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Review 

Towards Quantitative Description of Proteolysis: 
Contribution of Demasking and Hydrolysis Steps 
into Proteolysis Kinetics of Milk Proteins 
Mikhail M. Vorob’ev 

A.N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, 28 ul. Vavilova,  
119991 Moscow, Russian Federation; mmvor@ineos.ac.ru 

Abstract: The hydrolysis of proteins by proteases (proteolysis) plays a significant role in biology and food 
science. Despite the importance of proteolysis, a universal quantitative model of this phenomenon has not yet 
been created. The review considers approaches to modeling proteolysis in a batch reactor that take into account 
differences in the hydrolysis of various peptide bonds, as well as the limited accessibility (masking) for the 
enzyme of some hydrolysis sites in the protein substrate. The kinetic studies of proteolysis of β-casein and β-
lactoglobulin by various proteolytic enzymes throughout the whole degree of hydrolysis are reviewed. The 
two-step proteolysis model is regarded that includes demasking of peptide bonds as a result of opening of the 
protein structure at the first stage, and then hydrolysis of the demasked peptide bonds. To determine the 
kinetics of demasking, the shift in Trp fluorescence during opening of the protein substrate is analyzed. Two 
stages of demasking and secondary masking also are considered, explaining the appearance of unhydrolyzed 
peptide bonds at the end of proteolysis with decreasing enzyme concentration. Proteolysis of a nanosized 
substrate is considered on the example of tryptic hydrolysis of β-CN micelles, leading to the formation and 
degradation of new nanoparticles and non-monotonic changes in the secondary protein structure during 
proteolysis. 

Keywords: proteolysis mechanisms; hydrolysis kinetics; trypsin; β-casein; β-lactoglobulin  
 

1. Introduction 
The hydrolysis of proteins by proteases (proteolysis) plays a major role in a variety of biological 

processes and is widely used in biotechnology and food science. Despite the huge number of 
publications on proteolysis, it has not yet been definitively formulated which stages of this process 
can be kinetically significant so that they can be used for its quantitative description. A selection of 
the individual steps in the complex process is typical for biochemistry, and for enzymatic hydrolysis 
this is done using the Michaelis-Menten equation for non-polymeric substrates with a single specific 
bond to be cleaved [1,2]. However, it is problematic to use this approach for enzymatic hydrolysis of 
proteins due to the multiplicity of peptide bonds and the complexity of the spatial structure of the 
protein substrates [3–5]. In this review, we have attempted to formulate new approaches to the study 
of proteolysis that can lead to a quantitative description of this important phenomenon.  

Recently, a large number of works have appeared devoted to biopeptides obtained by 
proteolysis from inactive food proteins [6–9]. To optimize these processes, it is necessary to know the 
ratio of the hydrolysis rates of different peptide bonds in the protein being hydrolyzed. Approaches 
that take into account differences in the hydrolysis of various peptide bonds in proteins, as well as 
the limited accessibility of some hydrolysis sites to proteases were considered herein. 

2. Enzymatic Hydrolysis of Peptide Bonds 
The elementary chemical act of proteolysis is the enzymatic hydrolysis of the peptide bond with 

the formation of a carboxyl group and an amino group: R1-CONH-R2 + H2O → R1COOH + NH2R2. 
Proteolysis is a complex reaction that includes a large number of elementary reactions involving 
various polypeptide chains, designated R1 and R2. A feature of proteolysis is that both the substrate 
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and catalyst are biopolymers. The enzyme is in the form of a globule (the active form of the protein 
catalyst), while the hydrolyzed substrate is a mixture of various protein substrates, constantly 
transforming into one another.  Initially, the substrate is a protein in its original conformation, then 
it is converted into a set of fragments of the polypeptide chain with decreasing length. During the 
reaction, in addition to the hydrolysis of peptide bonds, a decrease in the protein secondary structure 
of peptide fragments occurs, as well as an increase in their hydration. 

According to Antonov, the author of the first monograph on the chemical aspects of proteolysis 
[10], before the formation of an enzyme-substrate complex, the attacked peptide chain must be fixed 
relative to the active site of the proteolytic enzyme (substrate anchoring). Fixation of the attacked 
peptide bond involves at least two stages. The first fast stage can be controlled by diffusion, the 
second stage is slow, as evidenced by the rate constants of these stages given in [10,11]. 

The chemical steps of peptide bond hydrolysis in low molecular weight substrates are well 
studied for many proteases, and especially well for serine proteases [12,13]. For the stages of enzyme-
substrate complex formation, acylation to form the basic product, and deacylation to form the acidic 
product, the substrate specificity and pH profiles of the rate constants of these stages were studied. 
However, in the total hydrolysis of peptide bonds in the protein substrates, the different chemical 
steps are not distinguished, and the effective rate constants kcat/KM or kcat are considered [14–16]. 

Unlike low molecular weight substrates with one hydrolyzed bond, for a protein (polypeptide) 
substrate there are difficulties in choosing a method for describing the kinetics of its hydrolysis. 
Indeed, when carrying out proteolysis, it is impossible to hydrolyze some bonds while maintaining 
other bonds unhydrolyzed, as a result of which the acts of bond cleavage are interdependent. To 
obtain information on the proteolysis of a given protein, the kinetics of hydrolysis of individual 
peptide bonds should be analyzed, for example, by determining the selectivity of protease to 
analyzed protein substrate [17–19]. This parameter determines the rate of hydrolysis of each 
individual cleavage site (peptide bond) in the protein relative to all cleavage sites in the protein 
sequence [17]. With this approach, the concentrations of all peptides obtained as a result of hydrolysis 
of a given site are first summed up. Then this sum, the concentration of the cleavage site products, is 
plotted against the hydrolysis time, which allows one to analyze the kinetics of hydrolysis of this site. 
In this way, the selectivity parameters are determined for all specific peptide bonds for a given 
enzyme in the protein substrate being studied [17–19]. 

The ability to compare numerous experimental data on the hydrolysis of various peptide bonds 
in protein substrates is provided by the classification proposed by Niemann [20], according to which 
the specificity of the enzyme includes primary, secondary and tertiary specificity. The primary 
specificity corresponds to the interaction with the enzyme of the side chain of the amino acid residue, 
the carbonyl group of which forms the cleaved bond. Secondary specificity corresponds the 
interaction with the enzyme of other amino acid residues of the peptide chain located close to the 
bond being cleaved. The location of certain amino acids in certain positions provides favorable 
enzyme-substrate binding and catalysis. This can be expressed qualitatively [19,21–23], or 
quantitatively by calculating the increment corresponding to the contribution of a given amino acid 
residue at a given position [10,13,24–26]. Taking into account the increments of amino acid residues 
at the corresponding positions, it is possible to calculate the probability of hydrolysis of various 
peptide bonds in an arbitrary amino acid sequence [10].  

For pepsin, an algorithm for calculating the kinetic constants of hydrolysis of peptide bonds in 
any peptide with a known sequence of amino acid residues was demonstrated [28]. The values of 
lg(kcat/KM) for the attacked peptide bonds were considered the additive function of the contributions 
of amino acid residues R-4 – Ri+5 located in the positions P+5 – P-5 [10]. The calculated kinetic parameters 
for different peptide bonds varied significantly, usually by several orders of magnitude [10,28].  The 
experimentally determined selectivity parameters for different peptide bonds in the protein 
substrates also differ significantly [17–19,29]. It is clear that the models of proteolysis must consider 
the dissimilarity of various peptide bonds in the protein substrates, especially the models describing 
formation of biopeptides by proteolysis. 

The review considers proteolysis by non-immobilized proteolytic enzymes in batch reactors as 
the simplest proteolytic system amenable to detailed quantitative study.  Proteolysis in open-type 
reactors with immobilized proteases [30,31] and in vitro digestion systems with several enzymes 
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[32,33] are not considered here because their adequate quantitative analysis is more difficult and the 
quantitative description of proteolysis in such systems is still lacking. 

3. Proteolysis Models  
An analysis of recent studies of proteolysis [34–36] shows that among the qualitative models of 

proteolysis, the Linderstroem-Lang theory [37] proposed in the 40-50s of the last century remains 
popular. The Linderstroem-Lang theory provides for two extreme cases of the protein degradation 
under the action of proteases: one-by-one hydrolysis (sequential decay) and zipper hydrolysis 
(parallel decay). 

In the case of one-by-one mechanism, the limiting step is the opening of the internal peptide 
bonds of the protein globule, after which most of the peptide bonds can be hydrolyzed. Thus, protein 
macromolecules are hydrolyzed one after another. A characteristic feature of the one-by-one type is 
the absence of the noticeable intermediate peptides and the presence mainly of the original protein 
and final peptides [38]. 

In the proteolysis of zipper type, the hydrolysis of internal peptide bonds is not limited and all 
protein macromolecules participate in the proteolysis process at the same time. In this case, the 
hydrolysates contain a wide range of the intermediated and final peptide fragments [38]. 

Among quantitative models of proteolysis, the most popular models are those in which peptide 
bonds and the rate constants of their hydrolysis are assumed to be the same, and the main variables 
of the model are the degree of hydrolysis of peptide bonds and the total rate of hydrolysis [39–45]. 
These models can be called models of total proteolysis, since the processes of hydrolysis of different 
sites of hydrolysis (different peptide bonds) are not considered in them. The simplest model of total 
proteolysis, the exponential model [46–48], requires only two parameters for the kinetic description 
during the whole duration of the process. This model provides a simple mathematical dependence, 
the exponential dependence of the rate of hydrolysis on the degree of hydrolysis of peptide bonds. 
The definition of the different kinetic schemes and the quantification of reaction rate constants for 
various peptide bonds are not required. 

The exponential model like other models of total proteolysis allow kinetic curves to be described 
mathematically accurately and the parameters to be calculated, but these parameters do not have a 
rigorous biochemical background and are often not useful for interpreting experimental patterns. The 
models of total proteolysis can be used to optimize conditions for obtaining protein hydrolysates 
from various proteins, as shown by recent reviews [39,40]. In the models of total proteolysis, all 
peptide bonds are considered the same [39,40], which is a disadvantage of such models, since it 
contradicts the experimental data discussed in the previous section. 

Considering the complex nature of proteolysis process, a two-step model of proteolysis was 
proposed (Figure 1) [4,20]. The new approach was that the hydrolyzable site can be hydrolyzed after 
the demasking step, causing masked peptide bonds to become demasked with the rate constant of 
demasking (kd). The hydrolysis of different peptide bonds j is realized with different hydrolysis rate 
constants kj at the second step - the chemical step of the hydrolysis of demasked peptide bonds. In 
this step, peptide bonds are hydrolyzed according to their specificity determined by the amino acid 
sequence.  

 
Figure 1. Demasking and hydrolysis steps in the splitting of j-th peptide bond are characterized by the rate 
constants of demasking kd and hydrolysis kj. 
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The demasking rate constant is determined by the rate of opening of the internal regions of the 
substrate for subsequent hydrolysis. It was assumed that to describe demasking, it is not the methods 
of chemical enzymology that are needed, but rather the methods of physical chemistry that 
characterize changes in the conformation of polypeptide chains over time [4]. 

This review examines works describing proteolysis according to the scheme shown in Figure 1. 
In this approach, the rate constants of hydrolysis are different for different peptide bonds, and their 
hydrolysis may not begin immediately after adding enzyme to the reaction mixture, but after the 
demasking step. 

4. Milk Proteins as Substrates for Proteolytic Reaction  
Proteins from milk whey are used as food ingredients due to their functional and nutritional 

properties. The major protein in bovine whey is the small globular protein b-lactoglobulin, β-LG (55–
60%) [49,50]. The monomeric β-LG is made up of 162 amino acid residues (∼18.3 kDa) and is 
stabilized by 2 disulfide bonds [50]. Its secondary structure was predicted mainly as β-sheet (50%) 
[51]. β-LG and its enzymatic hydrolysates have high functional and nutritional properties. The 
hydrolysates of β-LG contain a lot of biopeptides that can be used as biologically active additives in 
therapeutic nutrition and cosmetic [52]. 

Casein micelles are colloidal complexes of proteins and salts, and their main biological function 
is to transport sparingly soluble calcium phosphate in liquid form to infants [53]. They have four 
major protein species, termed αs1-, αs2-, β- and κ-caseins [53]. β-CN is the most hydrophobic one 
within the group of caseins, which constitutes about 45% of the casein of bovine milk [49]. It is a ∼24 
kDa single polypeptide chain which consists of 209 amino acid residues [54]. Since β-CN does not 
contain disulfide bonds, it has no tertiary structure, but some regions of the polypeptide chain have 
secondary structure. β-CN has a hydrophobic C-terminus and a hydrophilic negative N-terminal 
region [55]. Caseins are known to be easily hydrolysed by proteases due to their conformational 
flexibility and the abundance of the enzyme-accessible peptide bonds. β-CN is of interest because of 
its nutritional importance and utility as a drug delivery vehicle [56,57]. The hydrolysates of β-CN, as 
well as β-LG, are rich in biologically active peptides [58,59]. 

Due to their low cost and relatively small size, β-CN and β-LG are widely used as protein 
substrates for proteolytically-induced generation of peptides, the number of which is not so large 
(several dozen), and their quantity is quite suitable for correct identification and quantification by 
HPLC-MS methods [60–65]. Among these studies, it is necessary to highlight those in which 
quantitative analysis of peptides was carried out not at one point of time, but at several points during 
proteolysis. Such data on the concentration dependences of proteolysis products on the reaction time 
are suitable for verifying proteolysis models and determining numerical values of the kinetic 
parameters. The data for such determinations were published for the proteolysis of β-CN with trypsin 
[60], engineered trypsin [3,61], chymotrypsin [62], and proteases from Lactococcus lactis [5]. Analogical 
data were published for the proteolysis of β-LG by trypsin [38,61,65], protease from Bacillus 
licheniformis [17–19,66], and chymotrypsin [62]. 

5. Kinetic Evidences of the Existence of Demasking  
This section provides experimental kinetic data confirming the presence of a non-hydrolytic 

stage preceding the hydrolysis of peptide bonds according to Figure 1. The following three processes 
accompanying proteolysis were studied quantitatively (Table 1):  
I. The accumulation of total amino nitrogen during proteolysis, which made it possible to track 

changes in the rate of hydrolysis during proteolysis;  
II. The release of peptide fragments during proteolysis;  
III. The cleavage of individual peptide bonds. 

Table 1. Kinetic patterns, indicating the presence of a stage preceding the hydrolysis step. 

 Substrate  Enzyme Process  Observed feature  Reference  
I. 
Hydrolysis 
of all 

Whole casein Chymotrypsin 
Growth of total 
amine nitrogen 
during proteolysis 

Non-monotonous 
decrease in hydrolysis 
rate, Figure 2a  

[67] 
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peptide 
bonds 
      
II. Release 
of peptide 
fragments  

 β-CN Trypsin 
Release of peptide 
Gly203-Val209  

Presence of lag phase 
in the release of this 
peptide, Figure 2b  

[4] 

 β-LG Trypsin 
Release of peptides: 
Ile84-Lys91, Thr125-
Lys135, Phe136-Lys138 

Presence of lag phase 
in the release of these 
peptides, Figure 2b 

[68] 

      

III. 
Hydrolysis 
of 
individual 
peptide 
bonds 

β-LG 
Protease from 
Bacillus 
licheniformis 

Cleavage of 
individual peptide 
bonds: Glu51-Gly52, 
Glu65-Cys66, Glu112-
Pro113, Glu114-Gln115, 
Glu131-Ala132, Asp11-
Ile12, Asp28-Ile29, 
Asp33-Ala34, Asp85-
Ala86, Asp96-Thr97, 
Asp129-Asp130, Asp137-
Lys138  

Hydrolysis of these 
bonds corresponds to 
equation for 
sequential demasking 
and hydrolysis 
kinetics 

[69] 

 
α- 
lactalbumin 
(α-LA) 

Pepsin 

Cleavage of 
individual peptide 
bonds: Phe9-Arg10, 
Leu23-Pro24, Phe80-
Leu81, Asp83-Asp84 

Presence of lag phase 
in the hydrolysis of 
these peptide bonds 

[34] 

 

  
(a) (b) 

Figure 2. Kinetic patterns, indicating the presence of demasking step preceding the hydrolysis of peptide bonds: 
(a) Model dependences of the total hydrolysis rate on hydrolysis degree for low molecular weight substrate (•) 
and protein substrate with masked peptide bonds (▪). Demasking and hydrolysis parameters were taken for 
chymotrypsin [67]; (b) Model release of peptides during proteolysis of β-LG by trypsin [68]. Release of peptide 
f(9-69), (•) and peptide f(76-91), (▪) according to the model taking into account demasking process [68]. Reprinted 
from [68]. Copyright © 2023 by the authors. Licensee MDPI, Basel, Switzerland. 

When low molecular weight substrates with one bond are hydrolyzed, the hydrolysis rate 
decreases monotonically with increasing hydrolysis time or degree of hydrolysis (curve 1, Figure 2a) 
[67]. During proteolysis of whole casein by chymotrypsin [67], the overall rate of hydrolysis stops 
falling in the middle part of the proteolysis process and remains at a relatively high level for some 
duration of proteolysis (curve 2, Figure 2a). Then there is a decrease in the rate of hydrolysis, which 
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continues until the end of proteolysis (curve 2, Figure 2a). Similar curves were obtained by 
extrapolating the kinetics of hydrolysis to zero concentration of the protein substrate, when the 
decrease in the concentration of the active enzyme due to inhibition by proteolysis products can be 
neglected [67]. The explanation for this kinetic feature was demasking [4,67], which was assumed to 
be generally specific for proteolysis, regardless of the particular protein substrate or proteolytic 
enzyme. The masking of peptide bonds inside protein globule or micelle prevents the hydrolysis of 
a part of peptide bonds at the beginning of proteolysis. As the steric obstacles are removed in the 
result of demasking, these peptide bonds begin to hydrolyze, resulting in a shoulder in the curve of 
rate of hydrolysis [67].  

The interesting proteolysis patterns were noted when modeling the release of individual 
peptides during proteolysis with consideration of demasking [68]. The majority of peptides start to 
form right after the beginning of proteolysis (curve 1, Figure 2b). However, among the released 
peptides, one can find a set of peptides (curve 2), the course of formation of which differs significantly 
from curves 1. During the formation of such peptides, a lag phase can be observed, corresponding to 
their slow formation at the beginning of proteolysis. Curves of type 2 (Figure 2b) prove the presence 
of demasking process, preceding the hydrolysis of peptide bonds, due to which the N- and C-terminal 
groups of such peptides are formed with lag phase [68]. 

There are two possibilities for the describing proteolysis either in the terms of peptide fragments 
or individual peptide bonds [68]. Using analytical methods developed in the analysis of the selectivity 
of peptide bond hydrolysis, it has become possible to analyze and compare the hydrolysis kinetics 
for individual peptide bonds of the protein substrate [68,69]. The concentrations of individual peptide 
bonds not hydrolyzed at a certain hydrolysis time were well described by an equation depending on 
this time, and this equation was derived under the assumption of the existence of demasking stage 
preceding the hydrolysis of peptide bonds [68,69]. In turn, the lag phase kinetic patterns were 
explained when considering the demasking process [34] (Table 1). 

The data collected in Table 1 were obtained by analyzing kinetic curves constructed with discrete 
points along the course of proteolysis, and this method is very labor-intensive. The importance of 
demasking processes in the modeling of proteolysis was also demonstrated by other methods 
without tedious monitoring of hydrolysis curves [70,71]. 

6. Relationship Between Total Hydrolysis of Peptide Bonds and Conformational Changes in 
Protein Substrate 

When modeling proteolysis, Vorob’ev et al. proposed to separate the descriptions of the 
processes of hydrolysis of peptide bonds and the changes in the spatial structure of the protein and 
its fragments [72,73].  The bond hydrolysis and changes in protein structure can be viewed 
simultaneously, allowing one to see how one characteristic relates to another and vice versa. 

Hydrolysis and structure degradation are two sides of the same proteolysis process, but they are 
different in terms of what is measured and by what methods it is measured. The classical kinetic 
studies of proteolysis are based on the characterization of the chemical process, the hydrolysis of 
peptide bonds, which is determined by the increase in total amino nitrogen N(t) over time t [62,63]. 
The degree of hydrolysis DH=(N(t)-N(0))/S0, where N(0) and S0 are the concentrations of amino 
nitrogen at the beginning of proteolysis and at the complete hydrolysis of all peptide bonds, is well-
known characteristic of proteolysis [74,75]. To measure changes in the spatial structure of a protein 
substrate during proteolysis, the physicochemical methods, primarily spectroscopic, are required. 
The possibility of monitoring the protein structure changes in course of proteolysis was shown by 
using fluorescence [72,73], infrared (FTIR) [76–79], ultrasonic [80–82] and other physicochemical 
methods. 

The evolution of proteolysis can be depicted graphically, plotting the degree of hydrolysis of 
peptide bonds on one axis, and the degree of degradation of the protein structure on the other. With 
this representation of the proteolysis process by a curve in these coordinates, inhibition or 
inactivation of the enzyme does not have a significant effect on it, as shown by the kinetic analysis 
[67,72]. Much progress in the developing these ideas and quantification of demasking rate constants 
was achieved using fluorescence spectroscopy [72,73]. 

The degree of degradation of the protein structure during proteolysis of β-LG and β-CN with 
trypsin was determined using fluorescence spectroscopy of tryptophan residues [72]. It was observed 
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that in the course of proteolysis the positions of emission maxima in the studied spectra were 
intermediate between those for native protein and free L-Trp amino acid, where the solvent polarity 
around Trp is the lowest and the highest possible, respectively.  It is known that the position of 
fluorescence emission maximum of tryptophan residues is sensitive to their closest environment 
[84,85]. The opening of a protein substrate during proteolysis leads to a corresponding increase in the 
polarity of amino acid residues that were initially in a relatively hydrophobic environment of protein 
substrate as it shown in Figure 3. An increase in the polarity of amino acid residues such as 
tryptophan, which have the maximum fluorescence among aromatic amino acid residues, leads to a 
red shift of their fluorescence, i.e. the fluorescence emission spectra shift toward higher wavelengths 
(Figure 3). Thus, the degradation of the structures of protein substrate can be recorded by measuring 
of the maximum of tryptophan emission λmax(t) with the proteolysis time t [72]. An alternative to 
monitoring proteolysis through measurement of wavelength shift is to monitor changes in 
fluorescence intensity during proteolysis [86–88]. 

 

 
Figure 3. The transfer of tryptophan residues from a hydrophobic environment of surrounding amino acids 
residues in the protein substrate to a polar media of buffer during proteolysis and corresponding shift in Trp 
fluorescence [83]. Reprinted from [83]. Copyright © 2022 by the authors. Licensee MDPI, Basel, Switzerland. 

For the evaluation of the fluorescence shift, a simple parabolic approximation I(λ)=aλ2+bλ+c of 
the top part of the fluorescence spectrum I(λ) was used within the short interval of the wavelength 
around the peak maximum λmax = -b/2a [72]. The position of the fluorescence maximum (λmax) as a 
function of proteolysis time represents the increasing dependence for the proteolysis of β-LG and β-
CN [72]. 

It was proposed that the opening of protein substrat as measured by its Trp fluorescence can be 
used to assess the state of demasking [72]. Thus, the fluorescence shift made it possible to determine 
the degree of demasking of peptide bonds, i.e. the portion of those not yet hydrolyzed peptide bonds 
that are accessible for enzymatic attack [72]. The degree of demasking was calculated as (λmax(t)-
λ0)/Δλ, where Δλ represents the maximum increase in λmax during proteolysis, and λ0 is the 
wavelength of the maximum emission for the native protein [72]. 

An example of the interdependence of the degree of demasking and the degree of hydrolysis is 
shown for the tryptic proteolysis of β-LG in Figure 4. Figure 4a shows the time dependences of these 
proteolysis characteristics, and Figure 4b shows these two characteristics against each other, with 
time excluded.  

From the theoretical considerations, it follows that the straight line in the coordinates degree of 
demasking - degree of hydrolysis corresponds to one-by-one proteolysis [28,38]. The comparison of 
the curves shows that β-LG proteolysis by trypsin is close to this type of proteolysis (Figure 4b). It 
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turned out that the course of proteolysis of β-CN by trypsin depends on the state in which it was 
before hydrolysis - in micellar form or in molecular one. The proteolysis of molecular β-CN with 
trypsin was carried out at β-CN concentrations below the critical micelle concentration (CMC), 
although in this case some proteolysis products are prone to aggregation [89]. 

  
(a) (b) 

Figure 4. The interdependence of the degree of demasking and the degree of hydrolysis for proteolysis of β-LG 
by trypsin [90]. Dependences of the degrees of hydrolysis (•) and demasking (▪) on the time of hydrolysis (a) 
and dependences of the degrees of demasking and degree of hydrolysis of enzyme-specific peptide bonds (Arg-
X + Lys-X bonds) against each other (b). Reprinted from [90]. Copyright © 2019 by the authors. Licensee MDPI, 
Basel, Switzerland. 

Comparing the proteolysis of β-CN and β-LG at the beginning of the process, it was shown that 
for β-CN in the non-micellar form, λmax can first decrease, which corresponds to the aggregation of 
large hydrolysis products, and then increase [90]. This differs from the monotonous increase in λmax 
throughout the entire proteolysis process for β-LG and micellar β-CN. Thus, the kinetic curves 
describing demasking of protein substrates are indeed different, and the largest differences can be 
found at the beginning of proteolysis [90]. 

7. Two-Step Proteolysis Model 
For the simulation of the connection of the growth in peptide bond hydrolysis with demasking 

progress, a simple two-step proteolysis model was proposed [4]. This basic model includes only two 
subsequent steps, corresponding to demasking and hydrolysis processes [4,72,73]. It was applied to 
proteolysis by trypsin [4,72,73,90] and chymotrypsin [67] in the framework of the primary specificity 
of these enzymes.   For trypsin, the basic two-step model includes a set of hydrolysis rate constants 
for Lys-X and Arg-X peptide bonds and only one demasking rate constant kd. Among the various 
hydrolysis rate constants ki for different peptide bonds i, the value kh is the largest of them. The model 
also includes restrictions in the hydrolysis of some peptide bonds, describing by the parameters m 
and n. In this model, m is the initial degree of masking (the portion of initially masked peptide bonds). 
The parameter n is the portion of peptide bonds that are enzyme-specific, but resistant to hydrolysis 
[73,90]. The two-step model allowed fitting experimental curves in the coordinates of the degree of 
demasking - degree of hydrolysis (Figure 4b), which made it possible to determine the parameters 
kd/kh, m and n [73,90]. 

The following values of the ratio of demasking and hydrolysis rate constants kd/kh were obtained: 
0.050 (β-LG) and 0.033 (β-CN), which indicates that the demasking rate constant is at least an order 
of magnitude lower than the rate constant of hydrolysis of the most specific peptide bonds [72,79]. It 
was shown that demasking can initially limit the hydrolysis of approximately a half of peptide bonds 
(m=0.56 and 0.61 for β-LG and β-CN, correspondingly). 

The basic two-step model considers proteolysis throughout its entire length from the beginning 
to the end, and the model has only one parameter characterizing the demasking stage. It was 
unexpected that during the proteolysis of such different substrates as β-CN and β-LG, not very 
different values of the ratio of the demasking and hydrolysis rate constants were obtained [72,79]. 
The introduction of the additional stage of demasking and secondary masking improved the 
modeling of proteolysis, as follows from the next section [67,91]. 
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8. Two-Stage Demasking and Secondary Masking  
In the previous section, the kinetics of proteolysis was considered using the basic two-step model 

with uniform demasking of all hydrolysis sites of protein substrate, and only one demasking rate 
constant was used to quantify demasking. This section considers a more complex model of 
proteolysis, under the assumption that some sites, as before, can be hydrolyzed after one demasking 
stage, while other sites need to undergo two demasking steps to be hydrolyzed [91]. In addition, it 
was assumed that after first stage of demasking, some sites can be irreversibly masked again and 
thus, if they have no time to be hydrolyzed, then these sites may remain unhydrolyzed [83]. For such 
sites, the rate constant of secondary masking is not equal to zero (km≠0) [83]. Table 2 shows four kinetic 
schemes corresponding to the models with or without two demasking stages, and with or without 
the stage of secondary masking. The analysis of these schemes gives equations for the concentrations 
of the products Nj formed by hydrolysis of bond j at any hydrolysis time t (Table 2). Which of the 
schemes should be applied to the hydrolysis of certain peptide bonds was demonstrated using the 
example of the proteolysis of β-LG by trypsin [83,90]. 

Table 2. Modeling of proteolysis with consideration of demasking and secondary maskings. 

Type of the proteolysis 
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Kinetic scheme and equation for the concentration of the products of hydrolysis of j 
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 jkj
d

kj
m NBB

jf
d ⎯→⎯⎯→⎯  

One-step demasking without 
secondary masking 












−
+

−
−=

−−

)()(
1)( 0 f

d
j

tkf
d

f
d

j

tkj
j

kk
ek

kk
ekNtN

jf
d

           (1) 

  

 jkj
dd

kj
d

kj
m NBBB

j
d

f
d ⎯→⎯⎯→⎯⎯→⎯  

Two-step demasking without 
secondary masking  












−−
−

−−
−

−−
−=

−−−

))(())(())((
1)( 0

d
jf

d
j

tk
d

f
d

j
d

f
dd

tkjf
d

f
d

jf
dd

tkj
dj

kkkk
ekk

kkkk
ekk

kkkk
ekkNtN

j
d

f
d

 (2) 

  

 
jEk

mm

j
d

m

Ekj
m N

B

B
k

B
j
⎯⎯→⎯

↓
⎯⎯→⎯1

 

One-step demasking and 
secondary masking  

 
















−+
+

−+
+

−
+

=
+−−

EkEkk
Eek

EkEkk
eEkk

Ekk
EkNtN i

m

tEikmk

i
m

Etki
m

i
m

i
ii

1

)(
1

1

1
01

)(1)(        (3) 

  

 
jEjkj

dd
Ek

mm

j
d

m

Ekj
m NB

B

B
k

B 2
21 ⎯⎯ →⎯⎯⎯ →⎯

↓
⎯⎯ →⎯  

Two-step demasking and 
secondary masking 








−−

+
−

−−−−
−

−−+

+
−

+
=

−+−−

)((
)(

))(())((
)(

1)(
1

12

212

)2(
1

112

12

2

2
02 kEkEkEk

EekEkk
EkkEkEkkEk

EeEkk
EkEkEkEkk

EekEkk
Ekk

EkNtN
m

jj

k
m

mm
j

tEkmkj

j
m

Etkj
m

m

jj

(4) 
1 j

mB   is the jth peptide bond in the intact protein substrate, j
dB   is the jth peptide bond in the partially 

demasked state, j
ddB  is the jth peptide bond in the completely demasked state, Bmm is the peptide bond in the 

secondary masked products, Nj is the product of hydrolysis of jth bond [83,91]. The rate constants of stages are 
described in [83,91]. 

The need to demask peptide bonds before their hydrolysis causes the appearance of a lag phase 
in the functions Nj(t) [91]. Figure 5a shows how decreasing kd and adding a second demasking stage 
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results in more pronounced lagged kinetics. From the theoretical point, this effect should be mostly 
noticeable with two-stage demasking and low values of demasking rate constants [91]. It should be 
noted that in the literature on proteolysis there was no explanation of the phenomenon of the lag-
phase kinetics and the reasons for its occurrence. Consideration of the demasking of peptide bonds 
during proteolysis allowed us to fill this gap [68,91]. 

  
(a) (b) 

Figure 5. Modeling of proteolysis kinetics taking into account two-stage demasking and secondary masking 
[83,91]: (a) Kinetics of bond hydrolysis depending on the parameters of demasking of these bonds. One-stage 
demasking at kd=10 (green), kd=1 (blue) and kd=0.2 (red). Two-stage demasking at kd=1 and kdd=0.2.; (b) Incomplete 
hydrolysis of peptide bonds due to their secondary masking. Comparison of proteolysis without secondary 
masking at E=2 (■), 0.4 (●) and proteolysis with secondary masking (km=0.05) at E=2 (□), 0.4 (○). Reprinted from 
[83,91]. Copyright © 2020 and 2023 by the authors. Licensee MDPI, Basel, Switzerland. 

An important innovation was the consideration of the proteolysis schemes that take into account 
not only the primary masking caused by the initial structure of the protein substrate, but also the 
secondary masking that occurs during the formation of intermediate proteolysis products [83]. 
Considering secondary masking makes it possible to explain why, at insufficient enzyme 
concentrations (small E/S ratio), it is often not possible to achieve complete hydrolysis of the specific 
bonds even at long hydrolysis times. This phenomenon was observed experimentally for the 
proteolysis of various enzyme-substrate pairs [92–97]. In particularly, the peptides with 
unhydrolyzed specific peptide bonds were found in the peptide aggregates of intermediate 
proteolysis products of whey proteins [92,93]. Figure 5b shows that there is no difference in the final 
degrees of hydrolysis at km=0 at different enzyme concentrations. The difference appears if km is not 
zero, i.e. when there is the secondary masking. The number of unhydrolyzed bonds at the end of 
proteolysis increases with decreasing enzyme concentration at a constant substrate concentration [83] 
(Figure 5b). In general, to accelerate the hydrolysis of peptide bonds and their more complete 
cleavage, it is necessary to increase the rate of demasking and reduce the secondary masking. 

The effect of secondary masking on the kinetics of hydrolysis of the peptide bond, which is 
demasked by the one-step demasking mechanism, is described by Equation (3) (Table 2).  From this 
equation, it follows that the maximal concentration of the products resulting from the hydrolysis of 
the i-th bond at the end of proteolysis kiE/(km+kiE) is not 1, but depends on the proteolysis conditions, 
i.e. the concentration of enzyme. As km increases, the apparent hydrolysis rate constant km+kiE should 
increase, while the maximal concentration of the products resulting from the hydrolysis of the i-th 
bond should decrease. At km≠0, the decrease in the enzyme concentration leads to a decrease in the 
term kiE/(km+kiE). Thus, the use of Equation (3) explains why, under some proteolytic conditions, 
some peptide bonds are not completely hydrolyzed at the end of proteolysis. These patterns can be 
observed, for example, for the hydrolysis by acid protease from Bacillus licheniformis of the peptide 
bonds 77 and 88 located at the surface of β-LG. The hydrolysis of these peptide bonds was very 
limited in the experiments carried out at different substrate and enzyme concentrations (E/S=const) 
[17,68]. 

The simulation of peptide release during proteolysis of β-Lg by trypsin was demonstrated using 
original method with consideration of demasking process without secondary masking [68]. The 
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calculation of the kinetics of proteolysis was carried out with some simplifications regarding the 
mechanism of the process and the calculation procedure. It was assumed that there was no secondary 
masking (km=0), the length of the resulting peptide fragments was limited by two enzyme-specific 
peptide bonds inside them that could be further hydrolyzed, while the formation of a minor peptide 
fragments was not considered. However, a good agreement between the calculated and experimental 
concentration curves of peptide release during proteolysis was demonstrated [68]. This was achieved 
by taking into account the one-stage and two-stage demasking processes in the calculations. 

9. Proteolysis of Nanosized Aggregates and Micelles 
The consideration of proteolysis of nanosized protein substrates is much more complex than 

soluble protein macromolecules and requires to use the additional analytical methods and new 
methodological approaches. The main unresolved issue is the determination of the mechanism of 
enzymatic attack of protein particles, which includes a coupled penetration of the enzyme into the 
depths of the protein particle and the degradation of the surrounding protein matrix, freeing up a 
space for the movement of the enzyme. It is also unclear how different the hydrolysis constants of 
peptide bonds in the compact protein particles may be from the hydrolysis constants traditionally 
determined in the buffer solutions of well-hydrated protein substrates. 

As a simple example of the proteolysis with participation of the nanosized protein substrate, 
trypsin proteolysis of micellar β-CN at the concentration above the CMC was studied [89]. Native 
and hydrolyzed spherical β-CN micelles were found to be good nanoscale objects that could be 
analyzed quantitatively using atomic force microscopy (AFM) [98–100]. However, the presence of a 
large number of nanoparticles of different sizes with different degrees of degradation of polypeptide 
chains made it possible to build only a simple quantitative model [89]. 

According to AFM, FTIR and static light scattering data, during proteolysis, not only the 
degradation of the original β-CN micelles occurs, but also the parallel formation of new nanoparticles 
and their further degradation [89,99,101]. These new nanoparticles are denser than micelles and the 
content of secondary protein α-, β-structures in them is comparable to those in the original β-CN 
micelles. Due to this, during proteolysis at low enzyme concentrations, the content of the secondary 
protein structures first decreases due to the hydrolysis of the original micelles, then increases due to 
the formation of these new nanoparticles, and then slowly decreases as they are hydrolyzed [89]. 

The degradation kinetics of β-CN micelles by trypsin was described by analytical functions in 
the case of modeling the system using linear differential equations [89]. This process was also 
described by the numerical simulation methods using nonlinear differential equations [102]. In this 
case, micelles, nanoparticles of various sizes and their aggregates, as well as changes in the 
concentration of the active enzyme during proteolysis, were considered. 

The degradation of milk casein micelles by proteases is an even more complex process than the 
degradation of β-CN micelles, which is in particular due to the complexity of the structure of milk 
casein micelle [103,104]. To our knowledge, the proteolysis of milk casein micelles has not yet been 
described in the framework of chemical kinetics using the rate constants of the stages of the 
degradation process. 

10. Conclusions 
The main idea of the approach discussed here is to separate proteolysis process into two main 

steps. The first one is demasking, which is associated with the destruction of protein structure and 
the opening of peptide bonds for enzymatic attack. The second step, the truly chemical step, is the 
hydrolysis of peptide bond itself. There is no additional division of the hydrolysis step into several 
stages, but the demasking step, on the contrary, can be divided into two stages. Among the 
complications of the model the secondary masking was introduced, which explains why, depending 
on the different enzyme concentration, some peptide bonds may remain unhydrolyzed at the end of 
the proteolysis process. The analysis of demasking requires the use of unconventional enzymological 
methods, such as spectroscopic methods for the assessing opening of protein substrate. The use of 
the methods of physical chemistry and the computer modeling of kinetics is also necessary for 
modeling the enzymatic degradation of nanosized protein substrates. 

The proposed approach of the describing proteolysis introduces such new concepts as the 
demasking process, the demasking kinetics, the demasking rate constants at various stages of 
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demasking and secondary masking. To determine the numerical values of demasking rate constants, 
the fluorescence spectroscopy was used, which made it possible to monitor the fluorescence shift of 
Trp residues during proteolysis. It is reasonable to use this methodology in the proteolysis studies 
where it is necessary to establish the exact course of the hydrolysis of individual peptide bonds in the 
protein substrate. For example, to find the conditions at which bioactive peptides are formed, one 
needs to know demasking and hydrolysis rates for different peptide bonds in the studied protein 
substrate throughout the proteolysis process. The developed approach can also be useful for 
optimizing the production of protein hydrolysates, in terms of the increasing demasking rate and 
reducing secondary masking. 
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