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Quantitative comparison of casein 
and rapeseed proteolysis by pancreatin 

M. M. Vorob’ev, G. Parent* and L. Savoie” 

Summary 

The problem of quantitative comparison of kinetic curves was solved for 
casein and rapeseed pancreatin hydrolysis in a membrane reactor, which 
ensured the measurement of proteolysis kinetics for the products with a 
molecular weight of less than 1000. Coordinates were derived which pro- 
vided good linearization of kinetic curves and the determination of relative 
rate constants irrespective of reagent concentrations,  SO ratio and time 
intervals of kinetic measurements. When the relative rate constants of the 
release of the individual amino acid residues in the low-weight proteolysis 
products were compared, trypsin-dependent constants (for Lys and Arg resi- 

dues) were found to be two times less for rapeseed than for casein, and 
chymotrypsin-dependent constants (for Tyr and Phe residues) were approxi- 
mately 1.3 times higher for rapeseed than for casein. Statistical analysis 
demonstrated that the distribution of constants was narrower for rapeseed 
than for casein. Differences between target (Arg, Lys, Tyr and Phe) and 
non-target constants of release in the form of peptides and free amino acids, 
or in the form of free amino acids only, were attributed to the differences in 
the peptide bond masking for casein and rapeseed proteins. Computer simu- 
lation of proteolysis kinetics was performed by PROTEOLYSIS program 
package to confirm the dependence of rate constant distribution on the state 
of masking. 

Introduction 

Proteolysis in open reactors with the continuous removal 
of products is of great interest for the studies of the diges- 
tion process. Since SAVOIE and GAUTHIER [l] developed the 
“digestion cell” reactor, which modeled the pancreatic stage 
of digestion, the digestibility of several proteins has been 
determined as function of proteolysis time by means of this 
technique [2,  31. Another type of reactor, modeling the pep- 
tic stage of digestion, was also developed [4, 51. The com- 
parison of the digestibility values obtained for different 
substrates in vitro for any fixed time is questionable, be- 
cause these values depend not only on the real parameters 
of enzyme-substrate interaction (such as bat and KM, the 
MICHAELIS’S constants) but also on the initial reagent con- 
centrations ( S O ,  Eo and Sdb)  and proteolysis time, which 
are arbitrary and whose influence on the outcome of the 
proteolysis could lead to wrong conclusions about the sus- 
ceptibility of different proteins to digestion. The objective 
comparison of the in vitro digestibilities of different sub- 
strates independently of the conditions of the lunetic mea- 
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surements seems to be possible only by the comparison of 
kinetic parameters, which describe proteolysis curves as a 
whole. 

Meanwhile, it is difficult to obtain quantitative para- 
meters of proteolysis kinetics even in closed reactors with- 
out removal of hydrolysis products [6]. Proteolysis is a 
polysubstrate process, involving hydrolysis of peptide 
bonds of different specificity, which is complicated by 
masking of these bonds, as well as by enzyme inhibition 
and inactivation [7]. Among the literature on the proteoly- 
sis parameter determination [S, 9, 10-121 the last series 
describes this process in the terms of functions, instead of 
rate constants. These functions, at an equivalent degree of 
peptide bond hydrolysis, can be compared for different sub- 
strates [12]. However, this approach needs to be modified 
for the description of proteolysis in an open reactor such as 
the digestion cell [ll],  which is the result of simultaneous 
action of various proteolytic enzymes under continuous re- 
moval of digestion products. In this case, it seems more 
appropriate to consider distinct rate constants for each type 
of amino acid. Each rate constant can characterize the ki- 
netics of the appearance outside the open reactor of a given 
type of amino acid residue in the form of peptides or free 
amino acid. To achieve the goal of substrate comparison, 
one can calculate ratios between absolute constants for 
each of substrates, because in this case the common factor 
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in the absolute constants will be canceled. For given pro- 
tein substrate, part of the common factor in absolute con- 
stants is attributed to some accidental factors like presence 
of inhibitors etc. Introducing of relative constants will sim- 
plify the kinetic description of such complicated pheno- 
mena like digestion, as well as the comparison of protein 
substrates. 

Casein is known to be easily hydrolysed by proteolytic 
enzymes because of the conformational flexibility and the 
presence of accessible peptide bonds for proteolytic action. 
Target amino acid residues of chymotrypsin and trypsin are 
liberated quickly and are liable to appear first outside the 
membrane reactor. In contrast, plant proteins, as well 
known, are more resistant to proteolytic action as the oligo- 
menc proteins, consisting of compact extensively disulfide- 
linked polypeptide subunits, and also due to the presence 
of inhibitors. For example, amino acids of rapeseed pro- 
teins are liberated from digestion cell more slowly and gra- 
dually [2, 131. 

As substrates for proteolysis, casein and rapeseed differ 
in the state of demasking (masking), the extent of peptide 
bonds which are susceptible to enzyme attack. The differ- 
ent states of masking for different substrates are attributed 
to various factors including the burying of intrinsic peptide 
bonds inside the protein globule, intermolecular aggrega- 
tion, isolation of part of peptide bonds as the result of in- 
complete solubilization, etc. 

F’roteolysis is the two-stage process,, including the de- 
masking of masked peptide bonds B, on the first stage and 
the hydrolysis of demasked bonds Bd on the second stage 
[lo]: 

where kd is the rate constant of demasking, kh is the rate 
constant of hydrolysis of demasked bonds, and N is the 
concentration of amino nitrogen, the chemical outcome of 
the reaction. Ratio b/kh is the kinetic parameter which de- 
scribes the influence of demasking stage on the whole pro- 
teolysis process. Low value of h/kh was attributed to the 
‘one-by-one’ mechanism, and high value of h/kh indicated 
the proteolysis of the ‘zipper’ type [lo, 141. This parameter 
was measured for proteolysis of milk whey proteins [14]. 

An extensive comparison measured at numerous intervals 
of proteolysis showed a positive correlation between the 
composition of digestion products obtained from in vitro 
proteolysis of different proteins and the amino acid compo- 
sition of the portal blood of animals fed by these proteins 
[15]. However, this in vivo characterization was lengthy 
and tedious, and cannot be repeated routinely. 

The aim of the present work was to elaborate a method 
for the treatment of kinetic curves obtained by digestion 
cell technique, to determine relative rate constants and to 
compare them for casein and rapeseed. Experimental data 
were obtained from three different sets of experiments 
which were performed over five years. 

Another task of the study was to simulate amino acid 
composition of the low-weight proteolysis products in the 
course of proteolysis of proteins with different states of 
masking. This computer simulation was designed to exa- 
mine the relationship between masking and distribution of 
rate constants. 

Materials and methods 

In vitro digestion 

In vitro digestion of casein (Na caseinate, UCCCP, France, 
N x 6.25 = 86.8%) and rapeseed (concentrate, CETIOM, France, 
N x 6.25 = 52%) was carried out in a digestion cell (pancreatic 
stage) with preliminary peptic proteolysis in a closed reactor [I]. 

Pepsin (EC 3.4.23.1, hog stomach mucus) was purchased from 
Sigma Chemical Company, St. Louis, MO. The pepsin activity 
was 3.2 x lo3 units/mg protein [16]. Pancreatin (hog pancreas, 
5 x ) was obtained from ICN Nutritional Biochemical, Montreal, 
Canada. Trypsin and chymotrypsin activities were 6.34 TAME 
unitslmg and 5.88 ATEE units/mg respectiely [17]. 

The conditions for the peptic stage were exactly the same in all 
experiments. Proteins (40 mg) were suspended in 16 ml 0.1 M HCI 
(pH 1.9) and digested with 1 ml of pepsin (1 mglml) for 30 min. 
This pre-digested material was then subjected to pancreatin action. 
The constant conditions for this stage were: dialysis bag (Spectra 
Por 6, MWCO of 1000 daltons, Spectrum Medical ind., L.A., CA), 
temperature 37 “C, flow rate 1.6 ml/min of 0.01 M phosphate buf- 
fer (pH 7.5) to collect digestion products from digestion cell. The 
variable conditions in different sets of experiments were: 

Set A, carried out by SAVOIE et al. [2]: 1 ml of 10 mg/ml pan- 
creatin solution was added to the digestion cell. EdSo ratio was 
1 : 25. Analyses were performed after 3, 6, 9, 12 and 15 h of pro- 
teolysis. The number of repetitions was 4. 

Set B, varried out by VALET~E et al. [18]: The E&o ratio was 
the same ( I  :25). Analyses were performed after 1, 2, 3, 6 and 
24 h of proteolysis. The experiment was repeated 4 times. 

Set C, carried out by SAVOIE et al. [19]: 0.5 ml of 10 mg/ml 
enzyme solution was added to the digestion cell  SO ratio was 
1 : 50). The times of sampling were: 0.5, 1, 2, 3, 12 and 24 h. The 
experiment was repeated 3 times. 

Amino acid digestibility (AAD) for each sampling interval was 
calculated on the basis of amino acid composition (AA) of low- 
weight proteolysis products as follows: 

AA in dialysate (mg) 
AA in protein sample (mg) ’ 

AAD = 

Amino acid analysis was performed as described in [3]. 

Method of constant determination 

Relative rate constants ki were measured as normalized rate 
parameters with which amino acid residues i go through the mem- 
brane. Evaluation of ki was performed by means of following 
equation : 

In (1 - Di) 
k. - ’ - In (1 - D) ’ 
where Di is the AAD evaluated with eq. (l), D = ZDiwi is the total 
degree of release of all peptides and amino acids in dialysate, and 
w, is the molar fraction of each amino acid in substrate. 

The same eq. (2) is also valid for relative constant evaluation of 
free amino acid release from digestion cell (\?). In this case, AA 
in dialysate (eq. 1) refers to the fraction of free amino acids. The 
kinetic data concerning release of free amino acids only were ta- 
ken from [2]. 

Statistical analysis 

The program for the coordinate transformation was written with 
Statistical Analysis System language (SAS Institute, Carry, NC). 
Differences between means were assessed by DUNCAN’S test. GLM 
and FACTOR procedure were performed with the SAS. 
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Computer simulation of proteolysis 

Simulation of proteolysis kinetics was performed by means of 
PC software PROTEOLYSIS (Foodinform Ltd., Moscow, Russia) 
161. 

PROTEOLYSIS program automatically estimates all necessary 
kinetic parameters for the set of differential equations which de- 
scribe full kinetics for all possible components. Specificity para- 
meters and KM for chosen enzymes are from PROTEOLYSIS data- 
base. Special subroutine helps user to define amino acid sequence 
in the studied substrate. The input data consist of b, SO, parameter 
of demasking and proteolysis time t. After numerical integration of 
differential equation set, the PROTEOLYSIS program represents 
kinetic output data in graphic form. This program was written in 
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Results and discussion 

For casein and rapeseed proteolysis in the digestion cell, 
three sets of kinetic data were obtained for conditions de- 
noted as A, B and C in the terms of AAD vs. time of 
proteolysis. Description of A, B and C conditions are gi- 
ven in the experimental part. As an example, the typical 
non-linear curves are presented in Fig. 1 for casein proteo- 
lysis (experiment C). The data for each protein, each ami- 
no acid (type I) and each condition were represented in 
the new coordinates expressed as y = -l/ln (1 - Di) and 
x = -l/ln (1 - D) (according to eq. (2)). In these coordi- 
nates (Fig. 2), proportional relationship takes place, and 
only one parameter, the slope l/ki, characterizes the rela- 
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Figure 1. Kinetic curves of the release of amino acid residues durng the casein proteolysis in digestion cell according to C conditions 

a: Asp (0), Thr (O) ,  Ser (V), Glu (V), Tyr (O), Phe (M), Lys (A), Arg (A) 
b: Pro (0), Gly (O) ,  Ala (V), Val (V), Met (O), Ile (M), Leu (A), His (A) 

(EdSo, 1 : 50) 
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Figure 2. Proteolysis kinetic data from Fig. 1 a, b are represented in new coordinates for calculation of rate constants ki. Casein hydro- 
lysed under C conditions. Dependences for different amino acid residues are denoted by analogy with Fig. 1 
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Table 1. Data set of experimentally obtained rate constants ki 

Protein Rate constants, ki 
conditions* 

Asp Thr Ser Glu Pro Gly Ala Val Met Ile Leu Tyr Phe His Lys A r g  

Casein 
Casein 
Casein 
Casein 
Casein 
Casein 
Casein 
Casein 
Casein 
Casein 
Casein 

A 
A 
A 
A 
B 
B 
B 
B 
C 
C 
C 

0.74 0.86 
0.73 0.79 
0.79 0.73 
0.77 0.80 
0.78 0.91 
0.78 0.91 
0.70 0.84 
0.69 0.81 
0.69 0.81 
0.61 0.74 
0.62 0.82 

0.72 
0.71 
0.86 
0.74 
0.75 
0.75 
0.69 
0.67 
0.79 
0.69 
0.72 

0.77 0.66 1.21 
0.79 0.62 1.15 
0.81 0.66 1.24 
0.79 0.64 1.22 
0.78 0.68 1.14 
0.77 0.68 1.14 
0.70 0.71 1.09 
0.67 0.66 1.10 
0.73 0.68 1.03 
0.63 0.82 0.99 
0.64 0.64 1.01 

1.08 0.87 1.51 
1.16 0.94 1.58 
1.15 0.92 1.57 
1.13 0.93 1.55 
1.01 0.78 1.02 
1.01 0.78 1.02 
1.06 0.81 1.06 
1.08 0.79 0.97 
1.14 0.83 0.85 
1.05 0.76 0.98 
1.15 0.81 0.91 

0.86 1.45 
0.89 1.49 
0.87 1.43 
0.87 1.45 
0.79 1.26 
0.79 1.26 
0.82 1.31 
0.69 1.38 
0.72 1.40 
0.70 1.50 
0.67 1.54 

1.77 1.44 
1.78 1.42 
1.76 1.35 
1.78 1.42 
1.73 1.48 
1.73 1.48 
1.76 1.54 
1.83 1.51 
1.71 1.65 
1.85 1.67 
1.87 1.73 

0.99 
1.04 
1 .oo 
1.02 
1.03 
1.03 
0.95 
0.96 
0.80 
0.87 
0.88 

1.52 
1.54 
1.40 
1.48 
1.80 
1.75 
1.82 
1.95 
1.71 
1.87 
1.80 

2.17 
2.13 
1.94 
2.07 
2.59 
2.37 
2.33 
2.71 
2.11 
2.19 
2.43 

Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 

1.00 0.93 
0.99 0.87 
1.05 0.95 
1.01 0.97 
1.07 1.07 
1.16 0.95 
1.07 1.07 
1.16 0.94 
1.08 0.83 
1.06 0.89 
1.05 0.93 

0.95 
1.01 
0.96 
0.97 
0.92 
0.95 
1.05 
0.94 
1.03 
0.97 
0.93 

0.75 0.53 0.96 
0.80 0.49 0.90 
0.87 0.61 0.96 
0.82 0.56 0.93 
0.72 0.69 0.90 
0.71 0.48 0.94 
0.65 0.65 0.86 
0.71 0.48 0.93 
0.61 0.55 0.86 
0.61 0.62 0.82 
0.61 0.52 0.89 

1.15 1.02 1.52 
1.18 1.03 1.80 
1.16 0.96 1.30 
1.14 1.03 1.73 
1.09 0.89 1.10 
1.19 0.95 0.96 
1.08 1.07 0.89 
1.17 0.95 0.96 
1.25 0.88 0.92 
1.26 1.03 0.93 
1.20 0.94 1.00 

1.10 1.16 
1.09 1.19 
1.01 1.12 
1.10 1.14 
1.09 1.26 
0.97 1.19 
1.09 1.29 
1.17 1.17 
1.00 1.43 
1.08 1.40 
1.13 1.39 

2.51 1.70 
2.50 1.70 
1.59 1.54 
2.52 1.61 
2.25 1.84 
2.40 1.93 
2.24 1.97 
2.40 1.89 
2.47 2.44 
2.48 2.21 
2.47 2.17 

1.01 
1.03 
0.92 
1 .oo 
0.92 
0.97 
1.09 
0.96 
0.92 
0.94 
0.91 

0.89 
0.85 
0.94 
0.80 
0.91 
0.94 
0.87 
0.84 
0.78 
0.85 
0.92 

1.17 
1.14 
1.21 
1.07 
1.07 
1.17 
1.07 
1.14 
1.12 
1.06 
1.17 

A 
A 
A 
A 
B 
B 
B 
B 
C 
C 
C 

* Different kinetic conditions A, B and C are described in Table 2 

tive kinetics of amino acid residue release from the diges- 
tion cell (the slope was calculated by means of least-square 
method). The full set of rate constants ki obtained as reci- 
procal values of slopes in all experiments is presented in 
Table 1. Mean rate constants for each of substrates, amino 
acids and proteolysis conditions are given in Table 2. 

For casein (Table 2), whatever the conditions, the highest 
constants were obtained for Arg. On the other hand, it was 

impossible to select clearly the lowest constants among a 
group including Pro, Asp, Glu, Ser and Ile. For rapeseed 
(Table 2), whatever the conditions, the highest constants 
were obtained for Qr ,  followed by Phe. The lowest con- 
stants were for Pro. Target residues for chymotrypsin and 
trypsin (Phe, Vr ,  Arg and Lys) are released relatively fast 
being mostly on C-terminal of low molecular weight pep- 
tides or in the form of free amino acids. Other amino acid 

Table 2. Rate konstants ki for different conditions* and substrates 

Amino Casein Rapeseed 
acid 

A* B C A B C 

ASP 
Thr 
Ser 
Glu 
pro 

Ala 
Val 
Met 
Ile 
Leu 
TYr 
Phe 
His 
LYS 
A% 

GlY 

0.761.C** 
0.79JsCD 
0.76JsB 
0 . 7 9 ' ~ ~  
0.64 k,AB 

1.13gzB 
0.91 i,B 
1 . 5 5 " ~ ~  
0.87i.B 
1 .45de.A 
1.77b*B 
1.4IesD 
I . O l h - A  
1.49d,B 
2.07a*B 

1.20'9'4 

0.72h'*C 
0.85gsBCD 
0.73h',B 
0.71 hi*B 
0.68'*A 
1.10e.B 
1.05 e.C 

O.79ghsc 
1.02"'3 
0.77ghi.C 
1.3IdsB 
1.78b,B 
1.51C.D 
0.94'1~ 
1.83b*A 
2.50asA 

1.12d.A 
1.01"'-A 
0 . 9 6 ' ~ ~  
0.70g.' 
0.57h*B 
0.91 'sDE 

1.1 3cd9B 
0.97'9- 
0.97"' 
1 .08de.A 
1.22c.c 

1 .06"'*- 
0.88 gh*BC 
0.98'gvA 
0 . 6 1 ' ~ ~  
0.56'*B 
0.86h,E 
1.24d,A 
0.95ghsAB 
0.95gh,B 
1 .07"'sA 
1.41 
2.47a'A 
2.27b.A 
0.92gh*AB 
0.85h*C 
1.12e.C 

2 . 3 2 " ~ ~  
1.90bvB 
0.98ef*A 
0.91 '9' 
I . 1 l d ' C  

* Proteolysis conditions: A:  EdSo, 1 : 25; times: 3, 6, 9, 12, 15 h 
B: WSo, 1 :25; times: 1, 2, 3, 6, 24 h 
C: WSo, 1 : 50; times: 0.5, 1, 2, 3, 12, 24 h 

Means with different small letters are significantly different within each column; means with different capital letters are significantIy ** 
different within each row 
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Figure 3. Constant distribution for casein (number of observed 
constants was 176 for all conditions) 
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Figure 4. Constant distribution for rapeseed (number of observed 
constants was 176 for all conditions) 

residues, which are considered as non-target for pancreatin 
enzymes, may be released relatively slow mostly as intrin- 
sic residues in peptides. 

Table 3. Coefficients of variation (CV) of the rate constants ki 

The statistical comparison of constants (Fig. 3 and 4) 
showed that their distribution is broader for casein than for 
rapeseed proteins. Different experimental distributions of ki 
indicate that the masking effect may change significantly 
the kinetic parameters. To elucidate relationship between 
masking and proteolysis kinetics in digestion cell, more de- 
tailed statistical analysis and computer modeling was 
decided to perform. 

Coefficients of variation (CV) of the ki, with the three 
highest CV's, are represented in Table 3 in comparison 
with the mean overall CV for the sixteen amino acids. It 
shows a quite adequate description of experimental data by 
the eq. (2) with mean error near 2%. The highest coeffi- 
cients of variation were associated with amino acids such 
as Met or Arg; this could be related to losses during analy- 
sis [20]. For well determined Pro and His, the deviations 
could be attributed to the fact that the curves fitted the 
equation less well. 

From the theoretical viewpoint, in experiments designed 
on the comparison of different substrates via the compari- 
son of ki parameters, b, SdEo and proteolysis time may 
be arbitrary, only a standard enzyme mixture is required 
[21], as well as standard physico-chemical conditions of 
enzyme action (as pH or T). Because these limitations were 
kept in this study, one can anticipate similar values for ki 
in experiments with A, B and C conditions. 

The invariability of rate constants under different experi- 
mental conditions was clearly determined for Ser and Tyr 
by DUNCAN'S test (Table 2). The factor analysis was per- 
formed to clarify more precisely the influence of the ex- 
perimental conditions. Constants for all amino acids were 
used as variables in the factor analysis. Scores are plotted 
for three factors (with variance 42%, 19% and 14% respec- 
tively) in Fig. 5 and Fig. 6. The plot of factor 1 vs. factor 2 
allows one to identify separate and well-defined groups, 
each of them clearly related to one protein. The first two 
factors (Fig. 5) ,  which represent the greater part of variance 
(61%), were not influenced by the conditions, contrary to 
factor 3 (14% of variance, Fig. 6). This factor was mostly 
determined by Met and Glu constants (this is deduced from 
the reference structure matrix not represented here). Fig. 6 
clearly shows that B and C conditions were very close, or 
at least did not directly affect the constants, despite the 
different EdSo used (1 : 25 and 1 : 50 respectively). 

The specific point qualifying the A conditions lies in the 
reduced time interval of the determination (the first point 
was 3 h for condition A). Even under the best conditions, 
amino acid determination implied systematic errors [22] .  

~ 

A* B C 

Casein Rapeseed Casein Rapeseed Casein Rapeseed 

Amino cv Amino CV Amino CV Amino CV Amino CV Amino CV 
acid acid acid acid acid acid 

Met 4.8a Met 7.6" Arg 4.3" Pro 3.1" His 2.7a His 2.1 a 
4.5" Arg 4.gb His 3.0ab His 2.5" Met 2.6" Arg 2.0a GlY 

Val 
Mean** 2.1 Mean 2.9 Mean 2.2 Mean 1.5 Mean 1.3 Mean 1.1 

3.2b Q r  3.gb Tyr 2.7b Met 2Aa Pro 2.0a Val 1.8" 

* Proteolysis conditions A, B and C are described in Table 2 
Mean CV of 16 amino acids ** 
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Figure 5. Score of factor 2 (19% of variance) vs. score of factor 1 
(42% of variance). Casein hydrolysed under A conditions (H), B 
conditions (V), C conditions (0). Rapeseed hydrolysed under A 
conditions (O), B conditions (V), C conditions (0) 

This, added to a reduced time interval in the calculation of 
constants, should increase the possibility of variation, espe- 
cially if this is a critical point of kinetic measurements. It 
might take place for Met (this amino acid residue is impor- 
tant for factor 3), determination of which is complicated by 
the oxidation procedure. 

Thus, B and C conditions are favourable from the metro- 
logical viewpoint. Meanwhile, in first approximation 
(within the 61% of variance), the assumption of indepen- 
dence of ki from conditions is valid. 

The data obtained in different sets of experiments were 
merged into one data set, which helps to characterize the 
digestibility of different substrates over all experimental 
conditions (Table 4). Except for Glu, Met (these constants 
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Figure 6. Score of factor 3 (14% of variance) vs. score of factor 1 
(42% of variance). Casein hydrolysed under A conditions (B), B 
conditions (T), C conditions (0). Rapeseed hydrolysed under A 
conditions (O), B conditions (V), C conditions (0) 

Table4. Rate constants ki obtained on the basis of the merged 
data set 

Amino Substrate P 
acid 

Casein Rapeseed 

ASP 
Thr 
Ser 
Glu 
Pro 

Ala 
Val 
Met 
Ile 
Leu 
5 r  
Phe 
His 
LYS 

Target** 
Non-target 
A*** 

GlY 

* Arg 

0.71 hi* 
0.81 'g 

0.749'' 
0.73ghi 
0.68' 
l . l l e  
l.loe 
0.84fg 
1.18" 
0.79g'' 
1.41d 
1.79' 
1.52' 
0.94' 
1.69' 
2.2ga 

1.82 
0.92 
0.90 

1 .06de 
0.95ef 
0.97ef 
0.71g 
0.56h 
0.90f 
1.17'd 
0.98ef 
1.19Cd 
1.07d" 
1.25" 
2.35a 
1.91b 
0.97"' 
0.88' 
1.13Cd 

1.57 
0.98 
0.59 

0.01 
0.01 
0.01 
N.S. 
0.01 
0.01 
0.01 
0.01 
N.S. 
0.01 
0.01 
0.01 
0.01 
N.S. 
0.01 
0.01 

0.01 
0.01 
0.01 

* Means with different superscripts within each column are sig- 
nificantly different. N.S. = Non significantly different within 
each row 
Target amino acids including Tyr, Phe, Lys and Arg 
Difference between target and non-target constants 

** 
*** 

being dependent on proteolysis conditions) and His, other 
constants were all statistically different when compared ac- 
cording to substrate. The largest difference was noted for 
trypsin-dependent constants (ki for Arg and Lys were twice 
large for casein as for rapeseed). On the contrary, chymo- 
trypsin-dependent constants were higher for rapeseed than 
for casein (approximately 1.3 times). The group of slowly 
released amino acids (Asp, Thr, Ser and Ile) showed higher 
ki values for rapeseed. However, Pro, which had the lowest 
ki value, was released more slowly for rapeseed. 

The difference between constants represented in Table 4 
reflects the specificity of enzyme action with respect to tar- 
get amino acid residues. But this effect is obscured by the 
fact that, besides free amino acids readily released by carb- 
oxypeptidases and amino acid residues on the C-terminal of 
peptides being released by endopeptidases, the amino acid 
residues inside peptide chains are released non-specifically. 
The constant for amino acid residue release as free amino 
acid k* must be closely connected to both endopeptidase 
and exopeptidase activities, because the non-specific release 
component was not involved in the k,aaconstants. The data 
presented in Table 5 show greater differences in these con- 
stants for a given substrate than those of Table 4. The most 
significant differences between substrates were for &? con- 
stants of Arg and Lys (two times greater for casein); Vr,  
Phe and Pro (greater for rapeseed). The ratio of maximum 
to minimum k? presented in Table 5 (k&/kgo for casein 
and k&/kgo for rapeseed) is at least 10. 

The results of computer modeling performed by means 
of PROTEOLYSIS program package are presented in Fig. 7 
as dependences of AAD vs. degree of proteolysis d =  
N/ (Bd + B, + N). Computer simulation implies the simpli- 
fication of process, therefore, only chymotrypsin was taken 
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Table 5. Rate constants for free amino acid release (k?) 

Amino Substrate P 
acid 

Casein Rapeseed 

pro 
GlY 
Ala 
Val 
Met 
Ile 
Leu 

Phe 
His 

TYr 

LYS 
A% 

Target** 
Non-target A*** 

0.01h* 
0.289 
0.48"' 
0.35'9 
0.96d 
0.38fg 
1.03 cd 
1 .29bC 

0.61" 
1.15bC 
1.8ga 

1.11Cd 

1.36 
0.51 
0.85 

0.19h 
0.39fgh 
0.60efg 
8.59efg 
1.05' 
0.72de 
0.87'd 
1.92a 
1.40b 
0.623ef 
0.56"fg 
0.89Cd 

1.19 
0.63 
0.56 

~ 

0.01 
N.S. 
N.S. 
0.01 
N.S. 
0.01 
0.01 
0.01 
0.0 1 
N.S. 
0.01 
0.01 

0.01 
0.01 
0.01 

* Means with different superscripts within each column are sig- 
nificantly different 
Target amino acids including Tyr, Phe, Lys and Arg 
Difference between target and non-target constants 

** 
*** 

into account. Proteolysis by chymotrypsin was simulated for 
two substrates with different values of demasking parameter 
b/kh and the same sequence of amino acid residues. In case 
of demasked peptide chain (h/kh = 4), the specific amino 
acid residues Tyr and Phe are liberated more rapidly than it 
goes for masked substrate with h/kh = 0.04. Contrary, the 
non-target amino acid residues (Gly and Val, for example) 
are liberated more slowly for demasked substrate than for 
masked one. Thus, kinetic curves are spread broader if there 
is no limitation connected with masking (Fig. 8). These ki- 
netic curves are distributed in the sector marked with vertical 
shading for demasked substrate and in the more narrow sec- 

a 
4 

a 1 
.- / 

0.25 

0.201 

0.16 
,., I / / f  I 

0.10 - -  

0.05 - -  

0.00 - 
0 00 0.05 0.10 0.15 0.20 0.25 

Proteolysis degree, d 

rn 
U 
.- 
U 
U 

tor for masked substrate (marked with grating). Kinetic para- 
meters used in PROTEOLYSIS program for a-chymotrypsin 
specificity (first approach for specificity constant evaluation 
from [ 1 13) are defined more precisely than that for other pro- 
teolytic enzymes, meanwhile the regularity reported is also 
valid for an arbitrary enzyme or enzyme mixture. 

Theoretical analysis and computer modeling show that 
the greater the extent of masking the smaller must be the 
range of variation among the rate constants. Under addi- 
tional masking, the hydrolysis of target but masked bonds 
is reduced. On the contrary, less specific but demasked 
bonds are more susceptible to hydrolysis. Thus under addi- 
tional masking, the distribution of ki must be narrower. 
Comparison of the experimentally determined distributions 
for masked rapeseed and demasked casein confirms this 
peculiarity (Fig. 3 and Fig. 4). 

Because of experimental complexity of distribution deter- 
mination for all rate constants, one needs a simpler criter- 
ion for estimation of state of masking. As a measure of 
masking effects one can use difference A in the rate con- 
stants for target (Tyr, Phe, Lys and Arg) and non-target 
amino acid residues (other residues). This parameter is 
greater for casein (0.90) than for rapeseed (0.59) (Table 4). 
Release kinetics for free amino acids reveals the same pe- 
culiarity: viz., A is greater for casein (0.85) comparing 
with rapeseed (0.56) (Table 5). 

One can anticipate that the difference between target and 
non-target rate constants can reflect the difference in mask- 
ing of other protein substrates [19, 231 which are able par- 
tially to retain their tertiary structure after peptic prediges- 
tion. The illustration is shown in Fig. 9, where the native 
@-lactoglobulin [23] and rapeseed proteins represent sub- 
strates with greater masking (A = 0.53 and 0.59) than case- 
in (A = 0.90). This high level of masking for (3-lactoglobu- 
lin is probably provided by tertiary structure [14], while for 
rapeseed protein concentrates the most important factors 
seem to be the incomplete solubility and the presence of 
glucosinolates, phytic acid and phenolic compounds which 

Proteolysis degree, d 
Figure 7. Computer simulation of proteolysis kinetics by means of PROTEOLYSIS program. AAD was calculated for proteolysis pro- 
ducts with length less than 6 residues. Sequence of amino acid residues for @-casein and specificity parameters for a-chymotrypsin from 
[l I] were used for simulation 
a: Specific residues Tyr and Phe; Tyr, h / k h  = 0.04(1); Q r ,  b / k h  = 4(2); Phe, b/kh = 0.04(3); Phe, h /kh = 4(4) 
b: Non-specific residues Val and Gly; Val, b / k h  = 0.04(1); Val, h /kh  = 4(2); Gly, b/kh = 0.04(3); Gly, h/kh = 4(4) 
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Figure 8. Computer stimulation of proteolysis kinetics. Results 
are presented in logarithmic coordinates. Masked substrate with 

); demasked substrate with h/kh = 4 (a) 

bind with rapeseed proteins and reduce their nutritive value 
[24,25]. Milk whey concentrate containing partially dena- 
turated whey proteins gives greater A = 0.85 comparing 
with native p-lactoglobulin (A = 0.53). Demasking of whey 
proteins in preparation used was additionally increased by 
heating which led to increase in A from 0.85 to 1.01. 

Thus, the method of determination of rate constants pro- 
posed in the present work enables quantitative comparison 
between digestion kinetics at the pancreatic stage of diges- 
tion for substrates with different masking. The various ki- 
netics of release of each amino acid residue can be de- 
scribed by the same simple equation (eq. 2), and then the 
relative rate constants can be compared. 

In contrast to other methods where nitrogen digestibility 
or total amino acids from digestion products were analysed, 
the proteolysis in dialysis reactor allows to study the ki- 

1.2 

1 .o 

0.8 

0.6 

0.4 

0.2 1 A 

3.59 

I B 

0.90 
0.85 

D 

1.01 

Figure 9. Difference between target and non-target constants (A) 
for various protein substrates: native P-lactoglobulin, A; rapeseed, 
B; casein, C;  milk whey concentrate, D; heated milk whey con- 
centrate, E 

netics for amino acids and low molecular weight peptides 
which are the end products of the lamina digestion. Our 
study shows that this fractions of whole hydrolysate are 
considerably affected by the state of masking of protein 
substrate. In kinetic aspect, most noticeable are the changes 
in distribution of rate constants and in difference between 
target and non-target rate constants. This approach could 
later be tested with other protein substrates of various ori- 
gins and nutritive values. 

References 

[l] SAVOIE, L., and S. F. GAUTHIER, J. Food Sci. 51 (1986) 494. 
[2] SAVOIE, L., I. GALLBOIS, G. PARENT and R. CHARBONNEAU, 

[3] SAVOIE, L., R. CHARBONNEAU and G. PARENT, Plant Foods 

[4] SAVALLE, B., G. MIRANDA and J.-P. PELISSIER, J. Agric. Food 

[5] YVON, M., S. BEUCHER, P. S c m ,  S. THIROUIN and J. P. PE- 

[6] VOROB’EV, M. M., Computer modeling of proteolysis. Proc. 

[7] ADLER-NISSEN, J., Enzymatic hydrolysis of food proteins. 

[8] BELIKOV, V. M., T. V. ANTONOVA and B. A. KVASOV, Bioor- 

[9] ADU-AMANKWA, B., and A. CONSTANTINIDES, Biotechnol. 

[lo] VOROB’EV, M. M., E. A. PASKONOVA, S. V. V m  and V. M. 

[ I l l  VOROB’EV, M. M., S. V. V m  and V. M. BELIKOV, Nahrung 

[I21 VOROB’EV, M. M., L. S. SLOBODYANIKOVA, S. V. VIIT, V. K. 

[13] SAVOIE, L., I. GALIBOIS, G. PARENT and R. CHARBONNEAU, 

[14] VOROB’EV, M. M., I. Yu. LEVICHEVA and V. M. BELIKOV, 

[IS] GALIBOIS, I., L. SAVOIE, N. C. SIMOES and A. RERAT, Reprod. 

[16] ANSON, M. L., J. Gen. Physiol. 22 (1938) 79. 
[17] SCHWERT, G. W., and Y. TAKENAK~ Biochim. Biophys. 16 

(1955) 570. 
[18]  VALE^, P., H. MAMUIN, T. CORRING, R. CHARBONNEAU 

and L. SAVOIE, Brit. J. Nutr. 69 (1993) 359. 
[19] SAVOIE, L., M. G. POULLAIN, G. PARENT and J. P. CEZARD, 

Federation Proceeding, Abstract N3116 (1990). 
[20] BLACKBURN, S., in: Amino Acid Determination Techniques. 

2nd ed. Ed. by S. BLACKBURN, p. 1-7. Marcel Dekker Inc., 
New York 1978. 

[21] SAVOIE, L., and R. CHARBONNEAU, Plant Foods Hum. Nutr. 
40 (1990) 233. 

[22] SARWAR, G., D. A. CHRISTENSEN, A. J. FINLAYSON, M. FRED- 
MAN, L. R. HACKLER, s. L. MACKENZIE, P. L. PELLETI, and 

Nutr. Res. 8 (1988) 1319. 

Hum. Nutr. 39 (1989) 93. 

Chem. 37 (1989) 1336. 

LISSIER, J. Agric. Food Chem. 40 (1992) 239. 

First MzSABI’95 Int. Symposium, Part 2, ULB, Brussel 1995. 

Elsevier Applied Science Publishers, London 1986. 

gan. Chim. (USSR) 5 (1979) 449. 

Bioeng. 22 (1980) 1543. 

BELIKOV, Nahrung 30 (1986) 995. 

31 (1987) 331. 

LATOV and V. M. BELIKOV, Nahrung 31 (1987) 777. 

Nutr. Res. 9 (1989) 696. 

PriM. Biochem. Mikrobiol. (Rus.) 32 (1996) 237. 

Nutr. Develop. 29 (1989) 495. 

R. TKACHUK, J. Food Sci. 48 (1983) 526. 

(in press). 

56 (1979) 475. 

[23] VOISINE, R., G. PARENT and L. SAVOIE, J. Agric. Food Chem. 

[24] RUTKOWSKI, A., and H. KOZLOWSKA, J. Am. Oil Chem. SOC. 

[25] LIU, R. F. K., and L. U. THOMPSON, J. Food Sci. 47 (1982) 977. 

Correspondence to: 
Dr. MIKHAIL M. VOROB’EV, Foodinform Ltd., 28 ul. Vavilova, 
117813 Moscow, Russia 

Received 2 April 1996 
Revised manuscript received 5 June 1996 

Nahrung 40 (1996) Nr. 5 ,  S .  248-255 255 




