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Abstract
The major objectives of this research were related to two
technical problems found when considering the manufacturé of
a non—ferménted beverage from lactose-hydrolyzed whey: 1) to
prevent the formation of a protein sediment in the drink as
a consequence of the heat treatment applied to these
products; and 2) to evaluate several commercial lactase
preparations for the hydrolysis of lactose in cottage cheese
whey and to select the best enzyme among those preparations
to be used in the manufacture of the drink.

In the first part'of the study, several factors
affecting the thermal stability of thévproteins present in
whey were studied over 2.5-6.5 pH range using D%ffe{ehtial
Scénﬁing Calorimetry (DSC) and heg;wpretipitation étudies.
The highest denaturation temperaéure for an acid whey
protein concentrate preﬁared by ultrafiltration was 88°C at
pPH 3.5, while for pure f-lactoglobulin(f-1g) the highest
denaturation temperature, obtained at pH 3.5, was 81.9°C.
Presence of milk sugars (lactose, glucose and galactose)
appeared to increase the resistance of f~1g against thermal
denaturation; In bovine serum albumin preparations,
denaturation temperature varied with fatty acid contents.
The‘importanCe of calcium for the thermal stability of
a-lactalbumin was pgoven by a 20-22°C decrease in the
denéturation temperature upon the addition of 0.1 M EDTA.
Heating of whey at §5°C for 5 minutes above pH 3.8-3.9

produced extensive protein precipitation. When the same heat
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treatment was applied below pH range 3.7, protein
precipitation was prevented.
“In a preliminary hydrolysis experiment, the
y

effectiveness of lactose hydrolysis by a soluble

w-galactosidaée from Kluyveromyces lactis was compared in

- skim milk, KOH-treated cottage cheese whey, KOH-treated

ultrafiltration perméate, and model lactose solutions. Of
the three possible industrial substrates, the highest
B-galactosidase activity was obsgrvéd in whey, followed by~
ultrafiltration permeate and milk. The addition of
B-lactoglobulin, bovine serum albumin and ovalbumin to
buffered lactqse solutions had no effect on the activity of
the enzyme. The hydrolysis of lactose seemed to be dependent
upon the amount of potassium pfesent. The K, of the enzyme
for lactose in 0.025 M KH,PO, was 76.9 mM. Comparison
between NaOH and KOH-treated whey confirmed the suitability
of potassium as neutralizing agent when tﬁis enzyme is used.
In the main hydrolysis study, six_comﬁercial |
ﬁ—galactosidase (E.C. 3.2.1.23) prepa;ations were compared
for the hydrolysis of lactose in cottage cheese whéy. The
comparison was based on parameters obtained from the kinetic
characteristics of the enzymes in lactose solutions

(Michaelis-Menten constants, apparent turnover numbers,

.initial reaction rates and integrated equations derived from

the Michaelis-Menten expressioh), and on experimental
progress curves for the hydrolysis of lactose in whey. The

conversion data were used to predict optimum enzyme

\4



dosage/hydrolysis time combinations to attain a fixed degree
of lactose conversion. The K vaiues for lactose varied from
24.0 to 150.2 mM. The lactose hydrolysis effi;iency in
cottage cheese whey was different for eaéh enzyme. The usev
of acid B-galactosidases dia not impart any undesirable
sensory characteristics to é grapefruit flavoured protof&pe
product developed in the laboratory.

Sensory evaluation experiments (triangle tests) showed
no significant difference in bitterness (1.0% confidence
level) between a protoype product sweetened with sucrose and
several drinks madé from whey treated with any of the fhree
best acid B-galactosidases to an B0% lactose hydrolysis (
level. Based on the results obtained and including an
economic evaluation of the commercial preparations, the most
suitabie f-galactosidase preparations.avaifable for usehin
cottage cheese whey were identified.

This study demonstrated that it should be_pbssib;e to
manufact;re a lactose hydrolyzed whey beverage without
protein sedimentation problems and with accéptable
organoleptic characteristics. The cost of the enzyme
required to carried out the iactose hydrolysis would be only

about 3 or, 4 cents per litre of whey, under the conditions

described in this work.

vi
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1. INTRODUCTION, ‘

1.1 Whey and whey beverages.

The production of cottage cheese in Canada in 1982 was
30,984,000 kg (Agricultufe Canada, 1983). oOf this total,
4,958,000 kg were produced in Alberta. As a byproduct of the -
manufacture of cottage cheese, 44,622,000 kg of "acid whey
Qere produced in the province (Agriculture Canada, 1985).

Wherever cheese is produced, the uffiit@tion of whey
"«rl)

presents many interesting qpportunities.”While the high
nutritional‘and functional value of the whey proteins is
well known, the major component of whey, lactose, is
considefed to be less valuabie. Development of new uses or
improvement of the exig}ing functional properties of lactose
would open up new possibilities for the use of this
byproduct in‘the food and dairy industries (Jelen, 1983).

The modificatioﬁﬂbf whey by enzymatic hydrolysis of
lactose offers new ways of utilization for this cheeéemaking
byproduct. In places where the whey is used as animal feed,
higher unit consumbtion by pigs and cattle couid be expected
from hydrolysed whey (Burguess and Shaw, 1993).

Lactose hydrolysed milk is su1table for the preparatlon
of concentrated milk products. Ice cream, baby foods,
cheddar and cottage cheeses, and yogurt are some of the
products that have been considered (O'Leary and quipfk,

1976; Woychik and Holsinger, 1977; Guy, 1980; Ismail et al.

1983).



Hydrolysed whey syrups could be used as sweeteners in
dairy and confectionary products\(Coton, 1979). The
utilization of hydrolysed whey in\ﬁhe baking industry could
replace whole milk, skim milk and Qhey powders. The
utiliéétjon of whey as a fermentation substrate has been
studied;extensively (Kosikowski, 1979). Single cell protein,
- whey wines and methane are some of the possible products of
this hydrolysed whey fermentation (Shukla, 1975; Woychik and
Holsinger, 5977; Gawel and Kosikowski, 197é; Chojnowski et
al., 1978; Kosikowski, 1979). Perhaps the most viable
alternative would be the production of ethanolhﬁrom whey for
the manufacture of vinegar and drinks (Cq;dn, 1979).

The development of nutritional bevefages is a very
promising area for the successful utilization of hydrolyzed
whéy. Small chéese manufacturers would be especially
benefitted, since the production of flavoured drinks from
fluid whey is a relatively simple process which avoids
expensive steps such as dryiné, condensing or fractioning of
the whey. In particular, acid whey is highly compatible with

acid fruit flavours. The uniyue composition of these

products gives them an enormou 1jntia1~as highly
nutritious and electrolyte b la. ‘rinks, ideal for
sportsmen, children and the il .owski, 1968: Holsinger
et al., 1977; Szakaly et al.,’197 igowzki, 1979). In

the manufacture of nutriticus nc. fz-u . .=y-bas~d soft
drinks, the common practice has been :- Hlend a whe; jowder

or a whey concentrate with frozen, concert:. :ed ¢- powdered
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fruit juices. A soft drink based on .50% hydrolysed whey and
flavoured with tropical fruit or coconut extract was
developed in Switzerland (Fresnel and Moore, 1978). A
beverége prepared by mixing clarified whey with 40-50% fruit
juice concentrate from oranges and passion fruit, sodium
cyclamate and saccharin, was patented in West Germqpy
(Schutz, 1982). The preparation of an orange flavoured
~shelf—stable athletié—type beverage made from lactose
hydrolysed and deproteinated whey base was described
recently by Crippen and Jeon (1984). In January 1983, a whey
based drink appeared in the Edmonton area. Whey protein‘and
hydrolysed lactose are added to a 50% juice fluid containing
passion fruit, orange, lemon, grapefruit and pineapple juice
(Landers, 1982). The product is distributed by Canada
Safeway Ltd. under license of Imperial Juice Inc.. The drink
was; developed by Arla‘Company of Sweden and has Seen also

LN\ .
introduced in Sweden, France, the U.S. and Japan.

1.2 Enzymes in the daify inaustry.

Probably the’most important application of ehzyme
technology in the dairy industry is the use of rennet in the
production of cheese. Recently the use of'ﬁ—galactosidase in
the hydrolysis of iactose in milk and milk products has
found éonercial applications, becoming fhe second major use
of enzyme technology in the dairy indj;try (Fox, 1980).

Lactase (p-D-galactoside galacto-hydrolase ; E.C.

_ o _
3.2.1.23) is the common name for intestinal f-galactosidase.

’
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Lactase catalyzes the hydrolysis of lactose,';cting upon its
1-4 glycosidic linkage to release glucose and galactose.
This lactose splitting enzyme is widgly distributed in
nature; it can be found ipfplants, fungi, yeasts,'bacteria,
and the intestine of young%ﬁémmals (Nijpels,v1982).

Lactose (4-(f-D-galactopyranosyl)-D-glucopyranose) is a
disaccharide found in the milk of female mammals. After
water, it is the most abundant éomponent of miik (Shukla,
1975). This milk sugar has low solubility and sweetness, and
.it cannot be absorbed directly from the intestine (Nijpels,
1982). In éontrast, its constituent monosaccharides glucose
and galactose have a higher sweetening power, are three to
four times more soluble than lactose, and are eaéily
absorbed from the intestine. |

Although‘the potential for f-galactosidase iq,dairy
processing has been recognized for ablong time ?Wa;chik and
Hoisinger, 1977), it was not until'thevdevelopment of *
commercial enzyme préparations from microbial sources in the
last 15-20 years that large scale application of this enzyme
.became a reality. '

Even if the 1983 world-wide enzyme sales ($400 million

P

U.S.) were below the $1 billion predicted for 1985 in the
mid 70's, -this volume of sales is steadily growing/;t a 6.7%
annual rate (Catalano, 198&).,Within the food industry, the
market for the'enzymesvused in the manufacture of high
fructose corn syrup (amylase, amylose Qlucos{dase and

glucose isomerase) was worth $100 million last year, while



the™Fennin market waé worth approximately $80 million
(Catalano, 1984)

Tﬁree companies control as_mﬁch as 80% of the enzyme
market: Novo Industri from Denmark, Gist-Brocades from
.Holland, and Miles Labora;ories from the US. Howéver, as
many as 30 other companies now participate in the enzyme
business (Catalano,'1984). Most of the ;mall companies
cannot afford-the high costs associated with the development
of new products, so they are offering low-priced genenic
versions of top-selling enzymes. At least 10 enzyme
companies'offered f-galactosidase preparations in yofth
America in 1984 (IFT, 1984). |

' By means of.a B-galactosidase treatment, milk and other
dairy products-can be made suitable for a large proportion
of the world's population. Many adults or individuals from

£

certain ethnic or .racial groups cannot digest‘lactose due to
the intestinal lactase deficiency and can therefore only
take lactose-containing dairy products in very small

quantities.

1.3 Obiectives of the Research Work.

The present work was part of a .. jor collaborative
project~rél§ted fo the develbpment of whey—baéed beverages.
However, the aim of this work was not the methodical produét'
development of a marketable whey drink. Rather, ﬁﬁe major
objectives of this study were focused.on two technical

problems found in the manufacture of a lactose hydrolyzed



acid yhey beverage: 1) the prevenfion of the protein ‘
precipitation caused by the heat processing of the lactose"
hydrolyzed product, and 2) the selection of tﬁe best.soluble
enzyme available for the hydrolysis of lactose in cottage -
cheese whey. A third objective was to evaluate any possible
effect that the use‘of this enzyme could have on/EEE/Egnsery’//
characteristics of prototype whey drinks.prodﬁéga.in the
laborétory.

The tendenby of the whey proteins to precipitate,
particularly under the influence of heat, is an ‘important.
problem generally faced by whey beveragés. Acid and heat
stability of the proteins are two very importaht criteria
when it is desired to produce an acid beye:age.from whey,
since pasteurization or mild sferilization are necessary to
make these beverages shelf-stable. Although some acidrstable
whey protein concentrates designed for the fortification of
citrus and other acid-based beverages are commércially
available (Anonymous, 1981a; Andres, 1982), protein
" sedimentation may still be a problem. A visible.sediment
'layer'was réported to appear during storage'ih several whey
drinks recently introduced in Europe (Jelen and‘Bucheim,
1984). Basic studies on the denaturation, aggregation and
precipitation of whey proteins during heat treatment at low
pH were necessary to understand the conditions under &hich
these phenomena could be controlled.

: In the second part of the study several f-galactosidase

*

preparations were evaluated for their effectiveness to



hydrolyze lactose in cottage cheese whey./The"éﬁiymatic

hydrolysis of lactose would pérmit ﬁﬁe production of a
wheytbésed'beverage - with approximately one quarter of the’

protein and practicélly all of the sugar and minerals

present in milk - that could be consumed by lactose

intolerant people.

To sélecé the be;t solque B—galactosiaaée available,
six.éommercial4enzymé'preparations were compared on fhé
~basis of their basic kinetic parameters, their performance
‘in cottage cheese whey, the sensory evaluation of the |
hydrolyzed products, and the”cosﬁ. The use of a free
B‘galactosidaée in soluble form was considered to be the
right choice for the hydroleis of lactose in whey,
pafticulérly when takiﬁg into account the size of the
cheesemaking industry in Alberta.

In the third part of this project, prototype
lactose-hydrolyzed whey driﬁks were tested by two sensory
evaluatioﬁ-panéls to establish if the use of the selected
f-galactosidase preparations could have apy detrimental
effects on the flavour of these drinks, and to determine the

pattern of preference of this drink against a commercial

whey drink already in the market.



2, LITERATURE REVIEW.

2.1 Milk.intolerance.
Milk and dairy‘products have been part of the human
‘diet for many years, and are now recognized as one of the
most nutritive and verSatlle basic food groups. However,
consumption of milk and dairy products mould create health
problems in some cases. Milk proteins are responsible for
milk allergy, the most common of the food allergles The
symptoms produced by this anaphylactlc reaction are not
severe, however, and the.imporﬁance of this illness is

e
widely overlooked (Speer, 1978). Current research at the

‘

Institute for Dairy Research in Kiel, West Germany, seems to
indicate that the formation of a hard caseih_clot in the
stomach, due to‘the acid coagulation of milk, may be the
reason for/certain type of milk rejection (Meisel.and
Hagemeister, 1984). This hard casein clot problem cculd gain
importance in the future, and will probably be the »bject of
further studies by research groups in other parts of the
yorld. Nevertheless, the most well known problem related to
the ingestion of milk is the so call vd lactose intolerance,
due to lactose malabsorpt1on in the lntestlne.

‘ M1lk contains. only one carbohydrate, lactose.
Immed1ately atter birth the ab111ty of all mammals to digest
lactose 1s very important. Since no disaccharides can be

absorbed as such in the 1ntest1ne,/lacﬁf£e has to be-

hydrolysed into glucose and galactose before the energy of

/
’
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these sugars cah‘be used by the organism, The hydrolysis of
l=ctose is performed by the enzyme ﬁ-galactoéiaase, which 1is
normalij‘found’in the mucosa of the small intestine
(Nijpels, 1981). |

The actrvity of lactase in the fetus gradmally
increases from the third month of the pregnancy throughout
gestation and reaches a maximum at full term Durihé the

-

weaning period, mammals are fed only with m11k Lactase

'act1v1ty is the hlghest in the perinatal perlod and slowly

dlmlnlshes as milk is gradually replaced by other foods. By

adulthood, lactacs activity drops tozabout one tenth of its

maximum level (Luckic and Votava, 1982). The main decline in

activity occurs between three and five yeare of age. The

disappearancefcf lactase seems to be less drastlc in the

1nd1v1duals consuming milk from domestic. anlmals (Anonymous,

-undated, a).

It is believed that lactase deficiency results from a
combination of socip—cultural, nutritional, geographical and

genetic factors: milk consumption habits, low vitamin D -

synthesis in areas with low incidence of natural UV

irradiation and congenital 1actase deficiency, and others.
Lactase act1v1ty seems to be independent of lactose 1ntake»
(Nijpels, 1982) Some causes of temporary lack of lactase
act1v1ty are premature birth, gross undernourlshment and
intestinal tract surgery. |

Lactose intolerance is defined by the clihical effects

which occur in a person with proven lactose malabsorption

~

o
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following oral ingestion of 50g of lactose mixed in water,
after overnight fastiﬁg (Paige and Bayless, 1981). The more
common clinical effects of lactose intolerance after lactose
intake include abdominal paihs, dia;rhea, flatulence and
other gastrointestinal disturbances accompanied by a very
.slow rise in blood sugar level. However, lactose intolerance
does not imply milk intolerance. It has been estimated that
" the incidence of milk intolerénce among persons showing
lactose intolerance will be about 25%, after drinking one
glass of milk (Nijpels, 1981).

Appart from the unpieasant symptoms described above,
lactose malabsorption and milk intolerance will have some
undesirable’ nutritional effects like the irritation of the ’
intestines and water losses from the body into the colon due
to the production of lactic acid and carbon_dioxide by the
intestiﬁal microflqra. A number of stuaies have proven that
all tt~ previously mentioned sympfoms do Aot occur when

actos. 3 replacgd by a mixture of glucose and galactose
(#: mous, undated, a).
2.2 Functional properties of/;;;:olysed lactose.

Apart from the benefits that the use: of 6fgaléctosidase
would bring to the people suffering from milk intolerance,
there are also certain technological advantages that make
the hydrolysis of lactose interesting.

There are several functional differences between a bure

lactose solution and a mixture of glucose, galactose and
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lactose. The main differences between these two solutions
are given in table 2.1. Lactose is much less soluble than
hydrolfsed lactose. The hydrolysis makes it possible to
inirease the total soluble sugars in a concentrated syrup.
Crystallization in the hydrolysed lactose solution is not a
problem below 70% total solids (Shah and Nickerson, 1978b).
The viscosity of the hydrolysed syrup is relatively low
compared to that of-the pure lactose solution. Shah and
Nickerson (1978c) showed fhat 100% hydrolysis was not
necessary since ma;imum sweetness was achieved with 70-90%
hydrolysis, due to the synergestic Sweetening effect of the
three sugars. Thé lfmited fermentability of the lactose

solution is increased when glucose is produced by

"hydrolysis.

2.3 Characteristics of f-galactosidase.

‘This enzyme (E.C.3.2.1.23) catalyzes the hydrolysis of
lactose in the B-ﬁ-galactoside linkage, liberating one mole
of D-glucose and one mole of D—éalactose (Burguess and Shaw,
1983). The different sources from which this enzyme has been
isolated are listed in taBle 2.2. Enzyme preparations of
commercial value for the dairy and food industries are
isolated from yeasts and fungi (Nijpels, 1§82).

The‘primary role of lactase in nature is probably the
hydrolysis of lactose that occurs as the first step in the
conversion of laétose from the milk of female mammals into

4

energy. However, this enzyme also has the capacity to
kY :
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Table 2.1.- Comparison of the “functional properties of
lactose and 80% hydrolyzed lactose.

12

80% hydrolyzed

Lactose ’ : Lactose
Solubility at 40°C' 24 63
(g anhydrous '
sugar/100g sol.)
Viscosity at 40°C! 29 : 18
and 60% solids (cP) : _ '
Sweetness(relative 20-40 : £65-85
to sucrose)? '
' From Shah and Nickerson, 1978a.

a.

? From Anonymous, undated,



Table 2.2.- Some sources of f-galactosidase;
adapted from Finocchiaro et aJ. (1980).

13

~Plants
Peach
Apricot
Almond
Alfalfa seed
Animal organs
Intestine
Yeast
KluyVeromyces lactis
KluyvePOmyces'fnagiIis
Candida pseudotropicalis
Bacteria
Escherichia coli
Streptococcus lactis |
Streptococcus thermophilus
Lactobacillus bulgaricus
Lactobacillus helvet icus
Fungi
Aspergillus niger
Aspergillus oryzae
Aspergillus flavus

Mucor miehei
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hydrolyse other oligo- or poly-saccharides containing
D-galactose bound to a f-galactoside (mostly by 1-4 or 1-6

linkage).

2.4 Commercial sources gf B-galactosidase.

. Commercially avéilable f-galactosidase preparations are
usually derived from yeasts (Kluyveromyces fragilis,
Kluwerémyées lactis and Candida pseudotr'bpicalis) andl fungi
(Aspergillus niger and Aspergillus oryzae).. The major
difference between the yeast and fungal enzymes is in the
optimum conditions for hydrolysis; Yeast enzymes- have
optimum activity in the pH rangeh6.0-7,0_and temperatures of
35-40°C. Fungal enzymes have optimum activity in the pH
range 4.0-5.0 and Eemperatures of 50-60°C. The optimum pH of
the ehzymes has ‘been the main fsctor determining a
particular area of application. The neutral f-galactosidases
are best suited for the hydrolysis of lactose in milk and
sweet cheese whey and its permeate;, while the fungal
B-galactosidases are ﬁsed with the acid whey and permeétés
(Burguess and Shaw, 1983). | |

Both yeast and fungal enzymes are inhibited by
galactose, one of the products of the‘hydrolysis. This is ' °
the méin reason that it isvaimost impossible to achie@e.100%
hydrolysis. Product inhibitién is particﬁlgrly important
when concentrated substrates are used. Thé enzyme activity

is also influenced by some minerals. Heavy metals (Cu, zn,

Hg) inhibit both types of lactases. Sodium and calcium
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inhibit the yeast enzymes, while potassium, magnesium and
manganese activate them. Sinqe most of these minerals are
present in milk and whey, the hydrolysis conditions should
be determinea for each specific case (Burguess and Shaw,

1983).

2.4.1 Neutral lactases.

Kluyvéﬁomyces Jactis lactase. This eﬁzyme is available as a
purified liguid lactase preparation. The optimum conditions
for hydrolysis are near the natural pH of fresh milk,
-6;6—6.8 (figure 2.1) Acid whey has to be adjusted to the
appropriate pH with'a suitable neutralizing agent such as
potassium hydroxide. The temperature-activity profile shows
an optimum at 35-40°C (figure 2.3). Although the enzyme
activity is low at low temperatures (4-6°C), the use of this
-enzyme has been considered for the treatment of milk auring
_the overnight cold storage period (Nijpels, 1982). The upper
temperature limit is set by the denaturation temperature of
the enzyme. A short hydrolysis period (3-4 hours) is
recommended if the hydrolysis is carried out at 30-40°C, due

to possible microbial contamination problems.

Kluyveromyces fragilis lactase. This commercial preparation
is obtaihed by submerged fermentation (Ahonymous, 1981b) .
The differénces.between:the lactases of ‘K. Jlactis and K.
fﬁagilis are minor. Their optimum conditions of hydrolysis

are very similar. The PH and temperature activity profiles
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of the K. fragilis lactase are given in figqures 2.3 and 2.4.

[§)

Candida pseudotropicalis lactase. This f-galactosidase is

the most recent neutral lactase introduced in the market.

The peaks of activity of this enzyme are between pH 6.2 and

* N

7.0, and between 31 and 40°C (figures 2.5 and 2.6).

2.4.2 Acid lactases..

Aspergillus nibeﬁ lactase. This enzyme has different optimum
conditions in comparison to the yeast lactases. Its activity
is the highest at pH velues between 3.5 and 4.0 (figure
2:7). An advantage qu the use of A. niger lactase is the
low rate of growth of mieroorganisms at this pH. The
temperature-activity profile is shown in figure 2.8.
Althougﬁ the maximum activity is observed at 60-65°C a
temperature of 50°C is recommended for the thermal stability

of the enzyme (Nijpels, 1982).

Aspergillus oryzae lactase. The pH and temperature optima
for this enzyme are slightly different from those of the 4.

niger lactase. This f-galactosidase has a wide pH-stability

~range but a narrow‘optimum between 4.5 and 5.0 (figure 2.9).

The temperature of maximum activity is about 55°C (figure
2.10) A. oryzae preparations. are prefered over A, niger,

since the product inhibition by gélactose is supposed to be

less pronounced with the former enzyme type (Sprossler and

Plainer, 1983).
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2.4.3 Assessment of enzyme performance.

The degree of hydrolysis, defined as the percentage of
lactose molecules cleéved out of the total amount of
molecules initially present, tan be measured by the
determination of the amount of lactose utilized or by the
amount of glucose produced.

Lactose and its hydrolytic products glucose and
galactose can be de£ermined colorimetrically (Nickerson et
al., 1876), using High Performance Liquid Chromatodraphy‘
{HPLC) (Pirisino, 1981), with a crYoscope (Anonymous,
undated, b) or by an enzymatic method developed and
disﬁributed by the Boehringer Mannheim Company which
measures the reduction of nicotinamide adenine ‘dinucleotide
(NAD) when galactose is oxidized to galacturonic acid ~
(Anonymous, 1980). |

Lactose and glucose can be measured using a YSI sugar
analyser model 27 (Yellow Springs Instruments Inc.). This
instrument uses an ihmobf@ized oxidase enzyme coupled with a
hydrogen peroxide sensitive electrode (Kosinski, 1981);
Glucose in the sample reacts with the glucose oxidase in the
presence of oxygen producing gluconic acid and hydrogen
peroxide. The hydrogen peroxide is oxidized yielding a
current proportional to the amount of hydrogen peroxide
produced and hence to.the-QUaﬁtity of glucosé in the sample
(Kosidski, 1981). This instrument is a véry powerful tool
for the determination of sugars in cémplex solutions. Only

25 ul of sample are required. No sample preparation is
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required for liquid samples, apart from dilutibn to an
adequate linearity leyei. This minimizes a.major source of
error in most analytical technigues. The analysis can be
performed much more rapidly than with the other methods;
analysis time after dilution is approximately two minutes.
The sugar content is displayed in less than one minute after
injégfion of the sample, allowing repetitive tests in a
short period of time. The reproducibility and precision of

‘the method are excellent (Kosinski, 1981). No deep technical

knowledge is needed for the performance of the analysis.

2.5 Lactose hydrolysis techniques.

Several processes for the conversion of lactose into
glucose and galactose exist'at a commercial, near commercial
or significanf pfiot plant development stages. The
hydrolysis of lactose may be catalysed either by the
B-galactosidase enzyme or by acid (Coton, 1979). The methods
can be classified as follows:
a.-Acid hydrolysis.
b.-Cation exchange resins.
c.-Free eniyme.
d.-Immobilized énzyme systems.

While the enzymatic hydrolysis may be suitable for ‘
Qholé whey, lactose solutions or ultrafiltrafion whey
permeate, chemical cataiysis processes are.suitable only for

hydrolysis of .lactose in the absence of protein (MacBean,

1979).
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2.5.1 Acid hydrolysis of lactose.

| This process requires véry high temperatures~(usually
about ﬂ40—150;C) and a very low pH (1.3-2.0), using mineral
acids as catalysts (Macbean, 1979 ;.de Boer and Robbertsen,
1981). Sulphuric acid has been the most commonly used
catalyst. Tﬁe reaction time rangeé from 45 minutes to more
than 24 hours, depending on the extremity of ‘the conditions .
used. Very corrosion resistant heat exchangers are required,
and the severity of the procéss gives a product with
unacceptably high lévels of off-flavour and colour kMacbean,

1979 ; Miller and Brand, 1980).

2.5.2 Ion exchange lactose hydrolysis. .

‘Here the pH of the substrate (usually UF whey permeate)
is brought to pH 1.2-2.0 by means of a'strong acid cation
exchange resin (M?ller and Brand, 1980). The temperatureé
used are similar to the ones employed with mineral acids.
Rapid exhéustion of the resin catalyst can be avoided by -
previous demineralization of the subsﬁrate. Microbial
contamination is not a problem, becfuse of the extreme
coéditions of hydrolysis. The brown colour develdbéd can be
removed using resins .(Miller and Brand, 1980). No
oligosaccharides are formed and since the process does not
present any product inhibition problems, a 100% hydrolysis
can be achieved. Economic considerations indicate that the

ion exchange process could be competitive (Coton, 1979 ;: de

Boer and Robbertsen, 1981),

fi
SV
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2.5.3 Free enzyme hydrolysis;

The simplest enzymatic method of lactose hydrolysis in
whey ia.the direct addition of ﬁ-galactosidase4to the whey
in a batch process. This method has been successful for the
lactose‘hydrolysis in milk (Dahlgvist et al., 1877). The
dosage'of the enzyme is determined by the activity of the
breparatioh used, the desired degree of hydrolysis, the A
temperature, pH and time of the reaction and the mineral
content of the whey. The hydrolysis is terminated by
inactivation of the enzyme by conventional HTST (High
temperature short time) pas?eurization. Most éxperience so
far has been with the treat;ent‘of whole sweet whey using
neutral énzymes (Burguess and Shaw; i983). A temperature of
35-40°C and reaction times longaf than 6 hours are |
recommended when using‘a neutral enzyme. Although some
neutral f-galactosidase preparations are active at
temperatures as iow as -9°C (Baer and Loewenstein, 1979),
this would.not be relevant for thé hydrolysis of whey. Af
low temperatures, the enzyme productivity ia too low to be
beconomical. The hydrolyais of concentratea whey at low
temperatures is another.possibility (Giec and Kosikowski,
1983)[~ﬁ6ﬁe§er,'product inhibition could be a’significant
-problem with a concentrated substrate.

Batch processes have many advantages: they are very
easy to carry out and no additional or expensive equipment

is required; with a free enzyme any type of lactose

substrate can be used (none of the other hydrolysis
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techniques have given good results for the hydrolysis of
whole whey), and the use of a soluble enzyme requires a 15@
capital investment. The main disadvantage of this process is
'that after hydrolysis, the enzyme remains in the product and
is therefore lost. '

A process was developed to improve the utilization of
the enzyme by recovering the enzyme using ultrafiltration
techniques (Roger'et.al.J 1876 ; Miller and Brand, 1980).
This ultrafiltration process for enzyme recovery is unlikely
to be used in the future because it~is‘not economically

)

attractive.

®

2.5.4 Immobilized enzyme systems. ‘
A variety of methods have been used to immobilizeb “
f-galactosidases from different sources with varying degrees»
of success. Immobilization of enzymes involvés the physical
'orréhemical attachment to an insoluble matrix or wifhin a
confined volume (Finocchiaro et al., 1980). The most common
methods of immobilization investigated intensively for
possible industrial applications are listed in table 2.3.
Covalent>binding of enzymes to insoluble supports
provides a stable immobilized system, but preparation of
- these products can be compiex and will require technical
expprtisé. Expensive supports are often necessary,
increasing the overali cost of the process. A substantial

excess of enzyme is commonly used to obtain an acceptable

amount of covalent attachment to the suppoft. Methods to

&
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Table 2.3. Methods of enzyme immobilization (from

Finocchiaro et al., 1980).

Chemical methods

(covalent bond formation)

Physical methods

(noncovalent bond formation)

Attachment to water

insoluble métrix
Incorporationvinto growing

polymer |
Intermolecular cross—lﬁpking

with multifunctional; low

molecular weight reagents

Adsorption onto water‘
insoluble matrix
Eﬁtrapment within water
insoluble gel matrix
Entrapment within permanent
and non-permanent semi-
permeable micro-capsules
Containment within semi-

permeable membrane devices
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maximize the utilization of the enzyme must be developed.

_The covalent attachment of A. niger lactase to

functionalized.eontrolled—pore glass beads is the most
frequently used technique (Finocchiaro et al., 1980).
Entrapment techniques, involyping crosslinked;@@lymers,

microcapsules, fibers and membranes'h5ve also been“used.
Effective immobilization is dependent on a delicate‘balance
ef experimental factors, and this minimizeées the use\gf‘these'
techniques in large-scale operations. Encapsulation is an
attractive method for the immobilization of lactase. If both
substrate and products permeate through the microcapsules an
extremely large surface area to volume ratio can be
aehieved. However, the permeability of-a_substrate is
solubility- and diffession—dependent, constituting an
important disadvantage (Finocchiaro et al:, 1980).

.Ce;lulose fibers and membranous collagen have also been
CSnsidered. The entrapmene of enzymes in synthetic fibers is
claimed to be well-suited for large scale operations. |
Cellulose acetate fibers are used in a successful commercial
pperation for hydrolysing lactose in milk. This process was
developed in Italy by SNAM Progetti and uses a yeast derived
B-galactosidase (Burguess and Shaw, 1983; Finocchiaro et.
al., 1980). The Italian process seems to be the only
immobilized enzyme application being used commercially with
milk, It is carried out in a batch reactor at low

temperatures and the final product is UHT(Ultra high

' temperature) processed for liguid consumption.

—
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Among the physical methods, adsorption is probably the
‘most simple and economical approach to lactose
immobiiization. A variety of materials have been used:
“alumina, stainless steel, glass, sand, anion exchange
resins, cellulbsé, chiéin, carbon, etc. Enzyme desorption
after contiﬁuous use can be eliminated if the enzyme is
crosslinked after its adsorption.

A number of immobilized enzyme systems have been
developed for whey processing applications. A patehted
hydroiysis technqlogy developed by Corning Glass is the best
known system. The system utilizes an A. niger
B-galactosidase immobilized on controlled éore silica beads,
and has been reported to be in commercial use to produce
lactose hydrolyzed syrﬁ;s, whey protein concentrate and
baker's yeast, in a joint venture of Corning and an american
supermarket chain (Anonymous, 1981c). In England, the Milk
Marketing Board and Corning havé set up a joint company to
produce and market a sweetener obtained from Qhey
(Anonymous, 1982). The New Zealand Dairy Board is invqlved
with Corning in a similar enterprise (Anonymous, 1982).

It ic¢ interesting to note a claim by Corning that a 20%
total solic; feed going ifitc the continuous, downward flow,
fixed bed reactor can be hydrolysed without any reduction in
reacéion rate or an increasg in the formation of
oligosaccharides. However, ;1 is well known that an increase

in substrate concentration leads to a reduction in reaction

rate and a subsequent low degree of hydrolysis (MacBean,
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1979).

A system developed by Rohm GmbH has been described
recentiy (Sprosler and Plainer, 1983). An enzyme from A.
oryzae is covalently bound in the pores of a macroporous,
bead-shaped carrier. Studies on a large scale are necessary
before the system can be considered attractive for the
industry.

The hydrolysis of lactose in whey or whey permeate
using immobilized enzyhes involves a substantial capiFal
invéstment and is appealing only for large scale operations.
In the large majority of the existing applications, batch
hydrolysis using a free soluble enzyme is utilized. Only a
handful of immobilized systems are available for potenﬁial
~commercial operations. After the very considerable reseafch_
effort that has been invested in immobilized f-galactosidase
technb}ogy, the technigue has not been as commercially
éuécessful és_predictea.-As was pointed out by Fox (198C),
the reason may be that the problems to be solved may not be
as commercially significant as many authors claim, and they
can be solved by the simple use of the soluble enzyme or by

othe ‘:echniques.

2.6 Hydrolysis of lactose in acid whey.

| A tentative process scheme for the hydrolysis of
lacfoselin acid whey using a free soluble enzyme is given in
figure 2.11. The pH of the whey is adjusted to the optimum

PH of the enzyme béing used. The enzyme is added and the
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Figure 2.11. Process scheme for the hydrolysis of lactose in

whey using a soluble f-galactosidase.



hydrolysis is carried out in a closed stirred tank at the .
optimum temperature of hydrolysis, again+dependent on the
enzyme; After a 75-85% hydrolysis is achieved, the vhey is
pasteurized. To minimize protein denaturation, pH
readjustmeﬁt should be done before the heatctreatment. A”
demineralization step could be included after the hydrolysis
and before the pH adjustment. Without being concentrated,
‘the end product can be used as a beverage base. Since'this
base would eontain hydrolysed lactose, whey proteins,
calcium and other minerals, it could be used, after adequate
 flavouring, to produce a highly nutritive and refreshing
thirstfquenching drink for sportsmen and lactose intolerant
people.
2.7 Why use a free enzyme? | o A . 2

In theory, tﬁe concept o%_immobilized enzymes is highly
attractive. The first developments in'epzyme immobilization
technigues created a lot of excitemenf. This excitement was
further increased by the success of several industfial.pilot,n
Qlant operations. It was believed Fhat immobilized enzyme
technology was going to revolutionize the foed inaustry. It
may be surprising to find that only a few immobilized
enzymes'have beeﬁ indﬁstrially successful. Only one pfocess,
the use of glucose isomerase for the conversion of glucose
into fructose .in the production of high fructose corn syrup,'
has been successful on a large commerczal scale (Hultin, .

1983). It has been recognized, with some disappointment,
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that immobilized enzymes are not "the wave of the future"
Certain factors are responsible for the very critical
approath taat has been seen on the industry side. These
factors represent the pragmatlc view of commerc1al
1nvestment and operating practlce (Godfrey, 1983). Even -
~after many laboratory reports showing good possibilities for
a process, the étonomics may not justify attempts to scale
up the idea in the ‘face of low cost soluble enzyme
utechnology A substantlal 1gprease in the use of soluble
enzymes has occurred (Jelen perggpal communlcatlon), while
the introduction'of imﬁobilized'iéctases has been very slow’
(Godfrey, 1983). One &6f the main limitations to the use of
immobilized enzymes is their stability after immobilization.
If signifiéant stablllzatlon is not achleved the procedure
cannot Competg‘well with the use of soluble enzymes (Hultin,
1983). Solubié’enzymes are capable of transforming a much
greater amount of substrate than ﬂormally achieveé by the
same enzyme after immobilization (Foxvand Morrisey, 1980),
and “have obvious kinetic advahtageé (Miller ang Brand,
1880).

Industrial interest in immobilized iactases will ;kisg\~'
if sdhe special properties of the product can be obtained
only with the use of immobiliéed systems. This is not the
case for the hydroly51s of lactose in whey, 51nce a- product
of the same or better guality can be obtalned with the

soluble enzymes. Another reasons for the slow response from

the industry is related to the use of whole whey as a

e
4%
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substrate. Pro§§§§§ associated with protein adsorption to a
variety of enzyAe support systems and the mainteinance of
-acceptéble column sanitation levels limit the usefulness of
an immobilized lactase.

The immobilized lactase system has its best chance with
the hydrolysis of large volumes of ultrafiltration whey
permeate (Coton, 1979). The rembval of protein from the whey
Amakes it necessary to include an additional and egpensive
processing step, the ultrafiltration, In the devefopment of
any nev technology on a commercial level there has to be an
economic advantage for the adoption of the new-teéhnology to
occur. For the immobilized lactase system to be economically
teasible, volumes of 200,000 litres of permeate a day per
plant are required (Dohan et al., 1980). This is sometimes
found in Europe but rarely in Canada. In the province of
Alberta, typical vol¥mes of acid whey produced are in the
order of 20,000 litres daily pef plant. The s{mplest method
of achieving lactose hydrolysis in this conditions is the
direct addition of the enzyme into the whey.

In light of the factors mentioned previously, the use
;bf a free soluble f-galactosidase appears to b§ the mést
apprépriate cho’ce t<i the hfarolysis of lactose in cottége

cheese whey i‘[;’i -
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2.8 Physicochemical properties of the proteins.

The physicochemical properties of the whey proteinslare
relevan% to the first part of this study, where the thermal
stability of whey systems and isolated whey proteins were
invéstigated.

Whey proteins or milk serum proteins are the nitrogeh
compounds remaining in the milk serum after precipitation of
the'caseins at pPH 4.6. Nearly one fifth of these‘noh casein
nitrogen compounds are not real protein;, consisting of
non-protein nitrogen and proteose-peptones (de Wit, 1981).

Most of the milk proteins are heterogeneous. Genetic
variants of B-lactoglobulin were the first to be recognized;
soon after that the variants of the other proteins were also
discovered. According to Swaisgood (1982), there are two
known éenetic variants of a-lactalbumin, si# of
B-lactoglobulin and~eighteen of the various caseins
altogeiher. |
. The caseins and the serum proteins show substantial
qualitative differences. The caseins are associated into
micelles, are not soluble over the whole pH range and exist
in a "naturally denatured state" (Dalgleish, 1981). In
contrast, the whey proteins are globular »roteins
susceptible to heat denaturation (McKenzie, 1970; Dalgleish,
1981). The structural differences are due to the presence of
numerous disulphide bonds in the whey proteins, while the
caseiné possess few cysteine residues, and are unable ﬁo

4

&\itabilize their strﬁctures,by disulphide bridge formation.

VTR



41

Another important difference is that the caseins are
phosphorylated; a property that determines their extensive
capacity to bind divalent metal ions and undergo complex
precipitation reactions (Dalgleish, 1981).

| The major protein constituents ol whey are
f-lactoglobulin, a-lactalbumin, bovine serum albumin and the
immunoglobulins;‘They differ both in structure and in '
properties as a reshlt of differences in amino acid seguence
(de Wit, 1981). While f-lactoglobulin and a-lactalbumin are
synthe51zed in the mammary gland, bovine serum albumln and
the 1mmunoglobu11ns are derived from the blood (de Wit,
1981).

Some of the properties of these proteins are summarized
in}fable 2.4. The sulphﬁr cbntents of the major whey
proteins are; f-lactoblobulin, 1.6%; ae-lactalbumin,1.9%; énd
bovine serum albumin,1.9%. The immunoglobulins comprise a
mixture of glycoproteins of different sizes and are grouped
together because they have a common antibody activity v
(Marshall, 1¢.,2). These immunoglobulins consist of numerous
different kinds of protein molecules and because of this
heteroggnéity they Qere not included in the presentAstudy.

During heat treatment’, the unfolding of the globular.

structure of the whey proteins produces a more random coil

conformation that is more susceptible to pfotein-protein

interactions, resulting in se]f aggregatlon via Ca?*"
bridges, disulphide interchange or hydrophobic bonds (Morr,

1982). In particular, B-lactoglobulin and BSA govern protein
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Table 2.4.- Some properties of the major whey proteins;
adapted from de Wit (1981) and Marshall (1982).

Whey Molec¢ular Conc.. % of total Isoelectric
protein weight in whey whey\' | ) point
(daltons) (g/1) protein (pH)
f-lactoglobulin 18400 3.0 50 5.2
a-lactalbumig 14200 0;7’/“‘ 12 : 5;1
| Immunoglobulins. 160000 0.5 8 5.5-5;8
Serum Albumin 69000 0.3 5 | 4.8




43

aggregation through initiation of thiol/disulphide
interchanges and oxidation/reduction reactions, although
a—lactélbhmin participafes in thesg heat induced reactions
to a lesser degree (de Wit, 1981).

The thermal behaviour of the whey proteiné is affected
by environmental conditions such as pH, prbtein
concentration and the presence of salts and sugars. The
effects of these factors are ihterdependent;

The pH regions of particular practical interest are;
the isoelectric region near pH 4.0 to 6.0 where these.
proteins are most heat sensitive; the region between pH 6.0
and 7.0, where the heat stability of milk seems to be
clbsely related to the thermal behaviour of B—lactogiobulin;
and the pH region 2.5-3.5, where these proteipns retain their
good solubility (de Wit, 1981),

Since the number of pafticles is a Qery important
factor in the kinetics of the thermally induced
protein-protein interactions, an increase in the
éoncentration of proteins present will affect tﬁeir thermal
~behaviour (de Wit, 1981).

It is known that sugars and polyhydric alcohols
stabilize globular proteins against thermal unfolding, ang
that some Maillard reactions occur during milk processing.
The role playedxby the sugars in the heat stability of the
protein is very.pH‘dependent (de wit, 1981),

The presence. of calcium ions influences the extent of

whey protein aggregation. The sensitivity to calcium
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flocculation is increased above pH 6.5, probably due to an

increase in thiol reactivity (de Wit, 1981).

2.8.1 Bovine f-lactoeglobulin.

In physiological conditions this protein exists as a
dimer with a molecular weight of 36,700 daltons (Swaisgood,
1982). An important feature of the primary structure of
B-lactoglobulin is the presence of two disulphide bonds and
a thiol group, giving the molecule an opp?rtunity for intre
or intermolecular thiol disulphide interchange. The
secondary structure is 10-17% a-helix, 24-42% antiparallel
B-structure and the rest as unordered structure
(Sienkiewicz, 1981;).

Between pH 3.5 and 5.2, the'dimers associate to form
'octamers of roughly 147,000 daltons. This §ctdmerization is
the highest at pH 4.4-4.7, near 0°C (Sienkiewicz; 1981a).
Below pH 3.5, the dimer reversibly dissociates due to strong
elééfrosta;ic repulsive forces whiéh develop as the
ionogenic gfoups én the surface of the molecule afe
titrated. In the alkaline region, soﬁe conformational

changes occur and an increase in thiol activity is'observed.

2.8.2 Bovine a-lactalbumin.

This protein participates in the synthesis of-lactosé
as the noncatalytic subunit (combonent B),cogplexed with
galactosyl-transferase (Shukla, 1973), and has recently been

shown by Hiraoka et al.(1980) to be a'calcium :
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metallbprotein. It underéoes an acid transition beiow pH 4.0
due to the loss of a tightly bound Ca?** (Swaisgood, 1982).

At pH 6.8-7.0, the proposed secondary structure
includes 26% a-helix, 14% f-structure and 60% unordered
structure (Sienkiewicz, 1981b). Four disulphide bonds are
present in the molecule.

N This protein is highly homologous to hen's egg white
lysozyme in primary structure and it is believed that their
three-dimensional structures are élso similar (Swaisgood,
19825. However, a-lactalbumin is less stable than lysozyme
and the thermodynamic parameters of unfolding are different
for the two proteins (Pfeil, 1981). The structure of
a-lactalbumin in solution seems to be more flexible than the

lysozyme structure.

2.8.3 Bovine serum albumin.

This has been one of the most studied proteins for many
years, and it accounts for 60% of total protein in the biood
plasma. It,is synthezised in the liver énd t.insported into
milk through the mammary cells or by "leaky junctions" :
between the secretory cellé in some cases of mastitis
(Jenness, 1982).

fSerum'albumin is a single chain protein cross-linked by
seventeen disulphide bridges, and with an a-helix content of
68%. A very interesting property is its ability to bind
fatty\acids and ‘other ligands through hydrophobic

interactions. This fatty acid transport seems to be BSA's
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most important function and is a means-of transporting
sparingly soluble substances between tissues or organs

(Brown and Shockley, 1982).
2.9 Protein denaturation. and aggregation.

2.9.1 Definition of protein denaturation.

Protein denaturation.is defined as a major change from
the original native state of a protein without alteration of
its primary structure (Tanford, 1968). The term unfolding is
often used in’place of denaturation.

The folded, well-defined, essentially rigid
‘three-dimensional stfucture in which most proteins exist in
living organisms is known as the native state of a protein
(Tanford, 1968). This compact, globular conformation
reflects the existing physiological conditions and is
essential for the bioldgical function of the protein (Pace,
1975; Lapanje, 1978). )

The native structure of a protein includes ‘all four
primary, secondary, tertiary and guaternary structures,
Primary structure refers to the amino acid sequence of the
protein. Secondary structure denotesvthe hydrogen bonds
involved in a-helix or B-sheet structures. Tertiary
structure:describes_the pattern of folding into a compact
globular structureg:%ﬁnally, the guaternary structure refers

to non-covalent association of two or more polypeptide

subunits (Lapanije, 1978).



The definition of denaturation involves cooperative
chénges of the secondary and tertiary structures iq a
single-chain protein. These changee are called cooperative
because many amino.acids are involved in a steepitransition
over a narrow range of temperature or denaturant
concentration (Tanford, 1968). A change in qoaterhary
structure is considered as denaturation only if it is
accompanied by a major conformatlonal change. The term’
denaturation does not apply to the changes undergone by
proteins which have little or no ordered structure in their
native states. )

Protein denaturation, being a physicochemical process,
can be reversible.or irreversible. If the native structure
and some other characteristic properties are regained after
restoring the original conditions, the denaturation is
considered to be reversible (Lapanije, 1978). Denaturation~
can be brought about in many ways. The most frequently used
protein denaturants are pH, heat, urea and guanidine
hydrochloride (GdnHC1).

The tendency for unfolding and denaturation_is favoured
at pH values away from the isoelectric point of a protein,
because of electrostatic interactions between like charges
(Lapanje, 1978). Urea and GAnHCl are widely hsed becauselno
other denaturant gives a greater extent of unfolding (Pace,
’1975) Proteins in 6M GAnHCl with their disulphide.bonds
broken show a configuration very close to a random coil,

~With urea, higher concentrations are required to complete
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the unfolding.

Thermal denaturation is brought about by heating. This
oldest.and the most widely used treatment ‘during food
processing and preparation, was the first known type of

protein denaturant (Tanford, 1968; Lapanje, 1978).

"
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solubility was the ﬁffhcipal physicalycfitenion used for

determining the extent of denaturation. Protein aggregation

" and precipitation were considered synonyms of protein

denaturation (Tanford 1968).

The unfolding of the native protein after heat

treatment is usually followed by aggregation, so that

~denaturation often manifests itself as loss of protein

solubility. However, protein unfolding and protein
aggregation are two different processes (de Wit, 1981),
Aggregation is a coilective term for protein-protein
intéracﬁions (Hermansson, 1979). The usually reversible
changes on the molecular level characterized by weak bonds
at spécific binding sites, are refered to as protein
association (e.g. monomer-dimer reactions). This should not
be confused with aggregation. The terms aggregation,
coagulation and flocculation involve unspecifiea
protein-profein interactions and the formag@on of complexes

with higher molecular weight (Hermansson, 1978).
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Flocculation is a colloidal phenomenon determined by
the balance between electrostatif repulsion-and Van der
Walls attraction; the tendency for a protein to flocculate
'is high in its isoelectric pH region. Coagulation is the
‘random aggregation which includes denaturation of protein
molecules; when protein-solvent rather than protein-protein
interactions are faJiured, no aggregation or coagulation are
1ike1§ to occur (Hermansson, 1979)

ﬁany methods and techniques are u§ed to study protein
denaturation. Included among-them are optical methods such
as Optical Rotatory Dispersion (ORD), Circular Dichroism
(CD), ultraviolet (UV) and infrared (IR) absorptions,
Fluoreécence‘Spectroséopy and Light Scattering, and methods
based on transpoft processes, like viscosity, sedimeﬁtation'
and Qiffusion. Calorimetry is another very useful.method for
the study of protein'denaturation (Lapanje, 1978).

The use of calorimetry is still restricted to a
relatiﬁely small number of laboratories, although this
situation is expectea to change in the next decade. It has
been said (Edsall énd Gutfrqund, 1983) that there are as
many Spectrophotometers in a single major university as
there are calorimeters in all the biochemical laboratories
in the worié.

Calérimetric;studies distinguish between the
denaturation and aggregation prpcesses inQplvéd in the
formati. ~f protein precipitates. Turbidi;y méasufeméﬁts

may be used to follow aggregation reac;iéhs, but they have



50

the disadvantage of not being able to tell whether an-
increase in turbidity is due to changes in number, in size
or in the optical properties of the particles (Hermansson,
1979). R -

While the unfolding of the protein ﬂ%lecule cén be
studied by calorimetry, the extent of precipitation can be
deterhined from the protein content of the supernatants
following centrifugation, before and after heat treatment.
-Several methods are available for protein determination;c
probably the more commonly'USed are the‘fotalknitrogen
determination by Kjeldahl and the pr;tein deéerminations by
the Biuret anﬁ the Folin;Lowry methods.

The Folin-Lowry method was considered most adeguate for

the present work.'In contrast with the Biuret method, the
sensitivity is high and the presence of lipids énd
carbohydrates does not interfere with the Folin-Lowry
determination (McKeﬁzie, H970). The method is based on the'
reaction:pf Efe tyrosyl groups of the proteinsAwithlqhe
chromogenic r;agent of Folin ahd Ciocalteu. Considerable
attentién must be given to thé calibration for every protein

and for every modification of the method (Lowry et al.,

1851).

- 2.10 Differential Scanning Céiég}megry.
Differential Scanning Calorimetry (DSC) is an
instrumental calorimetric technique used to determine the

rate and energy involved in the physicochemiqai;changes
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occurring in a system as a function of temperature.,
There is an absorption or liberation of heatias a

system or a material undergoes a change in state. This

change can be the result of a melting process, a cfystalline

transition or.a chemical reaction (Wright, 1982). The
technigue is called DSC hecause it measures and compares the
rate cf heat flow to a sample and to an inert reference
which are heated or cooled at the same relative speed. ;59
If the sampleband the inert referencevafe maintained at
’the‘same temperature theréfﬁill be a differential heat flow
when the sample undergoes an&ﬁthermally induced changes.

These heat-associated changes &re recorded on a thermogram
fu J“Q ty

,’.

(Figure 2.12). The dlrectlon of the peak’ 1nd1cates whether
the heat flow is. exothermic or endothermlc. When the \
" differential heat flbw 1s ‘recorded against time; the area
under the curve is proportlonal to the heat change
associated with the tran51txon. Thektemperature of the
,tran51tlon can be determined from a thermogram of,the
differential heat flcw against‘temperature.' X

The recordlng of the dlfferentxal heat flow and the
tran51tlon temperature are done 1ndependently for:
calorlmetrlc accuracy. The sample temperature is stationary
during the transition, and if the enthaléy of this = |
transition were recorded against the temperature,f%he arég
" under-~the curve would be distorted. N .
péG‘had‘not been W very common}y used techniqce uhtil

‘the recent‘developments in the sensitivity of commercially

)
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available instruments (Wright, 1982; Biliaderis, 1983). Most

of the modern equ1pment operate w1th a sample size of 10 20

’

mg \Lund 1983). Following the development of the

instrumentation in the last decade, DSC is now a widely used.
! )’

Jo
‘\ wr S . /,‘, ) . B
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2 IE}J App11cat1ons of’DSC ﬁn food prQ§e1n systems.

H\.»(J
L

DSC has been used exten51ve1y to study proteln

[EF

W

denaturatlon. Other 1mportﬁnt phase transitions in foods

thot can be monltored by thls technlque are water free21ng

i

_and starch gelatlnlzatlon (Lund, 1983). Baslcllnformatlon on

/ . . . .
the denaturatlon of food proteins during processing can be
obtained under conditions similar to the ones of the actual
foodvprocess}

-

In proteins,‘DSC detects'the llermally induced

o]
proteln denaturatlon. Fundamental denaturatlon studies w1th

1solated prote:ns and more practical studles of dlffedent
aspects of proteln behav1our related<to food qual lty and
proce351ng, have been the main appllcatlons ‘of DSC in food
proteln research (erght; 1982) Some of the protelns used
‘in these studles have been soy protelns (trypsin 1nh1b1tot%,
78 and 11S globullns) egg white protelns\(lysozyme,

ovalbumln, avidin), meat or muscle proteins (collagen,

myosin, myoglobin) and milk protelns (ﬁ lactoglobul1n

.a-lactalbumim, b@v1ne segum album%n)

.?," 7
s

Yy
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2.10.2 DSC studies of whey proteins.

Casein, the major protein compone ' of milk, already
exists.in a random eoil configuration in t-e hative state
and consequent.y does not exhibit any . .curatien when
observed by DSC. In contrast,'the whey proteins are heat
sensitive, a characteristic that affects their structure and
physicochemical properties (de Wit, 1981).

When DSC was used to examine the thermal transitions of
whey proteins by Ruegg et al. (1977) the position of the
denaturatlon peaks was affected by the heating rate. This B
indicates that r :imum deflecﬁ%on temperatures cannot be

nx-‘;! ,.' .
guote " without.reference to he%ting rate and that the

denaturation temperatures should be extrapolated to a zero

”heating rate. Conformational changes Starting,just above

50°C were'ebserved'for a—lactalbumin which until then had

“been regarded as . .c most heat resistant whey proteﬂn (Itoh

et al., 1976). Furthermore, the thermal denaturation of thlS

proteln was shown to be rever51b1e upon coollng, another\v'

”useful type of information ea511y obtained with DSC.

Gumpen et al. (1979) demonstrated the advantages of DSC
in ligand-bovine serum albumin binding studies. The'protein

molecule was‘stabiiized-in=a>similar manner by binding of

laurlc or. stearic ac1ds or sodlum dodecyl sulphate, although

the best degree of stablllzatlon was glven by laurlc ac1d

The vwhey proteln most often studied by DSC appears to

be ﬁ lactoglobulln The role of water on the denaturatlon of.

th1s proteln was ;n%estlgated by Ruegg et al (1975) The

>

{

RS
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changes in the thermal stability of the prbtein molecule
showed a strong co;relation with the dégree of hydration.

The pH-dependence of the thermal stability of
B-lactoglobulin 'in the pH range 6.4-7.3 was described by
Ruegg et al. (1977). Hegg (13980) confirmed this pH

depehdence in a wider pH region (2.0-9.0), finding .a maximum

stability in the pH range 3.0 to 4.0 which decreased

-radually as the pH was shifted toward the alkaline region.

A kinetic study of the denaturation of f-lactoglobulin
at PH 6.7 was described by de Wit and Swinkels (1980). They
found that up to the peak temperature, the denaturation
followed first order kinetiés, but above this temperature

the behaviour was affected by secondary processes such as

™

irreversible protein aggregation. Since DSC is an-indirect‘@f

analytical technique in the sense that it cannot usually 5

define the precise nature of a particular molecular process
{Wright, 1982), additional physicochemical data from the
iiterature ébtained by other analyfi%al techniques were
necessary to support this cpnblusion.'ﬁ? .
Harwalkar (1980) measured the thermalidenatu:atidﬁyéf
f-lactoglobulin at pH 2,5.'No aggregation -was observed after
the molecules had been unfolded. Se§era; techniques ratﬁer
than DSC alone were applied to ‘examine the diffezences.
betwéen the denaturation process occurriﬁg in these
;ond',iops and tﬁaf takiné'place at neugyal PH.
| The thermal reactivity of f-lactoglobulin in

jtemperatures up to 160°C was studied by de Wit and

‘A
i1y
.
e
!

,
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Klarenbeek (1981). The high thermal sensitivity of this -
protein at the normal pH of milk and the effect of this
sensitivity\on'the other milk constituents, were suggested
to play an important role in the changes arising during high
and ultrahigh heat treatment of milk and milk products.

The protective effect of glucose and lactose on the

. N . ':{"‘;\Iﬁé,-r"" A e .
thermal behaviour of the protein was also- ifiPéstigated in

their interesting study. The modification of the water
structure of the proteln molecule by the sugars was the
explanation given for the increase in the denaturation
temperatures observed.

’ Varunsatian et al. (1983) used DSC, in addition to
other techniques, to evaluate the influence of Ca, Mg and Na
on .the heat aggregationiiof whey protein concentrates (WPC).

In combarison to WPC without any salt, the denaturation

temperatures were sllghtly hlgher with NaCl, and 2-4°C lower '

o -

.in the presence of Ca or Mg.

Another work with WPC was recentl} published by de Wit

et al. (1983). The~extent of protein denaturation in several

WPC's and in the* 1nd1v1dual isolated whey proteins

k

(a—lactalbumln - lactoglobulln bov1ne serum albumin and

-

1mmunoglobu11ns) was*analyzed byﬁDSC These researchers

found 51gn1f1cant dlfferences (bé%ween 35 and 91%) in the

(} [P
amounts of undenatured proteln presént in. several commerc1al

WPC's analyzed, presumably caused by'tgy dﬂfferent protein

separatlon technlques used durlng their preparatlon.



The heat stability of most of the protein-containing
whey products will be determined primarily by the
physﬁcochemical properties of the whey proteins. In the case
of ajwhéy—based beverage, this heat stability will be
criticgl for the final quality of the.product. The formétion
of a protein sediment after storage is an unpleasant
characteristic that is often noticeable_in whey beverage
- products (Jelen and Bucheim, 1984) and‘that may influence
their acceptability. ‘

Perhaps the easiest way to solve this problem would be
to rehove the heat-sensitive protein beforé the heat
treatment is éppliéd. Hoﬁever, the excéilent nutritional
value of all the whey proteins makes it imperativg thatithey

. 3 ) - ) \ . - ‘f,“'
be retained in products marketed as nutritious be{&.

containing valuable dairy components.



3. MATERIALS AND METHODS.

3.1 Introduction.

The experimental work was divided into three majog
parts: 1) the whey proteln heat denaturation and
precipitation studies; 2) the lactose hydroly51s experiments
carried out for the comparison of the commercial
ﬁ—galactosidase,preparatiohs; ana 3) the sensory evaluation
of prototype drlnks prepared according to the results

3obta1ned in the flrst two parts. The analytical procedures'

used in all three parts /@re described at the end of this

S
!

chapter.

i g
3

&
3 2 Prote1n denaturatxon ~and prec1p1tat10n.

Thls 1nvestigat1on consisted of two sectlons the study
of the effect of pH on the heat prec1p1tat10n of the whey.
protelns and the protein- denaturation experlments carried

cut u51ng Differential Scannlng Calorlmetry

3.2.1 Protein'p;ecipitatien experiments.

Forgthe study of the heat stability of whey protein,
acid Qheylhas prepared by isoelectric precipitation (pH
4, 65) of previously skimmed raw mllk obtalned from the !
Un1ver51ty of Albefta Dairy Farm The casein was removed by
centrifugation at 27000 x g for 30 minutes (Beckman Model

_32-21 Centrifuge; Beckman Instruments, Palo Alto,

‘California). .

58
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fThe pH of the acid Qhey samples was adjusted with 2.0 N
HCl. After pH adjustment, the samples were centrifuged (5000
X g fér 20 minutes) to remove any possible turbidity. The
pfb;ein contents qf'the supernatants were determined by the
Folin-Lowry methogs(Lowry et al, 1951). The samples were
then placéd:in‘test tubes which were closed and heated in a
water bath at 95(x0.5)°C for 5 minutes. The final desired
temperature in the test tubes was reached in less than two
"minutes. Upon complétion of the'heating, the samples were -
-cooled to 20-25°C in an iée bafh, and th§ precipitates were
removed by centrifugation (3000 x g for 20 minutes). The
protein conten; of the supefnatants was determined as
déscribed above, and thé extent of protein precipitation was
’cdﬂéuiated.as: N )

_ protein in supernatant after heating

% precipitation = : x 100 -
protein in Supernatant before heating L

'Twovdifferent batches of whey from two different milk
lots were used for this study. Each experiment was carried
out in triplicate, because pqgl;minér experiments did not

i -y 'r;,‘j‘ '
show great variations among the several repeats.

3.2.2 DifferentialvScanning Calorihetry experiments.

Whey protein concgntrate (WPC) used in the heat
denéﬁﬁratfon studies was produced in our pilot’plant by
ultrafiltration of acid whey at room temperature in a DDS
‘laboratory ultrafiltration module model Lab-20 (De Danske

Sukkerfabrikker,)Denmark), using GR6P membranes (25000 MW

cut off).
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Samples of a-lactalbumin (a-1la) (No.L—4379),
f-lactoglobulin (B-1g) (No.L-0130) and bovine serum albumin
(BSA) Qere obtained from Sigma Chemical Co. (St. Louis Mo.,
U.S.A.) and used without further purification. Two BSA
preparations were used; a standard product containing
1.0-1.3 mol of fatty acids per mol of albumin (NQ.A—7638);
and an "esSéntially fatty acid"free* preparation with less
than 0.005% fatty acids‘(No.A—7511), according to the.
manufacturer (Sigﬁa,‘1982). Each of these proteins was
suspended separatedly in.a salt solution known as simulated
milk ultrafiltrate (SMUF) (Jenness and Koopsh196é). The
protein concentration of these solutions was 100 g/1. *

The DSC thermoérams-wefe recorded in a DuPont thermal

analyzer model 990 (Du Pont Companyf Wilmington, DE).

Samples of”&%e protein solutions (20 ul) were sealed into

-hermetic aluminum pans and heated from 10 to 130°C in the

DSC cell. A pan containing '20 ul of distilled water was used

as a reference. The heatiné rates were 2, 5, 10 and

+29%C/min. Each experiment was carried out in triplicate. The

temperatures of denaturation were estimated by extrapolation
of the temperatures of maximumkdeflection obtained' at
different heaiing rates to a heating rate of O°C/minf

The effect of pH on the denaturation tempefature of WPC

and isolated a-la, f-l1g and BSA‘in SMUF were studied over

*

the pH range of 2.5-6.5. The effect of milk sugérs on the

thermal stability of f-1g over the same pH range was studied

by the addition of either 14.6 mM lactose or 14.6 mM glucose.
’ ®
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and 14.6 mM ealactose to a f-1g solutioﬁ. These sugars were
obtained from Fisher Scientific Company (Fair Lawn, New
Jersey). To estimate the renaturation of the different

proteins, previously denatured samples were cooled down to

"10°C in the calorimeter cell at a rate of 10°C/min and then

rescanned; To study the importance of calcium binding on the
thermal stability of a-la, d.1 M EDTA was added to a portion
of this protein solﬁtion. The pH adjustment of the Samples
was the last step performed prlor to the recording of the
DSC thermograms. All chemicals were reagent grade quallty or

better.
3.3 Lactose hydrolysis experiments.

3.3.1 Enzymes.
Six commercial lactase preparations were obtained from

it

different.enzyme suppliers. In the tex%, these enzymes will

~beureferred to as follows.

A - MAXILACT;LZOOU from GB Ferimentation industries (2055 Rue
Bishop Street, Montfeel, Quebec, H3G ZEB), a'liquid
preparation from Kluyveromyces lactis.

B - LACTCZYM 3000L HP from Novo Enzymesv(Vﬁh'ﬁaterégﬁ

Rogers, 2700'Rue J.B. Deschamps, Lachine, Quebec, H8T 1E1),

a liquid preparation from Kluyveromyces fragilis.
C - TAKAMINE BRAND TUNGAL Ryase 30, 000 from Miles
Laboratories (P.0. Box 932//E1khart Indiana, USA, 465}5)b;a

powdered preparation from Aspergillus oryzae. . v i
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D - ENZECO FUNGAL LACTASE from Enzyme Development
Corporation (2 Penn Piaza, New York, N.Y., USA, 10121), a
powdered preparation from Aspéngillus oryzae.
E - LACTASE PREPARATION 2214C from Rohm GmbH (Scott -
Laboratories Ltd., 950 Brock Road South, Pickering, Ontario;
L1W 2A1), a powdered preparation from AspéPQIIIUS oryzae.
F - LACTASErAIE from Amano International Enzyme Co., Inc.
(P.O0. Box 1000, Troy, Virginia, USA, 22974), a powdered
preparation from Aégeﬁgiflus oryzae. o

Two of these preparations_(enzymes A and B) were
neutral lactases, while the other four were acid enzymcs

All preparations were used w1thout further purlflcatlon.

3.3.2 Hydrolysis conditions.

The conditions of hYdrolysis for the neutral eniymes
were 38°C and PH 6.8. With the acid enzymes the hydroly51s
experiments were performed at 55°C and pH 4 65. The pH
adjustment when nécessary, was made w1th 5.0.M HC1 or 5.0 M
KOH. All ‘the hydrolyszs mlxtures were stlrred (1000 RPM) in.
250 ml Erlenmeyer flasks throughout the reaction course in
an Aquatherm Water Bath Shaker (New Brunswick Scientific Co.
Inc;) New Brunswick, N. J., USA) o

..For each of the eniymes, Km and'Vmax”werendetermined at
two different enzyme concentrations. Lactose solutions

(2.9-29.0 mM in,distilled water) were‘hydroiyzed for 10

seconds and the kinetic parameters were estlmated from the

1n1t1al veloc1ty measurements u51ng ‘a computer program based

4'»‘;. N N : A
% R
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on the statistical considerations of Wilkinson (1961),.

The effect of potassium on the neutral enzymes was
studied by obtaining the kinetic paramefers in solutions of
lactose (2.9-29.0 m&? in 0.025 M monopotassium phosphate
~ buffer. Since the acid whey was neutralized‘with KOH prior
to the hydrolysis, the K, values obtained in the presence of
potassium phosphate were the ones used for the neptral
enzymes in the comparison.

In the preliminary experiments‘with K. lactis
B-galactosidase, dispersions of bovine serum albumin“(0.3
g/1), B-lactoglobulin (3.0 g/1), and ovalbumin (5.0 g, i)
from Sigma Chemical Coi St: Lou1s, MO) in the lactose
solutions were used to test - the effect of 1nd1v1dua1
proteins on the rate of»hydrolyszs.

Acid whey for all the hydrolysis experiments was
ootained from. a local cottage.cheese manufacturer'and was
used within two days upon arrlval to our laboratory

For all tne enzymes, the hydroly51s of lactose in whey
yas'determlned as a function of time at several enzyme
'concentratlons (0 1-3.0 g/l) The experimental data from the
‘progress curves were fxtted by nonlinear regre551on u51ng
.the Unlver51ty of Alberta computer with a BMDP program
(Ralston, 1979) o

The effect of galactose on the acid enzymes was studied
by addlng dlfferent amounts of. galactose (7.3- 13 14 mM) to

'the whey prior to hydroly51s. Lo j’*
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For the experimental progress curves obtained fo:\each
enzyme, six enzyme concentrations were used: 0.1, 0.3, 0.5,
1.0, 2.0 and 3.0 g of each enzyme preparation per litre of
whey. | | ‘

After completion of the specified time intervals oi: . he
respective hydrolysis experiments described the enzyme was
inz ctlvated by plac1ng the samples, in boiling water for 3
minutes. All experlments werevdone in triplicate. The
percentage of hydrolysis was defined as:

, mM glucose produced
%¥H= - . : . x 100

"mM initial lactose

[ A R

~ 3.4 Sensory evaluation.

A’ grapefru1t flavour (G1vaudan Grapefru1t Aroma .
60750~74 from Givaudan Ltd. , Dubendorf, Swztzerland) was

used in the preparation of several samples of a prototype

drink. This prototype was prepared by adding 7 g of sugar to

100 g of cottage ¢theese whey (pH 4. 6) followed by the
addition of the flavour (0.01 ml). Citric acid (50% sol. in
distilled water) was used to adjust the final pH to 3.65.
vThree‘more drinks were made to determine if the use of
some of the ﬁ;galacrosidases had ahy_negative effect on the
sensory characteristics of the product. Theseldriaks were |
prepared as the prototype described above with'the
d1fference that the lactose in the whey was prev1ously
hydrolyzed to an 80% level u51ng,the enzymes con51dered to

o .
A .
“r

e
¥, ‘.5,4’(‘:«
A .
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X . \J '
be the most ‘adequate for this purpose (C, D and E) among the

preparationshevaluated. Sugar (4. g per 100 g of whey) was-
added to obtaln a final sweetness similar to that of the
orlglnal prototype drink. Triangle tests, performed
following the procedures described’ by Larmond (1977) were
used té detect possible differences in b1tterness between
" the t1rst product and the lactose hydrolyzed samples. Six
judges, prev1ously selected for thelr capac1ty and
- consistency for detectlng b1tterness in qu1none solutions,
tested the samples_ln duplrcate experlments which took place
in two sessions to give a total of twelve jpdgments per |
test. |

To compare the prototype product agalnst a whey based
dr1nk available on the market in Edmonton, a paired
comparison test (Larmond, 1977) was carried out using 36
untrained panelist§ from the Department of Food Science of
this University. '

.'x'

The evaluatlons took place in the Sensory Evaluatlon
Room at the Department of Food Sc1ence of‘the Unlver51ty of
Alberta. The 1nd1v1dual tasting:booths were 1llum1nate€:w1th
- red llght. The samples were identified by three d1g1t random
codes ;nd served at 4-6° C'after overnlght refrlgeratlon. |

B

3.5 Analytical procedures.

-

‘.}_r .



3 5.1 pH

Lo o The pH data for all samples used in thls work yere

\

obtalned w1th an Orion Model 601 A pH meter (eron‘Research
Inc;; CambrldgeJ Mass. USA}." . ‘

L . a
s - ]
: ), .
o

ot

v 3.5.2 ‘I!otal solids. T

o Total solids of ‘the whey and the whey proteln‘

T

/ concentrate produced by ultraflltratlonlwere dete ‘mined by

]
ﬁgk_overnlght evaporatlon 1n a vaccum oven at 100 C (AOAC, L

1980). The determlnatlons vere made in tr1p11cate

e

T . Lo ; ; ®

e d“ 3. 5 3 Prote1n ‘
o Proieln analyses of the whey and the - .\ B 'é.vf
- S ultrafaltratlon bré%éEed whey protelntconcentrate were . o
» carrled out accordlng to the Kjeldahl procedure 7AOAC , ]
1980) u51ng aJconver51on fd@tor of Q.;;%w(irom‘%nltrogen toy

0

= gcrude prot,em) e R L

.7

i3

The. protein conkent{of alldother_samplgs>was determi . ed
- usi:o,the Folin—Lowry-method (Lowrfkét al., 1951) - Protein :
absorbance’was recorded at 748 nm 1n a Beckman DU 8
R Spectrophotometer (Qeckman Instruments Inc.; Irv1ne,l

s ;i Callfornla, USA). The probeln used ‘as reference was

o - B- lactoglobulln from Sigma Chemlcal Co. (st. Lou1s,;Md)t;

‘usa). '\;“A.\/r -
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3.5.4 Glucose and lactose. : nWlt
(\ e

e The concentnatlons of lagtose and glucose 1n .all

LT \ . ' ‘j
B - £
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o " 4. RESULTS'AND DISCUSSION.
RV I ’ - b Ty

e 4”4.1 Acid stabilization of the whey;proteinszagainst
~heat~induced precipitation. -3 . R

i ‘ S B

S r . ) . ‘ ‘ ) o v . .\
4.1.1 Introduction. -:~fﬁe
3 oo
o

It iy knownlﬁhat the heat treatment ofaﬂﬁ

i products near neutral pH results 1n con51derab1e loé%es in
P 5

proteln solublllty (Hldalgo and %amper 1977) At th1s pH

[

#55

i

Ethe heat dena ured@grotelns 1nteract v1a arreéer51ble :
‘wh‘ )

J.:;’ ) - - = .
S thzol dzsubphlde reactlons to form proteln aggregate; Wthh

A
further group themselves ‘into lgrge sedlmentable partlcles

. ' “'m}:." Y g _
resultzng in prec1p1tat10n (Morr and Josephson, 1968) ThlS/%@

-
heat 1ndu@ed prote1n coagulatlon constltutes a se%;ous

. R hd : '7.'1
W g problem in the manufacture of various whey P *ts when the '
C 3 o ‘

ed out-under condltjons which

thermal prgq;gsw.c ‘is c

L
<

promote proteln aggregatlon (Barlow et al. 5984) - L3
On the pther hahd ‘severe. heatlng of whey at pH 2 5 i
£ o ‘produced no'proteih precipitation (Modler and'Emmons, 1976).
Afreduced ievei of protein-protetn’interactions- due to the
~\ab5fence of dlsulphlde aggregatlon and to electrostatic.

“ 1ntermolgcular repu151on, seems to be the _reason that whey

proteln prec1p1tat10n at thlS pH does not occur (Harwalkar,

” 1979) The precise pH p01nt at which whey protelns becodﬁ
Q\ res1stant to thermal prec1p1tat10n has not been’ well
¢ establlshed

68
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The“effects of heatir:; whey ac1d1f1ed below ﬁH 4. 0 were

reéently 1nvest1gated bs Jelen and Buche1my:;

turbidity measurements e stability of thé w ;'fsystem

against visihle chang: upon,heatiné at 92?‘\f3£/15—30¢ !
‘minutes wasAattributed to a higher heat resistance of the
N v ‘ .
f whey proteln at pH 3.7 or lower. However turbidimetry is

not abie to differentiate’ between proteln denaturation and

proteln aggregatlon; varlatlons in number,(s1zeuor optlcal

s

properties of the partlcles in solutlon can produce changegl

<

filn turb1d1ty not necessarlly related to protein -’ fﬁ%
’ 3 ¢ - -;Z'J".

&

o
W

denaturat1on

%y

term1ne the crltlcal pH point of tran51t10n of the
. . iy ,»Q
R \heat aggregat1on/prec1p1tat10n stab111ty of the whey

v
protelns' 2) to use leferentlal Scanning Calorlmetrgj(DSE)

¢ to determlne the temperatures of denaturatlon of these
’protelnstln the ac1d pH reo*on° and 3) to study the ~J
"influence of ,milk sugars and fatty ac1d cbntent on the

. ‘thermal behav1oug.of some of the 1nd1v1dual whey proteins.

o A - -

The comp051t10n of the. whgy used in thlS study and the WPC
’
.prepared from it bggy UF are.grven<1n,?able 4.1.

~

> -

':‘4 1. 2 Influence of pH on the heat prec1p1tatxon of whey
g protelns. . -
The EEfect of pH on the heat precipitation of whey

proteins from ac1d1f1ed cottage cheese whey is shown in

FigureNEFQ. The transitioh from the soluble to the insoluble

-
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Table 4.1.-
~cogcentrate(WPC) prepared from it by
54

Composition of whey and whey Protein
ultraffltration,

~70

PR . : ar who-
| = Comp051t1%q¢(g4100 g)
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BENEIE . ‘Protein Lactose

Mdtalasolids.

Whey . 0.75 4.9 5.36 ...
WPC 7.50 . 4.9 . 13.20
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Figure 4.1. Effect,of pH on the heat precipitation of whey.
proteins in acid whey. Heat treatment=95°C for 5 min.

.()' .
. T

¢



-

repuls1ve‘forces are not S0. strong,uproteln proteln

72

t L

or. prec1p1tated states ocurred w1th1n a ‘narrow pH ‘range

(3. 7 3 9) The proteln conteqts of the supernatants before

h&atlng were not szgnlflcantly dlfferent from the proteln

content of the orlglnal whey (Table 4,1), The dlfferences in
. }r ke -
the amount of protein prec1p1tated among.the samples wére
"f A“ ’J s
therefore causedonly by the heat treatment S B

‘,

" The low amountﬂoﬁ proteln prec1p1tated below the ’ B

cr1t1cal pH reglon may be the result of h1gh electrostatlc ; Q

’repu151on between the denatured protérn molecules, c0mb1ned

- - LK,J
with -th @ dlsulphlde,1ntérchangefreactlons at

Hermanssom ’1979) kbove pH 3°9‘ he

IR

”1nteractlons are more llkelyfto occur ahd heavy proteln

_t,

preczpltatlon is observed B f;f“ 5Q#

The pH dependence of the dlssod1atlon behav1our of -
i .‘.‘-r;. A0

s

- lactoglobulln‘(ﬁ lg) seems to support the prev1ou§

2 argument. The f-1g dlmer rever51bly d1§soc1ates below pH 3.5
T

(Townend. et al., 1960; McKenzle, 1970). The monomerzzatlon
of the native B- lg molecules 1s due to repu151ve
electrostatlc forces developed as the pH is decreased (
Swaisgood; 1982); The .minor difference between the.pH of
transition to. the monomeric state and the criticalipﬂ.below
which precipitation‘is min?malfshould not be interpreted so
as to consider them totally unrelated phenomena. Bov1ne B-1g

can dissociate to the monomer above PH 3.5; in fact the.

dimer is still‘very weakly:dlssoc1ated at,pH 5.2. On the

- I . e em C, K . :
contrary, ev®n at pH 2.7-the monomerization is not complete w

0‘ A
e

v - : | ’



"('

oy

e

73,

3
(McKenzféf 1970; Mills and Cream??, 1975; Swalsqood 1982).

“Qg\g A closer look into the heat denaturation of the whey

Vs
P

K}

>

~denaturation when heating‘below'pH'3.7{:

dependent, it would be reasonable to expeot'variations‘in s

rote1ns wastnecessary to establish whether the soluﬁ@llty

of these proteins was retained because of the reasons

discussed above,. or .due to the absence of protein

4.1.3 Denaturation of whey proteins in the pH range 2.5-6.5.

The effect of pH on the denaturation temperatures of

1nd1v1dual whey proteins ‘and UF- prepared WPC is shown in
rw
Table 4. 2 The thermal behaviour ofX we WPC .- seemed to be

L g

governed malnly by f-1g. The anomaijur

temperature observed for the WPC at pH" 3 5 (88°C) could not
be explalned on the b351s of the thermal behav1our of

B~ lactoglobulln alone. Perhaps a comblned stabilizing effect
exerted by the protelns or by the other constltuents of the

‘bﬂ?°

WPC and more perceptlble at the condltlons of tqtal ssi:ds
out could

"and pPH at whlch thlﬁ experlment was carriegd:

R ;q -

some way. be the- reason for thls Unusual f1nd1ng.z“;7

The results‘prove,ﬁﬁhtﬁ although they do not o -
precipitate below PH 3. 7, the whey protelns are still ‘é

- £
denatured by the ‘heat treatment applled asfin the

' prec1p1tat10nqexper1ment "The temperature- range in whzch a

proteéin is stable depends on the balance amongwtherforEes‘
involved in the stabilization of its tertiary structure

(Lehninger, 1973), Since some of these forces are pH
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Table 4.2. Effect of the pH on the denaturat1on temperature
of a-lactalbumin (e-la), f-lactoglobulin :
(f-1g), bovine serum albumin (BSA) and whey
protein concentrate (WPC). The temperatures were
extrapolated to a heating rate of 0°C/min.

B} | i
g . 3
s # % DENATURATION TEMPERATURES (%0.5°C)’ i
H .‘-.L = ‘
. B=1lg?:- " a-la? © _BSA* . WPCS®
. L . o ¢ -
6.5 .. 75.9 61.0  z~i7 71, 9, 76.9
: : R ' A‘J :
5.5 , 77.8 61,2 72, &A . 78.8
. . N . , ) v B .
4.5 .- B1.2 61.5 S 7O 82.1
3,5 81.9 ~ 5B.6 73.5 *© 88.0 "
2.5~ . 78.7 o 80.6

1

‘Average of three measurements at each heatlng rate (z
average standard deviation from 1nd1v1dua1 measurements)
?*f-lactoglobulin. v o
- ?a-lactalbumin. - o=
‘Bovine serum alktumin. ‘
*Whey protein concent: .te.
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the denatung#nn temperature of a protein at d1fferent PH

values, reflectlng in some way the importance of these:

forces for the overall stability of the protein (Kinsella,

1981). In the case,of‘ﬁ—lg, electrostatic interactions and

perhaps other pH dependent forces seem to play a relatively

flmportant role in the stablllzatlon of the three- dxmen51onal

structure of the molecule. In proteins like BSA, which are
bging exposedﬁtofa widejhanée‘of physiological conditions,
noncovalent-intetactions are not theymainhforces resbonsible-
fot the stabllization of ‘the tértiary structure. Disulphide

bonds, of which BSA has 17 (Brown and %?ockley, 382); nay

@ V. -
COB I3 . v
play a much more 1mportant role éﬁ“ﬂkn7‘l T
RS ’ . o C ’
el | . , Q@b >

)

2.514 fnfluence of fatty acid content on the oenaturat1onbyl
| temperature of Bov1ne Serum Albumin.

" The b1nd1ng of polar .compounds (1 e. fatty acids) to
BSA may also be,lmportant in the stab1llzat10n of its
structure, as is shownaln Table 4.3. The stated df@fetqué
between the two BSA preparatlons was the addltéonal charcoal_
treatment to remove. the fatty ac1ds naturally bound to the |

4

proteln, w1thout alterlng 1ts natlve structure. An increase

in the thermal stability &% a p%gteln by llgand b1nd1ng has

» been _known for some time (Donovan and Ross, 1973; Donovan

P

and Ross, 1975) A similar . stablllzatlon by fatty aa1d
blndlng in BSA was observed by Gumpen et al (1979) using

DSC. The ab111ty of BSA to bind hydrophobic ligands has very

S

. important physiological significance in the bloOd in the
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Tablg: 4.3. Effect of the fatty acids content in bovine serum

albumin(BSA) on the maximum deflectionv
temperatures of Differential Scanning Y
Calorimetry thermograms at different heatxng

rates. pH=4.5, . e

TEMPERATURE. OF MAXIMUM DEFLECT40’17”015°C)§.{Z

Heg¥ing rate(°/ﬁip) ' - BSA . Defatted BSA

Cm .
Ay ; .
m..a. Bl
> v " ; —

' 10 ' 110 ' 67.2
. Ty |

-T2 | 3 73.0 ., 65.9

B E 75.9 S 66.74)

20 . | 80. . 68.0 ¢
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transport of such substances 'between organs and tissues, and

in the neutralization of the toxic effects of some compounds

by this binding (Brown and -Shockley, 1982).

é’%

the maximum deflectlon temperatures obtained, and the

&mportance of extrapolat1ng toa 0 C/m1n heating rate when

&ieportlng the denaturation temperature of a protelw.

- »\"‘y}' ) ’ +

@%v

.o

v
B

Sy

-t

4 1.5 Effects of m1lk sugars on the denaturat1on tempe:aturei~

o e
’U,

of B~ 1actoglobul1n. ‘ )
| '

The effects of lactose and a mixture of glucoseﬁand‘

" I

galactose on the thermal beMav1our of B- lg are shown in.
Cay . - :

Table 4.4, The denaturatlon temperatures over the pH range ™

,studled were hlgher when e1ther lactose or ‘glucose bnd

;
G

.4

”

galactose were added to the g~ lg solutlon. “The maX1mum

.,

deflection peaks obtained for the B-1g° solutlon in the

presence of glucose and galactose were hlgher than those

o' ‘)

obtalned %or thls prote1n 1n the presence of lactose alone,(

s

. in every s1ngle experlment carrled out Sugars and

polyhydrlc alcohols are known to stablllze protelns agalnst

denaturatlon (Gerlsma, f968 Gerlsma, 1970, Bechtle and
Claydon, 1971) These substanCes tend ‘to maintain or

1ncrease the hydratlon of the proteln molecule, enhanc1ng

tbe;water structure 1n 1ts 1mmed1ate surroundlngs, and

contrlbutlng to its stab111ty (Bull and Breese,,1978) The

proteln is preferentlally hydrated in a sugar contalnlhg

‘agueous system, where 'the macromolecule is stablllzed

!

N

Table 4.3 also shows the effect of the heatlng rate on

..:~

24
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— th : o o
(Arakawa angd T1masheff 1982)3 Since this stablllzatlon

:kes place at a molecular lever‘ a. sl1ght further increase

replacement of lactose by glucose and galactose.

3 ‘ [ . - , . ' . ' oy

£.1.6 Ingluence of calcium on the thermal behav1our of
a—lactalbum1n. | afijﬁgi ,' i - K%

The b1nd1ng of ca1c1um§ﬁy a-la seems to be\eSSentlal

for the stablllzatlon of the tertlary structure of thlS e

'L’

proteln. The drastlc decrease in the thermal stablllty of

~

A

a-la when calcium was removed by chelatlon w1th 0.1 .M EDTA

shown in Table 4.5, provoked further study of the calc1um
kO

stablllzlng effect The results,of this study were ‘mccepted

for publlcatlon (Bernal and Jelén, 1984a). - _w T~

]

\
L The enthalpy of denaturat1bn and the,rever51b1l1ty of

"this denaturatlon observed for'a lactalbumln are presented

4
in. Table 4, 6 Calc1um b1nd1ng seems to be fundamental “also-

for the renaturat1on of thlS protem.h None of the,otherv

“protelns studled underwent renaturatlon. The hlgh d gree of

Trenaturatlon of a- la may be caused by the recovery of the”

N, ”

:forlglnal structure of the proteln by calc1um b1nd1ng upon--=

cool1ng, ‘The. ab111ty of a la ta' rega1n 1ts.orlglnal
structure d1sappeared when 01 M EDT? wds added to the
proteln solutlons. Uszng C1rcular Dichr01sm Hiraoka etvaI»
(1980) observed a qualltatlve dlfference 1n the: stablllty of

a- la dur1ng denaturatlon by guan1d1ne chlor1de or heatgln E

L
- {
‘/
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Table 4.5. Effect of the removal of calcium by 0.1 M EDTA on
the maximum deflection temperatures of
Differential Scanning Calorimetry (DSC)
thermograms of a-lactalbumin.

TEMPERATURE. OF MAXIMUM DEFLECTION 4

(£0.5°C)".

pH

a-la a—ia wigh.0.1 M EDTA
6.5 61.0 | " " 41,1
5.5 : 61.2 S 41.0
4.5 ‘  61.5. 40.8
3.5 58.6 ; | 40.0
2.5% -

. L i
' Extrapolated to a heating*rate of 0°C/min (% average
standard deviation from individual measurements).
* No thermogram peaks were obtained when heating in the
10-130°C range. , : Y /
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Table 4.6. Thermodynamic parameters of heat denaturation of

a-lactalbumin(a-la)

in simulated milk
ultraf;ltrate (SMUF) with and without 0.1 M

EDTA. )
.H(J/g)‘ % Renaturation?

DH '

a-la -a-la/EDTA a-la a-la/EDTA

\ B

6.5  20.3920.71 . 6.580.26 ‘88 0
5.5 22.21£0.75  6.31%0.37 83 0
4.5 22.45%1.06 5.9920.35 87
3.5 10.59+0.53 4.09:0.28 <502
2.5+ . - -- -- -

' Enthalpy of denaturation (% standard deviation).

* Obtained from the ratio of the peak area of the first run
over the peak area of the second run.

’ Great variation (%50%) observed in repllcate -

experiments.

‘ No thermogram peaks resulted from heating in the 10 13&°C

‘range.
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the presence or abscence of EDTA. In the present work, the
drastic decreases in the denaturation temperafures and
enthalpies for a-la in ‘he presence of EDTA at all pH levels
studied confirmed the importance of the calcium binding for
the heat stability of this protein.

| It was not possible to obtain any thermogram peaks at
PH 2.5. It is well known that a-la undergoes a
~conformational tragsition in the very acidic pH éonditions
(Swaiséood, 1982). The midpoint for this transition seémskto
be located around pH 3.3 (Coﬁtaxis and Biéelow, 1981). ?Pis
acid transition could be the reason for the difficulties
found when trying to record the thermograms at pH 2.5, and
for the decrease in the temperature and the énthalpy of
denaturation at pH 3.5.

The thermal denaturation of a pro;éih may be reversible
or irreversibie; depending on thé specific .conditions uhder
which the denaturation takes place (Ghelis and Yon, 1982).
Due to the hﬁgh calcium bindinglaffinityﬁgghe native

tertiary structure of ;-la appears to be regained upon
cooling as long as the calcium molecules are available fo be
bound again by the protein. This would not occur when EDTA
_gk*a high amount of ﬁydrogen ions were‘present in the
medium, |

| In the absence of EDTA, the denaturation of a-la was
not nearly as reversible at pH 3.5 as at thé other values.
It was not possible to obtain reproduéiblg thermograms |

during the rescanning of the samples; in all cases, the
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renatu;ation was well below 50%. If the acid transitien of
a-la wae indeed dae to the competition of the protons and
the calcium ions for the same binding site, once that |
calcium has been removed as a result of the increased
temperature, regaining the original position may have been
difficult in this transition region., It appears that some
calcium is still bound to ae-la at pH 3.5, since at this pH
the addition of 0.1 M EDTA produced & 18.6° C decrease in the ®
denaturation temperature and more than 50% decrease in the
‘denaturation enthalpy. B

Some information on the nature of the calcium binding
site in the a-lactalgumin molecule is now available in the -
literature; Kronman et al. (1981) found more thaa one cation _
~binding site in the molecule and showed that zinc, manganese'
and cobalt were also bound by the proteln, although w1th a
lower affinity. Catlon blndlng observed in several
a-lactalbumin species (bovine, goat, human‘and guinea pig)
suggested a sequence homology in khe ealcium binding site
(Azuma et él., 1982; Murakami et al. 1982). Permyakov et al.
£1982) proposed that the a-lactalbumin calcigm bining o
region would be to some extent similar to the calcium
binding site of parvalbuﬁin and other calcium binding
proteins. ' .

Tﬁo physically distinct and mutually. exclusive sites
for calcium and zinc binding in e-lactalbumin were described

by Murakami and Berllner (1983) It seems that since the

protein cannot blnd both catlons 51multaneously, the calcium

<
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form may be predominant under physiolqgicel conditions. The
high similarity between the caicium binding site for
a-lactalbumin and the nearly octahedral, oxygen coordinated
binding site found in calmodulin, parvalbumin and troponin C
(all calcium binding proteins) was demonstrated by Berliner
et al. (1983). Further research into the mechanism of
calciym binding.in the transitory pH region is needed to
eleeidate the thermal behaviour of a-la and the
reversibility of its heat denaturatien process.;
4.1.7 ﬁemarké. . ' | , : .
Like tﬁe chenges in the quaternary strueture of f-1g,
the substantial differences in the amounts of tota& whey
proteih precipitated below and above pH 3.7-3.9 may be the
result of the repulsion produced by thevincrease in the net
charge on the surface of the protein moleculeg. Although, as
shewn by the DSC experiments, the heat treatment denatures

the protein, the strong ﬁositive charges would prevent the

unfolded molecules from coming together, form aggregates and

then precipitate.

These results indicate that the problem of protein \\\K
precipitation common to heat-treated whey-based beverages
coui% be minimized by adjusting the pH of the drink to
3.6-3.7 before thermal treatment. The retention;of the
soluble.proteins in the drink would bring obvious

nutritional advantages to the final product.
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‘4.2 Hydrolysis experiments using a KJuyveromyces lactis

Bl

f-galactosidase.

4.2.1 Introduction.

While information about the kineﬁzc'charqcteristics of
some lactases purified from commercial preparations can be
found in the literature‘(Woych{k andGWondolowski, 1972;
Widmer and Leuba; 1979;.Gfeenbe:g énd Mghoney, 1881), only
scarce data on‘commefcial preparations without further
purification are available.'A substrate commoniy used to
define the activity Of‘B—éalaétosidase is—ortho-hitrophenyl
g-D galaétopyranoside}(ONPG) (Richmond et al., 1981).
 However, when an enzyme is.applied to the actual subéfratés
in the dairy industry, the only pract{cal asgessment is the
determination of the f-galactosidase activity with the
particutar substrate, in this Ease, cottage cheese wheyyj
pfeparations; |

In preparation for the main hydrolysis experiments, é
yeast enzyme f;oh Ki"lactis waé used for the hyarolysis of
lactose in neutralized acid whey: To identify some of the
possible factors influencing the'actf&ity of this
gommegcially évailable f-galactosidase and to determine the
Michaelis-Menten constant (Km) of the'commercial enzyme -
»preparation; sevéral dairy'substrates and model systems were
also utilized; The enzymatic‘aCtivity was testea in buffered
lactose solutions, skim milk, cottage cheese whey, and whey

a

permeate obtained by ultrafiltration of cottage cheese whey
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.in ‘a .DDS laboratory ultfafiltrétion moduie (De Daﬁske N
Sukkerfabrikker, Denmark); Lactose solutions (0.146 M) were -
prepared in 0.025 M potassium phosbhate buffer, unless
otherwise indicated) fhe'resulps:obtagﬂed in this
preliminary hydrolysis study have been acéep%édrfor

publication (Bernal and Jelen, 1984b).

4.2.2 Activity of K. Jactis lactase in dairy substrates.
The practical objecﬁive of this sgudy was to compare
the lactase activity of the K. Jactis neutral lactase
preparation in skim milk, KOH-treated acid whey and
KOH-treated acid whey UF permeate. The results are shdwn in
Figure 4.2. The highest aétivity was oBserved-in the whey,
followed by the UF permeate and milk. Jakubowski et al.
(1975) réported that the activity of soluble B-galactosidase
from Aspergillus niger was similar in acid whey and in |
ultrafiltration whey permeate. Mahoney and edahchuk (1980)
obserQed that the activity for'é f-galactosidase from K,
fragilis was higher in skim milk than in whey and its
pérmeate. These differences were likgly aue to the effects
of the pH adjusting proceduresbused and possibly the source
of the enzyme. In the work pf Jakubowski et al. (1975), no
neutralizing agént was used because the leof the acid whey
was adequate~for the A. niger B-galactosidase. Mahoney and
Adamchuk (1980) used sodium hydroxide to adjust the pH of

o

their substrates.
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HYDROLYSIS OF LACTOSE IN MILK,
WHEY AND UF WHEY PERMEATE.

e .

wo} T =38'C _
- PH = 6°8 . (adjusted with KOH)
’ ) Ehzyme Concentration = 1m! litre
[ - : ~ (iml£0-308g protein)
sof
o Whey
sof /-/
. // AUF Pe
at
' k) - - ‘ rmeate
>} ] - .
g .O/ / -
> Ve - Mtk
e eoF '/ / '..’ -----
ST
i ) 7 e
/'/ 7.
208 '//'.-".'
(4] ,‘ z.o - :o . e.o *
Time (min)

Figure 4.2. Hydrolysis of lactose in skim milk, whey and
ultrafiltration whey permeate, using a Kluyveromyces lactis
B-galactosidase preparation., Enzyme concentration=1 g/1.
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‘Since potassium hydroxideJig a mucﬁ more suitable pﬁ
adjustingragent‘than sodium h&droxide (Figure 4.3), the
formef was used in our work to 5rihg the pH of the acid whey
and its permeate to pW 6.8, the optimum pH of the K. Jactis
enzyme. It is well known that while-sodium inhibits the

, A .
activity of this B-galactosidase, potassium increases it

-

(Anon., undated, ' c; Burguess and Shaw, 1983) .
4.2.3 Effecé of whey protginsvoh £he activity of K. Jactis
B-galactosidase. | ‘
The difference in the rate of hydrolysis between whey
and UF permeate -shown in Figure 4.3 prompted the
invéstigatioq of the possibility tha? the whey proteins
could have a simifér activating effecg on the K. lactis
enzyme as suggested previously for the A. niger .and K.
fragilis enzymes (Jakubowski et al, 1975; Mahoney and
~ Adamchuk, 1980). The hYdrolysis.of lactose in a model system
was performed in the presence of B-lactoglobulin, bovine
serum albumin, or ovalbumin. Ovalbumin was includéé to
Sgtermine.whether a non-milk protein could have a éimilar
.effect. No effect was observed with any of the three.
proteins added. The activity of K. lactiS'ﬁ—ga;aétosidase in
the protein—containing lactose solutions was similar
(P=0.02) to the activity in the control (Table 4.7). This is
in contrast to the results of Mahoney and Adamchuk (1980),

who reported 2.5, 4.3 and 5.1 fold increases in the relative

activity of f-galactosidase from K. fragilis in the presence

>



EFFECT OF, KOH AND NaOH
ON THE RATE OF. LACTOSE HYDROLYSIS.

,

. T:=35'C
pH =70
’ Enzyme Concentration = 1ml/litre
7y -
rs
KOH
50
-8
[ ]
>
g
B
£
3
NaOH
2s |

Figure 4.3. Effect of potassium (5.0 M KOH) and sodium (5.0
M NaOH) on the' rate of hydrolysis in neutralized acid whey.

Enzyme concentrat1on 0.5 g/1.



\

Table 4.7. Effect of proteins-on the activity of -
Kluyveromyces lactis f-galactosidase. All lactose solutions
. were prepared in 0.025 M monopotassium phosphate. The pH was
adjusted to 6.8 with 5.0 M KOH. T=38°C.

% LACTOSE HYDROLYSIS

TIME(min) ‘

Substrate | bs | 15 | 30
Control’ ~ 23.2:0.8 50.6+0.9 - 70.9%0.1
p-1g* 77.150.0  48.7%0.7 72,631, 1
BSA® 22.0%0.4 47.840.2 . 70.4%0.7
Ovalbémin‘ - 21.8£0.8 49.2%1. 1 71.5%0.9

' 0.146 M lactose.

* 0.146 M lactose + 3
2 0.146 M lactose + 0
* 0.146 M lactose + 5

é/l B-lactoglobulin,
3 g/1 bovine serum albumin.
0 g/1 ovalbumin. -
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of ﬂ?iactoglobulin, bovine serum albumin and ovalbumin,
respectively, in the same substrate at pH 6.6. It 'was not
possible to reproduce their results in several repeated
experiments. The effect of the whey proteins Observed by

Mahoney 'and Adamchuk (1980) may be more 1mportant for the

stablllzat1on of  the neutral fg- galact051dase when ;

hydroly21ng sweet whey, where not as much qutrallzlng agent

]

would be required. ' S .
‘ The“discrepancy between the results obtained here and
those of Mahoney and Adamchuk (1980), as well as the

explanation for‘fhe'differences in hydrolysis rate iq skim

. milk, whey, and UF permeate may again be related to the

pH—adjusting step or to the different enzymes used. The
amount of 5.0 M KOH required to bring the py to 6.8 was
different” for each of the substrates. The py of skim milk

was 6.8 and did net need any adjustment. The amount of 5.0 M '

KOH required to brlng the pPH of - 1 lltre of whey from 4.6 to -

6.8 was 5 ml, wh1le only 3 ml were needed for the permeate.

The buffering capacity of the yhey'protelns, present only in
the whey, may be the reason for this differencee Therefore,—
after pH adjﬁstment, the number of potassiuﬁ ions in whef
was-hiéher then ih'ﬁF permeate and in skim milk, and this
was evfdent in a higher p-galactosidase activity. ’
4.2.4 Michaelis—Mehten constant of K. lactis lactase,

- The K, -obtained for the K. Jlactis enzyme was. 76.9 mM.

Km values obtained for ﬁ galact051dase prepazatlons from

[

- ’
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other sources and with various degrees of purity have been

published. Mahoney and Whitaker (1977) reported a K, of 13.9

mM for 'a preparation from KIvaePomyces fragilis purified to

electrophoretic, chromatographic and immunochemical
homogeneity. Sin&e these proteins are not the same, it
should not be surprising. that even closely related enzymes
like the ﬁ—gslactosidases\trom K. lactis and K. fragilis
present dlfferences in their affinity for lactose.

. The purlflcatlon of enzyme preparations could result in
a decrease in K, value if any possible inhibitor present in
these preparations is removed. Working with an Asperglllus
Riger ﬁ~galectosidase purified from a commerci%l preparation
by‘affinity chromatography, Woychik and Wondolowski (1972)
reported a K, value of 20.0 mM, while a value of 86.0 mM was
found by Sténle§ et él.(1975) for .a eommercial preparation
"frqm the same source used without further purification.

The differences in the activity of the enzyme with the
substrates considered in this work were likely determined by
‘the nature and amount of neutralizing agent used and its
interactions with the components of the substrates rather
than by the proteins themselves. The higher enzymatlc
activity observed in whey due to the addition 6% potassium
‘ions may be advantageopus fer hydrolyzing acid whey after'
neutralization, if the eqenomics of this approacﬁ would be

—~

févourable.

&
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4.3 Comparison of six commercial betagalactosidases for
lactose hyépoi&sis in cottage cheese whey.
4.3.1 Intfoduction.

The hydrolysis of lactose in whey is the most promising
alternative available for the utilization of the lactose
'portion,of this dairy byproduct (Jelen, 1983). It might be
of interest for the cheese producers to consider the
manufacture of lactose hydrolyzed whey beverages in their
plants. For the selection of the propet enzyme, gbjective
and reliable information regarding the suitabi\ity of the
commercialrlactase preparations currently availdble for use
in cottage cﬂeese whey is necessafy. The amount and qost of
enzyme needed, the reaction time and conditions, and the
final added value of the product obtained are some important“

factors that must bertaken into account when con51der1ng the

Fad

commercial use of'enzymes in the food “dustry

The main objective of this pe-t cf :he work w;s to
compare several cemmerciallyvavailab'e ~actase preparations
with.the aim of selecting the best alternativgifor'the
hydrolysis of lactose in cottage cheese whey. Two approaches
were taken for this comparlson In the first one, the
enzymes were compared on the basis of mathemétical‘
relationships derived from-steady state kinetic¢ parameters
obtained in model.lactose solutions. In the‘secohd approach,
the comparison was madeuon the basis of the progress curves

S

obtained in cottage cheesedwhey for each enzyme at different

‘

RN
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concentrations.

4.3.2 Mathematical expressions derived from the
Michaelis-Menten kinetic modei.

Recently, Fullbrook (1983) presented some modiffcations,
to the classical kinétic médgls, pointing out their
usefulness for the prediction of enzymevefficiencies in
cafrying out.gubstrate.conversions in industrial situations.
This new approach was compared with a mo;e empirical method
where the progress curves for the different enzymes in the
actual industrial hydrolysis conditions are used as basis of
comparison. It-was considered justifiable to include the
mathematicél development of the parameters used in the first
épproach to coﬁpare the enzyﬁes, as proposed by_Fullbfook
(1983).° | : | \ |

Henri (in 1903) and Michaelis and Menten (in 1913)
dev:loped an equation describing the depenaénce of the
initial velocity (v) of an enzymatic reaction on substrate

|
concentration (S):
Vmax S.
vE — : o (1)

Kn + S
v

'Km,<EEé Michaelis Menten congtant: is the value of
substrate concentration which gives an initial velocity
equal to half the maximum velocity (Vmax) at a given énzyme
concentration (E). This K, is indépendent from E, ig ; true

\ A X .
characteristic of the enzyme, aﬁa 1s a measure of its

affinity for a particular substrate; a low K, representing a

.
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high affinity for the substrate and vice versa. The simplest
way of comparing several enzymes may be to look at their K.
Vmax is attained when all the ehzyme molecules are

saturated with substrate and!is given by the expression:

Vmax= kcat - E | (2),
where kcat, or turnover number, is defined as the first
order rate constant for the breékdown of the
enzyme/subst}ate complex, and is related to thé number of
moles of substrate converted by the enzyme ber unit time. If
the enzymes were saturated with substrate, the fastest
4conversion per unit‘of enzyme activity would be given by the
enzyme‘with th; highest kcat. In inddstrial situatinns,
however, the éeactidns may take place at low S/K, ratios,
and not only kcat but also K, and S should be taken.into
account,

One approach to compare the efficiencies of several
enzymes is the so called Physiological Efficiency (P.E.)
conéept (Fullbrook, 1983). P.E. is definéd as the ra;fo
Vmax/K, for a given amount of enzyme, By including Vmax,
this concept incorporates kcat and E: |
P Vmai kcat « E | -

[ P.E.= = (3)
Km Km o

|
Since a comparison should be made at similar“enzyme
concentrations for all the enzymes analyzed at one time, the
ratio kcat/K, can be used for this purpose.

t
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The enzyme concentration and the reaction time
necessary to effect a desired conversion yield can be

obtained by combining equations (1) and (2) to obtain:

L

Kcat - E
iv= . (4)
1 +(Km/S)
Furthermore, if : v=ds/dt (5),
‘then,'
kcat (E) dt = (Kn/S) ds + ds (6)

and, integrating and solving for t , we obtain

(SQ—S) + Km 1n (SQ/S)
t= : =~ (7)
Kcat - E

The reaction time (t) required to change the substrate from

an initial concentration (SQ) to a given concentration (S),
for a given E, is related by the constants K, and kcat when
the enzyme remains at constant activity throughout the

reaction. If conversion is defined as:

(SQ_S)
X= —— (8)
S
equation (7) becomes )
SoX + Km 1n (1/(1-X))
t= - (9)
E:kcat '

. EéLatioh (9) can be used to calcﬁlate the minimum level
of enzyme reqﬁired to effect a given level of conversion of
substrate from an initial concentration and in a finite
time. This minimal enzyme dosage would be the actual amount

N
of enzyme required only if the enzyme would maintain its
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full activity during the whole course of the reaction;
'however this is very unllkely to happen.

Comb1n1ng with (2) and replac1ng the 11m1ts for the
integration of equation (6) with (S,S1/z) and (t,t,,,)
instead of (S5,S,) and (t,to), the equation (10) is obtained:

Km S

lt1/z= 1n \2. + ‘ (10),
Vmax 2 Vmax

where t,,, would.be the time it takes for the enzyme to
reduce the substrate level to half its ofiginal
concentration. Thewlower this t,,, value, the higher the
AN . -

N

efficiency of the’enzyme.
2,

4.3.3 Kinetic parameters of the commercial f-galactosidase

preparationg and their comparison. ' -

For each.of the six commercial preparations,.Km and
Vmax were determlned from 1n1t1al veloc1ty measurements at
two different enzyme concentratlons. For the two neutral
‘preparatlons (A and B) these parameters vere determlned with
and without potassium (Table 4.8). qhe results indicate that
élthough the two enzymes may be cldsgly related, their
response to potassium activation is QQite different. The
values obtained in the presence of 0.025 M monopofassium\
phosphate were the ones used for all the calculations.

The parameters obtainedxirom the~kinetic stuay of the
enzymes are given in Table 4.9. By comparing their Km, the

best enzymes would seem those wlth the 1owest Kmvalues

(products B, E and D) If all the enzymes were saturated

<
\
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Table 4.8. Effect of 0.025 M KH,PO, on the kinetic

parameters obtained for the neutral B- galact051dase .

commerc1al preparations. Enzyme concentrat10n—1g/} S
.})

KINETIC PARAMETERS OF THE NEUTRAL

~ B-GALACTOSIDASE PREPARATIONS.

-
ENZYME ' Km" ; Vmax?

. 4 | .
A w‘ 156.0 22.5
A vin 0.025M kHzpo,. o 76.8 : 22.5
B | 24,2 56.7
B in 0.025M KH,PO, | 24.2 | *78. 3

~

mM/g s.
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Table 4.9. Kinetic derived parameters of comparison for the

- 8ix commercial enzyme preparations of f-galactosidase.

concentration to half its oririn

ENZYME K kcat? P.E.? te ty,z °
A 76.8 4.73 0.0616 28.62 12.75
B 24.2 3.88 0.1603 13.05 6.18
C 101.8 27.11 0.2663 6.47 2.86
D 68.5 19.989 0.2918 6.10 2.73
E 50.6 17.99 0.3555 5.18 2.35
F 125,72 16.37 0.1308 17.25 5.73

T mM. ‘

* Turnover number. v

? Physiological efficiency(Vmax,.

‘* Time required for an 80% hy'ro.

* Time required for the enzyme to ~e the lactose

.vel,
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witp substrate to the same extent, the fastest conversion
rate would be given by enzyme C, the enzyme with the highest
Kcat valﬁe.

Using P.E. as the index of comparison, enzymes E, D and
then Cxwopld be the best options. However, if the substrate
concehtration was much higher than the K,,, P.E. values would
be of limited uge. |

Both the reaction times required to hydrolyze 80% of
the initial lactose and the half time values also indicate
that enzymes E, D and C would be the best choices among the
commercial preparations compared}'it should be remembered
that these times would be only the minimum required times,
because it was assumed for‘the calculation that the activity
of‘ihe enzymes would remain unehanged during the reaction.

Several enzymes were poihted out ae the best '
al&é;natives by using the different parameters, creéting
confusion about which of the parameters shoula be taken as
the most reliable or ‘accurate index of comparison., It would
seem that enzyme E would be the best alternative, because
this enzyme was first in three out of the five parameters'
used in the comparison., However, it does not seem sen51ble

2 .
to select thlS or any other enzyme based on this method
only, in v1ew of the different results obtalned and before
having compared their activities under the actual hydrolysis
conditions in eottage cheese whey.
In generai; this uncertainty appears to be a big.

disadvant2ge for this method in the present conditions. As
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/
will be shown in the follow1ng sectlons, the "traditional”
mp1r1cal epproach may have to be used as the only
alternative available for the comparéeon of industrial

enzyme preparations,

4.3.4 Empirical éombarison of.the commercial preparetions on

the basfe of their activity in cottage cheese whey.

The empirical approach involved the direct comperison
of the progress curves of each enzyme at several
concentrations. These progress curves are given in Figures
4.4 to 4.15. At all the,concentrﬁtions studied, enzyme C had
the highest activity of all six ﬁ galactos1dase preparations
and therefore it woulll be the best alternative among the
enzymes compared by this emplrlcal method. .

* Enzyme C was also pointed out as the best preﬁaration
when the kcat values of the preparations were used as the
”determlnanda1n the kinetic-based bpproach (Table 4 8).
However, kcat cannot be taken as a dependable 1ndex of the
activity of one preparation against the others since the
concentration of lactose indicates that the six eneymes,
particulary those with the higher K, values (enzymes C and
F), will not be saturated to thebéame extent when ceftying
out the hydrolysis of lactose in whey. From the exam;nation
of these progress curves (ngures 4.4 to 4.15) it seems
that, based in the crzﬁeron of eff1c1ency, the best ch01ce
!

would be enzyme C, even if this enzyme was not pointed out

to be the one with the highest overall potential by the
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Figure 4.4. Progress curves for the hydrolysis of lactose in
whey using neutralelactases. Enzyme concentration=0.1 g/1,

T=38°C and pH=6.8.
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% Hydrolysis
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- Figure 4.5. Progress curves for the hydrolysis of lactose in
whey using neutral lactases. Enzyme concentration=0.3 g/1,

T=38°C and pH=6.8
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Figure 4.6. Progress curves for the hydrolysis of lactose in
whey using neutral lactases. Enzyme concentration=0.5 g/1,
T=38°C and 'pH=6.8. . Co . x
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Figure 4.7. Progress curves for the hydroly51s of lactose 1n'

whey using neutral lactases. Enzymé concentration=1.0 g/1,
T=38°C and pH=6.8. ; ‘ i
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Figuré 4.8. Progress curves for the hydrolysis of lactose in
whey using neutral lactases®®nzyme concentration=2.0 g/1,

T=38°C and pH=6.8.
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Figure 4.8. Progress curves for the hydrolysis of lactose in
" whey using neutral lactases Enzyme concentration=3.0 g/1,
T=38°C and pH=6.8. :
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Figure 4.10. Progress curves for the hydrolysis of lactose

in whey using four acid lactases. Enzyme concentration=0.1
g/l, T=55°C and pH=4.6.
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Figure 4.11. Progress curves for the hydrolysis of lactose
in whey using acid lactases..Enzyme concentration=0.3 g/1,
T=55°C and pH=4.6. o o
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Figure 4.12. Progress curves for the hydrolysis of lactose
in whey using acid lactases. Enzyme concentration=0.5 g/1,
T=55°C and pH=4.6.
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Figure 4.13. Progress curves for the hydrolysis of lactose
in whey using acid lactases. Enzyme concentration=1.0 g/1,
T=55°C and pH=4.6.
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Figure 4.14. ‘P'rogi'ess curves for the hydrolysis of lactose
in whey using acid lactases. Enzyme concentration=2.0 g/1,
T=55°C and pH=4.6. . : :
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Figure 4.15. Progress curves for the hydrolysis of lactose
in whey using acid lactases. Enzyme concentration=3,0 g/1,
T=55°C and pH=4.6. s ,
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kinetic~derived approach.

Figunes 4.16 to 4.21 were built from the data shown in
the progfess curves, and therefore they élso poinf out
enzyme C as the best alternative. These figures present the
enzyme concentration/hydrolysis time combinétions requiéed
to obtain an 80% hydrolysis in whey and permit the best
selection of the enzyme/time compromise for any particular
processing situation andcfof,any of the six prepafations

included in the present study.

4.3.5 Galactose inhibition.

The inhibitori effect of galactose on the activity of
the neutral f-galactosidases considered in this study is
very well k;;;n and has been studied extenéiyely (Fullbrook,
1983; Burgueés'and Shaw, 1983). On the other hand, product
inhibition by galactose of the acid Aspergillus OPyzae 
B-galactosidase has been claimed to bé less pronounced

(Sprossler and Plainer, 1983). This decreased sensitivity to

product inhibition was pointed out by the same authors as an

“important advantage for the A. oryzae B-galactosidase.

However, Figures 4.22 to 4.25 show that the ‘activity of the
A. oPyZae ﬁ-galactosidaSe»was considerably reduced in the

presence of galaétose and therefore, galactose inhibition is

'still a problem with the use of these enzymes. The effect of

galactose was concentration dependent as shown for the

enzyme C in Figure 3.26.;Galactose inhibition prevents the

enzyme from hydrolyzing éll of the lactose; therefore,

|
I

|
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Figure 4.16.‘Enzyme concentration/hydrolysis time
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‘combinations required to obtain an 80% lactose hydrolysis in

whey using enzyme A.
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Figure 4.17. Enzyme cqncentration/hydrolysis time
combinations reguired to obtain an 80% lactose hydrolysis in

whey using enzyme B.
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Figure 4.18. Enzyme concentration/hydrolysis time
combinations required to obtain an 80% lactose- hydroly51s

whey using enzyme C.
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Figure 4.19. Enzyme concentration/hydrolysis time
combinations required to obtain an 80% lactose hydrolysis in

whey using enzyme D.
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Figure 4.21. Enzyme concentration/hydrolysis time -
combinations required to obtain an 80% lactose hydrolysis in
whey using enzyme F,
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Figure 4.22. Galactose 1nh1b1t10n of the hydroly51s of
‘lactose in cottage cheese whey using enzyme C. Enzyme
concentration=0.5 g/1. ~
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Figure 4.23. Galactose inhibition of the hydrolysis of
lactose in cottage cheese whey using enzyme D. Enzyme
concentration=0.5 g/1.
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Figure 4.24. Galactose inhibition of the hydroly51s of

lactose in cottage cheese whey using enzyme E. Enzyme
concentration=0.5 g/1. .
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Figure 4.25. Galactose inhibition of the hydrolysis of
lactose in cottage cheese whey using enzyme F. Enzyme
concentration=0.5 g/1.
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Figure 4.26. Influence of galactose concentration on the
product inhibition observed for the lactose hydrolysis in

whey using enzyme C.



126

r |

aiming at 100% conversion in the final product is not very
practical. Furthermore, the improvement of important
functional properties—has been observed when 20% of the
lactose 1is left unhydrolyzed (Shah and Nickerson, 1978a:

Shah and Nickerson, 1978b; Shah and Nickerson, 1978c).

4.3.6 Differences between the k1net1c based and the

\ emp1r1cal approaches. |

The empirical approach showed that enzyme C had the
highest activity in cottage cheese whey. On the other hand,
from the results obtained in*thelkinetic based comparison,
it was more reasohable to expect enzyme E to have the best
performance in whey. At the end the prediction of the
kinetic-based method proved to be inaccurate and therefore,
the results given by the empirical comparison were taken as
\more reliable. Several reasons could account for the \
inaccuraey of the first ‘approach.
PR 'For the kinetic-based parameters to be a oood index of
comparieon, the enzymee should be all saturated with
sobstrate. The concentration of lactose in whey (146 mM) :
indicates that there will be dlfferences in the degree of
saturation of the different enzymes durlng,the hydrolys1s of
lactose in whey and therefore, some of the values used in
the first approach would not give an accurate prediction of
the enzyme performances obeerved in the eecond approach.,

There were compositional dif‘erences between the

lactose solutions used for the determination of the kinetic

60
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parameters and thé whey with which the progress curveé were
obtaihed.‘Alfthgh the hydrolysis cpnditiéns (i.e. pH and
temperature) were the same for both experiments, some of the
whey constituents (in particulaf the whey proteins and
minerals) were‘not.present in the model lactose solutions
"where the kinetic parameters were determined.

It has been shown that when acid whey was neutralized
with KOH, the activity of a Kluyveromyces lactis lactase was
governed by the ionic environment rather thgn by any
possible activating or'inhibitory effect of the .whey
proteins (Bernal and Jelen, 1984b). Although the acid
lactases have been reported'to be insensitive to cation
activation or inhibition (SproSsler and Plainer, 1983), the
influence of other whéY'constitﬁentS should be»established
before any definitive conélusions can be made in this
regard. : . -

Passible differences in tHé-sensitivity'of the vérious
enzymes to galactose inhibition ana_in the rate of gradual
decrease in activity during the course of the reaction are
two important factors that could not be estimated in the
<kinetic studies. These factors may become crucial when
considering extended hydrolysis times in cbttage cheese
whey. -

A very important advantage of the second (empirical)
approach over the kinetic;baéed one is that the former,

apart from providing a true comparison of the enzymes. in the

actual substrate of industrial relevance, permits the
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inclusion of the Fost of the enzyme preparations into the
comparison. An estimation of enzyme costs and hydrolysis

. | . . . o
times would not b7 possible from the kinetic approach alone.

4.3.7 Economic evaluation of the commercial ﬁ—g#labtosidase

preparations; |

Thé costs of the commercial preparations are given in
Table 4.10. These costs were supplied by the enzyme'.
manufacturers as their best price FOB at the boint of
dispatch. These costs were incorporated into the comparison,
replacing thevamount.of enzyme required to achieve 80%
hydrolysis by the cost of this amount, as ghown in Figures
4.?’7’and‘4.28. | ®

] The use of neutral lactases for the hydrolysis of

pétassium-neutgéliied acid whey may be the most economical
‘approach. HoweQer, if the final product was to be.used as
the base for a lactose hydrolyzed whey beverage, further
demineraliza#ion would be nécessary to remove the salty and
metallic flééours imparted by the potassium added. The need
for the extra demineralization equipment would most likely
made this alternative unattractive for industrial
processors. Enzymes E, D, or C would be a better 6ption if
the overall{;xpenses added witﬁ the inclusion of a
demineralization step are higher than the differential cost
of the acid enzymes.

Although enzyme C had the highest activity, this

preparation was also the one with the highest cost, and
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Table 4.10. Cost of the commércial enzyme preparations.

ENZYME , COST OF ENZYME PREPARATION

' 2 | ($CAN/xg)'.
A 36

B ; 45 -
o 175
D ) 138
E | 70

F 144

N

' Rate of conversion= 0.80$US/1.00$CAN
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Figuré'4 27. Enzyme. cost/hydrolysis time combinations
required to obtain an 80% lactose hydrolysis in whey using

neutral lactases.
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enzymes E and D thus become a better choice. Enzyme E would

be the best choice for the manufacture of a lactose

hydrolyzed whey-based beveraée if the hydrolysis'times

desired durihg the process were in the order of 180 minutes

or shorter, while enzyme D would be the hest for longer

hydrolysis times.

4.3.8 Remarks.

éff;cient and not prohibitively expensive ways of
hydrolyzing lactose in whey are now available. Depending on
the enzyme cost/hydroiysis time compromise cons. .ered to be
the most appropriate, the cost of the hydrolysis step in the

manufacture of a whey-based drink would be in the order of

3-4 cents per litré_of hydrolyzed whey (Figure 4.28).

-
Since the manufacture of most commercial enzyme W
. ;

a

,

Kl

preparations is at an experimental stage at pfesent, thé
relative effectiveness of the preparations when compared
against each other should be expected to change as the
biotechnoiogy improves and the costs of the preparations
decré: 2. Repeated experiments shbuld be carried out by
those 1 .terested in utilizing this promising new technique’

in actual industrial cgnditjons.

4.4 Sensory evaluation of a prototype whey drink.
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4.4.3‘Introduétion,

| Prototype products were prepared applying the résults
obtained from the protein pfetipitatidn and the lactose
hydrolysis experiments. Several drinks were made using
either one of -the three enzymes found to be the best choices
for the hydrolysis of laFtose_in these products, and
adjusting ‘the pH of the whey below the critical point where

~

the protein precipitation can be avoided.
4.4.2 Evaluation of the lactose-hydrolyzed drinks produced
with three f-galactosidase enzymeé.

Apart from having a good hydrolytic activity, a
B-galactosidase enzyme used for.the hydrolysis of lactose in
the‘product should not impart any undesirable sensory -

- characteristics to the whey drink. |

Triangle tests were used t ieterminevif thefe weré
detectable'differences.in bitterness between the prototype
.drink made .with sugar and three drinks made‘usihg the three
best acid enzymes (C, D or E). The pahelists were asked for
bitterness_because this de%ect has apparently been reportedk
to be a problem when using f-galactosidase preparétidﬁs that
may be contaminated with proteolytic enzymes (Jelen,

‘ personal communication). - .
_ Selected paheliéts were unable to idehtify differenées )
in bitterness among any of the samples (Table 4.11). Only |
three judgment§ (out of twelve) correctly identified tﬁe odd

sample when the enzyme C treated product was tested against
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Table 4.11.- Correct identification of odd samples during
Triangle tests carried out to establish any possible
difference in bitterness between a prototYpe product and

lactose hydrolyzed'whey drinks.

Test |  Number of’cqrreet Probability of a’
- answers “\ chance{decisien;

p-C' VPR 7 olsig

P-D* 6/12 0.178

P-E’ 5/12 0.368

'prototype against enzyme C treated sample.
l’prototype against enzyme D treated sample.
’prototype against enzyme E treated sample.

‘*from Roessler ét.al.(1978);’
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the pretotype. The number of correct answers was six (out of
twelve) with the enzyme D treated sample while only five
(out of twelve) identified the odd samples correctly when
the enzyme E treated sample was tested If the number of
correct judgments for any of the samples tested had been
eight or nine, tgis would be an indicatién of a detectable
dlfference at. the 5% or 1% 51gn1f1cance level, respectively
(Larmond, 1977) ' y |
| \ )
4.4.3_Comparison'of‘the.pretotype drink ajernst a commerciai
product. |
To compare the grapefruit flavoured prototype drink
against a whey drink available on the'merket in Edmonton, a
o pairedteomparison test was carried out. The results#ef this
palred comparlson.are given in Table 4. 12 Of the 30
panelists who tasted the drlnks, 23 prefered the comﬁerc1al
sample, 1nd1cat1ng a 51gn1f1cant preference at the 1% level.
The flavour of the products was a def1n1t1ve factor of
preferente expressed by the panelists. The commercial
product contains three different fruit juices (pineapple, \Q_j”
orange aﬁd passion fruit) which give this drink its
characteristic flavour. A very careful selection of the
flavour for the prototype drink would put thie product in a
better position ageinst the commercial drink. In any
population, there are peoplé who like the sweet flavours and

others who prefer acid or tart flavours. The prototype drink

would be most likely consumed by those who like sharpness in

&
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N_/
Table 4.12.- Comparison of a grapefruit flavoured‘p;ototypﬁ
drink against a commercial product.
Sample prefered
‘ ‘ - ) 4
Main reason for Commercial product Prototype
. 3  preference
/. Co . by , ,
e ' o " Number of answers
Flavour : 14 ’ 2
Sweetness ' 7 0
Texture 2 _ _ - 0
Acidity. 0 "5
Total 2 | 7
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taste, _
Those who préfered the prototype drink liked its
"tartness"™ and "tanginess"; some said they would drink it if

they were thirsty, and thought the commercial drink was too

. sweet for their like. This last comment was also expressed

by sbme of those who pfefered the commercial sample. A
repeafed commeht was that a drink somewhere between the two
sambles tested would be the best.

It is important to point out that the protétype drink
used for the sensory}evaluétion was only a very preliminary

product that could be greatly improved.
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5. CONCLUSIONS AND RECOMMENDATIONS.
5.1 Summary of Research'Fiﬂdings and Conclusioﬁs.

The probiem of whey utilization is, to a large degree,
determined by the possibilities for the utilization of
lactose, the laréest and most "inconvenient" whey
constituent after water. Although many processiné‘
technologies are currently available, economic constraints
have prevented them froﬁ being applied.

'Lactose hydrolysis usiﬁg a soluble ﬁ-galactosidaée

seems to be an efficient and relatively inexpensive

~alternative for the utilization of whey for the manufacture

of new food products. This procesé does not require very

‘large volumes of whey or a very high capital investment for

the acquisition of complex and sophisticated equipment.
Equipment usually present on the floor éf any dairy plant,
such as a tempera;ure-controlled taﬁk with a stfrring
mechanism, would bé all what woula be needed to perform this"’

operation. Although a more complete‘evaluation of the

process is required, the running cost would not be expected

to be high;.As shown by our, estimates, the cost of the
-’enzyme would be in the order of only 3-4 cents per litre of

~hydrolyzed whey, under conditions similar to those described

in this work. Since the manufacture of the commercial acid
B-galactosidase preparations used is only at an experimental
stage at present, the manufacturing costs should decline as

the process is improved and the market increases. Also

138
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important is the amount of sugar or sweetening agent saved
due to the increased sweetness added by the hydrolyzea
lactose, and the cost of sugar in local coqditions.

The major observation confirmed by the present work is
that the use of lactose hyéfolysis in the manufacture of a
beverage frém whole, lactose-hydrolyzed acid whey could be a
technologically viable alternative even for small and medium
size cottage cheese producers. From the six commercial
preparations compared in this study, three of the acid
B-galactosidases (those from ﬁnzyme Developmgnt Corporation,
Miles Laboratorie;, and Rohm GmbH) were found to be".
approximately equivalent for the purpose'refered; Both their
hydrolytic activity in whey and the cost of thé commercial
Hpreparatiohs, the fundamental parameters used in the

comparison, ver'® similar. SO

In the comparison of the commercial preparations, R
differences were observed betﬁeen‘the two approaches \
examined for this compéfison. The composition.of the lactose\\
sdlﬁtions used for the kinetic essays may have been too
'differen{,from the one of the actual substrate. This point
may i;lustfata_why the assessment of the activity of any of
the ﬁ—galactosiéases should be done in ccttége cheese whey,
if: this would be the substrate to be used in tke dairy |
industry. |

Furthermoré, some factors thaﬁ may plaf‘a kéy role in
the actual behaviour of the f-galactosidases in.whey (like

galactose inhibition or the graaual decrease in enzymatic

7
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.

activity occurihg during the course of the hydrolysis
reaction) can not be taken into account by the kinetic based
comparison. A third point may be that, in most of the
mathematical expressions derived from the

Henri-Michaelis-Menten equation and used in this work, the

0 ~

saturation of the eh;yme with substrate is a necessary
condition for the accdrate predictioc of the enzyme
activity. As can be nb;&ced from the K, values obtained,
lactose concentration in whey is/not high enough for the
enzymes to be saturefgé with lactose. |
The use of neutral f-galactosidases for the hydrolysis

of KOH-treated acid whey gave good results. Ho&ever, the use
of this hydrolyzed KOH-treated whey is not recommended in
tﬁe manufacture ofva whey-based beverage, because KOH may
impart undesirable sensory characteristics to theAfinal
product, making it unacceptable for direct human )
consumpcion. The additional demineralization step that would
be needed also mekes this approach unattractive for the
small or medium size processors. ‘

o Nevertheless, }f the‘whey is to be used for the
production of ethanol or methane, the use of a neutral-
lactase to hydrolyze cottage cheese whey may beve successful

v

and profitable operation. The activity of the neutral

ok

B-galactosidases seemed to be strongly influenced by the
pH-adjusting procedures used; also worth ncting were the
different responses to K* observed in the two neutral

enzymes studied.
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The problem of protein precipitation common to
heat-treated whey-based beverages could be controlled by
adjusting the pH of the drink to below 3.7 prior to thermal
processing. Under these conditions, most of the whey

(\protelns were not precipitated after heating at 95° C for 5
minutes. Electrostatic repulsion forces created when the pH
is lowered presumably prevented the denaturéd proteins from
aggregating together and precipitating. Thelretention of the
protein solubility in the drink would give a good appearance
while maintaining excellent nutritional qualities of the

;
figal product. s -~
’ The thermal behaviour of a whey protein concentrate,
and probably of the whey proteins in the hhey itself, seems
to be dominated by the' behaviour of 8- lactoglobulin. The
denaturatlon temperatures of the whey protein concentrate
and the major isolated whey proteins were pH-dependent, and
were éiéo affected by some other whe§ constituents. Thus,

- bovine serum albumin was protected against heat- denaturatlon

by fatty acid b1nd1ng ‘'The denaturation temperature of

B-lactoglobulin was increased in the presence of lactose,

and a slight further inc}ease was obtéined when this sugar
was replaced by glucose and éalactose (as if B-galactosidase
had been used to hydrolyzed lactose in whey).fImportant
observations were made on the influence of calcium on the
thermal'behaviour‘of‘a-lactalbumin; the denaturation
temperature, the enthalpy , and the reversibility gf the

process were all affected by the removal of the calcium with
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EDTA.

5.2 Recommendations.

4 .
5.2.1 Recommendations for the development of a whey

. beverage.

As mentioned previously, the prototype product prepared
for this study could and should be imprdQéd. The following
are some éteps thét may be‘taken to achieve“this
improvement:'1).towdefine the sector of the population
towards which the product would be targeted. Perhaps the
o;timum product for sportsmen would be differeng&from that
suitable for childfen or lactése intolerant adulfs. 2) To
ideﬁéify the variables ﬁhat are important for the sensory
acceptance of the driﬁk by the target population;AFlavour,
freshness, sweetness or tangineéslmay be soﬁe)of these
factors. Their degree of importance should also be
determined. .3) To find the right combination c. variables
needed to get an optimum acceptance;

The next step required after fhe improvement of the
prototype drink would be the completion of the_product

development siage, coupled with an extensive market research

study.

The utmost care should be put into the selection of the
flavour. This research should perhaps be done by a team of
specialists in flavour developmen%. Probably the flavours

more coﬁpatible with the whey characteristics would be the

w
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citrus frﬁit flavours, such as grapefruit, lemon or orange.
However, other flavours like apple, péssion fruit or perhaps
almond may also be considered. Most likely, colour will also
be added. Both colour and ﬁlavour should be acid and heat
stable.

Some research will be needed to identify the most
suitable acid for the pH adjustment step. Citric acid was
used for the prototype drink, but some other acids or
mixture of acgds (i.e. ascorbic acid) may be worth trying;
Although the éensory properties of the drink should be the
main criteria used for the selection of the acidifying
agent, cost may also be important. |

The selection of a sweetening agént may be another afea
of imp:ovement; Although sugar is perhaps the least
expensive and most-tradiﬁional sﬁeetening'ingredient, maybe
the use of some artificial sweeteners, particularly
aspartame,.could have a strong impact on the acceptability .
‘of the product by the consumer., |

The hydrolysis of lactose in the preparation of a
whey-based beverage”would make this product available to
those inéividﬁals who have lactose intolerancevpréblems and
‘ theréfore cannot drink milk. Since none of the acid enzymes
tested affected the sensory attributes of the prototype |
product prepared; ﬁﬁ@ choice.of the f-galactosidase should
depend sfricfly<on economic considerations. The length of -

the hydrolysis would depend on the amount of B-galactosidase

used, which would be determined by the enzyme
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cost/hydrolysis time compromise considered tb be most
appropriate. The cost/ hydrolysis time combination plots
prepared from the progress curves would be also very useful
when selecting the hydrolysis conditions most suitable for
the integration of the drink manufacture into the whole
cheese making operation. The industrial scale-up of thé

- process, along with a more detailed economic evaluation,
would be necessary.before this point.' ‘

By combining the technical information disclosed in the
present work with that obtained from the marketing research,
the best possible product in ité class could be»deQeloped.

It should be kept in mind thatvall the information
given in the present work was obtained under laboratory
conditions and needs to be tested at.léast on a pilot plant
scale before further recommendations can be‘made for tﬁe i

application of/ this work to an actual industrial situation.

5.2.2 Recommendations for future research work.

The enzyme market ‘s continuously expanding, and new
B-galactosidase preparations will probably be introduced in
the near future. éince these new preparations are expected
to bring improvehents in the}pfoduct guality and decréase
the cost of lactose hydrolysis technology, they should be
continuously‘evaluated.

Perhaps the kinetic-based approach uséd in the first:

part of the evaluation of the commercial preparatiohs would

< .

~

give better results if the kinetic parameters of the enzymes

-
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are determined under conditions as similar as possible to

the actual industrial substrate. The use of reconstituted

- whey concentrate and diluted whey may be the solution to

cover the whole lactose concentration range required to do

7

the Michaelis-Menten experiments:
The effectiveness of thé.ﬂgup ' ) ctosidases in
KOH-treated sweet whey should b mnfﬁainst'that in

KOH-treated acid whey, in order ‘t inéh«ése ‘actual

— : R -
‘benefits obtained when acid whey is'hydrolyzed with a-

neutral enzyme, after neutralizationlﬁith KOH.

Galactose inhibition and ollgosaccharlde formatlon
durlng the hydroly51s may be 1nterest1ng areas for
continuation of basic research with the soluble enzymes.

In the protein denaturation area, it would be.
worthwhile to continbe the model system approach to

elucidate the thermal behaviour of proteins in whey.'The

-influence -of pH and rion-protein whey constituents on the

interactions occuring between f-lactoglobulin, «-lactalbumin

and bovine serum albumin should be investigated using model

systems containing two or three proteins. The importance of

disulphide exchange reactions—shquld be also explored.

The study of'a-lactalbumin brought about many questions
that remain to be answered. The mechanisms of acid and heat

denaturation, and the role of calcium on the reversibility

- of the denaturation process. may require a much more complete

:f

'study than was possible within the present'EEntext of this

applied research project.
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