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Abstract

The enzymatic hydrolysis of the major whey proteins, namely b-lactoglobulin (b-Lg) and a-lactalbumin (a-La), was experi-

mentally studied using whey as substrate; an aspartic protease (cardosin A), previously extracted from the flowers of Cynara

cardunculus and purified by gel filtration and ion exchange chromatographies, was used for this purpose. Sweet whey was incubated

for 24 h at various enzyme:substrate ratios, at controlled pH (5.2 and 6.0) and temperature (55 �C); the hydrolyzates were assayed by

gel permeation chromatography and electrophoresis. A mechanistic model was proposed for the kinetics, which basically leads to a

double-substrate, single-enzyme Michaelis–Menten rate expression containing four adjustable parameters; these parameters were

estimated by applying multiresponse, nonlinear regression analysis to the experimental data, so that the model would yield good fits.

The best estimates obtained for Km were markedly lower for a-La than for b-Lg, so cardosin A shows a higher affinity for a-La than

for b-Lg. The experimental results also suggest that b-Lg is rather resistant to enzyme-mediated hydrolysis under all experimental

conditions tested. The highest activity (measured by kcat) of cardosin A was recorded toward a-La (i.e. 0.013 s�1) at pH 5.2.

Furthermore, the specificity ratio (kcat=Km), obtained toward each whey protein, indicated that cardosin A possesses a higher

catalytic efficiency for hydrolysis of a-La than of b-Lg; the highest value for this ratio was recorded for a-La at pH 5.2, and was close

to that reported elsewhere for cardosin A acting on caseins and casein-like substrates.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Aspartic proteases (EC 3.4.23), also known as acid

proteases or aspartyl proteinases, are a widely distrib-

uted subfamily of proteolytic enzymes, which belong to

the endopeptidase family and have been found in ver-

tebrates, plants, viruses and retroviruses. Recent studies
(Faro, 1991; Faro, Ver�ıssimo, Lin, Tang, & Pires, 1995;

Heimgartner et al., 1990; Ver�ıssimo et al., 1996) have

shown that it is possible to extract and purify two as-

partic proteases, namely cardosins A and B, from the

flowers of the thistle, Cynara cardunculus; these enzymes

are characterized by somewhat related amino acid se-

quences – to a degree of 73% similarity (Vieira et al.,

2001). Crude aqueous extracts of the flowers of C. car-
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dunculus have for decades been used in Portugal as a

successful rennet for cheesemaking using ewe’s milk.

Cardosin A is more abundant than cardosin B in C.

cardunculus; the relative amount of the former is ca. 75%

of the total, on a protein mass basis (Barros & Malcata,

2002; Ramalho-Santos et al., 1997; Ver�ıssimo, Esteves,

Faro, & Pires, 1995). The same authors reported that
cardosin A consists of two polypeptide subunits, with

apparent molecular weights of 31 and 15 kDa; it pos-

sesses a preference for peptide bonds next to hydro-

phobic side chains, and it is similar to chymosin (at least

at pH 4.7 and 37 �C) in terms of specificity.

Increasing economic and environmental pressures

during recent decades, to upgrade whey produced as a

by-product of the cheesemaking industry, have urged
technological developments in this field. Novel applica-

tions, that bring about high added value to whey, should

focus on the most abundant whey proteins (i.e. b-Lg
and a-La). These whey proteins are functionally and

mail to: xmalcata@esb.ucp.pt
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nutritionally superior to most other proteins of common

foods, owing to their favourable amino acid composi-

tion, especially in terms of Cys, Met, Lys and Trp resi-

dues. Selective hydrolysis of b-Lg and a-La by

proteases, preceding or subsequent to thermal treat-
ment, appears promising; potential end-uses encompass

formulation of special diets, or manufacture of more

easily uptaken nitrogen sources for fermentation broths.

Studies encompassing purified cardosin A, using ei-

ther (natural) short or synthetic peptides as model sub-

strates (Ver�ıssimo et al., 1995), can be described via

simple kinetic expressions; conversely, proteolysis of

mixtures of proteins by action of a proteolytic enzyme
mixture would lead to quite complex global models.

Recently, a general kinetic model for the action of a

mixture of cardosins A and B, acting on major whey

proteins, has been proposed and successfully fitted to

experimental data (Barros & Malcata, 2002).

Even though the action of crude extract of C. car-

dunculus, which contains a mixture of cardosins A and

B among other proteins (including enzymes), on whey
proteins and on caseins has been reported (Barros &

Malcata, 2002; Sousa & Macata, 1998), no specific

data pertaining to the independent action of each of

those two aspartic proteinases on whey proteins have,

to our knowledge, been published to date. The objec-

tive of this research work was thus to study the action

of the dominant proteinase of the crude extract, i.e.

cardosin A, after preliminary separation and purifica-
tion, and to compare the results with those previously

reported for the crude extract. Furthermore, this study

was intended to ascertain the effects of two easily

manipulated operational conditions, namely pH and

enzyme concentration, on the simultaneous hydrolysis

of b-Lg and a-La brought about by purified cardosin

A. A kinetic model was duly postulated, and the rele-

vant kinetic parameters therein were estimated and
compared with corresponding values available in the

literature.
2. Materials and methods

2.1. Feedstocks and chemicals

Sweet whey was obtained as a by-product of rennet-

based cheesemaking using standard cow’s milk, and was

lyophilized prior to storage. Pure whey proteins of bo-

vine origin (i.e. a-La, b-Lg and bovine serum albumin,

BSA) were purchased from Sigma (St. Louis MO,

USA). Azocasein, ammonium persulfate, TEMED

(N0N0N0N-tetramethylethylenediamine) and molecular

weight standards for Phast� electrophoresis (BSA: 66
kDa, ovalbumin: 45 kDa, glyceraldehyde-3-phosphate

dehydrogenase: 36 kDa, carbonic anhydrase: 29 kDa,

trypsinogen: 24 kDa, trypsin inhibitor: 20 kDa and a-
La: 14.2 kDa) were all purchased from Sigma. Sodium

dihydrogen phosphate monohydrate and disodium hy-

drogen phosphate dihydrate, citric acid monohydrate,

trichloroacetic acid (TCA) and extra pure sodium azide

were obtained from Merck (Darmstadt, Germany).
Molecular weight standards for FPLC (aldolase: 158

kDa, BSA: 67 kDa, ovalbumin: 43 kDa, b-Lg: 36 kDa,

a-La: 14.4 kDa and ribonuclease: 13.7 kDa) and blue

dextran were purchased from Pharmacia LKB Bio-

technology (Uppsala, Sweden). A mixture of molecular

weight standards for Tricine–SDS–PAGE (viz. phos-

phorylase B: 94 kDa, BSA: 67 kDa, ovalbumin: 43 kDa,

carbonic anhydrase: 30 kDa, soybean trypsin inhibitor:
20.1 kDa and a-La: 14.4 kDa), sodium dodecyl sulfate

(SDS), b-mercaptoethanol and Tricine (N-tris(hydrox-

ymethyl)methyl-glycine) were all purchased from Bio-

Rad (Hercules CA, USA). The water used in the

preparation of all solutions was previously deionized

and distilled. The solvents used were analytical grade or

better, and were employed without further purification.

2.2. Extraction and purification of enzyme

The crude enzyme extract was prepared at room

temperature by macerating ca. 7 g of stylets and stigma

of dried flowers of C. cardunculus in 70 ml of 100 mM

sodium citrate buffer (pH 3.0), as described by Faro

(1991). The aqueous extract thus obtained was centri-

fuged at 10,000g for 5 min at 4 �C. A gel filtration
chromatography column (Sephacryl S-200 HR 16/60,

from Pharmacia) was loaded with 5 ml of the resulting

supernatant in order to recover the peak accounted for

by cardosins A and B, as described by Barros and

Malcata (2002). This step was repeated as many times as

necessary to obtain preparative amounts of partially

purified extract prior to lyophilization.

Following the gel filtration step, the partially purified
extract was reconstituted in 1 ml of Tris–HCl buffer (pH

7.6), and 20 mg of extract was subject to further puri-

fication by (weak) anion-exchange chromatography

(column DEAE, i.d. 2.5 and length 30 cm, from Bio-

Rad), using a linear gradient of 0–0.5 M NaCl in 250 ml

of 0.2 M Tris–HCl buffer (pH 7.6), at a flow rate of 1.2

ml/min. Such a chromatographic procedure differs from

that used by Ver�ıssimo et al. (1996), who employed a
Superdex 200 gel filtration column, followed by an ion-

exchange Mono-Q column. This chromatographic step

was repeated as many times as needed to yield pre-

parative amounts of cardosin A. The active fraction of

cardosin A was duly collected, and dialyzed for 48 h at 4

�C against a large volume of deionized water (so as to

remove Tris and citrate), using dialysis tubing with a

MW cutoff of 10 kDa (Sigma). The pure cardosin A was
finally frozen at )20 �C and lyophilized. After collec-

tion, the presence of (only) cardosin A was confirmed by

electrophoresis, using Phastgel-high density gels.



Table 1

Experimental layout for the batchwise hydrolysis of whey protein,

catalyzed by cardosin A

Variable Cardosin

A (mg)

Whey

protein

(mg)

E/S ratio

(mgprotein/

mgwhey protein)

Buffer

volume

(ml)

Substrate 1 125 1/125 50

1 250 1/250 50

1 500 1/500 50

Enzyme 0.5 250 0.5/250 50

1 250 1/250 50

2 250 2/250 50

Control – 250 – 50

E: enzyme; S: substrate.
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2.3. Determination of protein content

The total protein content of pure cardosin A was

determined via the Micro Protein determination kit A-

690 (Sigma). Assays were carried out in triplicate, and
their averages were taken as datum points.

2.4. Determination of proteolytic activity

The procedure followed to measure the proteolytic

activity of pure cardosin A was described by Lamas,

Barros, Balc�ao, and Malcata (2001), and consists of

slight modifications of the method initially proposed by
Tomarelli, Charney, and Harding (1949) that involves

digestion of azocasein (a casein derivative containing a

dinitrogenated arylamine chromophore); quantification

of the proteolytic activity was based on the amount of

peptides released, as monitored by absorbance units

(AU) at 440 nm. For this purpose, lyophilized cardosin

A was dissolved in 0.1 M phosphate buffer (pH 6.0) to

produce an enzyme solution at a concentration of 0.01 g/
ml; a 0.01 ml-aliquot of the solution was then mixed

with 0.5 ml of 2 %(w/v) azocasein, and incubated at 25

�C for 10 min; the reaction was finally quenched by

addition of 0.5 ml of cold 5 %(w/v) aqueous TCA.

Unhydrolyzed proteins were then removed by centrifu-

gation for 10 min (using a Model Universal 32-refrig-

erated centrifuge, from Hettich, Tuttlingen, Germany)

at 10,300g and 4 �C. To intensify the azo-associated
colour, 1 ml of the supernatant was mixed with 1 ml of

0.5 M aqueous NaOH. A blank was prepared in a

similar fashion, but with the addition of TCA before

addition of the enzyme. The assays were carried out in

triplicate, and their averages were taken as datum

points. The proteolytic activity of cardosin A, expressed

as variation of absorbance at 440 nm (DAbs per gram of

protein per minute) was 1.27� 0.12 AU/g/min at start-
up, and 1.09� 0.10 AU/g/min by 24 h of incubation

under the same experimental conditions. Statistical

analysis of the data was carried out using Student’s t-

tests for comparison of means, at a level of significance

of P 6 0:05 (ExcelTM software, from Windows 95 v. 7.0);

no significant differences were thus found in terms of

proteolytic activity throughout hydrolysis.

2.5. Determination of coagulating activity

The clotting activity was determined according to the

procedure described in IDF-157 (Anon, 1992). The ly-

ophilized enzyme (0.05 g) was dissolved in 10 mM

aqueous CaCl2 (pH 6.5); the clotting time was measured

using 0.2 ml of the enzyme solution mixed with 2 ml of

reconstituted milk. One rennet unit (RU) was defined as
the amount of crude extract needed to coagulate 10 ml

of reconstituted, low-heat skim milk powder (NI-

LACTM, from NIZO, Ede, The Netherlands) at 30 �C in
100 s (Berridge, 1952). The assays were carried out in

triplicate, and their averages were used as datum points.

The coagulation activity of cardosin A was 442� 10 and

423� 11 RU/g, by 0 and 24 h, respectively, of incuba-

tion under the same experimental conditions. Statistical
analysis of the data showed that no significant

ðP > 0:05Þ differences were found in terms of the coag-

ulant activity throughout hydrolysis.

2.6. Performance of enzymatic hydrolysis

The enzymatic reactions were performed batchwise,

and employed variable amounts of cardosin A and
substrate up to the same overall volume of reaction

medium, according to Table 1. For the experiments

encompassing variable enzyme concentration at a con-

stant substrate concentration, three aqueous solutions

(50 ml) were used, containing a total of 5 %(w/v) whey

proteins, obtained directly from freeze-dried whey, in

100 mM sodium citrate buffer (pH 5.2 and 6.0). For the

experiments encompassing variable substrate concen-
tration at a constant enzyme concentration, three

aqueous solutions (50 ml) were used, containing a total

of 2.5 %, 5 % and 10 %(w/v) whey proteins in 100 mM

sodium citrate buffer (pH 5.2 and 6.0).

All reactions were performed at 55 �C for 24 h, in a

water bath equipped with an orbital shaker set at 100

rpm. Hydrolysis of the main proteins was checked by

tricine–SDS–PAGE (16.5%). The kinetics of disappear-
ance of b-Lg and a-La were monitored by FPLC using a

Superose 12 column HR 10/30 (Pharmacia), as described

previously by Barros, Ferreira, Silva, and Malcata

(2001). All experiments were run in parallel with a

control, which used similar conditions but without en-

zyme, so as to confirm whether hydrolysis was only a

result of the action of cardosin A added (as happened),

and not of any adventitious enzymes in the whey sub-
strate (e.g. chymotrypsin). Furthermore, azide (NaN3)

was added, in all experiments, to a final concentration of

0.1 %(w/v), so as to inhibit microbial growth.
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2.7. Mechanistic modelling

Cardosin A will hereafter be denoted as E. Since

whey is composed of two different substrates, i.e. a-La
and b-Lg, hereafter denoted as Sa and Sb, respectively,
the following overall chemical scheme should accurately

describe the reaction phenomena:

Sa þ E ¢
Kma

E � Sa !
kcata

Eþ Pa

Sb þ E ¢
Kmb

E � Sb !
kcatb

Eþ Pb

where Km;i represents the Michaelis–Menten parameter

for cardosin A and substrate Si, and kcat;i represents the
intrinsic kinetic constant associated with formation of

product Pi catalyzed by cardosin A. For the sake of

mathematical simplicity, quasi-equilibrium conditions
for the enzyme–substrate complexes were assumed. The

resulting rate expression corresponds to a double-sub-

strate, single-enzyme Michaelis–Menten model, which

may be written as:

� dCa
dt

¼
kcata�CE� Ca

Kma

1þ Ca
Kma

þ Ca
Kmb

 !
; ð1Þ

� dCb
dt

¼
k
catb�CE�

Cb
Kmb

1þ Ca
Kma

þ Ca
Kmb

0
@

1
A; ð2Þ

where Ci denotes the molar concentration of substrate Si

and t denotes reaction time.

The lumped constants, Vmax;i, defined as

Vmax;i ¼ kcat;i � CE; ð3Þ
where left as adjustable parameters, together with Kma

and Kmb.

A numerical method, based on finite differences, was

employed to integrate Eqs. (1) and (2) in the time var-

iable. The four kinetic parameters of this model were
estimated by multiresponse nonlinear regression analy-

sis, using the General REGression package (GREG) by

Caracotsios, Stewart, and Sorensen (1985); this software

package performs nonlinear regression analysis of

multiresponse data, using small differences as approxi-

mants of the derivatives of the objective function with

respect to each parameter. The objective function is

minimization of N � lnfjRjg2, where the auxiliary ma-
trix is defined as R � ZTZ and where Z is the M � N
matrix of the residuals obtained at each of the M
measurements (M ¼ 2: a-La and b-Lg concentrations)

for each of the N experiments (N ¼ 8: number of reac-

tion times). This model was simultaneously fitted to

data pertaining to both the a-La and b-Lg concentra-

tions in each sample, encompassing five enzyme–sub-

strate ratios, independently generated via changing
initial enzyme concentration or initial substrate con-
centration, at either of two different pH values (but at

the same temperature).
3. Results and discussion

3.1. Influence of enzyme and substrate concentration

The evolution of the concentrations of the major

whey proteins, b-Lg and a-La, incubated at different

enzyme and substrate concentrations, at pH 5.2 and

6.0, is plotted in Figs. 1 and 2, respectively. The hy-

drolysis rates of a-La (see Figs. 1(a) and 2(a)) were
significantly higher than those of b-Lg (see Figs. 1(c)

and 2(c)). Larger initial amounts of cardosin A led to a

much faster degradation of a-La (i.e. higher enzyme

concentrations decreased reaction time for a total

conversion of that substrate), as expected. The fastest

reaction was obtained with the highest enzyme to sub-

strate ratio (E=S ¼ 4=500) at pH 5.2; under these con-

ditions, a-La was completely broken down to peptides
by 2 h (see Fig. 1(a)). Inspection of Figs. 1(c) and 2(c)

indicates that the hydrolysis of b-Lg was not signifi-

cantly influenced by the increase in enzyme concentra-

tion (i.e. the b-Lg concentration remained essentially

unaltered for 24 h).

With regard to the substrate concentration effect, a-
La was completely broken down to peptides (Figs. 1(b)

and 2(b)), whereas a major portion of b-Lg remained
essentially intact (Fig. 1(d) and 2(d)). This observation

may be a consequence of the low affinity of cardosin A

for b-Lg rather than of the competitive inhibition by a-
La, because the degree of hydrolysis of b-Lg was es-

sentially the same, irrespective of the actual degree of

hydrolysis of a-La. Inspection of Figs. 1 and 2 also in-

dicates that the hydrolysis profile of each of those major

whey proteins is essentially independent of the initial
concentrations of either substrate.

3.2. Influence of pH

The change in conformation of the whole substrate

protein, as well of the enzyme itself, effected by changes

in pH may influence the access of a protease to particular

pairs of amino acid residues within the substrate struc-
ture. According to Campos, Guerra, Aguilar, Ventura,

and Camacho (1989), the optimum pH for the proteo-

lytic activity of C. cardunculus crude extract is 5.7 at

37 �C, when casein is employed as substrate. In our case,

the more noteworthy result of the hydrolysis profiles,

when pH was varied from 5.2 to 6.0, was a slight decrease

in the reaction rate, especially for a-La; almost no al-

terations of the rate of hydrolysis of b-Lg were observed.
Barros and Malcata (2002) have shown that crude mix-

tures containing cardosin A (and cardosin B, among

other proteins) possess higher affinity for a-La at pH 5.2
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Fig. 2. Evolution, with time, of the concentration of a-La (a, b) and of b-Lg (c, d) as substrates, at pH 6.0 and 55 �C, at various initial E/S ratios: d,

1/500; s, 2/500;M, 4/500; }, 2/250; and �, 2/1000. The experimental data are represented as discrete points (with bars for their standard errors), and

the theoretical values as solid lines (–).
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Fig. 1. Evolution, with time, of the concentration of a-La (a, b) and of b-Lg (c, d) as substrates, at pH 5.2 and 55 �C, at various initial E/S ratios: d,

1/500; s, 2/500;M, 4/500; }, 2/250; and �, 2/1000. The experimental data are represented as discrete points (with bars for their standard errors), and

the theoretical values as solid lines (–).
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than at pH 6.0; they claimed that a difference in protein

structure might be responsible.

3.3. Estimation of kinetic parameters

The best fits of the postulated model to the experi-

mental data, pertaining to the catalytic action of card-

osin A on the two major whey proteins in the presence
of each other, are depicted in Figs. 1 and 2. Visual in-
spection of these figures indicates that the fits are good

for all sets of data throughout the entire reaction time-

frame; the t-ratios, i.e. the ratio of the standard error of

each parameter estimate to the actual parameter esti-

mate (results not shown), were also well below unity,

which statistically confirms the goodness of those fits.

According to van Boekel (1996), one advantage of

multiresponse modelling (in addition to increased
number of degrees of freedom, and hence narrower
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inference intervals) is the use of the information con-

veyed by various responses in the generation of more

accurate parameter estimates, and thus more realistic

model fits. Furthermore, overparameterization would

otherwise have limited the validity of the statistical
analysis, with the likely possibility of unrealistic pa-

rameter estimation, in view of their physicochemical

meaning. On the other hand, oversimplified, lumped

substrate kinetic approaches would produce poor

modelling, with a consequently narrow application

range.

The set of starting parameter estimates considerably

affected the speed and the degree of convergence to the
final estimates; if poor starting estimates were used,

GREG would sometimes satisfy a convergence crite-

rion (minor change in the residual sum of squares

between successive iterations), but the final parameter

estimates would be very poor, and the associated

residual sum of squares would sometimes be unac-

ceptable; in other cases, the final parameter estimates

would produce reasonable residuals, yet they would be
physically unrealistic. The associated kinetic parame-

ters, namely Km, kcat and kcat=km, are shown in Table 2;

for the sake of comparison, the results obtained in

other published works are also tabulated. Although

there are differences in the chemical nature of the

substrate, in pH or in temperature between our

experiments and those of other researchers (Campos

et al., 1989; Macedo, Faro, & Pires, 1993; Ver�ıssimo
et al., 1996), it is quite reasonable to compare the

estimates of parameters obtained for all such enzymatic

reactions.
Table 2

Kinetic parameter estimates that characterize the catalytic action of cardosin A

(where available), and comparison with other studies

Substrate Cardosin T (�C) pH Km (mM) kcat

Synthetic peptide

(Leu–Ser–

Phe(NO2)–Nle–

Ala–Leu–oMe)

A 37 4.7 1.08

B 0.080

j-casein A+B 30 6.4 0.00016

kcat

a-Lactalbumin A 55 5.2 0.039 0.10

6.0 0.080 0.00

5.2 0.038 0.01

B 6.0 0.020 0.08

b-Lactoglobulin A 55 5.2 0.31 0.00

6.0 0.73 0.00

5.2 0.31 0.00

B 6.0 0.047 0.00

a-Lactalbumin A 55 5.2 0.054� 0.00009 0

6.0 0.0033� 0.00005 0.0

b-Lactoglobulin 5.2 0.087� 0.00006 0.0

6.0 0.55� 0.02 0.0
The kinetic parameters estimated in this study for

cardosin A are consistent with those proposed by Barros

and Malcata (2002), who employed (crude) mixtures of

cardosins A and B at their native ratios. The degree of

affinity of cardosin A for a particular substrate (Km)
indicated that Km was markedly lower for a-La than for

b-Lg, hence suggesting a substantially higher affinity of

this enzyme for a-La than for b-Lg. For a-La, the Km

values obtained were somewhat similar at pH 5.2 (i.e.

0.0054 mM) and pH 6.0 (i.e. 0.0033 mM), whereas, for

b-Lg, the Km values were quite dissimilar at pH 6.0 (i.e.

0.55 mM) and pH 5.2 (i.e. 0.087 mM). The Kma and Kmb

values obtained in this study using pure cardosin A were
of the same order of magnitude as those found for im-

pure cardosin A (Barros & Malcata, 2002). However,

the difference of the Km values obtained at pH values 5.2

and 6.0 for b-Lg was ca. 6-fold higher, whereas it was

only 2.4-fold higher when cardosin A was tested to-

gether with cardosin B in a crude mixture (Barros &

Malcata, 2002). In addition, the affinity of cardosin A

for a-La ðKmaÞ remained unchanged between the two
pH values studied, whereas, for b-Lg, the affinity of

cardosin A ðKmbÞ was much higher (6-fold) at pH 5.2

than at pH 6.0. When the Km values obtained in the

present work and elsewhere by Barros and Malcata

(2002) were compared with those obtained by other

authors (Macedo et al., 1993; Ver�ıssimo et al., 1995), a

considerable difference unfolded (see Table 2), likely due

to different substrates and hydrolysis conditions. As one
would expect, the Km values are much higher than those

obtained when j-casein was used as substrate; it is in-

deed known that C. cardunculus proteases (cardosins A
upon a-La and b-Lg, and associated 95% marginal inference intervals

(s�1) kcat=Km (mM�1 s�1) References

23.6 21.9 Vieira et al. (2001)

85.5 1057

1.04 6500 Campos et al.

(1989)

(s�1) kcat � f (s�1)

0.045 2.6

60 0.0030 0.75

6 0.090 0.42

4 0.041 4.2 Ver�ıssimo et al.

(1995)

20 0.0010 0.0060

00 0.0000 0.0000

70 0.0040 0.023

30 0.020 0.064

.013� 0.003 2.4� 0.68 Present study

022� 0.00008 0.66� 0.26

0018� 0.00004 0.020� 0.00046

0023� 0.00002 0.00042� 0.000039
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and B) are particularly suited for cheesemaking, where

they start coagulation by cleaving primarily the bond

Phe105–Met106 of j-casein (Faro, Moir, & Pires, 1992;

Macedo et al., 1993); according to Wake (1959), only j-
casein is hydrolyzed during rennet coagulation and only
at the aforementioned location. Furthermore, the open

structure of the caseins renders them much more sus-

ceptible to proteolysis than the whey proteins, which are

more globular in nature (and hence soluble in water).

Inspection of Table 2 shows a considerable discrep-

ancy between the rates of reaction ðkcatÞ when a-La and

b-Lg are used as substrates. The reaction rate was at

least one order of magnitude higher for a-La, i.e. 0.013
and 0.0022 s�1, than for b-Lg, i.e. 0.00018 and 0.00023

s�1, at pH 5.2 and 6.0, respectively. Furthermore, the

order of magnitude of the values of k, kcata and kcatb
obtained in the present work (using cardosin A only) as

similar to that associated with those parameters when

hydrolysis of whey proteins occurred in the presence of

the crude mixture of cardosins A and B (Barros &

Malcata, 2002). In the case of b-Lg, at least under the
experimental conditions tested here, the experimental

results show that the reaction rate remains extremely

low, actually close to zero (even by 24 h), i.e. b-Lg is not

susceptible at all to proteolysis by cardosin A.

Determination of the kcat=Km ratio gives a combined

measure of the substrate specificity and the catalytic

efficiency, which permits comparison of the specificity to

different substrates of a given enzyme. In our experi-
mental runs, two substrates (a-La and b-Lg) and only

one enzyme (cardosin A) were considered, so discrimi-

nation between those two substrates is determined by

the ratio kcat=Km rather than by Km alone (Fersht, 1977).

Our figures unfold a much higher catalytic efficiency

(kcat=Km) of cardosin A towards a-La than b-Lg, at least
under the experimental conditions selected. The highest

value for the ratio (2.4 mM�1 s�1) was obtained for a-La
at pH 5.2, which was ca. 4-fold that obtained at pH 6.0;

this variation is mainly due to the large reduction of the

turnover number at pH 6.0. The values of kcat=Km ob-

tained for b-Lg at pH 5.2 and 6.0, i.e. 0.0020 and

0.00042 mM�1 s�1, respectively, revealed that this en-

zyme does not efficiently take up the substrate; these

values are again comparable with those reported by

Barros and Malcata (2002). Finally, Table 2 indicates
that the purification process does not essentially affect

the catalytic efficiency of this enzyme; at pH 5.2, the

catalytic efficiency toward a-La was 2.6 and 2.4

mM�1 s�1, before and after the purification process,

respectively (i.e. a decrease of a mere 8%). Studies per-

taining to the catalytic efficiency (kcat=Km) of C. car-

dunculus on other substrates, such as the synthetic

hexapeptide (Ver�ıssimo et al., 1995) and j-casein
(Macedo et al., 1993), revealed a great difference in be-

haviour. The whey proteins tested have a kcat value for

cardosin A that is at least one hundredth (or even one
thousandth) of that for j-casein (or for the synthetic

peptide), and they bind at least ten times more tightly;

hence, the lower rate does not compensate for the

stronger binding.

It is well established that enzymatic catalysis involves
physical steps (binding of substrate to, and release of

product from the active site of the enzyme) and chemical

steps. When the enzymatic rates are very fast, the dif-

fusional steps will eventually become rate-limiting. Ac-

cording to Fersht (1977) and Hammes and Shimmel

(1970), there is a theoretical maximum for the reaction

rate, where diffusion rates play a role, together with the

maximum frequency at which substrate molecules will
collide with each other and with the catalyst molecules;

the limit for small molecules that collide with such

macromolecules as enzymes is ca. 105–106 mM�1 s�1.

Considering the various kcat/Km ratios presented in Ta-

ble 2, one can safely assume that cardosin (either pure or

in crude form) is far below this limit.

Finally, it is noteworthy that the chromophoric syn-

thetic hexapeptide considered in Table 2 has been used
and quoted by several authors as a reference substrate,

either for proteolytic assay or for characterization of

rennet preparations. The amino acid sequence of this

peptide is related to the primary structure of bovine j-
casein on each side of the sensitive peptide bond, i.e.

Phe105–Met106. Studies carried out with distinct aspartic

proteases have shown that they specifically catalyze the

cleavage of the Phe(NO2)–Nle peptide bond in that
hexapeptide (Martin, 1984). As shown by Martin (1984)

and Ver�ıssimo et al. (1995), the Km values obtained with

various aspartic proteases range in 0.019–1.08 mM,

whereas those for kcat range in 3.4–603 s�1, so kcat=Km

will eventually lie between 17 and 5260 mM�1 s�1. The

kinetic parameters found in our work for cardosin A

acting on whey proteins were thus significantly lower

than those obtained for other aspartic proteases acting
on the synthetic hexapeptide, but differences in the labile

amino acid sequence would logically account for this

realization.

3.4. Characterization of peptide hydrolyzates

The evolution of the whey protein hydrolyzates

formed from the original protein substrates are depicted
in Figs. 3 and 4. It is possible to ascertain and quantify

five major peptides, according to tricine–SDS–PAGE;

their molecular weights lie between 2500 and 8000 Da.

After all a-La had been hydrolyzed, the polypeptides

initially formed were hydrolyzed in turn to yield lower

molecular weight peptides. By 48 h, only one of them was

still detected, with a molecular weight of ca. 6500 Da; the

concomitant formation of peptides with molecular
weights below 2500 Da is not visible owing to limitations

of the electrophoresis technique. Addition of more en-

zyme does not affect the peptide pattern, as expected, nor



Fig. 3. Qualitative electrophoresis patterns of whey proteins, hydro-

lyzed by cardosin A at pH 5.2 and 55 �C, at the E/S ratio 2/500 (w/w),

for 5 min (lane 1), 1 h (lane 2), 2 h (lane 3), 5 h (lane 4), 8 h (lane 5), 12

h (lane 6), 24 h (lane 7) and 48 h (lane 8), and of low molecular weight

markers (lane 9) and medium molecular weight markers (lane 10).

Peptide fragments of interest are identified as f1–f5.
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Fig. 4. Quantitative profiles of the most significant peptide fragments,

detected by electrophoresis (f1–f5), released by cardosin A during whey

protein hydrolysis at pH 5.2 and 55 �C, at the E/S ratio 2/500 (w/w).
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does it alter the actual specificity of cardosin A. Finally,

the hydrolyzate pattern produced by cardosin A was

similar at both pH values (data not shown).
4. Conclusions

The hydrolysis of b-Lg and a-La, brought about by
cardosin A, was experimentally investigated in terms of

two factors, namely enzyme to substrate ratio and pH.

The major two whey proteins were differently acted

upon by cardosin A: a-La was hydrolyzed at higher

rates and to higher extents than b-Lg. The action of the

enzyme on a-La was, as expected, dependent on the

amount of enzyme added, but this effect was more per-

ceptible at pH 5.2 than 6.0. The pH range studied seems
only to affect the rate of breakdown of a-La, which was

higher at pH 5.2. Cardosin A was less active on both

whey proteins than on j-casein and related synthetic
peptides. The reaction system, containing two proteins

as substrates and one pure aspartic protease, was accu-

rately modelled by a double-substrate, single-enzyme

Michaelis–Menten model. This model may be useful for

the simulation, and eventual optimization of hydrolysis
of the major whey proteins of commercial interest.
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