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Abstract: Prospects for predicting the fragmentation of polypeptide chains during their enzymatic 

hydrolysis using proteolysis models are considered. The opening of the protein substrate during 

proteolysis and the exposure of its internal peptide bonds for a successful enzymatic attack, the so-

called demasking process, were taken into account. The two-step model of proteolysis was used, 

including the parameters of peptide bond demasking and hydrolysis rate constants for various pep-

tide bonds. Herein, we presented an algorithm for calculating the concentrations of peptide frag-

ments depending on the hydrolysis time or the degree of hydrolysis. The intermediate peptide frag-

ments with two or one internal specific bonds were considered. The fragmentation of β-lactoglobu-

lin (-LG) with trypsin was predicted, and the calculated concentration curves for peptide fragments 

were compared with the experimental dependences of concentrations on the degree of hydrolysis. 

Numerical parameters characterizing the kinetic curves were proposed for the intermediate and 

final peptide fragments, and they were used to compare the calculated and experimental depend-

ences. The predicted distribution of peptide fragments corresponded to the experimental data on 

the peptide release during proteolysis of -LG by trypsin.  

Keywords: proteolysis mechanisms; trypsin; peptide release; demasking kinetics  

 

1. Introduction 

Enzymatic hydrolysis of proteins (proteolysis) gives a mixture of various peptide 

fragments, the composition of which continuously changes during hydrolysis. The final 

products of proteolysis, which no longer include enzyme-specific peptide bonds, as well 

as rather long intermediate peptides, can be biologically active. The intermediate biopep-

tides can be obtained if the time interval in which the reaction should be stopped to avoid 

further degradation is known. An aid in the production of bioactive peptides by proteol-

ysis can be the prediction of peptide release using the quantitative models of proteolysis 

and computer simulations. 

It is clear that in order to predict the peptide release during proteolysis, it is necessary 

to know the quantitative contributions to the specificity of various amino acid residues at 

different positions closest to the cleaved bond within the conception of primary and sec-

ondary specificity [1, 2]. In addition to knowing the specificity parameters, one should 

know whether the conformation of the peptide chain is convenient for the successful en-

zymatic attack of a given peptide bond, i.e. whether this bond is demasked or not [3]. 

Various simplifications in calculation algorithm are inevitable when modeling such a 

complex phenomenon as proteolysis, including decrease in the number of intermediate 

fragments, approximately definition of the parameters that cannot be determined experi-

mentally, etc. Here, we propose a new algorithm for predicting the release of peptides 

during proteolysis of -LG by trypsin with consideration of demasking process. 
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The first quantitative data on the secondary specificity has been obtained for pepsin, 

considering up to 10 amino acid residues on both sides of the broken bond [4]. These data 

were used for the prediction of the peptide release in -LG with demasked peptide bonds 

[5]. Efforts are currently ongoing to analyze the secondary specificity of pepsin and model 

the peptide release kinetics [ 6,7]. For trypsin, mostly primary substrate specificity was 

taken into consideration for the proteolysis modelling [1, 8], although preferred and un-

desirable amino acid residues at various positions have also been established and taken 

into account [9]. Among the modeling the peptide release, we note also studies of prote-

olysis with proteases from Bacillus licheniformis [10] and Lactococcus lactis [11]. In all these 

works, it was assumed that any site of the polypeptide chain is freely accessible to the 

enzyme or some constant factor was introduced for the estimation of limited accessibility 

of the peptide bonds. There were no attempts to evaluate changes in the accessibility of 

peptide bonds during proteolysis that means that demasking process was not considered 

in these studies. 

In the protein substrates, trypsin cleaves predominantly peptide bonds at the car-

boxyl side of lysine and arginine (Arg-X and Lys-X bonds) unless they are followed by 

proline [12-14]. In the addition, the rate of hydrolysis of these bonds depends also on other 

neighboring amino acid residues [9]. Hydrolysis of some peptide bonds during proteoly-

sis is accompanied by structural changes in the protein, which in turn predetermine the 

hydrolysis of other bonds. Therefore, the opening of the protein substrate during proteol-

ysis and the corresponding exposure of its internal peptide bonds for successful enzy-

matic attack, the so-called demasking effect is very important component of proteolysis 

controlling its overall kinetics [15,16].  In contrast to the hydrolysis of low molecular 

weight substrates with one hydrolysable bond, proteolysis cleaves a set of peptide bonds 

of different secondary specificities and different demasking states, the latter being able to 

change during the process [15,16]. Proteolysis starts from the destruction of the initial 

structure of the globular protein or protein aggregates (micelles), which increases the ac-

cessibility of the remaining peptide bonds for the enzyme. This process provides demask-

ing of peptide bonds, leading to an increase in the rate of hydrolysis when the initially 

masked bonds become demasked [3]. The opposite process was noted during proteolysis 

of β-CN by trypsin, when increased aggregation and a local increase in masking was ob-

served in some time after the start of proteolysis [16]. The formation of additionally 

masked peptide bonds from proteolysis intermediates, as a result of their aggregation or 

conformational rearrangements, is referred to as the secondary masking. Recently, com-

petition between peptide bond demasking and secondary masking has been shown to ex-

plain restriction in substrate structure opening and limitation in peptide bond hydrolysis 

[17] with a decrease in enzyme concentration. 

The hydrolysis of peptide bonds was studied using the two-step proteolysis model 

that takes into account the demasking process [3, 16]. The rate of demasking was deter-

mined from the shift in tryptophan fluorescence, which changes as the protein globule 

degrades or protein micelles are destroyed [15, 16]. A complication of the two-step prote-

olysis model was carried out for the proteolysis of -LG with trypsin, considering two 

different stages of demasking, corresponding to the degradation of the protein globule 

and the destruction of the remaining hydrophobic core [18]. 

There are two possibilities for describing proteolysis: one can analyze the concentra-

tions of peptide fragments, or one can analyze the probabilities of bond cleavage versus 

the time of proteolysis. The first method provides more information about proteolysis, 

although it is more laborious and some of this information may be redundant because it 

is not known how to interpret it. The probabilities of bond cleavage contain much less 

information. Having the concentrations of all fragments, one can calculate the bond break-

ing probabilities, but the reverse is not possible. It was shown that even with the loss of 

some fragments, it is possible to reliably determine the cleavage probabilities for almost 

all specific bonds using HPLC-MC data [19]. It was also demonstrated that the changes in 

the probabilities of bond cleavage reflect the processes of the demasking of these bonds 

[20].  
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Herein, we show how proteolysis can be described in terms of fragment concentra-

tions with consideration of demasking of peptide bonds. The concentrations of peptides 

(final and intermediate products of proteolysis) were calculated and presented as func-

tions of degree of hydrolysis. These data were compared with the experimental data [21-

25] on the release of peptides during hydrolysis of -lactoglobulin by trypsin. Our goal 

was to present in detail the procedure for choosing the calculation parameters, including 

the demasking and hydrolysis rate constants. The equations for calculating the concentra-

tion of peptide fragments were also presented and the parameters of the concentration 

curves were considered, which made it possible to compare the simulation results with 

the experiment. 

2. Results 

2.1. The polypeptide chain fragmentation with one demasking step 

Proteolysis of a protein substrate is described by indicating the path of splitting long 

fragments of the polypeptide chain into shorter ones. The concentrations of these frag-

ments depending on the hydrolysis time are obtained by solving a system of differential 

equations describing the fragmentation kinetics, taking into account the material balance 

equations. In the case when all peptide fragments and all peptide bonds are freely availa-

ble for the action of the enzyme, which means that there is no masking, the solution of the 

kinetic task is trivial [26]. If some of the fragments are masked and the peptide bonds in 

them are inaccessible to the enzyme, then the analysis becomes complex. It is proposed to 

simplify this task.  

It is assumed that the region of the polypeptide chain, located between the most rap-

idly hydrolyzed peptide bonds, opens up for enzymatic attack as a result of demasking. 

The rate of hydrolysis of the intrinsic peptide bonds in this region is controlled by demask-

ing, i.e. the rate constants of their hydrolysis are equal or smaller than the rate constant of 

demasking f
dk . Figure 1 shows a diagram of such a process using the example of the 

formation of the trimer ABC containing two demasked enzyme-specific peptide bonds. 

The size of the demasked region is limited here to three blocks of amino acid residues, 

although the kinetics for a longer region can be calculated in a similar way. According to 

simplification, the hydrolysis of i and j bonds is impossible in the initial polypeptide chain, 

but it is possible only in ABC trimer and AB and BC dimers. Hydrolysis of the demasked 

peptide bonds A-B and B-C occurs with the hydrolysis rate constants ki and kj, resulting 

in fragments AB, BC, A, B, and C. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 1. A scheme of peptide release in proteolysis with one-stage demasking 
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In this scheme, the demasking process gives both the release of ABC molecule and 

the opening of AB and BC peptide bonds. The time dependences of the concentrations for 

all fragments are given in the Methods (Equations (1-6)). The initial concentration of the 

fragments at any position of the polypeptide chain is taken as a unit, for example, for the 

fragments containing A, [A]+[AB]+[ABC]+[-ABC-]=1 is valid. Therefore, all concentrations 

of peptide fragments given here are relative. 

 

2.2. The polypeptide chain fragmentation with two demasking steps 

 

 It has been shown that some sites are demasked in two stages because after the first 

stage of demasking with the demasking rate constant f
dk they are still in a core resistant 

to hydrolysis [18]. The second demasking step with the rate constant kd yields the 

demasked trimer ABC containing two demasked enzyme-specific peptide bonds: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. A scheme of peptide release in proteolysis with two-stage demasking 

 

In this scheme (Figure 2), the two-stage demasking process gives both the release of 

ABC molecule and the opening of ith and jth peptide bonds. The hydrolysis of ABC trimer 

proceeds in the same way as in the previous scheme (Figure 1). The time dependences for 

the concentrations of all fragments are given in the Methods (Equation (7)). 

 

 

2.3. Application of peptide release schemes to -LG proteolysis by trypsin. 

 

For the application of the model schemes (Figures 1 and 2) to real proteolysis, we 

collected here two kinetic parameters published for the proteolysis of -LG by trypsin 

(Table 1). These parameters are the enzyme selectivity [9] and phase lag time [18]. Addi-

tionally, the hydrolysis rate constant kj, for the peptide bonds j were calculated by Equa-

tion (10) (Table 1). 

The values of lag phase were used to assign peptide bonds to the type of demasking 

[18].  The peptide bonds 8, 14, 40, 75, 138, 141, and 148 were assigned to the one-stage 
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demasking, while the peptide bonds 83, 91, 124, and 135 were assigned to the two-stage 

demasking [18]. 

 

  

Table 1. Kinetic parameters for tryptic hydrolysis of -LG. 

Bond 

index j  

Cleavage site1 


2121

PPPP  
Selectivity2 

(%) 

0
tt lag / 3, 4 kj/k8  

7,8 

Most rap-

idly hydro-

lyzed bonds 

Most 

slowly hy-

drolyzed 

bonds 

Peptide fragments in 

trimer 

Type of demasking 

8 MK-GL  13.7 0 >>1 +   

9-14, 15-40, 41-69/70 

 Fragmentation with 

one demasking step 

 

14 QK-DL  7.4 0.33 1.2   

20 WY-SL  2.08 0.02  + 

40 LR-VY 9.9 0.15 3.1   

60 QK-WE 0.2 2.00 0.01  + 

69,70  10.15  21 +  

75 EK-TK 9.1 0.32 0.8 +   76-83, 84-91,92-

100/101 

 Two-step demask-

ing  

83 FK-ID 2.9 1.21 0.4   

91 NK-VL 3.8 0.89 0.5   

100,101  3.66 0.85 1.1   

124 VR-TP 5.0 1.36 0.5   101/102-124, 125-

135,136-138 

Two-step demasking 

135 EK-FD 1.6 1.94 0.05   

138 DK-AL 5.3 0.27 1.4 +  

141 LK-AL 9.4 0.18 2.3 +  

148 IR-LS 11.0 0.14 3.5 +   
1Peptide bonds 69,70 and 100,101 with amino acid sequence –Lys-Lys- were considered as bonds -

Lys-X- and denoted as cleavage sites 69/70 and 100/101, respectively. 2Values of enzyme selectivity 

were from [9]. 3Values of lag time tlag were from [18]. 4The characteristic time of hydrolysis t0 for 

the most rapidly hydrolyzed bond (j=8) was 2.14 min. 5Selectivity for j=69. 6Selectivity for j=101. 7 kj 

values were calculated by Equation (10) at 
f

dk  =0.46 min-1. 8k8 was 0.46 min-1. 

Based on the values of selectivity and kj, the peptide bonds 8, 69/70, 75, 141 and 138 

were assigned to the group of the most rapidly hydrolysable bonds. The peptide bonds 

20 and 60 were assigned to the group of the most slowly hydrolyzed bonds, and therefore, 

in our calculation, it was assumed that they were not hydrolyzed at all. Thus, taking into 

account all these estimates, the trimeric fragments of the -LG polypeptide chain are 9-14, 

15-40, and 41-69/70 (one-stage demasking); 76-83, 84-91, and 92-100/101 (two-stage 

demasking); 101/102-124, 125-135, and 136-138 (two-stage demasking). 

 

2.4. Simulation of peptide release for -LG proteolysis by trypsin 

 

An example of the dependences of peptide concentrations on hydrolysis time is given 

here for the intermediate fragments f(9-70) and f(9-40), as well as for the final products 

f(76-91) and f(101/102-124) (Figure 3a). The intermediate peptide products (ABC, AB and 

BC) are first formed and then reduced due to hydrolysis of the internal enzyme-specific 

peptide bonds (Figure 3a). The final products (A, B and C) accumulate because they do 

not contain enzyme-specific peptide bonds. When the demasking step is a kinetically sig-

nificant part of proteolysis, the concentrations of the proteolysis products may increase 

not immediately with the onset of proteolysis, but with a lag phase [18]. This is also ob-

served for the curves in Figure 3, especially for the peptide f(101/102-124). 
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(a) 

 

(b) 

Figure 3. Simulation of peptide release during proteolysis: (a) Calculated dependences of peptide 

concentrations on hydrolysis time for the intermediate peptides f(9-70) ■ and f(9-40) □, and for the 

final products of proteolysis f(76-91) ● and f(101/102-124) ○ . (b) Calculated dependences of peptide 

concentrations on the degree of hydrolysis for the same peptide fragments. 

The data on the release of peptides during proteolysis are presented here on the de-

gree of hydrolysis. This way of presentation is more convenient for determining the mech-

anisms by which various bonds are demasked and hydrolyzed. The transformation from 

time to degree of hydrolysis practically does not change the concentration dependences 

for intermediate products, but it does change the dependences for the final peptides. For 

them, the curves for fast-release peptides are still convex curves, while the curves for slow-

release peptides become concave (peptide f(101/102-124)) in Figure 3b. For the intermedi-

ate products, we did not use any approximate functions, but compared the curves on the 

basis of the average degrees of hydrolysis (dr). The degree of hydrolysis (dr) at which the 

main part of a peptide is released was calculated for each of the intermediate products 

using Equation (8) (Table 2). The calculation methodology is described in detail in the 

Section 4.3. The curvature of these curves is calculated using Equation (9), which is a 

power function and allows us to determine the exponent n (Table 3). Thus, we compared 

the kinetic curves for various final products by simply comparing the parameter n for 

them. 

Table 2. Simulation of the release of intermediate peptides.  

Peptide 

Type of 

demasking 
Hydrolysis rate 

constants (min-1) 

Calculated values 

of dr (%) 

Experimental 

estimation of dr 

(%) 

f(9-69/70) ABC One-stage1 k14=0.53   k40=1.41  2.6 1.53  

f(9-40) AB One-stage1   3.5 3.6  

f(15-69/70) BC One-stage1  2.8 -4 

f(76-100/101) ABC Two-stage k83=1   k91=1 3.9 3.4 

f(76-91) AB Two-stage2  4.3 4.4 

f(84-100/101) BC Two-stage2  4.3 4,7 

f(101/102-138) ABC Two-stage2 k124=2   k138=0.2 3.8 3,4 

f(101/102-135)AB Two-stage2  4,1 -4 

f(125-138) BC Two-stage2  4.7 6.1 

1 f
dk was 0.46 min-1 [18]. 2kd was 0.15 min-1 (

f
dk / kd=3 [18]). 3Only one concentration at d=1.5% for 

this fragment was given [9]. 4These peptide fragments were not found [9]. 
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Table 3. Simulation of the release of final peptides.  

Peptide 
Type of 

demasking 

Hydrolysis rate 

constants (min-1) 

Calculated values of 

n3 

Experimental estima-

tion of n3 

f(9-14) A One-stage1 k14=0.53   k40=1.41 0.85 0.68 

 f(15-40) B 

f(41-69/70) C 

One-stage1 

One-stage1 

  0.92  

0.44 

0.86 

0.59 

f(76-83) A Two-stage2 k83=1   k91=1 2.41 1.46 

f(84-91) B Two-stage2  2.86 2.37 

f(92-100/101) C Two-stage2  2.41 1.40 

f(101/102-124) A Two-stage2 k124=2   k135=0.2 2.21 1.13 

f(125-135) B Two-stage2  4.84 5.76 

f(136-138) C Two-stage2  4.77 5.10 

1 f
dk was 0.46 min-1 [18]. 2 kd was 0.15 min-1( f

dk / kd=3 [18]). 3 The exponents of the power function n 

were determined using Equation (9). 

 

Figures 4 and 5 show an example of the experimental and simulated dependences of 

the peptide concentrations as functions of d. The parameters dr for the intermediate pep-

tides and n for the final peptides are shown in Table 2 and 3, respectively. In order to 

compare the simulation results with the experiment, the parameters dr and n were calcu-

lated from the experimental data [9] at the published values of hydrolysis degree 0, 1.5, 3, 

4.5, 6 and 7.9%. For the same values of the degree of hydrolysis, the concentrations of 

peptide fragments were obtained using Equations (1-6) and Equation (7). 

 

(a) 

 

(b) 

Figure 4. Simulation of peptide release during proteolysis: (a) Peptide fragment ABC f(9-79/70) (one-

stage demasking) calculated (■) and  experimental (●) curves. Peptide fragment ABC f(76-100/101) 

(one-stage demasking),  calculated (□) and  experimental (○) curves. (b) Peptide fragment AB f(9-

40) (two-stage demasking) calculated (■) and  experimental (●) curves. Peptide fragment AB f(76-

91) (two-stage demasking),  calculated (□) and  experimental (○) curves. 

The experimental and simulated concentration dependences of the intermediate tri-

mer peptides ABC and dimeric peptides (AB or BC) differ from each other (Table 2, Figure 

4 a,b). For all 9 peptide fragments, trimeric peptides are released earlier than dimeric ones, 

and dr for the trimeric peptide fragments is less than for dimeric ones. The difference in dr 

for peptides released with the participation of one-stage and two-stage demasking are also 

different (Figure 4 a,b). This difference in release for peptides ABC (Figure 4a) is higher 

than that for peptides AB (Figure 4b). To determine the difference between the predicted 
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dr and those determined from the experimental curves, we used seven peptides for which 

there were experimental data (Table 2). The average difference between the experimental 

and predicted values of dr was 0.6%, while the range of their variation was from 1.5 to 

6.1%. 

For the final peptides, the curve was considered convex at n < 1, while at n > 1, the 

curve was considered concave. The values of n for the calculated and experimental curves 

were compared with each other (Figure 5b). For the final peptides, it was found that for 

one group of peptides, the dependencies were upward convex or linear, while for the 

other, the dependencies were definitely concave (Figure 5a). When peptide bonds were 

hydrolyzed by the two-stage demasking mechanism, the release of final peptides gives 

concave curves.  

 

 

(a) 

 

(b) 

Figure 5. Processing of concentration curves for final products: (a) Concentration dependences for 

f(9-14) (calculated □, experimental ■) and f(76-83) (calculated ○, experimental ●). Solid lines corre-

spond to Equation (9). (b) Correlation between experimental and calculated parameters n for 9 final 

products (Table 3). 

For all three peptides released by the one-step demasking mechanism, lower values 

of n were obtained compared to the other peptides released by the two-step demasking. 

This is observed for both experimental and simulated n, although no assumptions about 

the presence of demasking were made when processing the experimental curves. The co-

efficient of proportionality between the calculated and experimental values of n was 

1.25±0.42 with the expected coefficient of 1 (Figure 5b). Thus, the agreement between sim-

ulation and experiment was good.  

For the proteolysis of -LG by trypsin, the release of the peptides was determined 

experimentally depending on the degree of hydrolysis [27]. In this publication, among the 

last released intermediate peptides were f(41-60), f(76-83) and f(125-138), as well as pep-

tides f(61-70 + 149-162) and f(41-70 + 142-162) bonded with disulfide bond Cys66-Cys160 

[27]. Implementation of the demasking at the second stage may be associated with the 

destruction of the peptide complex connected by disulfide bridge and degradation of the 

-helical region of the polypeptide chain. This is consistent with the fact that amino acid 

residues 76-138 in β-LG were noted as trypsin-resistant core [28]. 

Approximately the same cleavage sites were identified by us in -LG as peptide 

bonds cleaved by trypsin after two-stage demasking. The indexes of such bonds were 20, 

60, 83, 91, 124, and 135 [18] without taking into account the hydrolysis of –Lys-Lys- se-

quence (cleavage sites 69, 70 and 100, 101). The peptide bonds were classified as hydro-

lysable by the mechanism of two-stage demasking, if their hydrolysis occurs with the 
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significant time lags [18]. Thus, lag phase estimation on kinetic curves and peptide release 

sequence can be used to link cleavage sites to demasking mechanisms.  

The experimental confirmation of the predicted regularities requires accurate meas-

urements of the concentrations of the released peptides. Among the quantitative studies 

on this topic, we note experiments in which peptide fractions [29,30] or individual pep-

tides [19,27] were presented as the functions of the degree of hydrolysis. In these works, 

the changes in proteolysis conditions were due to different concentrations of the enzyme 

and/or substrate [29,30,19,27], but the presentation of concentration dependences on the 

degree of hydrolysis made it possible to bring the dependences to the same scale. The 

hydrolysis of casein by chymotrypsin at various E/S ratios when the substrate concentra-

tion changed was interpreted in the framework of two-step proteolysis model [29]. Hy-

drolysis of casein by chymotrypsin at various E/S ratios with varying substrate concentra-

tions was interpreted in terms of a two-step proteolysis model [29]. It was taken into ac-

count that a change in the degree of hydrolysis may be the result of hydrolysis of other 

peptide bonds, leading to a change in the course of concentration dependences for the 

studied peptides. A similar effect is observed in the present study, leading to the transfor-

mation of the concentration dependences shown in Figure 3a into the dependences of Fig-

ure 3b. 

3. Discussion 

The proposed method for predicting the release of peptides is new, based on the 

modeling of proteolysis, taking into account the gradual demasking of peptide bonds dur-

ing the process of proteolysis. This approach was developed by us for the quantitative 

description of the proteolysis of various proteins by various proteases and was based on 

the kinetic data on the total hydrolysis of peptide bonds and tryptophan fluorescence 

[3,15-18,31]. The importance of taking into account demasking processes in the study of 

proteolysis was also shown using other analytical and physicochemical methods [20, 32-

35]. 

In the present work, it is shown that, knowing the rate constants of demasking and 

the rate constants of peptide bond hydrolysis, one can calculate the concentrations of pep-

tide fragments. This is illustrated here by the example of the release of trimeric fragments, 

which are demasked by the mechanism of one-stage or two-stage demasking. The size of 

these fragments can be increased and four-dimensional and longer fragments can be con-

sidered with the corresponding equations, similar to Equations (1-7). An additional sim-

plification in the calculations was that the hydrolysis of a small number of very slowly 

hydrolyzed bonds was not taken into account, and they were considered non-hydrolysa-

ble (ki=0). When processing experimental data, the concentrations of fragments formed by 

the hydrolysis of such bonds were small and they were added to the concentrations of the 

parent peptides. Thus, the concentrations of dimeric peptides with the internal bonds i=20 

and 60 were restored. The size of peptide fragments can be increased and all specific 

bonds, including slowly hydrolyzed ones, can be taken into account, which will increase 

the accuracy of the prediction of peptide release. However, the equations will be much 

more complicated. 

The concentrations of peptide fragments were calculated using the example of β-LG 

proteolysis with trypsin as a practically important and experimentally well-studied case. 

For this case of proteolysis, the demasking parameters were determined using fluores-

cence spectroscopy [15,18]. The resulting peptides were identified and their concentra-

tions were determined at several values of the proteolysis time, which makes it possible 

to build concentration dependences for the intermediate and final products of proteolysis 

[9,27]. 

We made an assumption that the concentration of the active enzyme is constant 

throughout the proteolysis, which allowed us to obtain the analytical solutions for the 

kinetic schemes (Figures 1 and 2). If the effective Michaelis constant is expressed as a func-

tion of the degree of hydrolysis, then we can introduce a new time variable, as we showed 
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earlier [31], and thus obtain solution in the analytical form as functions of this variable. A 

decrease in the concentration of the active enzyme is associated with both the equilibrium 

inhibition of the enzyme by proteolysis products and the relatively slow irreversible inac-

tivation of the enzyme during proteolysis [36]. The slow inactivation of the enzyme during 

proteolysis was shown by the example of proteolysis of casein by chymotrypsin [36], and 

it explained the slowdown of proteolysis in the exponential model of proteolysis [37]. In 

the general case, one can use numerical integration and obtain solutions of the system of 

differential equations by specifying a specific form of the dependence of the concentration 

of the active enzyme on the time of proteolysis.  

The description of proteolysis using bond cleavage probabilities is based on a signif-

icant simplification, namely on the assumption that the rate constants of hydrolysis of any 

bond are the same in the various demasked peptides in which this bond is located. During 

the hydrolysis of the polypeptide chain by the most enzymes, this assumption is justified, 

since the binding sites of the active sites of these enzymes do not exceed the length of the 

hydrolyzed fragments. An exception is the hydrolysis of peptides in which specific bonds 

are located in the neighborhood. For the proteolysis of -LG by trypsin, the influence of 

the hydrolysis of the neighboring specific bonds on each other can be first for the cleavage 

sites 69, 70 and 100, 101 with amino acid sequence –Lys-Lys-. In this case, it is better to use 

the description of proteolysis in terms of fragment concentrations calculated, for example, 

by the computer program [5], in which the influence of the ends is taken into account by 

the corresponding term, which reduces the rate constant of the hydrolysis of bonds in 

short peptides. An alternative is to simplify the consideration of the –Lys-Lys- site as a 

single peptide bond Lys-X, as we did in the present study. 

Identification and quantitative determination of peptides in hydrolysates is effec-

tively carried out by HPLC-MS methods [19, 9,10]. The probability of hydrolysis of a pep-

tide bond is determined by summing the concentrations of all peptides formed as a result 

of breaking this peptide bond. This technique was used to determine the enzyme selectiv-

ity for specific peptide bonds [10,19]. The proteolysis of whey proteins by the Bacillus li-

cheniformis protease was analyzed by the hydrolysis of individual bonds [19] and it was 

shown that more than half of the kinetic curves have a characteristic shape, indicating the 

presence of the demasking effect [20]. The proteolysis of whey proteins by the Bacillus 

licheniformis protease was studied by analyzing the hydrolysis of individual bonds [19], 

and it was shown that more than a half of kinetic curves have a characteristic shape, indi-

cating the presence of an demasking effect [20]. The fitting such curves with Equation (10) 

makes it possible to determine the hydrolysis rate constants kj. But these constants are 

only suitable for the hydrolysis 0f peptide bonds with one-step demasking. Equation (11) 

in ref. [18] should be used to determine the hydrolysis rate constants for the two-stage 

demasking. However, the application of this equation requires a more detailed measure-

ment of the kinetic curves than was done in the works [9, 10,19,20]. When selecting the 

values of kj for two-stage demasking, we could not directly use the obtained values of kj 

(Table 1), but they indicated which of the bonds is hydrolyzed faster and which slower. 

To simulate the formation of peptide fragments when considering the complete sys-

tem of differential equations describing the complete kinetics, it is necessary to know all 

the hydrolysis constants of specific bonds. For example, for porcine pepsin, an algorithm 

was proposed for calculating the rate constants of hydrolysis by summing the increments 

determined for all amino acid residues [4]. Thus, for any amino acid sequences and any 

cleavable bond positions, the hydrolysis constants should be calculated. This is a very 

time-consuming task and, therefore, it is necessary to make simplifications.  

Our results on the proteolysis of -LG by trypsin show that determination of the 

demasking mechanism is of great importance. This includes determining by what mech-

anism each peptide bond is demasked before its hydrolysis and determining the corre-

sponding demasking rate constants. Apparently, the precise determination of the demask-

ing mechanism may be even more important than the exact determination of the rate con-

stants of hydrolysis for peptide bonds. This looks favorable, since the determination of the 

demasking parameters by spectral methods is simpler than the kinetic determination of 
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the hydrolysis rate constants. The use of other enzyme-substrate pairs is necessary in fur-

ther experiments to more fully elucidate the role of peptide bond demasking in predicting 

the kinetics of peptide release. 

The difference between prediction and experiment in modeling the yield of peptides 

can be due to several reasons. Firstly, this is the imperfection of the model itself and addi-

tional simplifications made by us for the convenience of calculations. Secondly, this is in-

sufficiently accurate knowledge of the values of the kinetic parameters included in the 

model. Third, the experimental data on peptide concentrations themselves contain errors. 

However, we have obtained a satisfactory agreement between experimental data and sim-

ulation results. It should be noted that the methods for comparing the calculated and ex-

perimental data on the release of peptides as a result of proteolysis have not been finally 

determined. In this work, for intermediate peptides, it is proposed to compare the average 

degrees of hydrolysis of peptide release. For the final peptides, the convexity of the con-

centration dependences on the degree of hydrolysis is compared. Further research should 

show if these methods are useful for modeling peptide release or if others are needed. 

4. Materials and Methods 

4.1. Quantitative modelling of proteolysis with one-stage demasking 

To calculate the relative concentrations C(t) of the peptide fragments  (Figure 1) at 

various ptoteolysis times t [min], the following equations must be used: 

( )
[ ]
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d
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k k tk td

i j f

d

k
ABC e e

k k k
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In the calculations f
dk was 0.46 min-1 [18] and the hydrolysis rate constants were taken 

from Table 1 for the one-stage type of demasking. 

4.2. Quantitative modelling of proteolysis with two-stage demasking 

To calculate the relative concentrations of peptide fragments (Figure 2), it is 

necessary to use the following equation: 

( )

0 1 2 3 4 5( )
f i j i j

d d
k t k tk k t k t k t

C t C C e C e C e C e C e
− −− + − −= + + + + +

      (7) 

where the constant coefficients C0, C1, C2, C3 are collected in Table 4, while the constant 

coefficients C4 and C5 are in Table 5. f
dk was 0.46 min-1 [18], while kd was accepted to be 

0.15 min-1 to keep the ratio 
f

d
k

/ kd around 3 [18]. The hydrolysis rate constants were taken 

from Table 1 for the two-stage type of demasking. 

Table 4. Coefficients C0, C1, C2, and C3 for the terms of Equation 7.  

Peptide 

fragment 

Constant 

term C0 
Coefficient C1 at 

f
d

k t
e
−

 Coefficient C2 at 

( )i j
k k t

e
− +

 

Coefficient at C3 
dk t

e
−
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Table 5. Coefficients C4 and C5 for the terms of Equation 7.  

Peptide fragment 
Coefficient C4 at 
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4.3. Estimation of the parameters for concentration dependences  

 For the intermediate peptide fragments, the average hydrolysis degree of the peptide 

release dr was calculated using the following equation: 
6 6

1 1

( ) / ( )r i i i

i i

d d C d C d
= =

=   ,          (8) 

where C(di) are the concentrations of peptide fragments determined at six hydrolysis de-

grees di (0, 1.5, 3, 4.5, 6 and 7.9%). We used the same values of the degrees of hydrolysis 

that were used in the work [9] with which we compared the simulation results. Concen-

trations taken from Table S-4 [9] were divided by 50 to obtain the relative concentrations 

of peptide fragments. 

 For the final peptides, the parameter n was calculated using the following equation: 

( )( ) / 7.9
n

i iC d a d=
,           (9) 
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where a is a constant factor and n is the exponent of the power function. 

The concentration of the products of the hydrolysis of jth peptide bond is described 

by the equation (Equation (10) in ref. [18]): 

0( ) 1
( ) ( )
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d

k tj f k t
j d

j f j f

d d

k e k e
N t N

k k k k

− − 
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− −  
 ,        (10) 

where Nj is the concentration of all products derived from the hydrolysis of jth bond [18]. 

Equation (10) was used for the determination of the hydrolysis constant kj at a fixed value 

of f
dk = 0.46 min-1 from the experimental kinetic data [9]. 
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