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Abstract

Physicochemical and bioactive properties of whey protein hydrolysates

produced using gastric and pancreatic proteinases

Margaret M. Mullally

This project investigated the contribution of gastric and pancreatic enzymes to some
physicochemical and biological activity characteristics of whey protein hydrolysates.
Depending on the method of isolation, and particularly on the zymogen activation
conditions, it was shown in this study that the endoproteinase and exopeptidase activities
in pancreatic preparations can exist in different ratios. Furthermore, it has been shown that
certain physicochemical characteristics of whey protein hydrolysates can be altered by
manipulation of the zymogen activation conditions of pancreatic protease preparations.
Novel whey protein derived peptide inhibitors of angiotensin | converting enzyme (ACE),
generated using pancreatic proteinases, have been identified in this study. Differential
scanning calorimetry (DSC) was used to study the thermal stability of an enriched fraction
of [3-lactoglobulin. The susceptibility of (3-lactoglobulin to hydrolysis by gastric and
pancreatic proteinases was related to the thermal stability of the protein. A pilot scale
(tangential crossflow plate and frame) ultrafiltration system was investigated with the view
to developing a procedure for the fractionation and continuous hydrolysis of whey

proteins.
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1 Gastric and pancreatic proteinases

Proteolytic enzyme preparations find many applications in the food industry,
such as the baking, brewing or cheese-making industries.  More specifically,
proteolytic preparations have been extensively used in the hydrolysis of milk
proteins. Table 1.1 lists proteinases used in the food industry (printed in boldface),
in addition to their source, their optimal pH range and their preferential specificity.
More detailed information on the individual en2ymes is given by Godfrey and
Reichelt (1983) and in a recent book concerning enzymes in food processing edited
by Nagodawithana and Reed (1993).

The gastric enzyme pepsin and the proteolytic enzymes of the pancreas,
trypsin, chymotrypsin, elastase, carboxypeptidase A and B are reviewed herein. Only
pertinent aspects ofthe literature, which is extensive, are examined in detail. The focus
is mainly on factors which may lead to a greater understanding of the action of crude
proteolytic preparations (such as those used in industry) on protein hydrolysis. These
factors include biochemical characteristics, purification, activation, autolysis, stability,
inhibition and denaturation. Throughout this section attention has been paid to species
differences (porcine or bovine), in the production of different proportions of
proteinases (Marchis-Mouren, 1965), on the mechanism of action (Vithayathil et al.,
1961; Buck et al.,, 1962); the stability (Vestling et al.,, 1990) and activation of the
enzymes (Desnuelle and Rovery, 1961), with a view to how these differences in the
proteinase preparations could affect the production of milk protein hydrolysates with
desired functional and/or bioactive characteristics (Thibault, 1990; Jost and Monti,

1977).

1.1 Classification of Proteinases

Proteinases are classified according to their source (animal, plant, microbial),
their catalytic action (endoproteinase or exopeptidase), and the nature of the catalytic
site. In the Enzyme Commission (EC) system for enzyme nomenclature, all
proteinases (or peptide hydrolyases) are in subclass 3.4. This sub-class is further

divided into the exopeptidases, 3.4.11-19 and the endo-peptidases or proteinases,



Table 1.1 Protease enzymes finding application in the food industry.

Type of protease

Serine protease

Cysteine protease

Aspartic protease

Metalloprotease

Source

bovine / porcine pancreas

Bacillus licheniformis

Bacillus amyoliquefaciens
(Bacillus subsilis)
Bacillus sp. alkalophilic
Papaya latex

Pineapple stem
Fig latex
bovine, porcine
Calf

Mucor miehei

Mucor pusillus

Endothia parasitica
Aspergillus niger (Aspergillus
saitoi)

Rhizopus sp.
Bacillus thermoproteolyticus

B. amyloliquefaciens (B. subtilis)

Common names, tradenames

Trypsin

Chymotrypsin

Subtilisin Carlsberg, Alcalase,
Maxatase, Optimase.

Subtilisin NOVO, subtilisin BPN'

Subtilisin Esperase, subtilisin Savinase

Papain

Bromelain

Ficin

Pepsin, pepsin A

Chymosin, rennin

Rennilase, Fromase, Marzyme,
Morcurd

Emporase, Meito rennet, Noury lab
Surecurd, Suparen
Aspergillopeptidase A (pure aspartic
protease), Sumyzyme AP, Proctase,
Molsin, Pamprosin (mixed with
carboxypeptidase)

Sumyzyme RP, Newlase
Thermolysin, Termoase

Neutrase

Typical pH Preferential specificity

range
pH 7-9
pH 8-9
pH 6-10

pH 6-10

pH 5-8

pH 5-8
pH 5-8
pH 1-4
pH 4-6
pH 4-6

pH 4-6
pH 4-6
pH 2-5

pH 3-6
pH 7-9
pH 6-8

Lys-, Arg-COOH

Phe-, Tyr-, Trp-COOH
Broad specificity, mainly
hydrophobic-COOH

Broad specificity, mainly
hydrophobic-COOH

It n 1 1

Mainly hydrophobic-COOH and NH2
Rennet specificity on casein;

mainly hydrophobic -COOH

and NH2on protein substrates

in general

Also GIx-COOH

Pure aspartic protease: like
pepsin; mixed preparations:
broad specificity.

Like pepsin
lie-, Leu-, Val-, Phe-NH2
Leu-, Phe-NH2

(continues on next page)



(continuedfrom previous page)

Type of protease Source Common names, tradenames Typical pH Preferential specificity
range
Mixture of trypsin Bovine, porcine Pancreatin pH 7-9 Very broad specificity

chymotrypsin, elastase,
carboxypeptidase A or B

Mixture of papain, chymopapain, Papaya fruit Papain, crude pH 5-9 Broad specificity
and lysozyme

Mixture of B. amyloliquefaciens B. amyloliquefaciens Biophrase, Nagase, Rapidermase, pH 6-9 Broad specificity
serine and metalloprotease Rhozyme P 53, MKC protease

Mixture of aspartic protease, Aspergillus oryzae A. oryzae protease, Takadiastase, pH 4-8 Very broad specificity
metalloprotease, serine protease Sumyzyme LP, Veron P, Panazyme,

and carboxypeptidase Prozyme, Biozyme A, Sanzyme

Mixture of alkaline and neutral Streptomyces griseus Pronase pH 7-9 Very broad specificity

protease plus aminopeptidase
and carboxypeptidase

Aspartic protease, with some Pénicillium duponti P. duponti protease pH 2-5 Broad specificity
carboxypeptidase

taken from Adler-Nissen (1993).



3.4.21-24. Endoproteinases are the proteinases most commonly used in food
processing, but in some cases their action is supplemented with exopeptidases.
Endoproteinases cleave polypeptides at susceptible bonds distributed within
the polypeptide chain, whereas exopeptidases sequentially hydrolyse one amino acid
from either the N terminus (aminopeptidases; or dipeptidases, in the case of 3.4.13-

15) or the C terminus (carboxypeptidases).

1.2 Endoproteinases

Endoproteinases can be divided into four major classes, i.e. serine proteinases
(EC 3.4.21), cysteine proteinases (EC 3.4.22), aspartic proteinases (EC 3.4.23), and
metalloproteinases (EC 3.4.24).

As the names imply, serine (trypsin, chymotrypsin, proteinases from bacteria
and moulds which are active under alkaline conditions), cysteine (papain, bromelain,
ficin, and certain enzymes from micro-organisms), and aspartic proteinases have
serine, cysteine, and aspartic acid side chains, respectively, as an essential part of the
catalytic site. Modification or blocking of these amino acids usually leads to
complete inactivation of the enzyme, and is a standard way of determining the nature
of an unknown proteinase.

The serine proteinases have maximum activity at alkaline pH. Those
proteinases that contain serine residues at their active centres are deactivated by
diisopropyl fluorophosphate (DIFP) which reacts with this residue. The closely
related cysteine proteinases usually show maximum activity at more neutral pH
values. These enzymes are inhibited by oxidising agents and heavy metals. The
aspartic proteinases generally have maximum catalytic activity at acid pH. Acidic
proteinases of the pepsin group have asparagyl or glutamyl residues at their active
centres. Apart from pepsin, a number of proteinases from moulds, which are active
under acidic conditions also belong to this category. The metalloproteinases contain
an essential metal atom, usually Zn, and have optimum activity near neutral pH.
Ca2+ stabilises these enzymes and strong chelating agents, such as

ethylenediaminetetraacetic acid (EDTA) act as inhibitors.



Among human digestive enzymes, the aspartic proteinase, pepsin, is secreted
in the stomach and the serine proteinases, trypsin and chymotrypsin, are excreted in

the duodenum.

1.3 Exopeptidases

The aminopeptidases (EC 3.4.1 1) are ubiquitous in nature, but are less
readily available in commercial products, since many are intracellular or are
membrane bound. The commercial enzyme preparation, Pronase, isolated from
Streptomyces griseus, contains endoproteinase, aminopeptidase and
carboxypeptidase activities. Pronase is often used in the laboratory to achieve
complete hydrolysis of proteins. However, the preparation is too costly for general
food use. Animal tissue homogenates also have been applied on a semi-industrial
scale as a source of aminopeptidase activity (Clegg et al., 1974).

Carboxypeptidases are subdivided into serine carboxypeptidases (EC 3.4.16),
metallocarboxypeptidases (EC 3.4.17) and cysteine carboxypeptidases (EC 3.4.18)
according to the nature of the catalytic site. Many commercial proteinases, in
particular from fungi, contain appreciable amounts of carboxypeptidase activity. In
the digestive tract, the metallocarboxypeptidases A and B are excreted in conjunction
with the major serine digestive proteinases (trypsin, chymotrypsin, and elastase).
Therefore, they occur in the impure, commercially available preparation, known as
pancreatin, which is usually obtained by dehydration of the pancreas (Gerhartz,
1990).

The exopeptidase subgroup also includes the dipeptide hydrolases (EC
3.4.13-15) which are specific for dipeptide substrates and, consequently, cannot be
classified as amino- or carboxypeptidases.

From a food-processing perspective, the exopeptidases find utility as a means
of debittering protein hydrolysates. The most systematic debittering studies have
been carried out on hydrolysates of casein, which is particularly prone to yielding
bitter peptides. Aminopeptidases (Clegg et al., 1974; Minagawa et al., 1989) and
carboxypeptidases (Umetsu et al., 1983) have been applied successfully to debitter

casein hydrolysates.



1.4 Activation and inhibition

Mammalian digestive enzymes are generally secreted in a proenzyme form.
This proenzyme or zymogen form must be activated, generally by cleavage of specific
bonds to release the active form of the enzyme. The gastric enzyme pepsin, in addition
to the pancreatic enzymes trypsin, chymotrypsin, elastase and carboxypeptidases are all
secreted in inactive zymogen forms.

Enzyme inhibition can be reversible or irreversible. Irreversible inhibition
generally involves the formation of a stable adduct with the enzyme by covalent
bonding with an amino acid residue at the active centre. Reversible inhibition can be
described as, (a) Competitive, where the inhibitor competes with the substrate for the
active site by forming an enzyme-inhibitor complex. In most cases the chemical
structure of the inhibitor resembles that of the substrate; (b) Non-competitive, where
the inhibitor decreases the catalytic activity of an enzyme without influencing the
binding relationship between the substrate and enzyme. The inhibition is dependant
solely on the concentration of the inhibitor; (¢) Uncompetitive, where the inhibitor
reacts only with the intermediate enzyme-substrate complex; (d) Substrate inhibition,
where a high concentration of substrate or coenzyme may decrease the catalytic
activity of the enzyme or (e) End-product inhibition which usually occurs in multi-
enzyme systems where the end-product acts as a specific inhibitor of the enzyme at, or
near, the beginning of the enzyme sequence. Comprehensive reviews of enzyme
interactions with proteinase inhibitors are given by Laskowski and Kato (1980) and by

Birk (1987).

1.5 Pepsin
The purification, molecular properties, kinetics and mechanism of action of
pepsinogen and pepsin have been reviewed (Ryle, 1970; Fruton, 1971, 1987). The

main features of this aspartic proteinase are as follows:

1.5.1 Biochemical characteristics ofpepsin
Pepsin is a gastric proteinase, composed of a single polypeptide chain of 321

amino acids and has a molecular weight of 35 kDa (Edeloch, 1957). The amino acid



composition was determined both for the zymogen and active pepsin (Rajagopalan et
al., 1966) and it is known that two carboxyl groups are involved in the active site. The
tertiary structure of pepsin is stabilised in part by three disulphide bridges and a
phosphate group and it is active in acid, in the pH range of 1-5. However, the
phosphate group which is attached to the hydroxyl group of a seryl residue, can be
removed without loss of enzymatic activity. The three dimensional structure of the
hexagonal crystal form of porcine pepsin at a resolution of 23 A has been determined
(Cooper et al., 1990).

Pepsin shows a broad specificity for peptide bonds, favouring those involving
carbonyl groups of aromatic amino acids such as tryptophan, tyrosine, phenylalanine,
leucine and isoleucine (Carrey, 1989). Quantitatively, the most important food use of
pepsin is in a mixture with chymosin in rennet preparations (Fruton, 1987). The
kinetics of different active forms of pepsin and pepsin-like proteinases, such as rennin
(chymosin) or cathepsins have been compared and contrasted, in addition to the
influence of secondary structure on the proposed mechanism of action of pepsin

(Fruton, 1971,1987).

1.5.2 Purification ofpepsin

In contrast to the extremely low isoelectric point of pepsin, i.e. between 2-3,
that of pepsinogen is about 3.7 (Herriott, 1938). This difference is consistent with the
cationic character of the peptides removed from the zymogen upon its conversion to
pepsin. The significant difference in net charge between zymogen and active pepsin
forms means that ion-exchange chromatography is commonly used to separate the

zymogen from the active form of pepsin (Fruton, 1971,1987).

1.5.3 Activation ofpepsinogen

Pepsin is secreted in an inactive zymogen form, pepsinogen (40.4 kDa), by the
cells of the mucosa of the stomach lining. Pepsin is converted from the inactive
zymogen to the active enzyme by an autocatalytic process, not unlike that of trypsin, in
the presence of HC1. Conversion of pepsinogen to active pepsin involves cleavage of a
41-residue amino terminal portion ofthe zymogen at pH 2. Activation ofthe zymogen

form of pepsin also results in the formation of several peptides of low molecular



weight. The heterogeneity of the peptic secretion is due mainly to autodigestion, as in
the case of chymotrypsin (a, P, etc.). The differences in amino acid sequences between
pepsin from different species gives rise to corresponding differences in
chromatographic and electrophoretic mobility. Peptides are derived from the released
41 amino acid sequence at the amino terminal portion of pepsinogen. One of these
peptides, with 29 amino acid residues, acts as a pepsin inhibitor above pH 5 by forming
a pepsin-inhibitor complex. These fragments have been shown to inhibit further
autodigestion and also the proteolytic activity toward haemoglobin (Determann et al.,
1969). At pH values below pH 5, this complex is readily dissociated and active pepsin

is formed (Herriott, 1962).

1.5.4 Stability and denaturation o fpepsin

Porcine pepsinogen can undergo reversible denaturation following heating to
60 °C at pH 7 or after treatment with alkali (up to pH 11). Pepsin is quite stable
between pH 2-5, but in contrast to its zymogen, it rapidly loses activity above pH 5.0
due to denaturation. The pH optimum for peptic hydrolysis of proteins is about pH 2
but on synthetic substrates it is around pH 4.0. When hydrophobic groups sensitive to
pepsin are exposed on the surface of proteins through denaturation, the nature of these
groups may affect the optimal pH and hydrolysis rate of the enzyme. Hydrophobic
interaction has been shown to increase pepsin stability to heat, i.e. pepsin activity was
unaffected at 60 °C and treatment with 4 M urea or 3 M guanidinium (Edeloch, 1958;
Fruton, 1971). The pH dependence of the kinetic parameters of pepsin, and its active-

site hydrogen bond mutants have been determined (Lin et al., 1992).

1.6 Trypsin

1.6.1 Biochemical characteristics o ftrypsin

Bovine trypsin was first isolated from pancreatic acinar cells, where an inactive
zymogen, trypsinogen, is synthesised and subsequently converted to an active form
(Northrop et al., 1948). Trypsin is commonly isolated in conjunction with insulin by
extraction from bovine or porcine pancreatic glands. The commercial availability of

trypsin has, therefore, been linked to the market for insulin for many years. Trypsin



catalyses the hydrolysis of ester and peptide bonds involving the carboxyl group of the
basic amino acids, arginine and lysine, and in which a serine and a histidine residue
participate in the catalytic mechanism (Desnuelle, 1960). Bovine pancreatic trypsin
consists of a single chain of 233 amino acid residues with six disulphide bonds (Balls,
1965). Its structure has been established by X-ray crystallography at 1.8 A resolution
(Keil, 1971; Bode and Schwager, 1975). Trypsin is known to possess two binding sites
close to each other, one to which charged molecules bind preferentially and the other to
which neutral molecules bind (Sanborn and Bryan, 1968). The chemical, physical and
enzymatic properties of the serine proteinase, trypsin have been reviewed (Desnuelle,
1960; Cunningham, 1965).

The differences between the proportions of enzymes present in bovine and
porcine pancreatic juice have been reviewed (Desnuelle and Rovery, 1961;
Marchis-Mouren, 1965). Although bovine, and porcine trypsins have similar pH and
temperature optima, Michaelis-Menten constants and kinetics of esterolytic activity, a
number of important differences exist. Some differences which are reviewed here,
must be considered during purification and activation of trypsin from a particular
species.

Porcine trypsin differs from bovine in its electrophoretic behaviour and stability
in alkaline media, although both have similar ion-exchange chromatographic profiles
using carboxymethyl (CM) or diethylaminoethyl (DEAE) -cellulose as adsorbents
(Vithayathil et al, 1961; Buck et al., 1962; Hakim et al, 1962; Van Melle el al.,
1963). Porcine trypsin has a lower isoelectric point, Pl = 10.2, than bovine trypsin, Pl
= 10.5 (Buck et al., 1962). Magnesium and calcium ions stabilise bovine trypsin but
porcine trypsin is less sensitive to the cationic nature of the surrounding medium.
These differences in electrophoretic behaviour and the stability of porcine trypsin point
to the fact that structural differences exist between the porcine enzyme and trypsins of
other species. There are significant differences in amino acid composition between
bovine and porcine species (Travis and Leiner, 1965). For instance, the N~-terminal
residue of the porcine 2ymogen is phenylalanine instead of valine in the bovine
counterpart and the existence of C-terminal asparagine residues is characteristic of
porcine trypsin (Charles et al., 1963). In addition, bovine and porcine trypsins have

different immunological properties (Uriel and Avrameas, 1965). Species variations,
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however, will be found only in the general protein characteristics of the enzyme and

not in the properties directly dependant on the active site (Buck etal., 1962).

1.6.2 Purification o ftrypsin

The classical purification of bovine trypsinogen as described by Northrop et al.
(1948), involves acid extraction of fresh pancreas, ammonium sulphate fractionation
and removal of a-chymotrypsinogen as a crystalline by-product (Laskowski, 1956).
Subsequent purification and crystallisation of trypsinogen involves treatment of the
liguor and washings from the crystallisation of chymotrypsinogen with acidic 70 %
saturated ammonium sulphate (SAS) to form a precipitate of crude trypsinogen. Two
crystallisation methods have been described, one involving MgS04 at pH 8.0
(Laskowski, 1956), the other crystallisation in ethanol-water mixtures at 4 °C (Balls,
1965). There are significant differences in the isolation and crystallisation procedures
of porcine trypsin in comparison to bovine trypsin (Van Melle et al., 1963; Travis and
Leiner, 1965). Porcine trypsinogen is less soluble than its bovine homologue, since it
precipitates at 40 % SAS (Charles et al., 1963).

Commercial trypsin is treated with the inhibitor N-tosyl-L-phenylalanine
chloromethyl ketone (TPCK) to inhibit traces of contaminating chymotrypsin activity.
Methods such as ion-exchange chromatography have been used to separate
chymotiypsin and inert proteins from different active forms of trypsin (Schroeder and
Shaw, 1968). In addition, a simple and rapid purification of commercial trypsin and
chymotrypsin by reverse phase-high performance liquid chromatography (RP-HPLC)
has been described (Titani et al., 1982). More recently, large-scale continuous
purification processes, using a combination of affinity chromatography and
ultrafiltration have been developed for the purification of trypsin (Luong et al., 1988;
Powers et al., 1990). For example, trypsin was selectively bound by a water-soluble
high molecular weight polymer, bearing a potent and specific trypsin inhibitor,
para-aminobenzamidine. The trypsin macroligand complex was then retained by an
ultrafiltration membrane. The bound trypsin was eluted with a solution of arginine or

benzamidine (Luong et al., 1988).



1.6.3 Activation oftrypsinogen

Control of the rate of activation of the zymogen can be achieved by
manipulating temperature, pH or by the inclusion of calcium ions or specific trypsin
inhibitors. The mechanism of activation of trypsinogen in the presence of calcium ions
has been studied (Abita et al., 1969). Activation at pH 8 is catalysed by small amounts
of trypsin in the presence of calcium (McDonald and Kunitz, 1946), or by enterokinase
(Yamashina, 1956). Addition of calcium speeds up the activation of bovine
trypsinogen but is less essential for activation of porcine trypsinogen (Vithayathil et al.,
1961).

The predominant single chain product is p-trypsin, resulting from the release of
a hexapeptide (at the Lys6-1le7 sequence) from bovine trypsinogen while an octopeptide
is released from the porcine zymogen (Charles et al., 1963). Subsequent cleavage of
the Lys131-Serl3® bond at the N-terminal end of the molecule of bovine trypsinogen
leads to a-trypsin (Schroeder and Shaw, 1968) which is a two-chain structure held
together by disulphide bonds. A further cleavage of a-trypsin at Lys17/6-Asp177 yields

an active bovine form termed pseudotrypsin (Smith and Shaw, 1969).

1.6.4 Stability, denaturation, autolysis and inhibition o ftrypsinogen and trypsin
Porcine trypsin has a superior resistance to self-digestion in neutral or alkaline
solutions in comparison to bovine trypsin (Vithayathil et al., 1961). Porcine trypsin
has been shown to be more stable than bovine trypsin to thermal, alkaline or acidic
denaturation (Buck et al, 1962; Lazdunski and Delaage, 1965). Trypsinogen is stable
at pH 2 to 4, but at neutral or alkaline pH auotactivation to trypsin takes place. Even
lyophilised samples undergo slow autodigestion during storage at 4 °C.
Immobilisation of trypsin improved its stability to autolysis (Swaisgood and Catignani,
1987) and allowed the use oftrypsin at elevated temperatures which is advantageous in
minimising microbial growth during the hydrolysis of whey proteins (Section 2 and 3).
Trypsin is fully active in urea solutions up to 6.5 M (Lazdunski and Delaage,
1965) and in 30 % (v/v) ethanol (Schwert and Eisenberg, 1949). Trypsin can be
reversibly heat-denatured below pH 8 and the effect of pH on temperature-induced
reversible denaturation of both bovine and porcine trypsinogen and trypsin has been

studied. In an investigation of the susceptibility of the different forms of trypsin to



urea dénaturation, it was shown that substrates or competitive inhibitors can protect
trypsin from dénaturation (Lazdunski and Delaage, 1965).

Since trypsin contains 14 lysines and 2 arginines residues, it is a substrate for
its own action, and this autolysis has long been recognised as a potential source of
artifacts in structural studies (Andrews and Dixon, 1989). The autolysis products
produced by trypsin can be detected using fast atom bombardment mass spectrometry
(FABMS) when the product mixture is analysed directly and when it is fractionated by
HPLC. The autolysis of porcine pancreatic trypsin produces a different set of peptides
from that of bovine trypsin (Vestling et al,, 1990) and it was shown that there is a
slower proteolysis rate for porcine trypsin at pH 8.5 in 0.1 M NH2HCO03 and 0.1 mM
CaCl2 buffer (Vestling et al., 1990). The formation of inactive products during the
activation of bovine trypsinogen can be prevented by the addition of 0.02-0.10 M
calcium which speeds up the selective splitting of Lys6-1le7 by a factor of more than
ten, thus promoting p-trypsin formation and also preventing further non-specific
cleavage (Abita et al., 1969) by protecting some of the bonds from tryptic attack. The
protective effects of calcium ions is more pronounced in bovine than in porcine trypsin
(Lazdunski and Delaage, 1965; Abita et al.,, 1969). Spontaneous autocatalytic
activation of trypsinogen can also be prevented by low molecular weight peptide
inhibitors such as para-amino benzamidine and benzamidine or by natural inhibitors of
trypsin e.g. soybean or cereal inhibitors (Mares-Guia and Shaw, 1965; Laskowski and
Kato 1980; Kroghdahl and Holm, 1983).

Several inhibitors of trypsin have been characterised and reviewed (Keil, 1971).
Trypsin is inhibited by DIFP and phenylmethyl-sulphonylfluoride (PMSF), which
interact with the active centre by binding covalently to Serl®3 (Speakman and
Yarwood, 1966; Keil, 1971). Many compounds with a positively charged group and
hydrophobic moiety such as amidines and guanidines, (Lorand and Rule, 1961;
Mares-Guia and Shaw, 1965), benzoyl and tosyl arginine (D'Albis and Béchet, 1967)
and aliphatic and aromatic amines (Inagami, 1964), have also been used to study the
active site of trypsin. For example, the structure of the complex formed by bovine
trypsin and the bovine pancreatic trypsin inhibitor has been studied (Huber et al.,
1974). Trypsin inhibitors have relatively low molecular weights (6000-8000 Da) and

their tertiary structure is very compact owing to a high content of disulphide bridges.



These inhibitors are therefore very stable to denaturation or to the action of proteolytic
enzymes. The most well known proteinase inhibitors are probably the trypsin
inhibitors of soybean, e.g. Kunitz soybean trypsin inhibitor (KSBI) and Bowman-Birk
inhibitor (BBI). Only rarely do natural trypsin inhibitors inhibit trypsin exclusively. In
most cases they are polyvalent and also inhibit thrombin, chymotrypsin and kallikrein

(Keil, 1971).

1.7 Chymotrypsin

1.7.1 Biochemical characteristics o fchymotrypsin

The serine proteinase chymotrypsin is also secreted by the acinar cells of the
pancreas. Two forms of the bovine zymogen are present, chymotrypsinogen A, with a
molecular weight of 25 kDa and an isoelectric point of 9.1, and chymotrypsinogen B,
of similar weight, with an isoelectric point of 5.2. The isoelectric points of the porcine
zymogen A is pH 7.2, notably lower than the isoelectric point of the bovine zymogen.
An additional zymogen form, chymotrypsinogen C was isolated from porcine pancreas
(Folk and Schirmer, 1963). This zymogen was found in a complex with
procarboxypeptidase A (PCPA) and proelastase E. Chymotrypsinogen C is often
known as Subunit Il in this complex (Petra, 1970). The separation of this zymogen
from the other components of the complex has been detailed (Puigserver et al., 1986;
Cambillaueia/., 1988).

Although porcine chymotrypsinogen B has similar biochemical characteristics
to the bovine zymogen, it differs in that it is denatured at low pH and cannot be
isolated by acid extraction of porcine pancreas. Acid lability is also a property of the
third zymogen chymotrypsinogen C.

Chymotrypsin preferentially catalyses the hydrolysis of peptide bonds
involving tyrosine, phenylalanine and tryptophan. In addition to bonds involving
aromatic amino acids, chymotrypsin catalyses, at a high rate, the hydrolysis ofbonds of
leucine, methionine, asparagine and glutamine residues, along with the amides and
esters of the above amino acids (Cunningham, 1965; Ardelt and Laskowski, 1985).
Chymotrypsinogen C has been found to attack the carbonyl side of leucine in a large

variety of simple substrates (substrates composed of a repeating unit) and larger

1%



polypeptides. Chymotrypsin C is specific for the a-amino acids already mentioned but
more especially for leucine residues.

The structure of bovine a-chymotrypsin from X-ray diffraction studies at a
resolution of 2 A has been studied (Sigler et al., 1968; Blow, 1971). The amino acid
sequence of bovine chymotrypsinogen A has been determined (Meloun et al., 1966). It
contains 241 amino acids residues and the amino acid residues known to participate in
the mechanism of catalysis are His97, Asp1® and Ser1% (Hess, 1971).

The purification, activation procedures, physical and chemical properties of
both bovine and porcine chymotrypsin have been reviewed by a number of groups
(Desnuelle and Rovery, 1961; Folk, 1970a; Wilcox, 1970; Hess, 1971). In its
specificity and pH-activity profiles, chymotrypsin resembles the subtilisins (e.g.

Alcalase) rather than trypsin (Adler-Nissen, 1993).

1.7.2 Purification o fchymotrypsin

The classical purification procedure of chymotrypsins A and B has been
detailed (Laskowski, 1956). Briefly, the zymogen of chymotrypsin A is first isolated
from an acid extract of pancreatic tissue and purified by recrystallisation from an
ammonium sulphate solution. The pure zymogen is then activated with bovine trypsin
under slow activation conditions and the enzyme is isolated by crystallisation at about
pH 4 from ammonium sulphate. Salt is removed by dialysis and the product is
Iyophilised. lon-exchange chromatography using CM-cellulose and Sephadex-G25 has
been used to separate a-chymotrypsin from different active forms, i.e. the 7t, 8, and y
forms and the neochymotrypsinogen impurities which are produced under different
activation conditions. Addition of DIFP inhibits chymotrypsin activation of the
zymogen during the purification process. The purification and properties of porcine
chymotrypsinogen A have been outlined (Wilcox, 1970) and this zymogen is similar to
its bovine counterpart.

Purification of porcine chymotrypsinogens  differs from  bovine
chymotrypsinogen, due to their acid labile nature and involves extraction of acetone
powders of pancreatic tissue followed by ammonium sulphate fractionation and

DEAE-cellulose chromatography (Folk, 1970a and Wilcox, 1970).



1.7.3 Activation ofchymotrypsinogens

The different zymogens of bovine chymotrypsin A and B have several active
forms, i.e a, P, 5, y, n chymotrypsin, depending on the purification procedures and
activation conditions used. Tryptic cleavage of a single peptide bond between Argh
and llel6results in a fully active enzyme (Wilcox, 1970). However, under conditions
of slow activation i.e. at low temperatures and in the absence of calcium ions,
chymotryptic digestion of the zymogen produces neochymotrypsinogens, which are
then activated by trypsin to various active forms. The different activation mechanisms,
properties and types of active chymotrypsinogen A and B have been reviewed
(Desnuelle and Rovery, 1961; Sigler et al., 1968). It has been noted that the duration
of activation and presence or absence of ions such as calcium dictates the forms,
activities and stabilities of the resulting enzymes (Wilcox, 1970). Calcium ions act to
stabilise the conformation of both the zymogen and active forms during the activation
process and prevent autolysis. These ions, however, are not essential in the activation
ofthe zymogen form by trypsin to release active chymotrypsin (Wilcox, 1970).

The differences which exist between activation of zymogens from the porcine
species in comparison to the bovine counterpart, in addition to the types of active
enzymes formed have been reviewed (Wilcox, 1970). The specific activity of
chymotrypsin changes during the activation process and further autolytic modification.
Some of this change is due to inherent differences among the different species of
chymotrypsin, some due to inhibition by end-products of autolysis and some due to
formation of inert protein fragments (Wilcox, 1970). It is known that differences in
specific activities ofthe different forms of chymotrypsin is due to heterogeneity of the

active forms ofthis enzyme (Wilcox, 1970).

1.7.4 Stability and inhibitors o fchymotrypsins

Chymotrypsin A is most stable at pH 3, nevertheless, even at this pH autolysis
proceeds, but at a slower rate than at higher pH values (Wilcox, 1970). At pH 6.5
chymotrypsins aggregate to high molecular weight oligomers. The enzyme is also
denatured by urea at concentrations above 3.5 M (Harris, 1956). Porcine chymotrypsin
C can be stored at 4 °C and pH 6 as a suspension in 65 % saturated ammonium

sulphate, as a salt free solution for up to 4 months. Immobilisation has been used as a
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method of stabilisation of a-chymotrypsin against different denaturing agents such as
heat, urea and organic solvents (Guisan etal, 1991).

Natural inhibitors (Krogdahl and Holm, 1983), in addition to PMSF include,
heavy metals such as Cu2+, ng and Agz’f', organophosphorus compounds, a-
chloroketone and phenothiazine-N-carbonyl chloride also inhibit chymotrypsin

activity.
1.8 Elastase

1,8.1 Biochemical characteristics ofelastase

Elastase, an endoproteinase, is secreted in the acinar cells of the pancreas in the
proenzyme form and is activated by trypsin. Pure elastase was first isolated from
porcine pancreas and the important physicochemical characteristics of this enzyme
were established (Lewis et al., 1956, 1959). Elastase has a broad substrate specificity
and is involved in hydrolysis of peptide bonds involving the carbonyl groups of amino
acids with uncharged non-aromatic side chains i.e. alanine, valine, leucine, isoleucine,
glycine and serine. It has a molecular weight of approximately 26.5 kDa (Lewis et al,
1956). It exists as a single peptide chain containing 240 amino acids cross-linked by
four disulphide bridges and has an isoelectric point of pH 9.5. It has been shown that
elastase splits peptide bonds in elastin (Partridge and Davis, 1955) and also hydrolyses
the A and B chains of oxidised insulin (Naughton and Sanger, 1961). Many of the
chemical, physical and Kkinetic properties in addition to the primary and tertiary
structure of elastase have been reviewed in detail (Shotton, 1970 and Hartley and
Shotton, 1971).

Two families of elastase are known to exist in the porcine pancreas. One
family, represented by porcine elastase | (Ureil and Aurameas, 1965 and Powers et al.,
1977), is characterised by a general specificity for small amino acid side chains such as
isoleucine, valine and alanine (Powers et al., 1977). Porcine elastase | has a very basic
isoelectric point in the region of pH 10.7. The second family, represented by porcine
elastase 2 and human elastase 2 (Largmann et al., 1976; Gertler et al, 1977), is
characterised by a specificity for bulky hydrophobic amino acids (Del Mar et al.,

1980). The porcine elastase Il family have a low basic isoelectric point of
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approximately pH 9.6 (Largmann, 1983). Details of the primary and tertiary structure
of porcine elastase have been reviewed (Hartley and Shotton, 1971). Structural
analysis of the active site of porcine pancreatic elastase based on the X-ray crystal
structures of complexes with trifluoroacetyl-dipeptide-analide inhibitors has been

recently carried out (Mattos et al., 1995).

1.8.2 Purification ofelastase

A purification procedure widely used involves ammonium sulphate
precipitation of a sodium acetate powder of pancreatic tissue and often involves ethanol
fractionation (Lewis et al.,, 1956) followed by dialysis against water to yield a
euglobulin precipitate (Hall, 1957). A variety of materials including elastin, alumina
gel (Hall, 1957) and various ion-exchange materials have also been used with some
success to adsorb elastase from crude pancreatic extracts. Elastase can be easily
crystallised from dilute salt solutions in which the contaminating proteins are fully
soluble. This has lead to a simple and selective procedure for obtaining pure
recrystallised elastase (Shotton et al., 1968). Various methods have been used to
purify the euglobulin precipitate (Lewis et al., 1959, Naughton and Sanger, 1961 and
Gertler and Birk, 1970). Details of these methods have been reviewed (Shotton, 1970).
Other purification methods have combined techniques such as affinity chromatography
with immobilised proteinase inhibitors and CM-Sephadex chromatography (Gertler et
al., 1977; Largmann, 1983) to isolate the different types of pancreatic elastase from

within the two families previously mentioned.

1.8.3 Activation and inhibition ofelastase

The activation and inhibition of elastase has been extensively reviewed
(Shotton, 1970; and Hartley and Shotton, 1971). The elastolytic activity of elastase is
appreciably affected by salt. Sodium chloride (50-70 mM) caused 50 % inhibition of
elastase activity and similar effects were observed with potassium chloride, ammonium
sulphate and sodium cyanide (Lewis et al., 1956). However, the activity of elastase
towards the specific substrate benzoyl-L-alanine methyl ester (BAME), while being
inhibited 14 % by 100 mM sodium chloride, is greatly stimulated by 1.2 M sodium

sulphate or by 10 mM trishydroxymethylamine (Shotton, 1970). Elastase as in the case



of the serine protease enzymes, trypsin and chymotrypsin is irreversibly inhibited by
DIFP. Similarly covalent inhibition has been achieved with sulfonyl fluorides and with

p-dinitrophenoldiethyl phosphate (Shotton, 1970).

1.8.4 Stability ofelastase

Elastase is readily soluble in water and dilute salt solutions at concentrations up
to 50 mg/ml between pH 4 and 10.5. At 2 °C elastase solutions are stable for
prolonged periods below pH 6 and reasonably stable at higher pH values. Brief
pH-induced conformational changes are reversible but prolonged incubation at acid pH
leads to irreversible dénaturation with loss of enzymatic activity (Lewis et al., 1956).
However, it is a powerful proteolytic enzyme and will rapidly autolyse to a mixture of
peptides if incubated at room temperature at or near its optimum pH of 8.8. AtpH 5.0
elastase solutions can be stored or used at room temperature with little autolysis.
Crystals of elastase are stable indefinitely in 1.2 M sodium sulphate, buffered at pH 5.0
with sodium acetate. Freeze-dried elastase prepared following dialysis against 1 mM

acetic acid is stable indefinitely at -10 °C with no loss of activity (Shotton, 1970).

19 Carboxypeptidases (CP) A and B

1.9.1 Biochemical characteristics ofcarboxypeptidases

The pancreatic exopeptidases have been reviewed by a number of groups (Folk,
1970b; Hartsuck and Lipscomb, 1971 and Puigserver et al., 1986). Carboxypeptidases
(CP) A and B are exopeptidase, zinc-containing peptidases, which are specific for the
C-terminal amino acid residues of substrates and are secreted in the zymogen
(proenzyme) form. Both procarboxypeptidases (PCPs) amount to 20 % of the total
pancreatic secretory proteins (Puigserver et al., 1986). Both enzymes also catalyse the
hydrolysis of esters and therefore have dual specifies. The zymogen forms have been
shown to have intrinsic esterolytic activity. For example, when PCPA was assayed
with the ester substrate hippuryl-DL-phenylacetate, this activity was about 5 % of that
observed after tryptic activation ofthe zymogen (Puigserver et al., 1986).

CPA is secreted in a precursor form, procarboxypeptidase A (PCPA). Porcine

pancreatic tissue is a rich source of PCPA (Marchis-Mouren et al.,, 1961). In most
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species pancreatic PCPA is either monomeric (Marchis-Mouren et al., 1961) or is
associated with a functionally different protein, described in pig as a proelastase-like
zymogen of proteinase E which is also a serine proteinase (Kobayashi et al., 1978 and
Martinez et al.,, 1981). The fundamental properties of bovine procarboxypeptidases
have been characterised and have been compared with the porcine pancreatic
zymogens (Martinez et al, 1981 and Vendrell et al., 1982). Carboxypeptidases of
porcine pancreas are much more water soluble than bovine euglobin CPA and hence
are easier to separate (Folk and Schirmer, 1963; Venrell et al., 1982). CPA was first
crystallised from beef pancreas (Anson, 1937). Porcine CPA has also been isolated
and the relationships of the three forms of this enzyme (a, (3 y ) have been established
(Folk and Schimer, 1963; Petra, 1970). They have a molecular weight of
approximately 35.3 kDa (Bradshaw et al.,, 1969). CPA has been sequenced and is
composed of a single polypeptide chain of 307 amino acid residues (Bradshaw et al.,
1969). Several kinetic constants and some of the physical properties of porcine CPA
have been compared with those of bovine CPA (Folk and Schirmer, 1963). The
kinetics of PCPA and CPA highlight differences between the zymogen and active form
of the enzyme. The three dimensional structure of CPA and CPB and the structure of
activation segment have been studied at 2 A resolution. (Guasch et al., 1992).

The isolation of PCPB from pancreatic juice or agueous extracts of pancreatic
acetone powder has been described (Winterberger et al., 1962). The amino acid
sequence of PCPB and CPB has been established (Cox et al, 1962; Folk, 1971). CPB
was first isolated from bovine pancreas (Waldschmidt-Leitz et al.,, 1931). It has a
molecular weight of 34.3 kDa and requires zinc ions for activation (Wintersberger et
al., 1962). It displays esterase activity towards carboxyl terminal argininic acid (Folk
and Gladner, 1958). Many of the physical and chemical properties of CPB, its

activation and kinetics of activity have been reviewed (Folk, 1970b).

1.9.2 Differences between CPA and CPB

Ternary complexes of the zymogen, PCPA, with chymotrypsinogen C and
proteinase E have been characterised in ruminant species, i.e. goat, sheep and cow
(Kerfelec et al., 1985). It has been suggested that differences in the three-dimensional

structure of the A and B zymogens may explain the differences in intrinsic activity and
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different rates of proteolytic activation of each zymogen (Guasch et al., 1992). CPA
and CPB are similar in amino acid sequence and mechanism ofreaction, however, they
differ in substrate specificity. CPA preferentially cleaves substrates with aromatic or
large aliphatic carboxy terminal residues, whereas CPB acts on aromatic and basic
amino acid such as lysine, arginine, ornithine and homoarginine. Histidine in a
C-terminal position is not hydrolysed by CPB (Folk, 1970b). These differences may
reflect the different roles ofthe enzymes. CPB acts on the products of trypsin digestion.
CPA, on the other hand, acts on the products of chymotrypsin activity. CPA will not
release peptide-bound proline, (proline will stop the hydrolysis reaction) arginine or
glycine residues and acidic amino acids are only released slowly (Guasch et al., 1992).
The preparation, properties and uses of CPA and CPB for end-group (protein

sequencing) analysis have been reviewed (Ambler, 1972).

1.9.3 Purification o fcarboxypeptidases

The purification of PCPA by extraction of acetone powder of pancreatic tissue,
chromatography on DEAE-cellulose followed by ammonium sulphate precipitation
serves as a general purification scheme for this procarboxypeptidase (Anson, 1937).
Methods involving soya-bean trypsin inhibitor followed by DEAE-cellulose, Biogel
R150 chromatography, or combinations of both have also been used to purify PCPA
(Martinez et al., 1981). The properties and methods of crystallisation of the PCPA
complex have been reviewed (Petra, 1970).

CPB is isolated from acetone powders of porcine pancreas in a process
involving fractionation with ammonium sulphate followed by chromatography on
DEAE-cellulose (Folk, 1971). Bovine CPB and porcine CPB have been crystallised
following tryptic activation of either purified or partially purified proenzyme
preparations (Winterberger et al.,, 1962). The purification and properties of three
PCPA and two PCPB forms of human procarboxypeptidase by anion-exchange HPLC

has been demonstrated (Pascual et al., 1989).

1.9.4 Activation ofCPA and CPB zymogens
CPA and CPB are secreted as zymogens (PCPA and PCPB) from acinar

pancreatic cells and are activated by trypsin in a two-step cascade system, producing



the active form ofthe enzyme. The sequence of events during activation by proteolysis
is different for PCPA and PCPB. Transformation of PCPB to CPB by trypsin is a
faster process than the activation of PCPA. In the activation of PCPB, a 95 residue
activation segment is released giving rise to intermediates and to a proteolytically
resistant activation fragment of 81 residues (Pascual et al., 1989; Burgos et al., 1991).
In the tryptic conversion of PCPA to active CPA, the activation segment remains
bound to the enzyme until a second trypsin cleavage occurs (Vendrell et al., 1990).

The Kinetics involved in zymogen activation have been reviewed (Guasch et al., 1992).

1.9.5 Stability and inhibitors ofcarboxypeptidases

The inhibition and activation kinetics have been reviewed for both CPA and
CPB (Folk, 1970b; Puigserver et al., 1986). Both CPA and CPB retain stability when
stored in 0.01 M Tris/HCI pH 8.0 at 4 °C for several years (Wintersberger et al., 1962).
For example, concentrated solutions of porcine CPB in dilute Tris buffer pH 7.5 or
suspensions of crystals of the enzyme in water have been stored at -10 °C for periods
of up to one year without detectable loss in enzymatic activity (Folk, 1971).
Substantial losses (25-45 %) in activity occurred upon lyophilisation of either solutions
or crystalline suspensions of CPB. CPA is insoluble at low ionic strength and stable
between pH 7 and 10 (Wintersberger et al., 1962). Different allelomorphs of CPA
have been isolated and there are differences in their thermal stability (Petra, 1970).

Many substances inhibit CPA and CPB, including metal chelating agents such
as 1,10 phenanthroline (Smith and Hanson, 1949), substrate analogs and products of
CP hydrolysis. Removing the zn"" atom inhibits both peptidase and esterase activities
of the zymogen and active forms of CPA and CPB. CPB is also inhibited by
pyrophosphate and borate buffers above pH 8 (Wolffetal., 1962). Butanol and several
other alcohols influence CPB activity and it was shown in the presence of 0.3 M
butanol that the rate of hydrolysis of hippuryl-lI-arginine hydrolysis was increased (by

100 %) but rates of esterolysis were decreased (by 85 %) (Folk et al., 1962).
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2 P-Lactoglobulin and other whey proteins

Nutritionally, whey proteins are rich in essential amino acids and have a high
biological value. Therefore, they are suitable for the supplementation of various foods
and are, for example, often incorporated into infant formulae (Renner, 1983). Whey
proteins represent 20 % of the total protein in milk. The literature on the manufacture,
functional properties and uses of whey proteins has been extensively reviewed
(Marshall and Harper, 1988; Sienkiewicz and Riedel, 1990; Zadow, 1992). In
addition, the chemistry and physiochemical properties of the whey proteins has been
reviewed (McKenzie, 1971; Whitney, 1988; Fox, 1992).

Whey has been defined as ‘the product obtained by using acids, rennet and/or
chemico-physical processes during cheese and casein production’ (Sienkiewicz and
Riedel, 1990). Depending on the method of recovery whey may be classified into acid
or rennet wheys. Acid whey (pH 5.1) is ‘the milk serum obtained by separation of
casein, effected predominantly by acid, but also by P-galactosidase’. Rennet whey (pH
5.6), also known as sweet whey, is ‘the milk serum obtained by separation of casein,
effected predominantly by rennet, but also by p-galactosidase’. The types of whey, the
technology used in the manufacture of various whey powders and the utilisation of
established whey products have been extensively reviewed (Sienkiewicz and Riedel,
1990). Potential routes for the industrial scale processing of whey are given in Figure
2.1

Whey proteins can have a high degree of functionality. Functionality
encompasses such properties as solubility over a wide pH range, water-binding and
water retention capacity, i.e. ability to form heat-induced gels and stable foams, and
emulsifying properties (Sienkiewicz and Riedel, 1990). A number of processing
variables, such as heat treatment used in the extraction of whey protein concentrates
can affect the functional properties of whey (Schmidt et al, 1984; deWit and
Klarenbeek, 1984; Gauthier et al, 1993). For example, heat treated whey proteins
frequently lose their ability to form stable gels and to be soluble over a broad pH range.
Heat or alkali treatment may also generate hydrolysis-resistant intermolecular and
intramolecular covalent bonds, which in turn, may affect the nutritional quality of

whey protein or its hydrolysis products (Erbersdobler, 1983).



CHEESE/CASEIN WHEY

Figure 2.1: Potential routes for the industrial scale processing of whey

(taken from Morr, 1982).

2.1 Manufacture of whey protein concentrates and lactalbumin

Whey protein powders (10-15 % protein) are usually produced using
evaporation or spray-drying, while whey protein concentrates, (WPCs 25-95 %
protein) are produced using ultrafiltration in combination with precipitation and/or
chromatographic separation.  The production of WPC is often coupled with
demineralisation and lactose crystallisation steps (Marshall and Harper, 1988;
Sienkiewicz and Riedel, 1990).

Lactalbumin is prepared by washing, in the presence of calcium ions, and
drying, the proteins precipitated from heat-treated whey (Roger et al., 1981).
Lactalbumin generally has a protein content greater than 77 % (w/w). The lactose,
lipid and ash content of lactalbumin varies with the degree of mineral washing during

the manufacturing process and with the lactation stage of the milk used for
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manufacture (Robinson el al, 1976). The protocol for the manufacture of lactalbumin

is given in Figure 2.2.

Witoy/Oominortliod Whoy/Conconlratod Whey

I pH adjustmonl, optional ]
(2.5-35. <5-4.8. 6 0-6.5)

[ Hoaiing )
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or horozontal solid bowl decanter
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1Drymyg |
Spray. Roller. Ring-,
or Fkndized Bed Drier

LACTALBUMIN

Figure 2.2 The protocol for the manufacture of lactalbumin

(taken from Mulvihill, 1992)

Lactalbumin is a gritty and insoluble whey protein powder, having a high water
binding capacity (Short, 1980). It has been shown that heating whey at 88 to 90 °C
between pH 2.2 to 3.5 and readjusting to pH 4.6 to precipitate the protein gives a
lactaloumin product with improved solubility (Modler and Harwalker, 1981). Even
though it has limited functionality, lactalbumin is of a high nutritional value (Wingerd,
1970). Solubilisation of lactaloumin occurs at an alkaline pH, i.e. pH values >9.4

(Smith et al., 1989). However, it has been shown that the solubility of lactalbumin at
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lower pH values was greatly improved by enzymatic hydrolysis (Smith et al, 1989).
Because of its nutritional value, lactaloumin is often used to fortify foods containing
cereal proteins (Towler, 1982), in foods where solubility is not an important factor e.g.
biscuits (Short et al, 1978) and as a meat extender (Jelen, 1975).

The use of enzymatic hydrolysis to improve lactaloumin functionality is
reviewed in Section 3. The manufacture, properties and uses of lactalbumin have been

reviewed elsewhere (Robinson et al., 1976).

2.2 The individual whey proteins

A number of industrially feasible methods have been developed to fractionate
the major protein components, i.e. p-lactoglobulin (P-lIg) and a-lactalbumin (a-la)
from whey (Amundson et al., 1982; Slack et al., 1986; Maubois et al., 1987; Pearce,
1987). The major whey proteins, which are also designated serum proteins, are given
in Table 2.1. The major whey proteins are globular and contain a significant number of
sulphydryl groups which in turn can be involved in protein/protein interactions during
processing of whey protein as well as interacting with other proteins in complex food
systems.

Minor whey proteins are the iron-binding proteins, (lactoferrin and transferrin),
lactollin, p2-microglobulin, the milk fat globule membrane proteins and hydrolysis
products of caseins (Walstra and Jenness, 1984; Fox, 1992). In addition, another
constituent of rennet and cheese whey is glycomacropeptide, consisting of 64 amino
acids, a component released from K-casein by the hydrolytic action of rennin.

Traces of various enzymes of primary origin (plasmin, alkaline phosphatase,
lactoperoxidase, catalase, lipases and proteinases) and are also present in whey and
their characteristics have been reviewed (Fox, 1992). Peroxidase is the milk enzyme

present in the greatest proportion (1 % ofthe total whey protein content).
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Table 2.1: Concentration and physicochemical properties of the whey

proteins of bovine milk

Protein % ofwhey  Concentration Molecular Isoelectric
protein (gD mass (kDa) point (pi)
P-Lactoglobulin 55-65 3.3 18.4 5.35-5.49
a-Lactalbumin 15-25 1.2 142 4.2-4.5
Serum albumin 5-6 0.3 66.3 51
Immunoglobulins 10-15 0.5 80-900 5.5-8.3
Proteose peptones 10-20 0.2 4.1-80 5.1-6.0

(taken from Evans, 1980 and Marshall and Harper, 1988)

2.3 B-Lactoglobulin

The globular protein P-Ig is an abundant component of the whey fraction of the
milk of several animal species and has been characterised both chemically and
physically (McKenzie, 1971; Whitney, 1988; Hambling et al., 1992). In the bovine
species, it represents 55-65 % of the total whey proteins (Table 2.1). B-Lg has a high
content of essential amino acids (McKenzie, 1971; Hambraeus, 1982) which makes it a
potentially nutritious protein source. But apart from being very nutritious, the
molecular properties, particularly the acid solubility and ligand binding capability of p-
Ig leads to the supposition that some other, as yet unclear, more specific function exists
for this protein. The possible biological functions of p-lg have been reviewed (Pérez
and Calvo, 1995).

The structure, genetic variants, stability to various pHs and temperatures and
the biological significance of P-Ig will be dealt with in this review. Particular attention
will be given to how enzymatic hydrolysis has been used to modify the protein. It is
known that changes in protein conformation brought about by, for example, pH

adjustment, heat treatment, or ligand binding, can alter the rate of proteolysis (Mihalyi,
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1978; Swaisgood and Catignani, 1987; Puyol et al, 1994). The effects of heating,
esterification, pressurisation or ligand binding on the susceptibility to enzymatic

hydrolysis will also be reviewed.

2.3.1 P-Zgstructure

The molecular weight of bovine G-lg B (monomeric form) is estimated to be
18.3 kDa corresponding to a polypeptide chain of 162 amino acid residues (Table 2.1).
The molecule contains two disulphide bridges as well as one free cysteine. The free
thiol group is of significance in the processing of milk, as it can interact with other
proteins such as K-casein (Sawyer, 1969) and a-la (Hunziker and Tarassuk, 1965). p-
Lg also exists in dimer form. B-Lg contains four tryptophan groups per dimer
(McKenzie, 1971). The primary structure and function of [3-lg has been reviewed
(Godovac-Zimmermann and Braunitzer, 1987).

In terms of secondary structure, B-lg in solution possesses approximately 10 %
a-helix, 43 % antiparallel B-pleated sheet and 47 % unordered structure (Creamer et
al., 1983). A core structural motif, a hydrophobic pocket, consisting of an
eight-stranded B-barrel with another B-strand and a-helix on the surface has been
identified in P-lg by X-ray crystallography (Green et al., 1979; Monaco et al., 1987).
P-Lg has a structural similarities to the plasma retinol binding protein (Papiz et al.,
1986; Cho et al., 1994). The structural stability of P-lg has been studied using circular
dichroism spectra analysis (Alexander and Pace, 1971; Chen et al.,, 1993) and by
differential scanning calorimetry (DSC, deWit and Swinkels, 1980; Puyol, et al.,
1994). In addition, studies using trypsin hydrolysis are frequently used to investigate

B-Ig structure (Dalgalarrondo et al., 1990; Chobert el al., 1991; Chen et al., 1993).

2.3.2  Genetic variants

At least seven genetic variants of B-lg , designated P-Ilg A, B, C, D, E, F and G,
differing in overall composition by amino acid substitutions have been reported
(McKenzie, 1971; Eigel et al., 1984; Hambling et al., 1992). The major variants are P-
Ig A and B which differ at positions 64 and 118, where Asp and Val in variant A are
substituted by Gly and Ala, respectively in variant B. p-Lg A and B both have 17

potential tryptic cleavage sites, however, comparative differences exist in a number
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physiochemical properties (Townend et al., 1967; Alexander and Pace, 1971), as
outlined in section 2.3.3.2. For example, the thermal stability of the A and B variants
differ as detected using differential scanning calorimetry (deWit and Swinkels, 1980;

Imafidon et al., 1991; Huang etal., 1994a).

2.3.3 Factors affecting susceptibility of (31g to enzymatic hydrolysis

A number of modifications which change the susceptibility of P-lg to
enzymatic hydrolysis are as follows: (1) pH and temperature changes; (2) genetic
variants; (3) ligand binding; (4) pressurisation and (5) chemical modification. Each of
these modifications indirectly imparts different physicochemical properties to the
hydrolysate produced by alteration of the number and type of cleavage points available
to the digestive enzymes. Because of their globular and mostly stable structure, only
slight modification in the conformation of the protein can produce significantly
different digestion products. The correlation between the susceptibility of a peptide
bond to proteolysis with the flexibility of the residues surrounding that bond has been

well documented (Mihalyi, 1978; Swaisgood and Catignani, 1987).

2.3.3.1 pH and temperature changes

P-Lg exhibits a unique self-association pattern which is pH dependent
(Zimmermann et al., 1970). At neutral pH B-Ig exists as a dimer. Below pH 3.7 and
above pH 5.2 dimers are favoured that increasingly dissociate to monomers as the pH
decreases or increases, respectively. Between pH 3.7 and 5.2, the dimer undergoes a
progressive reversible tetramerization (Kumosinski and Timasheff, 1966). A reversible
conformational change above pH 7.5, causes the exposure of tryptophan and tyrosyl
residues to solvent (Tanford et al., 1959; Townend et a | 1967, 1969; Zimmermann et
al., 1970). This pH induced dissociation during the so called "Tanford transition",
exposes a carboxyl group and a sulphydryl group but is not accompanied by gross
changes in molecular conformation (Timasheffet al., 1966; Mills and Creamer, 1975;
Teller et al., 1979). It has been suggested that this transition in B-lg structure
associated with pH changes is reflected in its susceptibility to proteolysis (Monnot and

Yon, 1964).
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In addition to the influence of pH, B-lg undergoes temperature - dependent
thermodenaturation and conformational changes (Brunner, 1977). B-Lg is known to
dissociate to the monomer in the pH region of 5.2-5.9, and as the temperature is
increased from 20 to 45 °C. P-Lg aggregates above 65 °C with increasing holding time
involving SH oxidation and disulphide interchange (McKenzie, 1971; Gotham el al,
1992). Dupont (1965) and deWit and Swinkels (1980) showed that reversible
conformational changes can occur to p-lg below 70 °C, however, above this
temperature irreversible denaturation takes place. The monomer-dimer dissociation
constant varies with the genetic variant and is increased with increasing temperature
(Imafidon et al., 1991). Heating steps such as pasteurisation, sterilisation and
evaporation, as used in the preparation of many whey products, and the influence of
heating on the characteristics of p-lg have been reviewed (McKenzie, 1971). The
thermal denaturation and gelation of B-lg has been studied (Paulsson and Elofsson,
1994) using DSC and dynamic rheology.

Modification, of B-lg by heating and pH changes makes this protein more
susceptible to proteolysis by digestive enzymes (Schmidt and van Markwijk, 1993).
For example, heat treatment followed by enzymatic hydrolysis has been used to

eliminate the allergenicity induced by this protein (see 2.3.4.1).

2.3.3.2 Variants

It has been previously reported that tryptic hydrolysis of B-Ig A is 3.5 times
faster than B-lg B (Nakamura et al., 1993b). The difference in hydrolysis rates of B-Ig
A and B by trypsin might be ascribed to the substitution of Asp&tin B-lg A with Gly in
B-lg B (Dalgalarrondo et al., 1990) and resultant differences in structural stability
(Huang et al,, 1994a ). It was suggested that the variant related differences in
chymotryptic hydrolysis of B-lg could also be attributed to the amino acid substitution
at position 64 (Van Willige and FitzGerald, 1995). It has been shown that the variants
differ in their gelling properties (Huang et al., 1994a, b) and heat stability, in addition

to resistance to enzymatic hydrolysis (Imafidon et al., 1991; Huang et al., 1994c).



2.3.3.3 Ligand binding

It is suspected that fi-Ig has a role in nutrition in the transport of essential fatty
acids, triglycerides, alkanes, minerals such as calcium ions and the vitamin, retinol
(Puyol et al, 1994; Pérez and Calvo, 1995). It has been suggested that the biological
role of fi-lg is related to digestion and/or transport of fatty acids or retinol to specific
receptors in the duodenum of new bom ¢mimais (Pervaiz and Brew, 1985; Puyol et al.,
1993).

fi-Lg belongs to a family of proteins that interact with small volatile
hydrophobic ligands (Hambling et al., 1992; Puyol et al., 1994). These proteins share
a similar three dimensional structure containing an internal hydrophobic pocket
(Sawyer etal, 1985). Both the centre ofthe fi-barrel (Papiz et al, 1986) and a surface
hydrophobic pocket (Monaco et al., 1987) of p-lg have been suggested as possible high
affinity binding sites for retinol and vitamin A. Ruminant fi-lg binds fatty acids (Diaz
de Villegas et al, 1987; Spector and Fletcher, 1970) and retinol (Fugate and Song,
1980) in vitro. Fatty acids compete in vitro with the binding ofretinol to fi-lg (Puyol et
al., 1991). It has been shown that the binding of fatty acids to fi-lg increases its
conformational stability and thus resistance to trypsin degradation (Puyol et al, 1993).
Differential scanning calorimetry (DSC) has been used to study the thermal stability of
bovine fi-lg as influenced by binding of palmitic acid or retinol (Puyol et al., 1994).
The findings concluded that binding of fatty acids to fi-lg may play an important role

in the stabilisation of fi-Ig structure.

2.3.3.4 Pressurisation and its influence on enzymatic hydrolysis

Pressurisation has been used as a method of modification of fi-lg which alters
the three-dimensional (3D) structure of the protein during enzymatic hydrolysis and
increases the enzyme activities. This effect which can in turn promote the reduction of
allergenicity (Nakamura et al, 1993a, b). The susceptibility of the fi-lg variants A, B,
AB to enzymatic hydrolysis at ambient and high pressure has been described (Van

Willige and FitzGerald, 1995).



2.3.3.5 Chemical modification and hydrolysis of (3-lg

Chemical modification through cleavage of S-S bonds using permissible food
additives such as sulphite has been used to improve the digestibility of B-lg (Otani,
1981; Reddy et al.,, 1988). Modification of B-lg by esterification using alcohol
followed by tryptic (Briand el al., 1994) or peptic hydrolysis (Dalgalarrondo et al.,
1995) has also been investigated. It has been suggested that the peptides produced
following hydrolysis may have different biological or physiological properties.
Esterification with alcohols blocks exposed carboxyl groups in proteins neutralising

negative charges of carboxylates and increases protein hydrophobicity.

2.3.4 Properties ofenzymatically hydrolysed fi-Ig
The applications of proteinases in the hydrolysis of whey proteins are given in

Section 3. Some properties related to (3-Ig hydrolysates are mentioned briefly here:

2.3.4.1 Reduction of allergenicity

B-lg is absent from human and rodent milk and its inclusion in baby milk
formulae has focused attention on its potential allergenic properties in infants
(Nakamura et al., 1993a, b). Since bovine milk contains B-lg, which is a potential
allergen, it is desirable, in some instances, to selectively eliminate B-lg from whey
(Okamoto et al., 1991) for inclusion in infant or milk protein formulae. Heat treatment
has been used to reduce allergenicity of P-lg. However, this has been shown to
produce new compounds between B-lg and lactose by the Maillard reaction and that
these compounds in turn show a greater allergenic response than native B-lg. The
second method used to reduce allergenicity employs enzymatic hydrolysis. Hydrolysis
results in an increase of charged groups and hydrophilicity, a decrease in molecular
weight and alterations in molecular conformation. p-Lg was hydrolysed by trypsin and
chymotrypsin or porcine pancreatin to give a reduction in its allergenic properties
(Asselin et al., 1989). High pressure treatments prior to proteolysis have also been
used to produce hypoallergenic hydrolysates (Okamato et al., 1991; Nakamura et al.
1993a, b). A briefreview of the application of enzymatic hydrolysis to produce low

allergenic hydrolysates is given in Section 3.1.2.
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2.3.4.2 Bioactive peptide hydrolysates

There are two known bioactive peptides derived from the enzymatic hydrolysis
of P-lIg using digestive proteinases. An opioid peptide, p-lactorphin (Tyr-Leu-Leu-
Phe) was produced using pepsin and trypsin or a combination of trypsin and
chymotrypsin hydrolysis of native or heat-treated B-lg (Antila et al., 1991). Another
tetrapeptide, known as P-lactotensin (His-Ile-Arg-Leu), which acts on smooth muscle,
was released from the internal sequence of P-lg by the action of chymotrypsin or a
combination of pepsin and chymotrypsin (Pihlanto-Leppala et al., 1994a). Details of

milk derived bioactive peptides will be dealt with in Section 4.

2.3.4.3 Emulsification and foaming properties

P-Lg in particular displays a low surface hydrophobicity, but on enzymatic
hydrolysis, the exposed hydrophobic residues become available for interaction with oil
surfaces. Therefore, limited hydrolysis of p-lg improves émulsification and foaming
properties. For example, peptide fragments isolated from P-lg after tryptic hydrolysis
in an ultrafiltration type membrane reactor, showed enhanced interfacial activities
(Turgeon et al.,, 1992). These hydrolysates were suitable for improvement of food
emulsions and foams. Most research has been carried out on émulsification and
foaming properties of p-lg in the presence of the other whey proteins, i.e. in

lactalbumin and WPC, and this research is outlined in Section 3.1.1.2.

2.3.4.4 Gelation

Besides the influence of the inclusion of salts such as sodium chloride and
calcium chloride on the gelation of B-Ilg (Mulvihill and Kinsella, 1988; Paulsson and
Elofsson, 1994; Li et al., 1994), the role of limited enzymatic hydrolysis by
immobilised trypsin on the gelation of p-lg has also been investigated (Chen et al.,
1994). It has been shown that a hydrolysate giving superior gelling properties to the
native protein can be produced by limited hydrolysis of P-Ig (Chen et al., 1994).
Partially hydrolysed B-Ig had a lower gel point and gelled more rapidly than native B-Ig
at 80 °C. Polypeptide fragments which retain their secondary and tertiary structure
after limited hydrolysis and which are derived from the core B-barrel domain are

suspected to be crucial in this gelling process (Chen etal., 1993; Chen etal., 1994).



2.4 a-Lactalbumin

a-La represents 15-25 % of the total whey proteins in bovine milk (Table 2.1).
a-La is nutritionally important because it is the principal whey protein of human milk
(Heine et al.,, 1991). This protein is also involved in the final stage of lactose
biosynthesis (Brodbeck and Ebner, 1966). It functions by promoting the binding of
glucose to glactosyltransferase and has a role in the formation of lactose from glucose
and galactose. The physical and chemical properties of a-la have been reviewed
(McKenzie, 1967; Gordon, 1971; Brew and Grobler, 1992).

a-La consists of a single polypeptide chain of 123 amino acids, (14.2 kDa) and
contains eight cysteines which exist as intramolecular disulphides (Eigel et al., 1984).
The four disulphide bridges, which are intrinsic to a-la structure contribute to the
thermal stability and the very high renaturability of the molecule. Upon heating at pH
6.5, a-la unfolds at temperatures as low as 62 °C, but on cooling the molecule reverts
to its native structure (Pfeil, 1981). The cysteine residues, which occur as four
disulphide bridges, are mainly responsible for this reversible change. a-La is the most
heat stable whey protein. Of all the normal methods for the heat treatment of liquid
milk, only indirect ultra high temperature (UHT) heating (15s above 100 °C, maximum
141 °C) effects an irreversible denaturation on a-la. a-La is a metalloprotein, capable
of binding calcium, zinc and other metals (Stuart etal., 1986). The removal of calcium
by EDTA reduces its heat stability (Bernal and Jelen, 1984). A conformational change
occurs in a-la around pH 4.0, where the molecule loses the Ca2+which is tightly bound
at higher pH values. The thermal stability of a-la in comparison to the other whey
proteins has been determined (Pfeil, 1981) The 3D structure of a-la has been
determined (Acharya et al.,, 1991) and the metal binding and physicochemical
properties of a-la have been studied (Kronman, 1989; FitzGerald and Swaisgood,
1989; Brew and Grobler, 1992).

There is a large amount of sequence homology between a-la and type-c
lysozymes (Brew and Campell, 1967; Hill and Brew, 1975). a-La secondary structure
includes approximately 26 % a-helix, 14 % (3-sheet and 60 % unordered structure
which includes P-tums (Hall et al., 1987). Three genetic variants of a-la have been

identified in Western bovine breeds (Fox, 1989). It was suggested that the protective
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effect of certain lipophilic compounds to a-la may have physiological significance
(Hirai et al., 1992).

The effects of the proteolytic digestion of a-la by trypsin, chymotrypsin and
pepsin have been studied, with respect to the influence ofion binding on the stability of
this protein to hydrolysis (Schmidt and van Markwijk, 1993). a-La has good
emulsifying and foaming properties, although the native molecule reveals low surface
hydrophobicity. The increased susceptibility of a-la to surface dénaturation at oil-
water or air-water interfaces is involved in its emulsifying and foaming properties
(Fox, 1989).

Only one bioactive peptide derived from a-la has been characterised to date.
An opioid peptide known as a-lactorphin (Tyr-Gly-Leu-Phe) was isolated from a
proteolytic digest of native a-la using pepsin or a combination of pepsin and trypsin
(Antila etal., 1991).

a-La is also a potential allergen (Gjesing et al., 1986) and it has been shown
that the allergenicity of a-la can be reduced using enzymatic hydrolysis by trypsin and

chymotrypsin (Asselin et al., 1989).

2.5 Serum Albumin

The concentration of serum albumin in milk is approximately 0.3 g I,
corresponding to approximately 5-6 % of the total whey proteins (Table 2.1). Bovine
serum albumin (BSA) consists of 582 amino acid residues, has a molecular weight of
66.3 kDa and contains 17 intramolecular disulphide bridges and one free thiol group.
This protein binds several ligands, including fatty acids, which enhance its heat
stability (Gumpen et al, 1979). The physiochemical properties of BSA have been
reviewed (Peters, 1985). It has been suggested that the rigid, disulphide structure of
this protein acts as a shielding effect against enzymatic hydrolysis. There is no
apparent function for BSA in milk and it is assumed to be a leakage protein from
blood.

Like p-lg and a-la, BSA can also elicit allergic responses,