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Interaction of &Lactoglobulin with K-Casein in Micelles As Assessed by 
Chymosin Hydrolysis: Effect of Temperature, Heating Time, 
,&Lactoglobulin Concentration, and pH 

I. Mohan Reddyt  and John  E. Kinsella' 

Institute of Food Science, Cornel1 University, Ithaca, New York 14853 

Heat-induced interaction of P-lactoglobulin (p-Lg) with K-casein (K-C) on intact micelles was studied 
by following the kinetics of chymosin hydrolysis. The  rate of enzymic reaction was determined on 
the basis of the release of glycomacropeptide (GMP) soluble in 8% TCA. Heating of p-Lg with K-C 
and with casein micelles in Jenness-Koops buffer a t  p H  6.8 inhibited chymosin hydrolysis, resulting 
in decreased initial velocity (Vi) and GMP release. Heating casein micelles alone did not affect thy- 
mosin hydrolysis. Vi and the release of GMP decreased steadily with increasing temperature of heat- 
ing from 60 "C  and reached a maximum a t  85 "C. The decreases in Vi and GMP release a t  85 O C  

were 37 and 26%, respectively. Inhibition reached a maximum after heating for 10 min a t  85 "C, 
with 38% decrease in Vi and 28% decrease in GMP. A heating time of 1 min a t  85 O C  caused a 9% 
decrease in Vi and 15% decrease in GMP release. Decrease in Vi and the release of GMP was pro- 
portional to the concentration of p-Lg (0.05-0.50%) added t o  casein micelles. Heating of casein micelles 
and P-Lg a t  pH 6.0 or 7.5 did not improve chymosin hydrolysis, whereas lowering to  pH 5.8 and read- 
justing to  p H  6.8 before chymosin addition improved chymosin hydrolysis. 

The  heat-induced interaction of 0-lactoglobulin (8-Lg) 
and K-casein (K-C)  has been extensively studied (Sawyer, 
1969; Smits and van Brouwershaven, 1980; Euber and 

Present address: Department of Nutrition and Food 
Sciences, Utah State University, Logan, U T  84322-8700. 

Brunner, 1982; Doi e t  al., 1981, 1983; Haque et  al., 1987; 
Haque and Kinsella, 1988). Using 3H-labeled 0-Lg, Smits 
and van Brouwershaven (1980) presented evidence of asso- 
ciation of casein micelles and 0-Lg. The existence of a 
P-Lg and K-C complex in heated milk has been reported 
(Snoeren and van der Spek, 1977; Elfagm and Whee- 
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lock, 1977; Parnell-Clunies e t  al., 1988). I t  is clearly estab- 
lished that  the formation of intermolecular -SS- bonds 
between p-Lg and K-C as well as hydrophobic interac- 
tions is involved in this interaction (Sawyer, 1969; Dzi- 
uba, 1979; Smits and van Brouwershaven, 1980; Doi e t  
al., 1983; Haque and Kinsella, 1988). It has been sug- 
gested tha t  this complex formation is responsible for the 
increased clotting time and the reduction in total amount 
of peptides releasedby chymosin when milk is heated (Saw- 
yer, 1969; Hindle and Wheelock, 1970; Wilson and Whee- 
lock, 1972). 

Several investigators have studied the renneting prop- 
erties of heated milk (Hindle and Wheelock, 1970; Wil- 
son and Wheelock, 1972; Wilson et  al., 1974; Domicz and 
Dziuba, 1975; Marshall, 1986; van Hooydonk et  al., 1987; 
Singh et  al., 1988). Because of the complex nature of 
milk, the results of such studies are better interpreted 
when carried out in model systems containing casein 
micelles and P-Lg. Wheelock and Kirk (1974) and Shal- 
abi and Wheelock (1977) studied the effect of hydrolysis 
of K-C by chymosin following heating of an aqueous mix- 
ture of casein micelles and p-Lg a t  90 "C for 1 h (under 
reflux) on the primary phase of chymosin action by esti- 
mating the total peptides (as ppm, N) soluble in 2% 
trichloroacetic acid (TCA). However, native 0-Lg inter- 
feres with the estimation of 2% TCA soluble peptides 
hydrolyzed by chymosin. Moreover, under the drastic 
heating conditions (90 "C for 1 h) used, loss of -SH and 
-SS- sulfur in p-Lg A has been reported (Watanabe and 
Klostermeyer, 1976). Degradation of -SH and -SS- res- 
idues may result in decreased interaction of @-Lg with K- 

C (Long et  al., 1963). In view of the above, a study of 
the interaction of p-Lg with K-C on intact micelles under 
moderate heating conditions using an improved method 
to  determine TCA-soluble glycomacropeptide (GMP) (van 
Hooydonk and Oleiman, 1982) was undertaken to ascer- 
tain whether this reaction could be controlled. 

In this investigation, a systematic study of the effects 
of heating temperature, heating time, p-Lg concentra- 
tion, and pH on the interaction of p-Lg with K-C on intact 
micelles was studied by following a complete time course 
of chymosin hydrolysis. The rate of enzymatic reaction 
was determined on the basis of the release of GMP sol- 
uble in 8% TCA. Initial velocities of the enzymatic reac- 
tion under different conditions of the interaction were 
calculated. The results are discussed in light of reported 
changes in conformation and -SH and -SS- contents of 
p-Lg under different conditions of temperature and pH. 
Also, the possible mechanism of inhibition of chymosin 
hydrolysis of K-C as a result of its interaction with p-Lg 
is discussed. 
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Fractions P2-P6 (Doi et al., 1979) were pooled and dialyzed 
against deionized water containing 0.1 % 2-mercaptoethanol at  
4 "C, lyophilized, and stored at  4 "C under desiccation. 

Glycomacropeptide was prepared from purified K-C by treat- 
ing with chymosin as described by Ono et al. (1987). After addi- 
tion of chymosin to the K-C solution containing 0.07 M NaC1, 
the mixture was incubated at 35 "C for 30 min and then cen- 
trifuged at  15000g for 30 min. The supernatant was fraction- 
ated by eluting with deionized water from a Sephadex G-75 
column. The GMP fraction was collected and stored at  -20 
"C. 

Casein micelles were prepared from raw skim milk (100 mL) 
by centrifugation at  78000g for 1 h at 20 "C in a Sorval OTD- 
65B ultracentrifuge (Du Pont). The casein pellet was redis- 
persed in simulated milk salt buffer, pH 6.8 (Jenness and Koops, 
1962), which was slightly modified by increasing the sodium 
citrate content from 6.0 to 7.2 mM. Casein micelle solution 
was centrifuged again, dispersed to homogeneity, and made to 
75 mL in the same buffer at pH 6.8. The usual casein concen- 
tration was 30 i 1 g/L. 

Protein Solutions. p-Lg and K-C were dissolved in modi- 
fied milk salt buffer, pH 6.8, and centrifuged at  20000g for 30 
min. The concentrations of p-Lg and K-C were determined spec- 
trophotometrically at  280 nm by using values of 9.5 and 
10.0, respectively (Townend et al., 1964; Makino and Niki, 1977). 
GMP WBS determined by a microbiuret method at 310 nm (Itzhaki 
and Gill, 1964). The protein concentration of casein micelles 
was determined by micro-Kjeldahl nitrogen estimation. A fac- 
tor of 6.34 was used to convert nitrogen to a protein value (Kar- 
man and van Boekel, 1986). 

Preparation of Reaction Mixtures. To 7.5 mL of casein 
micelle solution (approximately 30 mg/mL) was added 1.0 mL 
of 3% p-Lg solution in modified milk salt buffer, pH 6.8, and 
the volume made to 10.0 mL in the same buffer. The final con- 
centrations of the total casein (approximately 2.25%) and p-Lg 
(0.3%) in the reaction mixture were approximately the same as 
in milk, and thus a 1:1 ratio of p-Lg to K-C was maintained. A 
model system containing a purified K-C and (3-Lg mixture at a 
concentration of 0.3% each was also used. In some experi- 
ments raw skim milk was also used. 

Heat Treatments. Aliquots (10 mL) of the reaction mix- 
ture were heated in screw-cap tubes (25 mL) at  specific tem- 
peratures in a thermostatically controlled water bath. Each sam- 
ple was preheated for 3-4 min to attain the desired tempera- 
tures and held at  the specified temperature for various times. 
After heating, the tubes were cooled to 15 "C in water and stored 
overnight at  5 "C. 

Chymosin Hydrolysis. To 10 mL of the reaction mixture, 
preequilibrated at  30 "C for 30 min in a water bath, was added 
25 pL of 0.02% chymosin solution, and the rate of the enzyme 
reaction was determined on the basis of the release of GMP 
soluble in 8% trichloroacetic acid (van Hooydonk and Ole- 
iman, 1982). Aliquots (0.5 mL) were withdrawn at regular inter- 
vals from the reaction mixture after the addition of enzyme, 
and the reaction was stopped by vigorously vortex-mixing into 
1.0 mL of a 12% TCA solution, resulting in a final TCA con- 
centration of 8%. TCA immediately inactivates chymosin and 
precipitates the casein and the whey proteins (van Hooydonk 
and Oleiman, 1982). An aliquot devoid of the enzyme, which 
was treated in the same way with TCA, was used as a blank. 
After l-h storage at 30 "C the precipitated samples were fil- 
tered (Whatman 42) and the filtrates analyzed for GMP by HPLC 
(van Hooydonk and Oleiman, 1982) and by the fluorescence 
method (Beeby, 1980). 

Effect of pH. pH of the reaction mixture was adjusted to 
6.0 with 5 N HC1 or 7.5 with 5 N KOH, and the mixture was 
heated at  85 "C for 10 min as described above. Before chy- 
mosin addition, the samples were brought to room tempera- 
ture and the pH was readjusted to 6.8. Alternately, the pH of 
the heated and cooled reaction mixture was dropped to 5.8 and 
immediately raised to pH 6.8 before chymosin addition. 

Estimation of GMP. HPLC Method. The analytical pro- 
cedure was essentially that described by van Hooydonk and Ole- 
iman (1982), with some modifications. The analyses were per- 
formed by using a system consisting of a Waters M-45 solvent 
delivery system, a Zorbex GF-250 gel filtration column (2.5 cm 

MATERIALS AND METHODS 

Materials. Fresh skim milk (Holstein) was obtained from 
the Cornel1 Dairy Plant. Chymosin (activity approximately 60 
units/mg of protein) and fluorescamine were purchased from 
Sigma Chemical Co., St. Louis, MO. Spectral-grade ACS-cer- 
tified acetone was obtained from Fisher Scientific. All other 
chemicals used in this study were of reagent grade. 

Methods. @-Lactoglobulin (a mixture of A and B variants) 
was isolated from fresh skim milk by the procedure of Armstrong 
et al. (1967), purified by gel filtration on Sephadex G-100 in 0.1 
M phosphate buffer, pH 6.8, containing 0.4 M NaC1, dialyzed 
against distilled water, lyophilized, and stored at  4 "C under 
desiccation. 

K-Casein was isolated from freshly prepared acid-casein by 
the procedure of Zittle and Custer (1963) as modified by Doi 
et al. (1979). It was further purified by a linear NaCl elution 
from DEAE-Sephacel, in 3 M urea/0.02 M imidazole buffer, 
pH 7.0 containing 0.1% 2-mercaptoethanol (Doi et al., 1979). 
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owing to the initiation of clotting process after 80 min, 
the hydrolysis of K-C and 6-Lg and of skim milk systems 
was followed up to 80 min only. Hence, the final GMP 
values in the latter case are given at the end of 80-min 
hydrolysis (Table I). 

Although the  initial concentration of K-C was approx- 
imately the same in all cases, the  Vi was lower in the 
case of casein micelle as well as milk substrate. This sug- 
gests tha t  the K-C molecules were more difficult to attack 
or were less accessible when present in the native micelles. 
I t  is clear tha t  heating affected the kinetics of chymosin 
hydrolysis in all cases and decreased the  final GMP 
released by 20-2590. There was a significant reduction 
of Vi of heated casein micelles and 0-Lg and of heated 
skim milk systems compared to heated K-C and P-Lg sys- 
tem. This suggests that  the  conformational disposition 
of the Phe'05-Met'06 bond of K-C on intact micelle sur- 
face after complex formation with p-Lg is somewhat dif- 
ferent and probably not easily accessible to the enzyme. 
Contrary to the earlier observation of Wheelock and Kirk 
(1974), heating of casein micelles alone did not have any 
effect on chymosin hydrolysis (Figure 2B) and in fact 
resulted in a slight increase in Vi and final GMP released. 
This may reflect some heat-induced dissociation of K-C 
from casein micelles (Hindle and Wheelock, 1970; Mar- 
shall, 1986; van Hooydonk e t  al., 1987). 

In  the course of experiments, we found that increas- 
ing the  sodium citrate content (from 6.0 to 7.2 mM) in 
simulated milk salt buffer (i.e., modified milk salt 
buffer) prolonged the rennet clotting time of unheated 
and heated casein micelles. Therefore, the  use of modi- 
fied milk salt buffer in this study allowed us to follow a 
complete time course of chymosin hydrolysis for 120 min. 

Effect of Temperature. The kinetics of chymosin 
hydrolysis of K-C on casein micelles following heating with 
p-Lg a t  different temperatures (60-90 " C )  for 30 min are 
summarized in Figure 3A. Figure 3B gives a plot of Vi 
and release of final GMP as affected by heating temper- 
ature. I t  is clear that the rate of GMP released was affected 
by heating temperature. There was a progressive reduc- 
tion in Vi and GMP released with increasing tempera- 
ture in the range from 60 to 90 " C  and then a sudden 
increase at 98 " C  (data not shown in Figure 3A,B), the 
effect being more pronounced in the  case of Vi than in 
the  GMP values. The  maximum reduction in Vi (about 
40%) and the  release of G M P  (about 25%) occurred 
between 85 and 90 "C. The  results are concordant with 
earlier observations (Long e t  al., 1963) tha t  the  degree 
of interaction between p-Lg and  K-C reaches a maximum 
at 85 "C and decreases a t  99 "C.  However, the increase 
in chymosin hydrolysis of heated casein micelles and 6- 
Lg a t  98 " C  (or decrease in interaction of p-Lg with K-C) 
may reflect -SH and -SS- degradation a t  higher temper- 
atures (Hutton and Patton, 1952; Watanabe and Klos- 
termeyer, 1976). 

Mills (1976) reported t h a t  0-Lg undergoes hea t -  
induced conformational changes leading to the exposure 
of tryptophan groups to  the  polar environment. Watan- 
abe and Klostermeyer (1976) observed a decrease of -SH 
groups and an increase of -SS- groups with an  increase 
in heating temperature (60-90 " C )  of P-LgA at p H  6.9. 
Since both hydrophobic bonds and -SH and -SS- inter- 
change reactions are involved in the  heat-induced inter- 
action of p-Lg with K-C (Sawyer, 1969; Dziuba, 1979; Smits 
and van Brouwershaven, 1980; Doi e t  al., 1983; Haque 
and Kinsella, 1988), it  is conceivable that the conforma- 
tional changes leading to the exposure of hydrophobic 
groups to the polar environment during heating of /3-Lg 

- 
0 5 10 15 

TIM E (ml n) 

Figure 1. Chromatogram showing HPLC separation of glyco- 
macropeptide after 0, 5, 15, and 60 min of chymosin hydroly- 
sis. Key: (a) glycomacropeptide; (b) nonprotein nitrogen; (c) 
trichloroacetic acid. Conditions: flow rate, 1 mL/min; detec- 
tion, 220 nm; 0.1 AUFS; injection volume, 5 pL. 

X 0.94 cm (Ld.); Du Pont), a Waters Model 450 variable-wave- 
length UV detector, and a Hewlett-Packard 3390A integrator. 

The eluant consisted of a solution of 1.74 g of K,HPO,, 12.37 
g of KH,PO,, and 21.41 g of Na,SO, in 1000 mL of double-dis- 
tilled water (pH 5.6). The eluant was filtered through 0.45-pm 
Millipore filter and degassed under vacuum with a sonicator. 

For each analysis, 5 pL of the sample, i.e., the supernatant 
after TCA precipitation, was injected manually. The flow rate 
was set at 1.0 mL/min and the UV detector operated at 220 
nm and 0.1 AUFS. 

Fluorescence Method. The GMP was estimated fluoromet- 
rically with fluorescamine as described by Beeby (1980). An 
aliquot (100 pL) of the blank as well as sample was added to  
3.0 mL of a sodium tetrafluoroborate solution (0.2 M), which 
had been adjusted to pH 6.0 with concentrated HCl. One mil- 
liliter of a solution of fluorescamine in acetone (0.2 mg/mL) 
was added quickly with rapid vortex-mixing, and after 15 min 
the fluorescence was measured at 480 nm (excitation 390 nm) 
with a Perkin-Elmer 650-40 fluorescence spectrophotometer. All 
assays were performed at 25 "C. A standard graph of GMP 
(pM) vs fluorescence at 480 nm was constructed with use of 
purified GMP. The fluorescence readings were converted into 
GMP with the standard graph and expressed in micromoles. A 
molecular weight of 8000 is used for GMP. 

The HPLC separation of GMP, NPN, and TCA together with 
the increase in peak height of GMP with an increase in time of 
hydrolysis is shown in Figure 1. The NPN peak height did not 
vary with the time of hydrolysis. There was no indication of 
other TCA-soluble degradation products with molecular sizes 
differing from GMP being produced during hydrolysis. Since 
each run takes about 15 min to produce a complete chromato- 
gram, it was time-consuming to analyze a large number of sam- 
ples by HPLC. Hence, GMP was routinely estimated by the 
fluorescence method (Beeby, 1980). The fluorescence value of 
the blank (zero-time peak), which is contributed solely by NPN 
(Figure l), was always subtracted from the values obtained after 
the addition of chymosin. Thus, the fluorescence values obtained 
for samples were proportional to the release of GMP with time 
of hydrolysis. 

Calculation of Initial Velocity. Vi of chymosin hydroly- 
sis was calculated as follows. A line tangent to the initial part 
of the experimental curve possibly through the origin was drawn. 
V ,  was then calculated from the slope of the line and expressed 
in micromoles per second. 

RESULTS AND DISCUSSION 
Interaction of p-Lg with K-C in heated solutions of K-C 

and p-Lg and of casein micelles and /3-Lg and  in heated 
skim milk as assessed by chymosin hydrolysis is shown 
in Figure 2. The  initial velocities of chymosin hydroly- 
sis and final amount of glycomacropeptide (GMP) released 
are given in Table I. The  hydrolysis of casein micelles 
and e-Lg system was followed up  to  120 min, whereas, 
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Figure 2. Interaction of ,lactoglobulin with K-casein in heated (85 O C  for 15 min, pH 6.8) solutions of K-casein and 8-lactoglobulin 
and of casein micelles an( 3-lactoglobulin and heated (85 "C for 15 min) skim milk as assessed by chymosin hydrolysis. Chymosin: 
5 fig/10 mL of substrate. A: K-casein + 8-lactoglobulin, unheated (0); K-casein + @-lactoglobulin, heated (D). B: casein micelles + 
@-lactoglobulin, unheated (0); casein micelles + @-lactoglobulin, heated (D); casein micelles, heated (+). C: skim milk, unheated 
(0); skim milk, heated (m). 

may favor the formation of hydrophobic interactions with 
apolar groups of K-C on the micelles and subsequently to  
the formation of intermolecular -SS- bonds, which prob- 
ably stabilize the complex. A decrease in Vi and the final 
GMP released a t  the end of 120-min hydrolysis with an 
increase in heating temperature from 60 to  90 "C observed 
in the present study is consistent with the changes in 
conformation (Mills, 1976) and the increase in -SS- bond 
content of p-Lg (Watanabe and Klostermeyer, 1976) with 
an increase in temperature. The  results suggested that  
the interaction of p-Lg with K-C on intact micelles is ini- 
tiated a t  60 "C and reaches a maximum at 85 "C. Inter- 
estingly, the kinetics of exposure of the buried -SH group 

by dissociating @-Lg dimer is rapid above 60 "C (Kella 
and Kinsella, 1988). Hence, a heating temperature of 85 
O C  was used in all the  subsequent experiments. 

Effect of Heating Time. The  effect of heating time 
on chymosin kinetics was followed by heating the reac- 
tion mixture containing casein micelles and @-Lg a t  85 
"C for 1, 2, 6, and 10 min (Figure 4A,B). A decrease in 
Vi and the release of GMP occurred with an increase in 
heating time up to  10 min. However, a heating time of 
15 min did not result in further decrease of Vi and GMP 
released (data not shown). A reduction as high as 38% 
in Vi and 28% in the GMP released was observed a t  10- 
min heating time. Hence, a heating time of 10 min at 
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Table I. Initial Velocity of and Total Amount of 
Glycomacropeptide Released by the Chymosin Hydrolysis 
of Heated (85 "C for 15 min; pH 6.8) Solutions of K-Casein 
and &Lactoglobulin and of Casein Micelles and 
8-Lactoglobulin and Heated (85 "C for 15 min) Skim Milk 

90 - 

Reddy and Kinsella 

u 
8 7 0 -  
s 
U 

60 - 

Vi, pmol/s GMP, pL 

K-casein + @-lactoglobulin 15.83 X IO-' 75.30" 

K-casein + @-lactoglobulin 12.67 X lo-' 61.80" 

casein micelles + 0-lactoglobulin 8.17 X lo-' 99.00b 

casein micelles (heated) 9.00 X IO-' 106.50b 
casein micelles + 0-lactoglobulin 5.17 x lo-' 73.80b 

skim milk (unheated) 9.17 X IO-' 99.90" 
skim milk (heated) 6.50 X IO-' 79.20" 

(unheated) 

(heated) 

(unheated) 

(heated) 

a A t  the end of 80-min hydrolysis. At the end of 120-min hydrol- 
ysis. 

85 "C was used for all the subsequent experiments. Watan- 
abe and Klostermeyer (1976) reported a decrease in -SH 
groups and an increase in the -SS- groups of P-LgA with 
heating a t  75 and 85 "C (pH 6.9), which reached a max- 
imum between 10 and 15 min. Therefore, heating of casein 
micelles and 6-Lg mixture for 10 min a t  85 "C to attain 
maximum complex formation seemed in order. 

Effect of B-Lg Concentration. The effect of vary- 
ing the concentration of P-Lg from 0.05 to 0.50% and 
heating a t  85 "C for 10 min on the time course of chy- 
mosin hydrolysis of casein micelles is summarized in Fig- 
ure 5A. There was a progressive decrease in rate of hydrol- 
ysis with increase in P-Lg concentration from 0.05 to  0.50%. 
The decrease in Vi and release of GMP is proportional 
to the concentration of 0-Lg, with maximum decreases 
of 52 and 46% of Vi and GMP, respectively, a t  0.5% 0- 
Lg concentration (Figure 5B). 

Long e t  al. (1963) reported that  the degree of interac- 
tion of P-Lg with K-C depended on the ratio of the two 
proteins. As the proportion of P-Lg was increased, a higher 
percentage of protein interacted a t  85 "C to form the 
complex. The  results obtained in the present study are 
in concurrence with those reported by Long et  al. (1963). 

Wheelock and Kirk (1974) found that  the release of 
peptides decreased with increasing concentration of P- 
Lg and reached a constant value a t  30 mg of p-Lg/lOO 
mL of micelle suspension, which is far less than the native 
p-Lg concentration (320 mg/ 100 mL) in milk. 0-Lg under- 
goes some self-aggregation before forming a complex with 
K-C (Sawyer, 1969; Dziuba, 1979; Haque et  al., 1987). The  
self-aggregation of p-Lg molecules would be concentra- 
tion dependent. Thus, at high mixing ratios (i.e., high 
p-Lg concentrations), the aggregated form of 0-Lg would 
be favored and the amount of 6-Lg-K-C complex would 
increase. In the present study, this trend is reflected in 
the decreased rate of chymosin hydrolysis of heated casein 
micelles with increasing concentration of 0-Lg. 

Effect of pH Adjustment before Heating. Smits 
and van Brouwershaven (1980) reported that when a mix- 
ture of casein micelles and @-Lg was heated a t  90 "C, the 
amount of 6-Lg bound to  casein micelles was decreased 
at pH 7.3 and increased at pH 5.8. Creamer and Mathe- 
son (1980) concluded that  denatured whey proteins do 
not attach to  the micelles after heating a t  pH values >6.8, 
which may suggest that  K-C is then no longer involved in 
the -SH and -SS- interchange reactions. Hence, the 
effects of pH on the chymosin hydrolysis were checked 
by heating the casein micelles and 0-Lg mixture a t  pHs 
6.0 and 7.5, followed by adjusting the pH to the original 
value, Le., 6.8 before adding chymosin. 
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Figure 3. Effect of heating temperature on the interaction of 
@-lactoglobulin with K-casein in micelles as shown by kinetics 
of chymosin hydrolysis of K-casein. Conditions: heating time, 
30 min; pH 6.8; chymosin, 5 pg/lO mL of substrate. A casein 
micelles + @-lactoglobulin, unheated (0); casein micelles + @- 
lactoglobulin, heated at 60 "C (X), 70 "C (a), 85 "C (O) ,  and 90 
"C (+). B: Plot of initial velocity, Vi (a), and glycomacropep- 
tide, GMP (m), vs temperature. Values for unheated casein 
micelles + @-lactoglobulin were set a t  100%. 

The results (Figure 6A,B) indicate that Vi and the release 
of GMP decreased with an increase in heating pH, although 
the effect was more pronounced in the case of Vi than 
GMP. Contrary to  the observations of Creamer and 
Matheson (1980), the decrease in chymosin hydrolysis a t  
pH 7.5 indicates the occurrence of interaction of P-Lg 
with K-C in micelles at this pH. Further, the conforma- 
tional status (heat- and pH-induced) of (3-Lg a t  pHs 6.0 
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Figure 4. Effect of heating time on the interaction of @-lacto- 
globulin with K-casein in micelles as shown by kinetics of chy- 
mosin hydrolysis of K-casein. Conditions: temperature, 85 "C; 
pH 6.8; chymosin, 5 Wg/10 mL of substrate. A: casein micelles 
+ @-lactoglobulin, unheated (a); casein micelles + P-lactoglob- 
ulin, heated for 1 min (+), 2 min (A), 6 min (O) ,  and 10 min 
(X). B: Plot of initial velocity, Vi (a), and glycomacropeptide, 
GMP (m), vs heating time. Values for unheated casein micelles 
+ @-lactoglobulin were set at 100%. 

and 7.5 (McKenzie, 1971) also suggest tha t  i t  is capable 
of forming hydrophobic as well as -SH and -SS- inter- 
change reactions with K-C when heated a t  85 "C. 

Effect of pH Adjustment after Heating. Roefs e t  
al. (1985) and van Hooydonk e t  al. (1986b) summarized 
the changes occurring in casein micelles as p H  is decreased 
from 6.8 to  4.6, with maximum changes occurring a t  pH 
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Figure 5. Effect of @-lactoglobulin concentration on interac- 
tion with K-casein in micelles as shown by kinetics of chymosin 
hydrolysis of K-casein. Conditions: heating, 85 "C for 10 min; 
pH 6.8; chymosin, 5 pg/lO mL of substrate. A: casein micelles 
+ @-lactoglobulin, unheated (0); casein micelles heated with 0.05% 
@-lactoglobulin (X), 0.10% @-lactoglobulin (e), 0.20% @-lacto- 
globulin (+), 0.30% @-lactoglobulin (B), 0.40% @-lactoglobulin 
(A), and 0.50% @-lactoglobulin (A). B: Plot of initial velocity, 
Vi (o) ,  and glycomacropeptide, GMP (M), vs @-lactoglobulin con- 
centration. Values for unheated casein micelles + &lactoglob- 
ulin were set at 100%. 

5.4. These include decrease in hydrodynamic diameter, 
increase in apparent voluminosity, and dissociation of 0-, 
K-,  and a,-caseins from micelles. These changes may affect 
chymosin hydrolysis of the  heated mixture of casein 
micelles and 8-Lg when the  p H  of the reaction mixture 
is lowered after heating. van Hooydonk et  al. (1987) and 
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Figure 6. Effect of heating pH on the interaction of @-lacto- 
globulin with K-casein in micelles as shown by kinetics of chy- 
mosin hydrolysis of K-casein. Conditions: heating at 85 "C for 
10 min; chymosin, 5 pg/lO mL of substrate. A casein micelles 
+ ,8-lactoglobulin, unheated (0); casein micelles + @-lactoglobulin, 
heated at pH 6.0 (+), pH 6.8 (B), and pH 7.5 (0). B: Plot of 
initial velocity, Vi (a), and glycomacropeptide, GMP (w), vs 
heating pH. Values for unheated casein micelles + P-lactoglo- 
bulin were set at 100%. 

Singh et  al. (1988) reported tha t  acidification and neu- 
tralization of heated milk improved the rennet clotting 
time. We checked this by decreasing the pH of the heated 
and cooled casein micelles and @-Lg mixture to  5.8 and 
immediately readjusting t o  p H  6.8 before the addition 
of chymosin. The  results (Figure 7) show tha t  recycling 
of pH improved the  final GMP released by about 1370, 
although it had little effect on the Vi. The  adjustment 
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Figure 7. Effect of pH adjustment after heating a mixture of 
casein micelles and @-lactoglobulin (85 "C for 10 min, pH 6.8) 
on the kinetics of chymosin hydrolysis of K-casein (chymosin, 5 
pg/10 mL of substrate). Key: casein micelles + @-lactoglobu- 
lin, unheated (0); casein micelles + @-lactoglobulin, heated at 
pH 6.8 (u); casein micelles + @-lactoglobulin, heated at pH 6.8, 
dropped to pH 5.8, and readjusted to pH 6.8 before chymosin 
addition (0). 

-His-Pro-His-Pro-His-Le-Ser- 
+ + + 103 

108 + +  
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t 
Figure 8. Amino acid sequence of K-casein around the chymosin- 
sensitive Phe'05-Met10e bond. 

of pH described above may, by altering the structure of 
micelles, cause some dissociation of the complexed @-Lg 
and render some of the K-C accessible or susceptible to  
chymosin, thus increasing the rate of hydrolysis. 

Chymosin, an  acid proteinase, consists of two domains 
separated by a deep cleft in which the active sites for 
substrate binding are located. Two aspartic residues play 
a major role in the catalytic mechanism of the enzyme 
(Foltmann, 1981). The  optimum pH for general prote- 
olysis of peptides is around 4.0 (Garnier e t  al., 1968), 
whereas the optimum for the specific cleavage of the highly 
susceptible Phe"'-Met" bond is near pH 5.4 for iso- 
lated K-C and fragments thereof (Garnier e t  al., 1968; Visser, 
1981) and around p H  6.0 in milk (van Hooydonk et  al., 
1986a). 

The  amino acid sequence of K-C around the chymosin- 
sensitive PhelO'-Met'Os bond is shown in Figure 8. An 
extended &sheet structure is predicted around the  
Phe105-Met'06 bond (Raap e t  al., 1983). The  GMP part 
of the molecule has an  excess of negative charges, prob- 
ably preventing its folding into a compact structure ( h a p  
et al., 1983). On the basis of the results of kinetics of 
the reaction between chymosin and peptide substrates 
representing parts of K-C sequence around the Phelo5- 
Met'% bond, Visser (1981) concluded tha t  residues 98- 
112 of K-C include the structural elements required to  
facilitate the interaction of K-C with the active site of 
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chymosin near neutral pH. Payens and Both (1980) pos- 
tulated tha t  the positive cluster around Phelo6-Metlo6 
bond interacts with counter arts near the enzyme's active 
site, thus making the Phe"-Met'OG bond more accessi- 
ble to enzymic attack. An investigation of Visser et  al. 
(1977) on the contribution of individual amino acid res- 
idues around the Phelo6-MetlM bond can be summa- 
rized as follows. Hydrophobic side chains of L e d o 3  and 
Ile1OS form additional sites of enzyme-substrate interac- 
tion. The hydroxyl group of Serlo4 is strongly involved, 
probably via hydrogen bond formation, both in binding 
and in the catalytic reaction. Additionally, the Pro res- 
idues a t  positions 101, 109, and 110, His1'', and Lyslll 
appear to be important for substrate activity. Thus, it  
may be assumed tha t  the fragment 103-108 is brought 
into correct position via electrostatic bonding (Hislo2 and 
Lys'l') near the active site of the enzyme, whereas Pro 
(101, 109, 110), Leu103, IleloS, and Serlo4 stabilize the sub- 
strate conformation in the enzyme-substrate complex. 

Interaction of p-Lg with K-C involving hydrophobic as 
well as intermolecular -SS- bonds may result in second- 
ary interactions such as ionic and hydrogen bond forma- 
tion around the Phelo5-Metlo6 bond region of K-C; an 
increase in net negative charge of the micelles, since p-Lg 
carries a net negative charge of -10 a t  pH 6.6 (Basch and 
Timasheff, 1967); and steric hindrance of 0-Lg associ- 
ated with K-C. Noncovalent (hydrophobic, ionic, hydro- 
gen bonds) interactions may involve some of the above- 
mentioned amino acid residues responsible for substrate 
activity, thus preventing enzyme-substrate complex for- 
mation. An increased net negative charge of the micelles 
may result in an increased electrostatic repulsion between 
the enzyme molecule and its substrate. Direct steric hin- 
drance of P-Lg associated with K-C may interfere with 
chymosin binding. Matterella and Richardson (1982) 
reported that positively chargedp-Lg derivatives bind casein 
micelles strongly and decrease the electrokinetic poten- 
tial as well as rennet clotting time of casein micelles. Thus, 
an increased electrostatic repulsion between the enzyme 
and substrate as a result of heat-induced interaction of 
P-Lg with micellar K-C may be an important factor in 
the inhibition of chymosin hydrolysis. 

In summary, inhibition of chymosin hydrolysis was 
dependent on heating temperature, heating time, p-Lg 
concentration, and heating pH. Inhibition reached a max- 
imum a t  85 OC and a heating time of 10 min a t  85 OC. 
Concentration of p-Lg higher than that present in milk 
P0.32 % ) enhanced the inhibition of chymosin hydroly- 
sis. Heating pH over a range from 6.0 to 7.5 did affect 
the inhibition process. Dropping the pH of heated casein 
micelles and p-Lg mixture to 5.8 and readjusting to pH 
6.8 before chymosin addition decreased to some extent 
the inhibition of enzymic reaction. In the subsequent 
paper the effects of various agents in minimizing the inter- 
action between P-Lg and K-C are reported. 
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Substitution of Pyrazines by Aldehydes in Model Systems 
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The effect of long-chain aldehydes on the formation of long-chain alkyl-substituted pyrazines was 
investigated in  model systems of acetol and ammonium acetate with and without the addition of pen- 
tanal or hexanal. When the  systems were reacted at 100 "C for 4 h, 2,5-dimethyl-3-pentylpyrazine 
and 2,6-dimethyl-3-pentylpyrazine were formed in  the model system with added pentanal, and the 
corresponding hexylpyrazines were formed in  the hexanal system. Other pyrazines, including 2,3,5- 
trimethylpyrazine, 2-methyl-5(or 6)-ethylpyrazine, 2,5-dimethyl-3-ethylpyrazine, 2,6-dimethyl-3-eth- 
ylpyrazine, 2,5-dimethyl-3-allylpyrazine, 2,5-dimethyl-3-propenylpyrazine, 2,3,5-trimethyl-6- butylpyrazine, 
2,3,5-trimethyl-3-pentylpyrazine, 2,3,5-trimethyl-3-hexylpyrazine, 2,5-dimethyi-3-propylpyrazine, and 
2,6-dimethyl-3-propylpyrazine, were also obtained from the model systems. Formation pathways are 
proposed for some of these pyrazines. 

The occurrence and formation of pyrazines in  foods 
have been studied extensively in the last 25 years. A 
comprehensive review of these studies has been pre- 
pared by Maga (1982). Many of these studies have focused 
on the investigation of pyrazine precursors, especially those 
carbohydrate and amino acid sources most active in the 
Maillard reaction. 

Interest in the  influence of lipids on pyrazine forma- 

tion has recently been generated by the identification of 
long-chain alkyl-substituted heterocyclic compounds in 
foods and in model systems. Various nitrogen- and sul- 
fur-containing heterocyclic products with long-chain alkyl 
substituents have been detected in  model systems (Boe- 
lens et al., 1974; Henderson and Nawar, 1981), in  fried 
chicken extracts (Tang et al., 1983; Hartman et  al., 1984), 
and in  french-fried potato extracts (Carlin et al., 1986; 
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