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Alternative approaches for enhancing the utilization of whey proteins were inves- 
tigated. Chemical and enzymatic treatments were applied to induce some struc- 
tural and electrostatic changes in the whey proteins. Chemical modification 
involved covalent attachment of succinyl and acetyl groups to the free amino 
sites of lysine residues. Enzymatic modification included deamidation of these 
active sites via trypsin and ehymotrypsin under conditions unfavorable for po- 
tent proteolysis. Chemical treatments, in particular suecinylation, resulted in 
better emulsifying capability and stability as evidenced by a well-baianced distri- 
bution of oil droplets within the emulsion ultrastrncture. Foaming ability and 
stability were substantially enhanced by both treatments, although the effect 
was stronger in the chemically-treated proteins. Enzyme-treated whey proteins, 
however, showed superior solubility and in-vitro digestibility as compared to 
their chemically treated or native counterparts. In a simulated intermediate 
moisture food system, sueeinylation offered the best protective effect against 
browning development and loss of basic amino acids. 

INTRODUCTION 

Whey proteins have recently attracted considerable at- 
tention as potential food ingredients. First of  all, their 
high nutritive value and well-balanced amino acid profile 
make them superior to all known food proteins except 
those of eggs. Secondly, the use of novel protein 
sources such as grain, leaf, single cell and others has 
often been found to be limited by the proteins' low bio- 
logical value, undesirable organoleptic properties and, 
in many cases, poor solubility, which is reflected in low 
functionality. 

Several attempts to incorporate whey proteins in 
food formulas have been made. However, most of  these 
trials have not been very successful due to some 
physicochemical and compositional properties inherent 
to the protein components themselves. For example, 
the low content of proline and the uniform distribution 
of the acidic/basic and hydrophilic/hydrophobic 
residues along the polypeptide chains impose a certain 
globular conformation on the molecule and prevent it 
from flexible orientation at interfaces. In addition, the 
considerable number of the helical chains and the 
abundance of the -SH/-SS groups are thought to be di- 
rectly related to the high susceptibility of  whey proteins 
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to severe denaturation upon heating (Morr, 1976). The 
high lysine content, although considered a great advan- 
tage of whey proteins from a nutritional point of view, 
is also a detrimental factor to their functionality. The 
t-amino groups of lysine and their associated low pK 
result in high polarity and strong nucleophilic activity, 
which facilitate their interaction with the carboxyl 
groups in their vicinity. Upon processing and storage, 
this interaction has been found to result in some deteri- 
orative effects such as nonenzymatic browning (NEB), 
transamidation, condensation reactions with dehy- 
droalanine and cross-link formation. Therefore, addi- 
tional methods for imparting functionality and 
enhancing stability of whey proteins upon processing 
and storage are needed. 

Structural modifications have been considered for the 
alteration of the physicochemical properties of proteins 
and for improving their functionality (Kinsella, 1977). 
Protein modification can be used to block the reactivity 
of specific groups involved in some undesirable reac- 
tions, to enhance the digestibility and nutritional value 
and to improve the thermal stability of proteins. 
Covalent modification by acylation has been consid- 
ered a very adequate treatment for food proteins due to 
many reasons. The reagents used for this type of 
modification, succinic and acetic anhydrides in particu- 
lar, are easy to handle, are reasonably stable and their 
reactions take place under relatively mild conditions. 
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This is an important prerequisite for their potential use 
in food systems. However, the most interesting at- 
tribute of protein acylation is its capability of prevent- 
ing the formation of lysinoalanine (Freidman, 1984). 

Deamidation is another novel area of protein 
modification for enhanced flexibility of globular pro- 
teins. Deamidation of proteins is usually achieved 
under mild acidic or alkaline conditions, although most 
effectively by means of enzyme action. This type of 
modification has been introduced by Kato et al. (1987) 
and was adopted by many other workers as a means of 
lowering inter- and intra-molecular interactions and in- 
creasing molecular flexibility. 

Based on data available from the literature and from 
the technical problems reported by food industry ex- 
perts, the lack of functionality of whey proteins has 
been mostly correlated with certain aspects of their 
chemistry. In this study, the role of lysine was investi- 
gated through two approaches: (a) protecting the reac- 
tive amino groups of lysine by means of covalent 
attachment of succinic or acetic groups to these sites 
(chemical modification), and Co) retarding the reactivity 
of.these groups with their carboxyl counterparts, i.e. by 
deamidation (enzymatic modification). 

MATERIALS AND METHODS 

Materials 

Whey protein isolates (WPI) were purchased from 
BioPro, Le Seuer Isolates (St. Paul, MN). All the 
chemicals used were reagent grade. Carbowax was ob- 
tained from Pharmacia (Piscataway, N J) and 
Coomassie Brilliant Blue R-250 from BioRad 
(Richmond, CA). The rest of the chemicals were ob- 
tained from Sigma Chemical Co. (St. Louis, MO). 

Methods 

Preparation of the modified whey proteins isolates 
Succinylated whey protein isolates (SWPI) were pre- 
pared according to the method of Franzen & Kinsella 
(1976), while acetylation of WPI was done using acetic 
anhydride, according to the method of Hoagland 
(1966). 

Deamidation was achieved using trypsin and chy- 
motrypsin at pH 10-0, in order to avoid potent proteob 
ysis of the protein, according to the method of Kato et 
al. (1987). 

The modified proteins were recovered by dialysis 
against distilled water (24 h at 4°C), followed by freeze- 
drying. 

The degree of proteolysis was determined as the ratio 
of absorbance (at 280 ran) of the treated samples 
(shaken with 10% trichloroacetic acid and filtered) to 
that of the native proteins. However, since this method 

is known to be suitable only for detecting small pep- 
tides and amino acids and not for large peptides, 
sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) was also applied for this pur- 
pose. 

The degree of modification was determined as the de- 
crease in free amino groups of the lysine residues, using 
trinitrobenzenesulfonic acid according to the method of 
Fields (1972). 

Conformational and structural changes 
The effect of modification on induced structural con- 
formations and flexibility of WPI was studied in terms 
of molecular weight changes (SDS-PAGE), fluores- 
cence spectra, hydrophobicity (partition hydrophobic- 
ity), surface tension and disulfide bond cleavage. 

SDS-PAGE was performed at pH 7-0 using 10% acryl- 
arnide gels, according to Lammeli (1970), using a slab 
gel unit (Hoefer Scientific Instruments, San Francisco, 
California). Electrophoresis was done at 25 rnA for 4.5 h 
at 5°C. Staining was done with Coomassie Brilliant Blue 
R-250 in methanol, water and acetic acid. Destaining 
was followed in two steps, using acetic acid, methanol 
and water. 

Fluorescence spectra of native and modified WPI 
(0.02 % w/v in pH 8.0 phosphate buffer) were obtained 
using an I.S.S. Greg PC spectrofluorimeter (I.S.S. Inc., 
Champaign, IL). Samples were excited at 295 nm and 
their corresponding emission between 300 and 400 nm 
was recorded. Slit widths were 8 nm for excitation and 
16 nm for emission. 

Hydrophobicity, expressed as partition hydrophobic- 
ity, was determined according to the method of 
Keshavarez & Nakai (1979). This method was used due 
to the good correlation it bears with functionality. 
Protein samples were partitioned between two phases: 
dextran and carbowax or its palmitate ester. Partition 
coefficients of the proteins were calculated as: 

K= c,/cl 

where C u and C l are the protein concentrations in 
the upper and lower phases, respectively. AlogK was 
calculated from 

AlogK = logKl-logK 2 

and was used as an index of hydrophobicity of the 
protein. K l and K 2 are the partition coefficients in 
polyethylene glycol with and without the palmitate 
group attached, respectively. 

Disulfide bond content was determined for native 
and modified whey proteins by using Ellman's reagent 
(5,5'-dithiobis-2-nitrobenzoic acid) according to Bever- 
idge et al. (1974). 

Surface tension was determined by using a Wilheimy 
plate balance consisting of a thin platinum plate at- 
tached to an ordinary analytical balance. Protein dis- 
persions (0.5%) in phosphate buffer (pH 8-0) were used. 
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Measurements were recorded over a 16 h p e r i l ,  by 
monitoring the change in weight of  the platinum plate 
due to the amount of adhering solution. 

Functional properties 
The effect of modification on the functional properties 
of WPI was evaluated in terms of solubility, emulsify- 
ing and foaming characteristics and their performance 
in an intermediate moisture food (IMF) system. 

Solubility was determined according to the turbidi- 
metric method of Damodaran & KinseUa (1982). 
Emulsifying properties were determined according to 
the method of Yamauchi et al. (1982). The surface 
structure of native and modified WPI stabilized emul- 
sions was examined by means of cryoscanning electron 
micrography (AmRay 1000A). Droplets of  freshly pre- 
pared emulsions of 20:80 (w/w) protein (1%) to corn oil 
(Puritan, Procter and Gamble, Cincinnati, OH) were 
prepared. Samples (10/zl) were placed in wells of cop- 
per specimen stubs and quench-frozen by plunging 
them into liquid nitrogen-chilled propane (c. -183°C). 
The surface of the samples was coated with c 10 nm of 
gold/palladium (40/60) after surface fracturing. Foam- 
ing ability was determined according to Damodaran & 
Kinsella (1982). 

al. (1976) as the slope of the line after measurable 
browning started to appear. The induction time was 
determined as the period up to which the amount of 
browning started to increase by a zero order reaction. 
Changes in lysine and other basic amino acid residues 
were determined by means of amino acid analysis and 
were expressed as a percentage of that of the native, 
unmodified and unstored WPI. 

In-vitro digestibility 
In-vitro digestibility of the modified proteins was mea- 
sured and compared to that of the native WPI. A mix- 
ture of trypsin and chymotrypsin was chosen for this 
test due to the high sensitivity of both enzymes to 
changes in the protein (substrate) conformation. 
Aliquots of protein dispersion (3 mg/ml) were flushed 
with nitrogen and their pH was adjusted to 8-0 prior to 
addition of the enzyme mixture (100 /zl of enzyme of 
1-2 mg/ml). Samples were incubated at 37°C for a pe- 
riod of 1 h. Aliquots of the protein preparation were 
added to an equivalent volume of 10% TCA, shaken 
for 30 rain, centrifuged and filtered. Digestibility was 
expressed as the ratio of absorbance (280 nm) of the 
modified proteins to that of the native, multiplied by 
100. 

Performance in an IMF system 
The effect of  protein modification on the shelf-life sta- 
bility of an IMF system was measured in terms of 
browning development as due to Maillard-type reac- 
tions. Protein powders and their corresponding sugar 
mixtures (2:1 protein to D-glucose) were dispersed in 
distilled water (2%) to enhance the interactions between 
the free amino groups of the protein and the free alde- 
hyde groups in the sugar molecules, and then freeze- 
dried. Native WPI was used as a reference. Samples 
with/without sugar were stored in a desiccator at 75% 
RH provided by a supersaturated solution of NaC1. 
The test samples were stored at room temperature or at 
50°C (to accelerate the rate of NEB) for different peri- 
ods of time and were examined periodically. Two at- 
tributes were monitored: (a) color development 
expressed as Browning Index, rate of development and 
induction time, and (b) changes in the amino acid 
profile. Color development was determined according 
to the method of Clark & Tannenbaum (1970). The rate 
of browning was calculated according to Schnickels et 

Table 1. Degree of woteolysis of native whey proteins upon 
deamidation by trypsin (TWPI) and chymotrypsin (CWPI) 

compared to NaOH-treated whey proteins (pH 8.0) 

Treatment Proteolysis 
(%) 

NaOH-Treated WPI 1.3 
TWPI 7.8 
CWPI 6.2 

RESULTS AND DISCUSSION 

Physicochemical properties of modified WPi 

The degree of proteolysis assessed by the TCA test 
showed that, compared to the NaOH-treated samples 
(control), trypsin and chymotrypsin were not very ef- 
fective in hydrolyzing WPI under the prevailing condi- 
tions (Table 1). 

The degree of modification, expressed as the change 
(reduction) in e-amino groups of lysine, showed that 
the succinylated whey protein (SWPI) and acetylated 
whey protein (AWPI) resulted in 77 and 56.3% block- 
age of the e-amino groups of lysine, respectively (Table 2). 
Deamidated whey proteins, on the other hand, showed 
a low degree of modifi-cation (12-5% for CWPI and 

Table 2. Reduction in the free amino groups of native (WPD, 
acetylated (AWPI), trypsin-treated (TWPI) and chymotrypsin- 
treated (CWPI) whey protein isolates (expressed as % of the 

concentration in the native protein.) 

Protein NH 2 groups 
(%) 

Native (WPI) 100-0 
AWPI 43.7 
SWPI 23.0 
CWPI 87.5 
TWPI 84-6 
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Fig 1. Vertical SDS-PAGE of native (WPI), acetylated 
(AWPI), suceinylated (SWPI), trypsin-treated (TWPI) and 

chymotrypsin-treated (CWPI) whey protein isolates. 

15-4% for TWPI). These results show that succinylation 
was the most effective modifying treatment for whey 
protein isolates under the conditions of this study. The 
introduction of  the bulky groups of succinates to the 
WPI molecule, as well as the considerable denaturation 
and the consequent polypeptide chain repulsion, may 
have enhanced the placement of additional groups on 
sites which were inaccessible in the native protein, and 
so resulted in the highest degree of modification. 

Table 3. Reduction in the disulfide bond content of native 
(WPI), acetyinted (AWPI), succinylated ($WPI), trypsin- 
treated (TWPI) and chymotrypsin-treated (CWPI) whey pro- 
tein isolates (expressed as % of the concentration in the native 

protein.) 

Protein Intermoleeular Intramolecular 
-SS -SS 
(%) (%) 

WPI 100.0 100.0 
AWPI 38.2 46-5 
SWPI 36.1 48.0 
CWPI 49-8 59.0 
TWPI 44.6 65.3 

Conformational and structural changes 

Molecular weight 
The electrophoretic pattern of whey proteins was not 
found to be drastically affected upon acylation (Fig. 1). 
For the case of succinylation, there was a slight ten- 
dency towards fragmentation, which was reflected in a 
faster movement of some low molecular weight bands 
towards the buffer line. This behavior was expected due 
not only to the electrostatic effects of the covalent attach- 
ment of the succinyl group, but also to a possible reac- 
tion between the anhydrides and the ruptured disulfide 
bonds, which are usually involved in the maintenance 
of the macromolecule in the undissoeiated state 
(Grants, 1973; Klotz, 1976). Table 3 shows the effect of 
both chemical and enzymatic treatment on the retention 
of  disulfide bonds. The decrease in intermolecular 
disulfide bond content upon acylation was more drastic 
than in the enzyme deamidation. This could be due to 
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Partition hydrophobicity coefficient of native (WPI), acetylated (AWPI), succinylated (SWPI), trypsin-treated (TWPI) 
and ehymotrypsin-treated (CWPI) whey protein isolates. 
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Fluorescence spectra of native (~rpI), acetylated (AWPI), succinylated (SVCPI), trypsin-treated (TWPI) and chymotrypsin- 
treated (CWPI) whey protein isolates (0-02% in pH 8.0 phosphate buffer). 

the well-known high affinity of anhydrides for the free 
sulphur moieties on the polypeptide chains. 

Hydrophobicity 
Hydrophobicity was enhanced drastically upon modifi- 
cation of WPI. Figure 2 shows that, compared to the 
native proteins, SWPI resulted in a 25-fold increase in 
the hydrophobicity coefficient, followed by CWPI, 
AWPI and TWPI. Hydrophobic side chains of globular 
proteins are usually located in the interior of  the 
molecule. Any effect which forces to open/unfold this 
structure should result in a more flexible conformation, 
thus causing the hydrophobic groups buried inside the 
compact structure to appear on the 'surface' (Graham 
& Phillips, 1976). It seems that the conformational 
changes which occurred upon modifying WPI were 
due to a depression in some inter- and intra-molecular 
protein-protein interactions. In the case of  deamida- 
tion, removal of the hydrophilic polar ~-amino groups 
from the lysine residues, and probably from some argi- 
nine and glutamine sites, would lower the changes of 
interaction between these groups and the neighbouring 
carboxyl groups. Upon acylation, the increase in hydro- 
phobicity could also be associated with other confor- 
mational effects. The presence of the bulky acyl group 
might have forced the globular structure of the protein 
molecules towards a more disordered conformation and 
thus, to greater flexibility (Habeeb et al., 1958; Riordan 
& Vallee, 1964). For SWPI, the introduction of the ex- 
cess negative charges is expected to affect the confor- 
mational changes in the protein by means of lowering 
the degree of interaction between the free amino and 
adjacent carboxyl groups, and also by increased repul- 
sion between active groups (Habeeb et al., 1958; Grants, 
1973). In the case of acetylation, the charge effect was 
not of considerable importance due to the neutrality of 
the attached group. 

Fluorescence spectra 
Steady-state fluorescence spectra of proteins usually 
reflect their degree of unfolding, i.e. the extent of expo- 
sure of the 'buried' tryptophan residues. As shown in 
Fig. 3, SWPI resulted in the greatest red shift followed 
by CWPI, AWPI, TWPI and native WPI. This may in- 
dicate that the SWPI molecule was the most denatured 
and had the highest degree of destabilization of hydro- 
phobic interaction. For the particular case of SWPI, 
it seems that, as discussed earlier, the attachment of 
the bulky succinate group, with all the associated nega- 
tive charge, had imposed a very flexible structure on 
the molecule. Earlier studies on succinylation of soy 
proteins have shown similar results (Kim & Kinsella, 
1986). 

Surface tension 
Figure 4 shows the effect of modification on the change 
in surface tension of WPI solutions. Native and 
modified WPI followed the same trend, i.e. a sharp 
drop at the beginning due to possible packing and con- 
formational changes in the protein adsorbed at the in- 
terface. This was followed by a steady-state behavior 
with time. In all cases, modification was found to lower 
surface tension significantly. SWPI showed the greatest 
depression in surface tension, which was in good corre- 
lation with hydrophobicity and reduction of the 
disulfide bond content. Molecules with large hydropho- 
bic groups on the surface are more adsorbable on a 
surface than those having small ones. The reason may 
lie in the strong, tendency of these hydrophobic groups 
to avoid the surrounding water. This correlation be- 
tween the amount of disulfide bonds and increased 
molecular flexibility, expressed in terms of the decrease 
in surface tension and enhanced red shift, indicates that 
these bonds serve as an energy barrier for the rear- 
rangement of the peptide chains. 
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Time dependence of interfacial tension of the air-water interface of native (¢), acetylated ( • ) ,  succinylated(I), trypsin- 
treated (C)) and chymotrypsin-treated (A) whey protein isolates (0.05% in pH 7.0 phosphate buffer). 

Functional properties 

Solubility 
The effect of modification on solubility of WPI is shown 
in Fig. 5. The solubility profile (turbidity) was found to 
follow the typical protein solubility behavior, i.e. mini- 
mum solubility at the isoelectric point (IEP) and resolu- 
bility in both regions away from the IEP. Enzymatic 
deamidation was found to enhance solubility significantly 
over a wide pH range. For acylated samples, the change 
in solubility was not very dramatic as compared to that 
of the native proteins. SWPI and AWPI solubility was 
intermediate in magnitude between the enzyme-treated 
and the native WPI. For SWPI, the high negative charge 
on the succinylated sites and the consequent confor- 
mational effects may have made it easier for the water 
molecules to penetrate in between the polypeptide chains 
and thus encouraged the stabilization of more soluble 

0.800 

protein structures over a wide pH range. Earlier studies 
on modifications of some food proteins have shown 
conflicting results. Kim & KinseUa (1986) reported that 
the covalent attachment of succinyl groups to the 
giycinin protein was very beneficial to its solubility. 
The product was found to be completely soluble in the 
pH range 4.0 - 8.0, while the unmodified protein was 
insoluble in that region. Chobert et al. (1978) showed 
that the covalent attachment of various hydrophobic 
amino acid residues to casein resulted in decreased 
water solubility, although it improved other functional 
properties. 

Emulsifying ability 
The emulsifying ability of WPI was found to improve 
significantly in both the chemically and the enzymati- 
cally modified WPI (Fig. 6). All protein samples fol- 
lowed the same trend, i.e. reduced stability with time. 

Fig. 5. 
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This behavior could be explained on the basis of pep- 
tide rearrangement, and inter and intra-molecular inter- 
actions, pushing some of the covalently attached groups 
into the interior of the molecule with subsequent pro- 
tein folding and masking of the few hydrophobic pep- 
tides essential for emulsion stability. 

Succinylation was found to result in improved emul- 
sifying ability and longex time stability, followed by 
acetylation. Trypsin,treated samples showed a better 
emulsifying ability and stability than the chymotrypsin- 
treated and native proteins, although both had lower 
emulsifying stability than the acylated types. Chen et 
al. (1975) had earlier reported the positive effect of suc- 
cinylation on the emulsifying ability of succinylated fish 
protein concentrates. Similarly, the emulsifying activity 
of soy proteins was found to increase substantially 
upon acetylation (Groninger & Miller, 1975). Two ap- 
proaches may be considered for explaining the emulsi- 
fying capacity of different proteins, namely, solubility 
and hydrophobicity. As the protein becomes more sol- 
uble, it forms layers around the fat droplet and so 
facilitates the association with the aqueous phase by 
means of decreased surface tension (Pearson et al., 
1965). However, in other cases, a poor correlation was 
found between solubility and emulsifying ability of pro- 
teins (Aoki et al., 1980). Hence, hydrophobicity has 
been claimed to be the most important contributor to 
emulsifying ability, as a result of hydrophobic interac- 
tions between polypeptide chains and lipids in the 
vicinity of the proteins. In the case of succinylation, for 
example, the molecule is made more flexible, more dis- 
ordered and more negatively charged. In fact, these 
aspects have made caseins the preferred emulsifying 
food proteins. 

The ultrastructures of emulsions stabilized by native 
and modified WPI are shown in Fig. 7. The micro- 
graph of  the native WPI emulsion shows a distin- 

guished uneven distribution of oil droplets, accomp- 
anied by the formation of plaque-like bodies of pro- 
teins (flocculation). Of all the emulsions studied, acy- 
lated WPI showed the best oil droplet distribution, 
followed by the enzyme-treated proteins. SWPI resulted 
in a uniform distribution of fine oil droplets. Similar re- 
sults were obtained for AWPI, although the distribu- 
tion was less even. Due to the assumed flexibility and 
strong repulsion between the polypeptide chains, the 
protein films formed around the oil droplets may have 
formed a barrier to their close approach and thus pre- 
vented them from collapsing. For SWPI, its high hy- 
drophobicity might have resulted in immobilizing the 
liquid in the continuous phase, thus stabilizing its 
drainage. Enzyme-treated samples showed an improved 
emulsion ultrastructur¢ compared to that of the native 
WPI emulsions, though the oil droplets occupied large 
pores. The high solubility of CWPI and TWPI might 
be responsible for the generation of large void spac~ in 
the structure of the emulsion. 

Foaming ability and stability 
Data on the foaming properties of native and modified 
WPI are presented in Fig. 8. Foaming ability and sta- 
bility were found to increase drastically upon modify- 
ing WPI for all the treatments studied. SWPI 
experienced the highest foaming activity (5-fold in- 
crease in foaming ability and 12-fold in stability over 
the native WPI). CWPI resulted in an intermediate de- 
gree of foaming, following by AWPI and TWPI. 
Introduction or uncovering of the hydrophobic groups 
of proteins is usually a good criterion for their en- 
hanced foaming activity (Kinsella, 1976; Halling, 1981; 
Kato et al., 1987). Correlating foamability data to sur- 
face tension (Fig. 4) shows evidently that the more de- 
natured the protein molecule, and consequently the 
more flexible, the easier it spreads on interfaces. The 
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Fig. 7. Scanning electron micrographs of native (WPI), acetylated (AWPI), succinylated (SWPI), trypsin-treated (TWPI) and 
chymotrypsin-treated (CWPI) whey protein isolates/corn oil emulsions (12:8, w/w) using the cryo-method. 

same reasoning mentioned earlier on the combined ef- 
fect of  solubility and hydrophobicity applies here. 

Performance of modified WPI in an IMF system 

Color Development 
Results of color development patterns in terms of  
browning rate are presented in Figs 9 and 10. The most 
interesting feature of these results is the delayed brown- 
ing of acetylated WPI under all conditions of storage. 
This observation may involve one or all the following 
possibilities. First, the SWPI color was considerably 
lighter than the enzyme-treated and the native proteins, 
and so was expected to darken less. Secondly, the suc- 
cessful acylation, as reflected in less available free amino 
groups at the lysine residues, might have been a good 

protective factor to the availability of the nucleophilic 
amino sites, and hence prevented, or at least delayed, 
their interaction with the clectrophilic carbonyl sites of 
glucose (Table 1). Enzyme-treated WPI did not show a 
definite pattern, though they delayed the onset of brown- 
ing as compared to the native proteins. This may be due 
to the high retention of the lysine residues upon deami- 
dation which is reflected in the persistence of the inter- 
action between the amino and carbonyl groups involved 
in Maillard reactions. Schnickels et al. 0976) showed 
that a casein-glucose model system at 35°C and a water 
activity of 0-82 reached maximum browning. Normally, 
the ideal water activity required for maximum brown- 
ing development is between 0.3 and 0.7. However, it 
seems that this phenomenon still depends on the type 
of sugar and the specific food system (Eichner, 1975). 



Comparative performance of chemically and enzymatically modified whey proteins 101 
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Table 4. Induction time and brow#tinS rate for samples of 
native (WPI), acetylated (AWPI), mecinylated (SWPl), trypsin- 
treated (TWPI) and ehymotrypsin-treated (CWPI) whey pro- 
tein. Samples were stored at room temperature and 50°C 

(75% RH) 

Protein Induction time Browning rate 
(days) (OD/Day) X 103 

Room Temperature 
WPI 3 2-50 
SWPI 7 0.71 
AWPI 7 1.40 
CWPI 3 2.50 
TWPI 7 0.91 

50°C 
WPI <3 100.00 
SWPI <3 26.70 
AWPI <3 53.30 
CWPI <3 56-70 
TWPI <3 133-00 

Table 5. Indactioe time l a l  browning rate for samples of 
native (WPI), aeetylated (AWPI), suecinylated (SWPI), 
trylmin-treated (TWPI) and ch~U3q~sin-treated (CWPI) whey 
protein in a sugar mixture. Samples were stored at room 

temperature and 50°C (75% RH) 

Protein Induction time Browning rate 
(days) (OD/Day) x 103 

Room Temperature 
WPI <3 3-30 
SWPI 7 0-71 
AWPI 3 5.00 
CWPI 3 1.20 
TWPI 3 6.70 

50oc 
WPI <3 293"00 
SWPI <3 160.00 
AWPI <3 183.00 
CWPI <3 283.00 
TWPI <3 310.00 

In another  study on browning applied to a casein- 
glucose system, Lea & Hannan (1950) noted the effects 
of pH of the medium on browning, besides those of 
temperature and relative humidity. Clark & Tannen- 
baum (1970) suggested that browning development 
involves the formation of some low molecular weight 
polypeptides which are responsible for the pyrazine 
pigment formation. 

Induction time 
The induction t ime o f  browning, determined as the 
period where no brown color could be detected, was 
found to be longer for  all the modified samples than 
for the native proteins (Fables 4 and 5). SWPI resulted 
in the longest induction time accompanied by the lowest 
rate of  brown color development. At  room tempera- 
ture, the induction time was found to be 7 days for all 
the modified samples as compared to 3 days for the 
native WPI  systems. In the presence of  glucose and at 

room temperature, only the SWPI system showed a 
signifi-cant resistance to browning. Upon heating, how- 
ever, the induction time was less than 3 days for all the 
systems. Although the induction stage showed no ap- 
parent brown color development, it might bear some 
effect on the initiation rate of browning in terms of pig- 
merit intermediates formation as discussed in earlier stud- 
ies (Mohammed et aL, 1949; Schnickels et at,  1976). 

Changes in basic amino acid content 
The free amino  acid profiles of  native and modified 
whey protein isolates upon incorporat ion into an I M F  
system are presented in Tables 6 and 7. Although suc- 
cinylation and acetylation had some drastic effect of  the 
amino acid composi t ion of  whey proteins upon prepa- 
ration, this was not  the case upon  storage both at room 
temperature  and at 50°C. WPI  samples stored for 3 
days at 50°C resulted in almost  50% loss in the original 
lysine content.  However,  SWPI and AWPI  lost only 21 

Table 6. Basic amino acid profile of native (WPI), acetylated (AWPI), suecinylated (SWPIk trypsin-treated (TWPI) and 
chymotryps~-n'eated (CWPI) whey protein samples stored for 0, 3 and 7 days at (i) room temperature and t'if) 50°C (75% RID 

0 days 3 days 7 days 

WPI AWPI SWPI CWPI TWPI WPI AWPI SWPI CWPI TWPI WPI AWPI SWPI CWPI TWPI 

Room temperature 
Lysine 100.0 84.0 76-3 91-3 86-6 72.1 70.4 65-2 67.3 65-0 63.0 61.5 60-0 53.4 58.0 
Arginine 100.0 86.3 81.7 90.3 87-7 80.0 73.1 72-0 69.0 68.3 67.3 68.1 65-2 60-0 62.1 
Histidine 100-0 88-1 82.0 80.3 81.0 82.3 74.1 72.7 67.0 69.5 71.0 63-9 68.0 61.0 56.8 
Phenylalanine 100.0 89.9 82-5 88-0 87.0 79-9 76-0 73.4 69-3 74.0 65.3 72.4 70.4 57.3 57.9 

50"C 
Lysine 100.0 84.0 76-3 91.3 86-6 50.4 58.3 55-0 52.3 52.0 26.7 43.9 48.7 39.3 44-2 
Arginine 100.0 86.3 81.7 90.3 87.7 62.1 54-0 57.1 54-9 56-1 47-4 46.1 51.0 51-0 47.1 
Histidine 100-0 88.1 82-0 80-3 81.0 62-4 66-0 64.3 64-0 59-8 28.7 57-0 57-2 53-0 52.1 
Phenylalanine 100.0 89.9 82-5 88.0 87-0 55-7 60.9 65-6 59-0 64.9 24.3 47-8 56.3 39.0 45-I 
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Table 7. ]Basic .re|nO ~ ~ of native (WP1), acetyinted (AWPI), succinyinted (SWPI), trypsin-treated (TWPI) and 
chymotrypsiwtreated (CWPI) whey protein samples in a sugar mixture stored for 0, 3 and 7 days at (i) room temperature 

and (ti) S0°C (75% RH) 

0 days 3 days 7 days 

WPI AWPI SWPI CWPI TWPI WPI AWPI SWPI CWPI TWPI WPI AWPI SWPI CWPI TWPI 

Room temperature 
Lysine 100.0 84-0 76.3 91.3 86.6 94-5 80.0 71-4 86-4 80.2 73.8 68.1 67.9 74.3 69.3 
Arginine 100.0 86.3 81.7 90.3 87.7 96-6 84.1 77.0 85-I 81.0 90-1 74.3 73.0 74-0 74.4 
Histidine 100.0 88.1 82-0 80-3 81-0 96-0 83.2 78-2 75.1 74.4 79.6 71-0 75.0 73-1 68.1 
Phenylalanine 100.0 89.9 82.5 88-0 87.0 97.1 85.4 77.4 84-5 84.3 73.5 75.1 75.9 77.0 76.3 

50°C 
Lysine 100.0 84.0 76.3 91-3 86.6 62.1 63.0 67.4 59-7 60-0 35.2 55.1 62-1 44.2 49.4 
Arginine 100-0 86.3 81.7 90.3 87.7 64.0 59.8 62-1 61.0 59.0 55-0 54-4 58.7 56.7 52.9 
Histidine 100.0 88.1 82-0 80.3 81-0 75.3 71-0 72.1 70.0 55.1 36.3 62.0 66.6 62.0 51.1 
Phenylalanine 100.0 89.9 82.5 88.0 87-0 63.8 62.3 69-4 65.3 60.0 39-0 56.6 64.0 58-0 53.0 

and 36%, respectively. Freshly prepared enzyme-treated 
whey proteins, on the other hand, although they had a 
better retention of the essential amino acids upon 
preparation, were found to undergo greater loss in the 
IMF system upon storage. In all cases, heating was 
found to be the most detrimental factor for the rate of 
decomposition of the amino acids upon storage, al- 
though the effect of  glucose enhanced this trend. It 
seems that, under the prevailing conditions, even in the 
absence of glucose, the protein has been hydrolyzed 
and this has resulted in a faster rate of amino acid loss. 
Tanaka et al. 0975) reported that, upon storage of 
glucose-egg albumin mixtures at 35°C and 68% RH, a 
fast rate of decomposition was perceived. Similar re- 
sults were obtained by Schnickels et al. 0976). 

In-vitro digestibility 

The in-vitro digestibility profile of native and modified 
WPI is shown in Fig. 11. The digestibility of the en- 
zyme-treated WPI was superior to chemically treated 
and to native proteins. As expected, SWPI and AWPI 
showed the lowest digestibility. Introduction of the 
bulky succinyl and acetyl groups to the whey protein 
molecule, and the corresponding change in its confor- 
mation, may have reduced the availability of the pro- 
tein substrate for enzymatic attack. On the other hand, 
enzyme-treated whey proteins were found to be more 
soluble, which may have accounted, to a considerable 
extent, for the accessibility of the enzymes to their tar- 
get sites along the polypeptide chains. 
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CONCLUSIONS 

Results from this study showed, in general, that both 
the enzymatic and the chemical modifications em- 
ployed were beneficial to the functional properties of 
whey proteins. The most important features could be 
summarized as follows: 

1. Enzymatic deamidation resulted in better reten- 
tion of the basic amino acid profile of whey pro- 
teins than did chemical acylation. 

2. Chemical and enzymatic treatments of whey pro- 
teins have resulted in enhanced molecular flexibil- 
ity as reflected in improved hydrophobicity, 
enhanced denaturation and depressed surface ten- 
sion. 

3. Functional properties of  the modified proteins 
were found to be highly dependent on conforma- 
tional changes in the molecule while their resis- 
tance to browning was directly related to the 
degree of blocking of the e-amino groups of ly- 
sine (this was more obvious in the chemically 
treated proteins). 

4. Blocking the e-amino groups of  lysine was found 
to preserve these residues from depletion upon 
storage in an IMF system. 

5. In-vitro digestibility of enzyme-treated whey pro- 
teins was greater than those of the native and the 
chemically modified counterparts. 

Clearly, chemical modification appears to be a very 
promising approach for improving the functional prop- 
erties of food proteins. Additional information is needed 
on the nutritional value and the possible toxicological 
implications of protein modification in order to facilitate 
the potential use of  modified proteins. 
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