by Bach Horseradish roots are one
of the richest sources of peroxidase enzyme. HRP was the fourth haemoprotein to be

crystallised.

1.2.2 Structure of HRP molecule

Horseradish  peroxidase is an oxidoreductase (donor: hydrogen peroxide
oxidoreductase; E.C. 1.11.1.7; HRP). Similar to all peroxidases, it functions in the
transfer of hydrogen to hydrogen peroxide from hydrogen donors (DH) [4], As many

as 40 isoenzymes have been detected Evidence suggests that some apparent



isoenzymes may be HRP molecules with variations in carbohydrate composition Three
important isoenzymes exist: isoenzyme A (acidic), isoenzyme C (neutral or slightly
basic) and a strongly basic HRP. The latter has been called cyanoperoxidase due to its
isolation from plants as a ferric-cyanogenic complex [5], Native HRP consists of a
polypeptide chain containing 308 amino acid residues [6], The amino terminus is
blocked by a pyrrolidene carboxyl residue. C-terminal peptides have been isolated with
and without a terminal serine. HRP contains a single iron(lll) protoporphyrin IX
prosthetic group in which the iron centre is coordinated to a histidine residue in the
fifth position. This protoporphyrin 11X group is held in place by electrostatic
interactions between the propionic acid side chain of the heme and a lysine molecule in
the apoprotein. HRP isoenzyme C consists of two compact domains, between which
the heme group is positioned [6], The iron group has six coordination positions; four
of which are occupied by porphyrin nitrogen atoms and the fifth by a protein group
(histidine) [7], The sixth position can be occupied by various compounds: peroxidases
appear to operate by exchange of substrate in this position [4], The components of the

peroxidase molecule have been described [6], (Figure 1.1).

PEROXIDASE MOLECULE

1
Protohaematin IX (active site) Glycoprotein

|
Iron Protoporphyrin IX Colourless apoprotein

Figure 1.1:  Various components of peroxidase molecule



The covalent structure of HR.P consists of two domains, one of which incorporates the
heme group Eight neutral carbohydrate side chains are attached through asparagine
residues at positions 13, 57, 158, 186, 198, 214, 250 and 268 [6] The carbohydrate
residues are mainly located in the C-terminal half of the polypeptide. There are four
disulphide bridges located between the cysteine residues 11-91, 44-49, 97-301 and
177-209. No free amino groups exist and only two titratable histidines occur. The
carbohydrate portion (which accounts for approximately 18% of HRP [8]) appears to
shield the six lysines on the protein backbone. The enzyme contains a single tryptophan
residue that emits fluorescence, but it is not located in the active site [9]

HRP is a metalloprotein, where calcium appears to play a major role in
maintaining the structural stability of the enzyme [7], The protein contains 2 moles
calcium per mole of enzyme Treatment of HRP with 6 M guanidine hydrochloride-10
mM EDTA for approximately 4 hours can remove the bound calcium, which results in
a significant decrease in thermal stability. Addition of calcium appears to restore
stability. Due to the glycoprotein nature of HRP, it is released from plant cells in a
calcium-controlled process [10] which appears to have a role in the elongation of
plants through the rigidification of cell walls. The total molecular weight of the enzyme
is approximately 44kDa, taking into account the carbohydrate, but not counter ions or

bound water. HRP has a working pH range of4.0 - 8.0 [9],

1.2.3 General peroxidase isoenzymes

Peroxidase isoenzymes are widely distributed throughout the plant and animal
kingdom. In callus, vegetative and floral buds of Nicoticina labacum (tobacco plant),
47 isoenzymes have been isolated, with over half of these performing a defined
functional role [11], In plant cells, peroxidases are mainly located in areas such as the
cell wall and transport organelles [1], The various locations of such isoenzymes is
usually based on their electrophoretic mobility. The large prevalence of peroxidase in
the cell wall has been ascribed to anionic isoenzymes. These are regarded as important

in the normal functioning of the cell wall due to their high affinity for lignin precursors.



As a result of this, anionic isoenzymes have been detected predominantly in the stems
of highly lignified tobacco plants, but appear to be absent from the callus [12],
Moderately anionic isoenzymes are also found at high levels in similar areas as anionic
isoenzymes, but are found in high levels in the callus. Such isoenzymes appear to
increase in concentration upon tissue damage in plants. In tobacco cells, cationic
isoenzymes are mainly located in vacuoles. Unlike their anionic counterparts, they
possess a low affinity towards lignin precursors. They are predominantly located in the
root and callus tissue and function in the formation of hydrogen peroxide which may
be utilised by other isoenzymes. This classification of isoperoxidases does not hold in
other plant systems. For example, in other plants, the majority of peroxidase activity is
attributed to cationic isoenzymes.

Shannon et al. succeeded in isolating seven peroxidase isoenzymes from
horseradish root by purification techniques such as ammoniun sulphate precipitation
and column chromatography on carboxymethyl (CM-)cellulose and DEAE-cellulose
[13], Activity in the seven isolated isoenzymes accounted for approximately 86% of
the original activity. Due to the glycoprotein nature of HRP, carbohydrate is present in
each of the isoenzymes, although it was shown that peroxidase activity occurs in the
absence of carbohydrate. The isoenzymes isolated by Shannon et al. appear to fall into
two individual groups. One group possesses a high content of arginine, a basic amino
acid. The second group contains neutral and acidic residues. Spectrophotometric
analysis of the isolated isoenzymes displayed two distinctive absorption spectrum

patterns.

1.2.4 Functions and Catalysis of peroxidases

Peroxidases have long been associated with a wide range of physiological events, such
as active roles in metabolism and in lignin synthesis. The enzymes have also been
suggested as having a role in chlorophyll degradation. Peroxidase activity also appears
to be involved in indole-3-acetic acid (IAA) catabolism and ethylene biosynthesis [9],

both of which are plant hormones. Its presence in IAA catabolism suggests a possible



role for peroxidases in the regulation of plant growth, whilst ethylene is involved in the
regulation of aspects in plant growth and development, such as fruit ripening [9].
Peroxidases catalyse the oxidation of a range of substrates. The process is
characterised by the formation of Compounds | and Il (Figure 1.2), which are active
intermediates. The initial step of the reaction involves the two electron oxidation of the
heme group of the enzyme by hydrogen peroxide [14], This interaction, between the
resting enzyme ferriperoxidase (Fep3) and H202, results in the formation of an unstable
intermediate, known as Compound I|. This intermediate interacts with an electron
donor with the loss of one oxidising equivalent to form Compound Il. In the absence
of an electron donor, or at low concentrations of hydrogen peroxide, Compound | (the
product of the oxidation reaction) decomposes slowly [2] Suitable electron donors
employed in the formation of Compound Il would include most chromophores used in
peroxidase activity assays A reductive step returns Compound Il to the resting state.
This entire cycle is common to most peroxidase reactions. An excess of hydrogen
peroxide results in total enzyme inactivation. However, in the absence of H202,
oxidase reactions have been found to be catalysed by peroxidases 0 2is reduced to a
superoxide radical (02”) in a reaction where Compounds | and Il do not participate.
Two forms of peroxidase (ferroperoxidase and Compound Il1) are involved A reaction
between hydrogen peroxide and Compound Il results in the formation of Compound
11 [15], thus substrate inhibition is usually the reason for the appearance of Compound
11l (red in colour). It is generally accepted that Compound Il is relatively inert, due

partially to the fact that it is not an essential part of the peroxidase cycle [16].



Oxidised donor <> Peroxidase
niT H202 + other substrates
t Compound |

1e* transferal -l H donor — oxidised donor

Hydrogen donor Compound Il

o| excess ofsubstrate

Compound 11l (inactive)

Figure 1.2: Scheme of peroxidase catalysis

1.2.5 Stability of HRP

Native HRP exhibits characteristics similar to that of an ideal enzyme. Its catalytic
activity is maintained for long periods of time at room temperature. Activity may also
be maintained in buffers of varying ionic strength and in a pH range of 4 - 11 [9] for
short intervals of time, even though its optimum pH is between 6-8.

It has been demonstrated that peroxidase can function when suspended in
water miscible organic solvents, even with minimal water bound to the protein surface
[17], Whilst enzymes can function in anhydrous organic solvents such as hexane or
toluene [18], water miscible solvents often lead to protein inactivation. An enzyme's
catalytic activity is affected only by its bound water and not by the free water in the
particular solvent. The presence of this bound water ensures enzymatic activity in
organic media [19], Water is involved in all non-covalent interactions that help to
maintain protein conformation. It has been suggested that enzymes such as HRP
require approximately 1CP molecules of water per enzyme molecule. This layer of
water is thought to act as lubricant or plasticiser, with the ability to form hydrogen

bonds with various functional groups.



Different considerations apply to water-miscible organic solvents; however, Gorman
and Dordick described the desorption of tritiated water bound to HRP in a range of
organic solvents such as methanol or hexane [19], Desorption of tritiated water was
almost immediate, with most of the desorbable T2 O released in the first five minutes.
This phenomenon, known as "water stripping" [20], appears adequate to account for
the catalytic sensitivity of nearly all enzymes in water-miscible organic media. It has
also been reported that suspending enzymes in organic solvents can alter a number of
their fundamental properties [21], Substrate specificities can be significantly modified
by placing enzymes in such environments It has also been suggested that the pH
dependence of an enzyme can be changed, i.e. the activity of an enzyme in an organic
medium depends on the pH of the solution from which the enzyme was lyophilised. A
significant increase in thermostability of an enzyme is possible in the presence of water-
miscible organic solvents. Low volumes of water miscible organic solvents such as
dioxane or acetonitrile, appear to cause partial denaturation in HRP [19] Fluorimetric
analysis illustrates a conformational difference in HRP's sole tryptophan residue when
exposed to organic solvents. Absorbance and EPR spectroscopy suggest exposure of
the active site to the organic solvent, which results in reduced local polarity and
enhanced H-bonding of phenolic residues to the enzyme.

The thermal inactivation kinetics of horseradish peroxidase have been studied
extensively. Chang el at. found that HRP’s thermal inactivation profile in the presence
of sugars deviates from first order kinetics over a temperature range of 60-94°C [23],
The process was estimated to be 15-order The authors also demonstrated, using
electrophoretic techniques, the presence of four HRP isoenzymes with a reaction order
of 1.5. This deviation from a pure first order process has been attributed to such
factors as the formation of enzyme aggregates with varying heat stabilities, the
presence of heat-stable and heat-labile isoenzymes and series type enzyme inactivation
Kinetics. It was shown, by the use of differential scanning calorimetry (DSC), that
sucrose, which is a non-reducing sugar, stabilised the enzyme against

thermoinactivation, where as reducing sugars such as fructose, glucose and lactose



brought about an increase in thermal inactivation. Hendrickx et al. observed biphasic
thermoinactivation for solid state HRP in the temperature range 140-160°C. This was
ascribed to the presence of two fractions of HRP displaying first order Kkinetics [24],
Enhanced thermostability has been reported by Ugarova el al. [25] Horseradish
peroxidase was chemically modified with carboxylic acid anhydrides and
picrylsulphonic acid at the epsilon-amino groups of the lysines. First order thermal
decay kinetics were observed for HRP derivatives at a temperature of 56°C.

Calcium is a vital constituent of the peroxidase molecule and has a role in
maintaining the structural stability. In spite of the fact that calcium does not participate
in the peroxidase catalytic reaction, the thermal stability of the enzyme has been
reported to decrease significantly when exposed to guanidine hydrochloride made up in
EDTA [7], Calcium removal results in a disturbance in the vicinity of the heme group
as determined by NMR spectroscopy [26] Peroxidase, which functions in plant growth
through the rigidification of the cell wall, is released from cells in a Ca2+~controlled
process [10]. Thus, peroxidase with a deficient calcium content could lead to plant
injury and death.

Manganese, phenols and hydrogen peroxide are all known to affect the stability
of peroxidase. They have also been shown to act as promotion agents in IAA
oxidation As stated previously, peroxidase is considered the main enzyme responsible
for IAA catabolism Manganese was found to have a stimulatory role on oxidation of
IAA by HRP [27]; however the general function of Mn2+is unclear. Activation of the
IAA/peroxidase reaction by phenols such as /?-coumaric acid was due to its ability to
reduce Compound Ill, producing ferriperoxidase and H202 for the peroxidative cycle.
It is thought that the optimum concentration range of hydrogen peroxide to which
HRP can catalyse efficiently is narrow Low concentrations of hydrogen peroxide
result in decreased HRP activity, whilst too high a concentration is inhibitory. Cyanide
and sulphide reversibly inhibit HRP but carbon monoxide does not. The enzyme is

quite sensitive to bacteria, bacteriostatic agents and other chemicals found in tap water.
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1.2.6 Peroxidase activity assays
Peroxidases are capable of catalysing the oxidation of a range of substrates.
Essentially, HRP functions in decomposing two molecules of hydrogen peroxide, the
natural substrate of the enzyme, into oxygen and water by a two electron oxidation
step, i.e. hydrogen peroxide is reduced in the presence of a hydrogen donor. HRP has a
low affinity for the second molecule of hydrogen peroxide and other electron donors
may be employed [28], The native HRP is regenerated by the hydrogen donor, which is
oxidised. This is known as the oxidation/reduction type reaction [29], The
concentration of hydrogen peroxide in the reaction can be estimated by monitoring the
concentration of the oxidised hydrogen donor

A wide range of indicator molecules or substrates exist, which are capable of
assessing peroxidase activity. Substrates may be incorporated into colorimetric,
luminescent, fluorimetric, electrochemical and hydroxylation reactions, employed in the
detection of HRP and hydrogen peroxide. The best assays provide a direct measure of
enzyme activity, usually by coloured product formation (colorimetric assays). When
chromogenic substrates are used as hydrogen donors, oxidation results in the
formation of a coloured product. Chromogenic substrates for HRP include 3,3',5,5'-
tetramethylbenzidine (TMB), a non-carcinogenic chromogen which vyields a blue
reaction product at sites of HRP activity when oxidised by the HRP/H202 complex
[30], It has also been used as a chromogen for HRP in enzyme-immunoassay [31],
Sustrates such as o-phenylenediamine (OPD), o-dianisidine and mesidine have also
been used; however, their oxidation products are carcinogenic Chlorpromazine and 4-
methoxy-alpha-naphthol have been quoted as efficient substrates, as has 2,2'-azino-di-
(3-ethyl-benzothiazoline-(6)-sulphonic acid), known as ABTS. Other chromogenic
substrates include 4-chloro-I-naphthol (4-CN), 3,3'-diaminobenzidine (DAB) and 3-
methyl-2-benzothiazoline hydrazone hydrochloride (MBTH) [28], An ideal
chromogenic substrate should be non-carcinogenic and easy to use It also should be

readily soluble in agueous solutions, stable and exhibit high molar absorptivity [32],



unlike guaiacol (a H-donor still in widespread use) which produces an unknown
mixture of oxidation products

HRP also possesses an intrinsic ability to catalyse chemiluminescent type
reactions. Chemiluminescence involves the emission of light during a reaction.
Luminol, which is one of the most commonly used chemiluminescent reagents, can be
oxidised by HRP in an alkaline solution to yield 3-aminophthalate and light [33] in the
presence of hydrogen peroxide. It is possible to detect extremely low levels of H2 2 by
employing excess HRP and luminol in the reaction mixture. Intensity may be measured
at 425nm. Chemiluminescence has also been used in the determination of superoxide
dismutase [34] Superoxide dismutase can be determined as it acts by inhibiting the
chemiluminescence produced by a HRP/luminol reaction. The detection limit for the
system reached a level as low as nanogram quantities Reagents such as luminol can be
used in conjunction with such enhancers, to determine hydrogen peroxide in flowing
streams or bioreactor situations. A HRP/luminol reaction has been used in the
determination of alkaline phosphatase [35] This system involves the use of 5-bromo-4-
chloro-3-indoyl phosphate as a substrate The assay has found applications in enzyme
immunoassay and DNA probe assays.

HRP and hydrogen peroxide may also be detected by fluorimetric methods.
Fluorescent substrates such as 1,2-diarylethylenediamines and catechols, when
incubated with HRP and H202 at 37°C for a 10 minute period, can determine
peroxidase activity [36], Fluorimetric intensities were measured at 500 nm, with an
excitation wavelength of 360 nm. Hydrogen peroxide was reported to have been
detected in a system incorporating fluorescein dye, which contained peroxidase and 3-
(N-morpholine)propanesulphonic acid (MOPS buffer). Light emission was detected by
a photomultiplier tube. The detection limit was comparable to systems involving
luminol [37], Another fluorimetric technique for hydrogen peroxide determination
involves p-hydroxy-phenylacetic acid (POPHA), which reacts with HRP to form a
fluorescent dimer The amount of this dimer present is proportional to the

concentration of H20 2. Excitation and emission wavelengths were 320 and 400 nm
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respectively [38] Modification of this assay may allow peroxidase activity
determination. It is feasible to determine hydrogen peroxide, by fluorimetric means, in
the absence of HRP The feasibility of using hematin, as a substitute for HRP was
explored by Genfa e! cil. [39] with /?-cresol being used as a substrate. In a flow-
injection system, hematin achieved a limit of detection of 5nM H20 2

The concentration of H202 in a reaction can also be determined
electrochemically, in the presence of HRP Such reactions involve HRP utilising a
hydrogen donor that can be monitored voltammetrically upon electrochemical
reduction [40], Hydrogen donors that act as electron mediators and can be easily
monitored voltammetrically are essential Electron mediators employed in such

situations include hydroquinone, o-toluidine, resorcinol and catechol.

1.2.7 Other functions of HRP

Horseradish peroxidase possesses the ability to carry out a large range of reactions,
such as the catalysis of one-electron oxidations of phenols Phenols, such as p-cresol
and /9-hydroxyphenylacetate are convened to phenoxy radicals, which spontaneously
result in polymer formation [41] HRP reactions in organic solvents include
hydroxylations, N-demethylations, sulphoxidations and other oxidations of various
organic substances HRP can catalyse the hydroxylation of certain aromatic
compounds by molecular oxygen where dihydroxyfumaric acid acted as a hydrogen
donor [42], This topic is dealt with in the second section of this chapter. The ability of
the enzyme to function in a number of organic solvents is a well reported phenomenon
[17], Enzyme activity is maintained even when the bulk water is replaced by organic
solvents. The determination of physiologically important analytes is feasible in organic
media (e.g. cholesterol determination using cholesterol oxidase and HRP; a bienzyme

system [43],

13



1.2.8 Protein stabilisation - general overview

Proteins, such as HRP, find many applications in medical and industrial fields, such as
diagnostics, therapeutics, bioreactors, fine chemicals, enzyme-based electrodes and
biosensors. In applied enzymology, the most important goal is to obtain proteins which
exhibit a high degreee of reliability and reproducibility. Enzymes can be stabilised by a
range of methods, including immobilisation, chemical modification, use of additives
and protein engineering Enzymes exhibit properties similar to that of an ideal catalyst.
The relative advantages of an enzyme over conventional catalysts are summarised in
Table 1.1. The problems of industrial related enzymes may be overcome by pursuing a

specific stabilisation method which would be compatible with the particular enzyme.

Table 1.1

Relative advantages and disadvantages of an enzyme over conventional catalysts

Advantages Disadvantages
High catalytic activity Thermal inactivation
High degree of substrate specificity Inactivation by chemical reagents
Operation under mild conditions Radiation modification
Minimal bi-product formation Environmental modification

Low cost bulk production

1.2.9 Naturally existing stable enzymes

Enzymes exist that possess relatively high stability Such proteins may occur in readily
available organisms which are capable of living at elevated temperatures (55-100°C).
In such microorganisms (thermophiles), or indeed halophiles (exist in high salt
conditions), the cell’s supramolecular structures, e.g. ribosomes, are very stable in

extreme conditions [44] The presence or absence of calcium and substrate is believed
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to affect the thermostability of amylases. The latter acts in the rigidification of the
protein’s conformation while calcium ions have an activation and stabilisation role on
amylase. Bound ions function in holding the enzyme structure together [45]
Thermostable enzymes have been isolated from the fungus Aspergillus niger, which
displays an optimum temperature of 65°C Reports also exist on the glycolytic enzyme
lactate dehydrogenase from Thermologa mciritima, a thermophilic eubacterium. The
enzyme is stable up to 90°C and displays an extremely high tolerance of guanidine
hydrochloride (GnCl) [46], Such thermostable enzymes often display relatively high
activity in the presence of protein dénaturants, such as GnCl, urea, detergents, organic

solvents and proteolytic enzymes.

1.2.10 Dénaturation

The activity of any enzyme requires that the structural and functional integrity of the
active site remains intact. However, the tertiary structure can be irreversibly disrupted
by a range of physical, chemical and biological forces. In addition to dénaturation at
high temperatures, proteins may also denature at low temperatures. Dénaturation
refers to the conformational change that results in the loss of molecular function, which
may be reversible or not. Inactivation results from changes in the degree of association
or aggregation of the molecule, as well as modification of amino acid side chains.
Mozhaev et al. put forward a number of causes of protein inactivation, such as thiol-
disulphide exchange, cleavage of S-S bonds, dissociation of oligomeric proteins into
subunits and conformational changes in the macromolecule [47], Thus, stability in a
protein is a balance between stabilising (hydrophobic) interactions and the loss of
conformational entropy as the protein is unfolded [48],

Reactivation of proteins may take several hours and require quick or slow
cooling or prolonged incubation at intermediate temperatures. Denatured enzymes may
become only partially or fully active after hours of exposure to normal temperatures. If
high temperatures exist for long periods of time, enzyme activty will not return as

irreversible inactivation processess will have occurred [49],



1.2.11 Enzyme immobilisation

The immobilisation of enzymes or proteins onto insoluble matrices forms the
fundamental step of many biotechnology processes and analytical devices. By
definition, an immobilised enzyme is one that is physically localised in a certain position
or converted from a water soluble mobile state to a water insoluble immobile one [44].
Immobilised enzymes can show different thermal kinetic values relative to their soluble
counterparts. As immobilised enzymes simulate the state of enzymatic proteins within
the intracellular microenvironments of living cells, they can provide us with a good
model system to study. Information concerning the primary, secondary, tertiary and
quaternary structure of proteins has been obtained through the use of immobilised
enzymes. Furthermore, information on enzyme reactions and intracellular
microenvironmental properties, among other aspects, has been elucidated through such

investigations. A number of immobilisation techniques exist:

1. binding to carriers by covalent bonds or by adsorptive interactions;
2 entrapment in gels, beads or fibres,

3. crosslinking or co-crosslinking with bifunctional reagents;

4, encapsulation in microcapsules or membranes [44],

Immobilisation can be used as a method to stabilise an enzyme (Section 1.4.4).
Optimisation of such a procedure with respect to a number of factors such as pH,
reaction time and temperature is necessary to achieve maximum attachment and
activity. Studies on the multipoint covalent attachment of trypsin to agarose gels were
performed by Blanco et al. [50], Immobilisation techniques have been assessed on
native HRP Stabilisation towards extremes in temperature was achieved by
encapsulation of the enzyme with a low molecular weight polymeric glutaraldehyde
followed by crosslinking with a second layer consisting of polyacrylamide derivatives.
This bilayered synthetic cage, surrounding the enzyme, appears to enhance its intrinsic

stability. It is then possible to immobilise the enzyme onto a polyacrylamide-hydrazine
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gel by crosslinking reactions [51], Martinek et at. observed an increase in
thermostability in immobilised derivative forms of chymotrypsin and trypsin by seven
hundred fold in the temperature range 60-100°C [52], Enzymes were firstly acylated
with acryloyl chloride and then copolymerised with acrylamide. It was deduced that
the greater the number of attachment points between the enzyme (due to the
preliminary modification step) and the polymer support, the greater the stabilisation
achieved. Rigidification of enzymes such as trypsin prevents unfolding (and therefore
activity loss) in extreme conditions.

Chemical compounds, such as urea, are potent protein dénaturants. They
compete with water in binding to the polypeptide and so disrupt inter- and intra-chain
hydrogen bonds which help maintain the native protein structure. Weng et al. reported
a decrease in thermostability of immobilised HRP at elevated temperatures in the
presence of organic solvents such as dodecane, decanol and tetradecane. The Z value
(temperature increment needed for a 10-fold reduction of the D value of the agent, °C,
where D is the decimal reduction time[in minutes]) of peroxidase was changed from
26.3° C to 14.1°C by the method of immobilisation. This was lowered to 11.1°C in the

presence of an organic solvent [53],

1.2.12 Chemical modification of proteins

Soluble enzymes can be chemically modified by a number of methods so as to alter
their structural and kinetic properties. Bifunctional or crosslinking reagents, which find
uses in the preparation of conjugates for immunoassays, diagnostic imaging and other
applications, can be used to chemically modify and thereby stabilise protein molecular
structure [54], Bifunctionally reactive compounds include bis-imidates, bis-
succinimides and bis-maleimides. The latter compounds react specifically with thiols
whilst the first two crosslink amino groups. These are regarded as homobifunctional
reagents, in that they possess a similar type of reactive group at either end of the
molecule. Heterobifunctional reagents have different reactive groups at each end of the

molecule. Such reagents introduce both inter- and intra- molecular bridges in proteins



[55], Such intramolecular crosslinks act in the stabilisation of the tertiary structure of a
protein. In crosslinking reactions, thiol and amino groups are predominantly targetted.
Such functional groups are reactive and occur frequently in protein primary structures.
Other groups that can be targetted include carboxyl groups on glutamyl and aspartyl
resudues, guanidino groups on arginine residues and phenol groups on tyrosines As
opposed to site-directed mutagenesis and protein engineering, relatively little structural
information is required regarding the target protein Such modification experiments are
often simple to carry out and protocols may be implemented and data obtained rapidly
[45], In crosslinking reactions, the protection of the active site residues by substrate or
reversible inhibitors is important. It is also imperative that functional groups targetted
for reagents are not involved in catalysis Potential target sites must be distant from the
active site of the enzyme and not buried in the folded protein structure

It is known that unfolding is an essential step in protein denaturation [56],
Thus, denaturation can be retarded if molecular "braces" are placed across the protein
backbone so as to prevent unfolding [57], Molecular rigidification, employing
bifunctional reagents, is achieved by crosslinking functional groups on the protein
backbone. In theory, a crosslinked enzyme should be more stable than the native form.
The extent of crosslinking that occurs depends largely on the length of the reactive
molecule, and hence on the distance between the molecular centres to be linked [56],
For example, bis-succinimides are capable of forming successful crosslinks [56, 58],
Data from crosslinking experiments carried out on HRP, shows that the longer
ethylene glycol derivative (EG-NHS), which is 14.0A long, stabilises the enzyme to a
greater extent than the suberic acid derivative (SA-NHS) which only spans 11 A
Imidoesters shorter than IIA have failed to stabilise native HRP [59], These results
would indicate that there is a threshold or minimum distance to obtaining a stable
crosslink in HRP. In the same way, the modification of chymotrypsin by Torchillin et
al. was successful for some diamines used, but not for others of differing molecular
lengths [56], In order to prove the theory, chymotrypsin was reacted with equal

quantities of dithiols of HS-(CH2)nSH, (n ranges from 4 to 10), i.e. same type



molecules but with differing molecular lengths This study showed that intramolecular
crosslinking renders the enzyme more tolerant of extreme conditions such as
temperature (as observed by Ryan et al. [59]) salt action and denaturing agents.
Ugarova et al. also reported that chemical modification of the epsilon-amino groups on
lysine residues could alter the thermal stability of HRP [25], The enzyme was modified
with anhydrides of monocarboxylic acids and by anhydrides of dicarboxylic acids and
by picrylsulphonic acid (TNBS). The native HRP possessed greater catalytic activity
around 50°C, whereas the modified enzyme displays a maximum activity in the range
55-65°C.

A variety of other chemical modification procedures exist apart from the use of
bifunctional crosslinking reagents [60] These are predominantly based on the
strengthening of hydrophobic interactions by non-polar reagents and the introduction
of new polar or charged groups that give additional ionic or hydrogen bonds to the
enzyme [45]. It was reported that the monofunctional methyl acetimidate was used to
alter 17 of the available 24 lysine residues of lactate dehydrogenase from pig heart.
Acetamidinalon has no effect on net charge; however, a shift in pK values occurs from
10.2 to 12.5. The enzyme derivative displayed enhanced tolerance of heat and
alkalinity [61], Other chemical modifcation methods involve the hydrophilisation of the
protein surface to reduce unfavourable surface hydrophobic contacts with water [62],
Dramatic stability enhancement has been reported for surface-hydrophilised derivatives
of chymotrypsin (1000 fold at 60°C) Alkylation of the enzyme with glyoxylic acid
followed by cyanoborohydride reduction introduces -NHCHjCOO™ groups which are
not hydrophobic to the same extent as existing -NHz2 groups on the protein surface.
Treatment with anhydrides or chloroanhydrides of aromatic carboxylic acids followed
resulting in the addition of up to five carboxylic groups to each lysine residue
previously altered. Acylation results in a more hydrophilic protein with increased
thermostability. This effect may possibly be explained by a decrease of non-polar
clusters located on the protein surface; contact of such clusters with water molecules

has been reported to destabilise the enzyme [44, 63] A wide range of reagents are



available with selectivity for specific groups on amino acids which are summarised in

Table 1.2. [45],

TABLE 1.2

Modification reagents used in protein stabilisation

Residue for modification Reagent Reaction
Amine (Lys) O-methylisourea Guanidination
Acid Anhydrides Acylation
Imidates Amidination
lodoacetic acid Alkylation
Borohydrides and carbonyl Réduction
compounds Alkylation
Carboxyl (Asp, Glu) Carbodiimides Amidination
Guanidino (Arg) Dicarbonyls Not known
Imidazole (His) Diethylpyrocarbonate Addition
Indole (Trp) N-bromosuccinimide Oxidation
Thiol (Cys) Maleimido compounds Addition

lodoacetic acid Redn. & S-carboxymethyin.

N-ethylmaleimide Alkylation

1.2.13 Enzyme stabilisation in organic solvents

It was formerly accepted that organic solvents destabilise protein molecules. However,
many enzyme processes located in vivo occur in chemical compositions very much
different to that of aqueous media Use of soluble enzymes in biphasic aqueous-organic

systems and in anhydrous organic solvents may be a novel development, but it is not so
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surprising. Klibanov proposed a number of rules to ensure an enzyme's activity in

organic media [64]:

1 the particular solvent should be hydrophobic and show little affinity for
water;
2. homogenous dispersion of the enzyme in the organic solvent,

3 lyophilisation of the enzyme from solution of its optimum pH prior to

its use in an organic solvent.

Ahern and Klibanov also pointed out that water plays an integral role in
thermoinactivation reactions of proteins, such as deamidination of asparagineresidues
or destruction of cysteine residues [49] Therefore, the less water available, such
reactions are unlikely to occur (Section 12.5).

Zaks and Russell reported that suspending enzymes in a variety of organic
solvents can alter a number of their fundamental properties [21], For example, the
activity of chymotrypsin in an organic medium depends entirely on pH of the solution
from which the particular enzyme was lyophilised. Substrate specificities of subtilisin
and chymotrypsin were altered significantly when placed in the presence of organic
solvents. The thermostability of many enzymes, including HRP, is enhanced in the
presence of certain solvents. However, partial denaturation of HRP occured in low
volumes of water-miscible organic solvents such as dioxane, methanol and acetonitrile
[19].

The conformations of enzymes in organic media can also be influenced by
"ligand memory" [21], Subtilisin, freeze-dried from aqueous solutions containing
specific ligands, such as N-acetyl-L-phenylalanine, was found to be much more stable
at 111°C in octane than subtilisin prepared without a ligand. It was also observed that,
in the case of chymotrypsin, up to 65% butanol could be tolerated without any effect
on catalytic activity. Activity lost above a critical solvent concentration could be

completely recovered, by dilution in buffer This leads to the conclusion, that unlike
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thermoinactivation of proteins at high temperatures, the solvent effect is due to

reversible denaturation, rather than to irreversible inactivation [45]

1.2.14 Stabilisation through the use of additives

The stabilisation of enzymes in soluble form is an important technological goal. Such
soluble enzymes are used in detergents, the food and textile industries, cosmetic
applications and in the diagnostic and medical fields. Compounds such as neutral
detergents, sodium azide, maltodextrin and special buffers have been employed as
additives to prevent alteration of the native structure of proteins through every step of
protein purification Additives may also be used to overcome the problem of pure-
protein storage. Lyophilisation, in conjunction with a range of inorganic salts, is a
common preservation technique. Purified enzymes can also be stabilised with sucrose,
glycerol, sorbitol or ethanol and stored below 0°C [45],

The ultimate aim or goal of an additive or preservative, is to increase the
stability of the enzyme. Gray defined the term “additive”, in this context, as being a
soluble species which has an effect on the thermal stability of the protein structure
[65], Sucrose, for example, has long been a recommended additive in the stabilisation
of soluble chymotrypsin. Other additives that may be used to stabilise an enzyme
include bivalent metal ions, ammonium sulphate, ethylene glycol and various
surfactants [66], Such compounds can strongly bind to proteins because they are
substrates or products of the enzyme reaction, allosteric effectors, coenzymes or
coenzyme derivatives. The stabilising effect produced by the use of such additives may

be explained in two different ways.

1 The binding of the additive (through single/multipoint attachment) to
the active portion of the native enzyme as opposed to the inactive
unfolded polypeptide, causes a shift in equilibrium to the former, having

a beneficial effect on the entire enzyme (see reaction 1.1 ) [65],
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2, If lower internal energies arise due to the binding of the additive, the
resulting "enzyme-substrate” complex is more resistant towards

denaturing agents.

The protective effect on enzymes exhibited by certain additives has been explained in
terms of the influence that such compounds have on water activity and localisation.
Interactions with water molecules results in the formation of water clusters, thus
leading to an overall net reduction in the volume of free water in and around the
protein structure A similar theory was put forward by Ahern et ah, in that the
presence of water contributes to the process of thermal inactivation; a decreasing
volume of water acts in retarding protein inactivation [49], At the same time, such
water clusters could possibly reduce potential collisions between the protein and any

solvent present in the microenvironment.

1.2.15 Other stabilisation techniuues
An increase in stability is observed when enzymes are bound to large molecular weight
polyhydroxy compounds, such as polyethylene glycol [67], Gibson et al. reported the
stabilisation of HRP and other enzymes involving a polymer-carbohydrate system [68],
Enzymes are dried under vacuum at room temperature in the presence of a soluble
polymer, such as DEAE-dextran (carbohydrate sugar) Activity was maintained for
two months at 37°C, in the presence of stabilisers. Control activity (for unstabilised
HRP) dropped to approximately 26%.

Modification of HRP with ethanol-methoxypolyethylene glycol resulted in a
shift in optimum pH from 5.0 for native HRP to 3.5 for the derivative. The modified
derivative alone was active in such organic solvents as toluene, dioxane and methylene

chloride. The authors noted that the derivative was also more sensitive to hydrogen
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peroxide inhibition in the presence of toluene. Data suggests that 2 to 3 amino groups
were altered in the modification process [69],

The carbohydrate moiety on HRP can be used as a target for conjugation of
short aliphatic chains (hexadecylamine and octylamine). The optimum temperature for
biocatalysis of the former (HRP-C16) was increased by 10 degrees. HRP-C16
displayed increased solubility in toluene, chloroform and dimethylsulphoxide. The
octylamine form, HRP-Cs, appeared to be less soluble. The addition of the short Cs
chain introduced only 3 octylamine chains into the carbohydrate moiety, and as a
result, had little effect on the catalytic properties of the enzyme. The activity of the

HRP-C16 derivative remained high in toluene and chloroform, even at 70°C [70],

1.2.16 Applications of HRP

HRP has long been an invaluable tool in the life sciences. It functions as an indicator in
oxidase-based coupled enzyme assays, in enzyme immunoassays, neurchistochemistry,
DNA labelling and in biosensor construction. The enzyme is particularly suitable for
diagnostic sensors due to the absence, under normal circumstances, of HRP inhibitors
in serum and urine [32] Production of easily detectable compounds promotes HRP's
use in clinical, analytical and industrial situations.

HRP possesses several properties that make it suitable as an enzyme label in
enzyme linked immunosorbent assays (ELISA) [4], such as high turnover number and
reasonable stability upon storage The enzyme is capable of working well in varying
assay conditions (i.e variations in pH of solution, ionic strength, buffer types and
radical temperature changes) Tijssen also reported HRP as having the lowest cost per
unit mass, of all commercially available enzymes used in EIA systems. Both HRP and
urease produce easily detectable products, in a system where clear-cut visible
endpoints are essential The products of enzymes such as (3-galactosidase are less
strongly coloured. HRP can be easily detected using a wide range of substrates, in

colorimetric, flou