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ABSTRACT

The influence of native or heat-denatured a-
lactalbumin (LA) and b-lactoglobulin (LG) on
chymosin activity against as1-casein (CN) in buffered
and simulated milk ultrafiltrate model systems was
evaluated. The as1-CN solution (2.5 mg/ml) was ad-
justed to pH 5.5 using glucono-D-lactone; a-LA or b-
LG, either native or heat-denatured (100°C for 15
min), was then added. Sufficient chymosin was added
to hydrolyze 99% of the as1-CN in 4 h at 20°C in an
uninhibited system. Fast protein liquid chromatogra-
phy was used to quantify intact as1-CN at 0, 0.5, 1, 2,
3, and 4 h and to evaluate chymosin activity. Rate
constants for each reaction were determined. Simu-
lated milk ultrafiltrate alone did not influence the
rate of as1-CN hydrolysis, and, in the absence of milk
salts, only denatured b-LG reduced the rate of as1-CN
hydrolysis significantly. When simulated milk
ultrafiltrate was added to reaction mixtures, both
native and heat-denatured b-LG significantly in-
hibited chymosin activity. Native a-LA did not in-
fluence hydrolysis of as1-CN; heat-denatured a-LA
inhibited chymosin only in the presence of simulated
milk ultrafiltrate.
( Key words: whey proteins, chymosin, as1-casein,
inhibition)

Abbreviation key: BTP = bis-tris-propane, SMUF =
simulated milk ultrafiltrate.

INTRODUCTION

Casein and whey proteins are the two major pro-
tein fractions in milk, but, during cheese manufac-
ture, virtually all whey proteins are removed from
cheese curd. Ultrafiltration and heat treatment can

be used to retain whey proteins in cheese. Although
denatured whey proteins can be incorporated into
cheese using heat treatments, retention of native
whey proteins requires UF technology. Many cheese
varieties have been manufactured from UF milk (2,
4, 6, 12, 13, 14, 15, 18, 22, 23, 24). However, UF
cheese exhibits slower proteolysis during cheese
ripening, which influences the development of cheese
flavor and texture. Many theories have been proposed
to explain the influence of whey proteins on cheese
maturation. Both native and denatured whey proteins
could alter proteolysis by interrupting the casein
matrix and by blocking substrate binding to enzymes
(5) . Furthermore, increasing the viscosity of the
aqueous phase in cheese would reduce the rate of
enzyme diffusion (32). The inhibition of plasmin by
whey proteins has been one reason for the lack of
maturation in UF cheese (1, 21, 31). Whey proteins
may have a similar inhibitory effect on chymosin
(17).

Chymosin, usually the preferred milk-clotting en-
zyme, hydrolyzes the Phe105-Met106 bond of k-CN spe-
cifically and rapidly (32). In solution at pH 6.7,
Phe23-Phe24 and Leu192-Tyr193 bonds in as1-CN and
b-CN also are susceptible to chymosin. In cheese sys-
tems, hydrolysis of casein by chymosin differs from
that in milk and model protein systems because pH is
reduced to 5.2, the temperature is reduced to 8°C, salt
is added to achieve about 5% salt-in-moisture, and
casein is in an aggregated state (10). One of the
main hydrolytic products of as1-CN in cheese is frag-
ment 24 to 199, commonly known as as1-I-CN (11).
By 2 to 3 mo, a substantial portion of the Phe23-Phe24
bond of the as1-CN has been hydrolyzed, resulting in
a softening of the cheese structure and the formation
of the desired texture in Cheddar cheese and in many
other cheese varieties (8, 9).

Understanding the consequences of incorporating
whey proteins into cheese is important for processors
who are manufacturing cheese fortified with whey
protein. One example is the manufacture of low fat
cheese using fat mimetics made from partially dena-
tured whey proteins. The objective of this study was
to evaluate the influence of native and heat-
denatured a-LA and b-LG on chymosin activity
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against as1-CN in buffered and simulated milk
ultrafiltrate ( SMUF) model systems.

MATERIALS AND METHODS

Materials

For these studies, as1-CN, a-LA, b-LG, and bis-tris-
propane ( BTP) were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Glucono-D-lactone was pur-
chased from Eastman Kodak Company (Rochester,
NY). Double-strength fermentation-derived chymosin
(Chymax) was kindly donated by Pfizer Inc. (Mil-
waukee, WI). The filters (pore size 0.8 and 0.2 mm;
diameter 0.47 mm) that were used to filter buffer
solutions were obtained from Fisher Scientific (Nor-
cross, GA). Syringe filters (0.2 mm) from Chrom
Tech, Inc. (Apple Valley, MN) were used to filter
samples before they were injected into the FPLC

(Pharmacia Biotech, Uppsala, Sweden). Mono Q HR
5/5 columns were purchased from Pharmacia Biotech.

Preparation of Reaction Solutions

Reaction solutions contained 2.25 mg/ml of as1-CN
and were acidified to pH 5.5 with 0.3 mg/ml of
glucono-D-lactone. We chose pH 5.5 because as1-CN
was insoluble below that pH. The concentration of
as1-CN in these model systems was one-tenth the
concentration of as1-CN in milk because it was insolu-
ble at higher concentrations. Acidified substrate solu-
tion (4.5 ml) was added to five beakers for five
different experimental conditions: no whey protein
(control), native a-LA, native b-LG, denatured a-LA,
and denatured b-LG. The concentrations of whey pro-
teins in reaction solutions were 1 mg of a-LA/ml and 2
mg of b-LG/ml. Whey proteins were dissolved
separately in deionized water before heat treatment
and addition to reaction mixtures. Denatured a-LA
and b-LG were obtained by heating individual solu-
tions of whey protein in a water bath at 100°C for 15
min. To adjust the total volume of reaction mixtures
to 5 ml, either 0.5 ml of whey protein solution or
distilled water was added to 4.5 ml of substrate solu-
tion.

Assay solutions for Experiment 2 were identical to
those of Experiment 1 except that 0.133% (wt/vol)
SMUF was added. The SMUF was mixed as a dry
mixture according to the formulation given by Jen-
ness and Koops (19) with one modification. Mag-
nesium chloride was used as the source of Mg instead
of magnesium citrate because of availability. The
mixture was kept in a desiccator until use because
magnesium chloride is hygroscopic. The amount of
added SMUF was based on the ratio of total salt to

as1-CN in milk. Both Experiments 1 and 2 were dupli-
cated.

Enzyme Activity

Chymosin was diluted (1:100, vol/vol) with 0.01 M
acetate buffer (pH 5.5), and 0.65 ml of dilute enzyme
was added to each beaker to start the reaction. Beak-
ers were covered to prevent evaporation. The amount
of chymosin (0.31 rennin units/ml of assay solution)
was 12 times the amount normally added to cheese
milk and was sufficient to hydrolyze 99% of as1-CN in
4 h at 20 ± 1°C. At 0, 0.5, 1, 2, 3, and 4 h, 0.5 ml was
removed from each beaker and was immersed in a
boiling water bath for 3 min to stop the reaction.
Amounts of unhydrolyzed as1-CN, at each interval,
were determined according to methods of Davies and
Law ( 3 ) with a minor modification. The BTP-urea
buffer (pH 7.0, 0.005 M BTP, 3.3 M urea, with and
without NaCl) was prepared with deionized water.
Buffer solutions were filtered through a membrane
filter, stored at 4°C in glass containers, warmed to
20°C, and degassed before use.

Determination of Reaction Rate

The typical analysis of Michaelis-Menten kinetics
requires measuring initial rates of enzyme reaction
solutions that contain different substrate concentra-
tions. Because substrate concentrations could not be
increased above 2.25 mg/ml (solubility was limited at
pH 5.5), typical analysis of Michaelis-Menten kinetics
was not possible. The validity of this assumption was
checked by attempting to estimate maximum velocity
and Michaelis constant by fitting the time course of
reactions to the integrated form of the Michaelis-
Menten equation. Estimates for both parameters ap-
proached infinity, indicating that the substrate con-
centration was too low to make the transition from
first order to zero order. Also, the data were fitted to
zero-order, second-order, and third-order equations,
but the correlation coefficients were lower than for
the first-order fit. Therefore, for low substrate concen-
tration and high enzyme activity, first-order kinetics
were assumed (25). The rate constants for all reac-
tions were determined by using the reaction kinetics
program (26). The basic equation for determination
of first-order rate constants is

–dA/dt = kA [1]

where

dA = change in concentration of as1-CN,
t = time, and
k = rate constant, which is dependent on time.
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Figure 1. Percentage of intact as1-CN remaining after specific
reaction times in the presence and absence of native ( n ) and heat-
denatured ( d ) whey proteins ( a-LA and b-LG). Each point
represents the mean ( ±SD) of two trials. Simulated milk
ultrafiltrate was not added in this experiment ( ◊ = as1-CN, ⁄ = as1-
CN plus n a-LA, o = as1-CN plus n b-LG, ÿ = as1-CN plus d a-LA,
and ∫ = as1-CN plus d b-LG).

Statistical Analysis

Reaction rate data were analyzed using a split-plot
design (28, 30); SMUF was the whole-plot factor, and
treatment was the subplot factor. Tukey’s honestly
significant difference test was used for separation of
means. The following model was utilized:

Yijk = m + Si + ej( i) + Tk + STik + ek( ij) [2]

where

Yijk = rate constant ijk;
m = overall mean;

Si = SMUF (i = 0, without and 1, with);
ej( i) = whole-plot error, the mean square of

which was used to test SMUF effect where
j = effect of replicate ( j = 1 and 2), and
subscript j ( i ) indicates that replicate ( j )
is nested within SMUF (i ) ;

Tk = without or with addition of native or dena-
tured a-LA and b-LG (k = 0, 1, 2, 3, and
4);

STik = interaction of SMUF by treatment; and
ek( ij) = subplot error, and its means square is

used to test the effects of treatment and
SMUF by treatment interaction.

RESULTS AND DISCUSSION

Figures 1 and 2 show the percentages of intact as1-
CN at different intervals during hydrolysis of as1-CN
by chymosin in the presence or absence of native and
denatured whey proteins ( a-LA and b-LG) with and
without addition of SMUF. Each data point shown in
Figures 1 and 2 is a mean of duplicate determinations
of as1-CN concentration as determined from FPLC

ion-exchange chromatography; 120 FPLC analyses
were done.

In the absence of SMUF, denatured b-LG inhibited
chymosin so that 33% intact as1-CN remained after 4
h; the other reaction mixtures had <12% intact as1-
CN remaining after 4 h (Figure 1). Upon addition of
SMUF (Figure 2), the reaction mixtures containing
native and denatured b-LG had the highest percen-
tage of intact as1-CN after 4 h of hydrolysis, 27 and
35%, respectively. Statistical analysis of rate cons-
tants confirmed these observations (Table 1). In the
absence of SMUF, only denatured b-LG reduced reac-
tion rates of as1-CN hydrolysis ( P < 0.05), but, when
SMUF was included in the reaction mixture, both
native and denatured b-LG reduced the reaction rate
( P < 0.05).

The only inhibitory effect that was attributable to
a-LA was when it was heat-denatured and added to

reaction mixtures containing SMUF. Also, neither a-
LA nor b-LG (native or denatured) was hydrolyzed
by chymosin, which is consistent with the observa-
tions of Harper et al. (17) on cheese slurries.

Within each form of a-LA and b-LG and under the
conditions of these experiments, the heat-denatured
form appeared to have a greater inhibitory effect on
the rate of as1-CN hydrolysis than did the native
form, but this inhibitory effect was not statistically
significant. Side chains, which are normally buried in
the native structure, are exposed by denaturation and
may interfere with the access of chymosin to as1-CN.

The structure of b-LG is known to be affected by
pH. Hambling et al. (16) reported that, at pH <3.5,
b-LG dimers dissociated into monomers, and, in the
pH range of 3.7 to 6.5, b-LG reversibly octamerized to
produce aggregates with a molecular mass of 144
kDa. In our model systems, native b-LG probably
existed as a mixture of dimers and octamers that
apparently did not interact with chymosin or in-
fluence its activity unless milk salts were included in
the reaction mixture.

Although a complete understanding of how the var-
ious milk salts influence whey protein structure is not
known, researchers have shown that divalent cations
interact with whey proteins. Jeyarajah and Allen
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Figure 2. Percentage of intact as1-CN remaining after specific
reaction times in the presence and absence of native ( n ) and
denatured ( d ) whey proteins ( a-LA and b-LG). Each point
represents the mean ( ±SD) of two trials. Simulated milk
ultrafiltrate was added in this experiment ( ◊ = as1-CN, ⁄ = as1-CN
plus n a-LA, o = as1-CN plus n b-LG, ÿ = as1-CN plus d a-LA, and ∫
= as1-CN plus d b-LG).

TABLE 1. Rate constant, coefficients of determination (r2) and
95% confidence limits (CL) resulting from fitting data from hy-
drolysis of as1-CN by chymosin in the absence and presence of
SMUF and native ( n ) or denatured ( d ) whey proteins to first-
order reaction kinetics.

a,b,cMeans in the same column and section (with or without
SMUF) and without a common superscript differ ( P < 0.05).

Treatment Rate r2 95% CL

Without SMUF
as1-CN 0.61ab 0.955 0.17
as1-CN + n a-LA 0.65ab 0.968 0.16
as1-CN + n b-LG 0.47bc 0.928 0.18
as1-CN + d a-LA 0.60ab 0.972 0.13
as1-CN + d b-LG 0.28c 0.860 0.15

With SMUF
as1-CN 0.80a 0.940 0.27
as1-CN + n a-LA 0.59ab 0.969 0.15
as1-CN + n b-LG 0.30c 0.916 0.13
as1-CN + d a-LA 0.46bc 0.937 0.16
as1-CN + d b-LG 0.23c 0.932 0.09

(20) found that Ca bound weakly to b-LG, and, when
bound, caused shifts in protein structure that can be
observed using the fluorescent probe, anilino-
naphthalene-sulfonic acid, which binds to nonpolar,
hydrophobic sites on proteins and indicates the level
of exposed hydrophobic amino acid residues. In their
study, Jeyarajah and Allen (20) found that the
hydrophobic regions of b-LG were more available for
binding to the fluorescent probe when calcium concen-
tration was increased to 20 mM. We observed those
addition of SMUF to reaction mixtures increased the
ability of native b-LG to inhibit chymosin activity
against as1-CN, a result that is probably related to
the interaction of Ca with b-LG. Calcium also binds
very strongly to a-LA; if Ca is removed from a-LA,
conformation shifts occur that are equivalent to that
occurring during acid denaturation (7) . Because a-
LA inhibited chymosin activity only when it was
denatured and added to SMUF, we hypothesized that
heating, and the release of bound calcium from a-LA
during heating, generated several different molecular
configurations of a-LA. We think that when these
molecular species were then added to buffers contain-
ing SMUF, interactions between a-LA, calcium salt
and possibly other milk salts, and either as1-casein or
chymosin resulted in reduced hydrolysis of as1-casein.

A better understanding of the structure of whey
proteins and their interaction with casein in cheese
may help to overcome the lack of proteolysis and
flavor development in cheese fortified with whey pro-
tein. Our work addresses the potential impact on UF
cheese in which native whey proteins are in the solu-
ble form and may be applicable to cheese containing
whey proteins that were heat-denatured in the ab-
sence of casein. If whey proteins were heated in the
presence of casein before cheese manufacture, the
resulting structures would be different than in our
model systems because a-LA and b-LG were heat-
denatured in the absence of as1-CN and milk salts.
That whey proteins could inhibit the action of chymo-
sin in such systems is possible but must be verified by
further research.

Another factor that limits the extrapolation of this
research to cheese is that as1-CN was in a soluble
state, but, in cheese, as1-CN associates with the other
caseins to form an insoluble protein matrix. However,
McSweeney et al. (27) have shown that many of the
chymosin cleavage sites of as1-CN are hydrolyzed in
both cheese and soluble systems, indicating that the
accessibility of those peptide linkages in as1-CN to
chymosin is similar in cheese or aqueous systems.

We did not add a denaturing agent to our model
systems because we wanted to approximate condi-
tions in the aqueous phase of cheese. Urea has been
used by Mulvihill and Fox (29) to study the chymosin
action on as1-CN in the isoelectric region. They (29)
found that casein could be solubilized in the isoelec-
tric region using 5 M urea; however, optimum pro-
teolysis occurred at pH 2.8.
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CONCLUSIONS

The inhibitory behavior of a-LA and b-LG on
chymosin activity toward as1-CN in buffered model
systems depended on the structure of these whey
proteins (native or denatured) and on the presence of
SMUF. a-Lactalbumin inhibited chymosin activity
against as1-CN only when a-LA was denatured and
added to reaction mixtures that contained SMUF. In
the buffered system, only denatured a-LG inhibited
the rate of as1-CN hydrolysis. In the presence of
SMUF, inhibitory effects were significant when na-
tive and denatured b-LG were included in reaction
mixtures.
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