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1. The extent of enzymatic protein hydrolysis can be predicted for any given protein by any
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(this thesis)

2. The Linderstrgm-Lang theory describes the condition dependent product inhibition.
(this thesis)

3. Young obsessive-compulsive disorder patients should be checked for early onset Alzheimer’s
disease.

4. Co-extraction of lignin carbohydrate complexes is often misstated as a proof of covalent
linkages.

5. People often wrongly ask for other people’s experiences rather than advices to make
decisions.

6. Memory is a cognitive skill that is often underestimated in scientific education.
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Abstract

The experimental maximum degree of hydrolysis (DHmaxexp) Was typically lower than the
theoretical maximum degree of hydrolysis (DHmaxtheo), Calculated using the number of cleavage
sites (as based on protease specificity) on the protein. The aim of this thesis is, therefore, to
develop a method to better define expectations of the DHmax exp- The developed method is based
on the molecular properties of the protein and the protease, and the effects of modifications on
protein primary structure and changes in system conditions. Protein primary structure was
modified by glycation, the initial stage of the Maillard reaction upon heating proteins in the
presence of carbohydrates. The effect of glycation on DHmax.exp for five different enzymes could
be predicted based on the protease primary and secondary specificity, and the sensitivity of the
enzyme to modifications of the binding site. Secondary specificity was determined by linking the
molecular properties of the amino acids on the binding site positions of cleavage sites with the
enzyme selectivity. The enzyme selectivity, i.e. the relative hydrolysis rate constants towards
cleavage sites in a protein, of bovine, porcine and human trypsins was determined after full
quantitative analysis of peptides formed during hydrolysis. The prediction of DHmax,exp fOr bovine
trypsin based on the secondary specificity was 5 times better than the prediction based on the
primary specificity (DHmaxtheo). The large differences found in DHpax,exp bY the three trypsins could
be predicted based on enzyme secondary specificity. The substrate concentration, one of the
system conditions varying in the in vitro digestion models, also showed large effect on DHmax,exp-
This was found to be related to changes in the mechanism of hydrolysis, illustrated by the
differences in the percentage of intact protein in the hydrolysates as a function of DH. Due
to the changes in mechanism, different amounts of inhibitory peptides for the protease
were proposed to be presentin the hydrolysates, leading to various DHpaxexp- Based on these
findings, a model to predict the DHmaxexp Of hydrolysis of any given protein by any specific
protease was developed. The concept was shown to adequately explain the hydrolysis of
proteins with various structural states and in hydrolysis by a sequential addition of enzyme.
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CHAPTER 1

The study of in vivo protein digestibility has received a lot of attention from food and feed
producers. In vitro enzymatic protein hydrolysis is often used as a screening tool to investigate
the protein digestibility since the in vivo protein digestion experiments are not always feasible
options. Enzymatic protein hydrolysis is also used to produce protein hydrolysates, which are
used as ingredients in food products. The outcome of an enzymatic protein hydrolysis is affected
by many factors, including the structure of the substrate protein, the protease used and their
sensitivities towards system conditions. For example, the modifications on the protein structure
during industrial processing, e.g. through the Maillard reaction or heating, might influence the
hydrolysis of the protein. Another challenge is that different parameters are used to describe
the hydrolysis process, e.g. the degree of hydrolysis, the percentage of remaining intact protein,
the molecular weight distribution of the hydrolysate, the amino acid (AA) sequence and the
amount of peptides formed. The current state of knowledge on enzymatic protein hydrolysis
crosses several fields of study. Some studies aim to reveal the effect of system conditions or
protein sources on the extent of hydrolysis. To describe the hydrolysis curve, i.e. the degree of
hydrolysis versus time, (phenomenological) kinetic models are used. Other studies focus on
investigating the molecular interactions between proteins and proteases. In proteomics studies,
the outcome of tryptic hydrolysis has received some attention because tryptic hydrolysis is
applied to the samples before analysis. Although a large amount of data has been acquired, due
to a lack of mechanistic understanding of the hydrolysis process so far, it is difficult to compare
published results. Mechanistic understanding of the hydrolysis process can help to understand
protein digestion, and -in the future- to control the hydrolysate composition during production.
To explain results reported in literature and to define expectations for further experiments, this
thesis aims to identify the molecular properties of the protein and the protease, as well as their
interactions, which determine the extent of hydrolysis. The goal is to develop a method to define
expectations of the extent of enzymatic protein hydrolysis, based on the intrinsic properties of
the protein and the protease, and the effects of modifications on protein primary structure and
changes in system conditions.

The maximum degree of hydrolysis

The degree of hydrolysis (DH), defined as the percentage of hydrolysed peptide bonds of the
total number of peptide bonds, is often used as an indication to express the extent of hydrolysis.
Several methods are used to determine the DH, e.g. pH-stat, trinitrobenzenesulphonic acid
(TNBS), o-phthaldialdehyde (OPA) and formol titration 2. The pH-stat method is the most
commonly used method to real-time monitor the DH as a function of time. The hydrolysis curve
(DH versus time) is commonly used to study the hydrolysis kinetics. It must be noted that the
traditionally used Michaelis-Menten model cannot be used to describe the kinetics of a protein
hydrolysis, because it was developed to describe the conversion of a single substrate to a single
product 3. In many kinetic studies, a modified kinetic model based on the Michaelis-Menten
model was developed to describe the experimental hydrolysis curves 4. Although the
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experimental hydrolysis curves were fitted nicely by those phenomenological models, they
cannot identify the mechanisms that determine the final DH reached by a hydrolysis. Two
characteristics of the hydrolysis are shown in the hydrolysis curve: the extent of hydrolysis (the
plateau value) and the rate of hydrolysis. For hydrolysis of a given protein by a specific protease,
the theoretical maximum degree of hydrolysis (DHmaxtheo) Can be estimated based on the AA
sequence of the protein and the (primary) specificity of the protease (equation 1). Protease
specificity is defined as the type(s) of AAs next to which the protease can hydrolyse a peptide
bond, either at the carboxylic or amino side. The specificity of many proteases were summarised
in the MEROPS database 1. On a protein or a peptide, the AAs that corresponding to the enzyme
specificity are referred to as the cleavage sites (CSs) of the protease.

#CS

(1) pH -
# peptide bonds

o ] X100 %
#CS refers to the number of CSs of the protease on the substrate protein and the #peptide bonds
refers to the number of peptide bonds of the substrate protein. In literature, in many cases, the
reported experimental maximum degree of hydrolysis (DHmaxexp) did not reach the DHmaxtheo,
even when the hydrolysis was performed for an extensive amount of time (Table 1.1). For
instance, after 24 h of hydrolysis of B-lactoglobulin by bovine trypsin, the DHmax,exp Only reached
8 %, which was ~71 % of the DHumax theo &. That the reached DHmax exo Was lower than the DHumax theo
means that not all CSs in the substrate protein were efficiently hydrolysed. This showed that the
extent of hydrolysis cannot be solely estimated by the AA sequence of the protein and the
specificity of the protease. One possible explanation for this could be that the protease did not
cleave all CSs efficiently in the substrate protein. The difference in the enzyme preference
towards CSs in a substrate protein could be due to the enzyme secondary specificity, defined as
the preference of protease towards neighbouring AAs of the CSs . Another possible explanation
for this inefficient cleavage of CSs in a substrate protein could be that the protease lost its activity
during hydrolysis. This could be due to the enzyme autolysis and/or the formation of inhibitory

peptides for the protease during the hydrolysis.
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The interaction between the substrate protein and protease

Most studies of enzyme secondary specificity have built on the proposed theory in 1967 that the
protease efficiency in hydrolysing a CS depends on the interactions between the catalytic
environment (subsite) of the protease and the binding environment (binding site) of the CS ¥’
(Figure 1.1). In this theory, the P4-P4’ positions refer to the AAs on the N- to C-terminal sides of
the CS, respectively, and P1 is the AA for which the enzyme is specific 2. The S4-S4’ positions
refer to the AAs near the catalytic site that bind to the P4-P4’ positions, respectively 7. Initially,
the model was proposed for papain, but it has been taken as the guideline to study the secondary
specificity for other proteases . For example, in the MEROPS database, the enzyme preference
towards AAs on the binding site positions was represented by the “specificity matrix”, which
contained 8 binding site positions (P4-P4’) . According to this theory, an unfavourable
interaction between the binding site of a CS and the subsite of an enzyme would lead to an
inefficiently hydrolysis of that CS.

B B

Cleavage site

gl@l@‘®‘|® @-@-@ Binding site

o N Subsite
S, S3 S S 8 S S8y S

Protease
(Bovine trypsin)

Catalytic site

Figure 1.1: Schematic example of the interaction between the binding site (P4-P4’) of a CS (the peptide bond
between P1 and P1’) and the subsite (S4-54’) of a protease (e.g. bovine trypsin, PDB 4I8L ), adapted from
Schechter and Berger ¥7. The black line represents the protein AA sequence and the orange area on the
protease represents the catalytic site. The subsite refers to the AAs surrounding the catalytic site (green
areas), of which the exact location is unknown so far. Differences in this interaction lead to different enzyme
efficiencies in hydrolysing the CSs, which is represented by the blue triangles on the protein.

Enzyme secondary specificity

The secondary specificities of many proteases have been described using the model illustrated
in Figure 1.1. For digestive enzymes, the secondary specificity of trypsin has been received a lot
of attention, because of its extensive usage in proteomics 2’ and in protein digestion studies .
For example, CSs with certain specific binding site sequences could not be hydrolysed at all by
bovine trypsin #2. This behaviour of bovine trypsin was referred to as the “missed cleavage” %.
It has been proposed that the missed cleavage behaviour of bovine trypsin was due to the
presence of charged AAs on the binding site sequences of the CSs 2% 2227, Another finding was
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that bovine trypsin could not hydrolyse CSs with a proline at the P1’ position of the binding site
sequence %% %% 2, However, these missed cleavage rules only indicated which CSs could not be
hydrolysed by bovine trypsin at all, while perhaps there was a gradual scale of decreasing
efficiency of the enzyme in hydrolysing CSs. These differences in enzyme efficiency of hydrolysing
CSs have been observed in studies using synthetic peptides. For example, the hydrolysis rate
constants of thrombin, a serine protease, of arginine (the CS) in 20 synthetic peptides with 10
different AAs on the P2’ or P3’ positions, were determined *. By altering the AA on the P2’
position of the binding site sequence, the hydrolysis rate constants of the synthetic peptides
ranged from 2.1-10° to 3.2-10® M-s? 30, By altering the AA on the P3’ position, the hydrolysis
rate constants ranged from 8.6-10° to 2.6:10° M5!, meaning that thrombin was more sensitive
to the AA on the P2’ position than the P3’ position *°. Another study altered the P3, P2 and P1’
positions with 16 different AAs of a synthetic peptide, and hydrolysed these peptides by a trypsin
obtained from Prerifplaneta americana 3*. The hydrolysis rate constants of these peptides had a
difference of 1-10 times 3. Later on, this group applied the same strategy and expended their
knowledge on enzyme secondary specificity of 4 other insect trypsins 3. By altering the binding
site sequences of the synthetic peptide, they proposed that these insect trypsins preferred CSs
with hydrophobic AAs on the binding site positions 2.

Besides studies using synthetic peptides, the differences in enzyme efficiency in hydrolysing CSs
were also observed in hydrolysis of proteins. It was shown that each peptide formed during the
bovine tryptic hydrolysis of as,-casein had an unique release kinetics, which suggested that the
enzyme preference towards each CS was different *3. In 2013, Fernandez and Riera thoroughly
followed the release kinetics of each peptide during bovine tryptic hydrolysis of B-lactoglobulin,
and quantified the hydrolysis rate constant of the enzyme of each CS é. It was found that one CS
(K69-70) was not hydrolysed at all, and for the hydrolysed CSs, the difference in hydrolysis rate
constants between the fastest and the slowest hydrolysed CS was up to 300 times &. In 2014, a
guantitative method was developed to compare the relative hydrolysis rate constants of an
enzyme towards CSs in a protein, referred to as the “enzyme selectivity” *° (Figure 1.2). Enzyme
selectivity is a quantitative parameter that expresses the consequence of the enzyme secondary
specificity on protein hydrolysis.

Cleavage site

Specificity ' ' ' ' '
N
Selectivity X ' ' ' v

Figure 1.2: Schematic presentation of enzyme specificity and enzyme selectivity, based on the information
from Butré, et.al °. The black lines represent the protein AA sequence. The size of the triangles illustrates
the relative hydrolysis rate constants. The (x) refers to a missed cleavage site.

Protein




GENERAL INTRODUCTION

The hydrolysis rate constants of CSs in B-lactoglobulin by Bacillus licheniformis protease (BLP)
were found to vary from 0 to 1.1:10°® st-mg™enyme, corresponding to selectivity values of 0 % to
17 % . In principle, the difference in enzyme selectivity towards CSs in a protein should not
directly lead to a lower extent of hydrolysis. However, because the hydrolysis rate constants of
some CSs were 10 or even 100 times lower than the rate constants of the quickly hydrolysed CSs
in the protein. In reality, these slowly hydrolysed CSs would not be hydrolysed completely during
the time of experiments, which would lead to an apparent DHmaxexp that is lower than DHumay theo-

It should be noted that proteases with the same primary specificity might not have the same
secondary specificity. In a bovine tryptic hydrolysate of human serum albumin, the number of
peptides with CSs in the AA sequences was ~60 % higher than in a porcine tryptic hydrolysate *.
This indicated that bovine and porcine trypsins might not have the same secondary specificity.
The enzyme secondary specificity can also be modified by mutation of the enzymes. For example,
the hydrolysis rate constants of CSs on B-casein by bovine trypsin and 5 trypsin mutants showed
large differences *. In addition, chemical modifications on the enzyme might affect the enzyme
secondary specificity. For instance, modifying lysine residues in bovine trypsin by succinylation
led to a 8-10 times higher acceptance of positively charged AAs (KR) on the P1’ position of the
binding site sequence, while the modification by guanylation showed no effects .

Formation of inhibitory peptides during hydrolysis

Within one enzyme-substrate combination, the extent of hydrolysis was still largely affected by
system conditions (Table 1.2). For example, the DHmaxexp Of whey protein isolate (WPI) hydrolysis
by BLP decreased from 13 % to 6 % with an increasing substrate concentration (0.1 %-10 %) ¥.
The DHmaxexp Of 5 % WPI hydrolysis by BLP ranged from 4 % to 8 % with an increasing hydrolysis
pH (7 to 9) %4,

Table 1.2: Overview of studies that investigated the effect of system conditions, i.e. temperature, pH,
enzyme to substrate ratio (E:S) and protein concentration, on the extent of protein hydrolysis.

. Temperature E:S Protein DHumax,ex
Protein Enzyme ?, q pH (w/w) conc. [g/L] %] P Ref.
C:)’:Z';epiia Alcalase 50 8 (;ZJZ/Og) 47 17513 4
. 3555 7 20 (mAU/g) 2.5 13>23
h Bowreb. Alcalase 15>38 ) 30518 6
emoglobin 55 7 (mAU/g) .5
Bovine serum Bovine 40 8 1:5->1:102 2.44 18>8 7
albumin trypsin 40->55 8 1:102 0.244 18->21
Whey protein Bovine 25 7->8.5 1:106 100 9.5>7 12
isolate trypsin 25>50 8.5 1:106 100 7.1>39
Whey protein Alcalase 40 8 1:100 10300 23213 40
isolate BLP 40 8 1:100 1->100 1236 37
BLP 40 729 1:100 50 49 38
Wheat gluten  Flavourzyme 50 5-8* 1:30 200->600 18240 39

*The pH of the wheat gluten hydrolysis by Flavourzyme was not specified but between pH 5-8.
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As discussed above, the enzyme secondary specificity is one mechanism that may explain the
extent of protein hydrolysis. However, the enzyme secondary specificity should be independent
of the system conditions. The results shown in Table 1.2 indicated that the enzyme secondary
specificity cannot be the only mechanism that determines the extent of protein hydrolysis. It is
a strong indication that another mechanism was involved. The other possible explanation is that
the protease lost its activity during the hydrolysis, which could be caused by the formation of
inhibitory peptides of the protease during hydrolysis.

Actually, peptides formed during protein hydrolysis have been found to have inhibitory activities
for many proteases (Table 1.3). It is well known that two tri-peptides, i.e. VPP and IPP, can inhibit
the angiotensin-l converting enzyme (ACE) %, a protease which is crucial in the regulation of
blood pressure. Inhibitory peptides for ACE were identified in the hydrolysates of proteins from
many sources, e.g. milk “* 4, soy * and plant % proteins (Table 1.3). Besides ACE, inhibitory
peptides for dipeptidyl peptidase IV (DPP-IV), a protease which plays a role on the regulation of
blood glucose level, has also been found in many protein hydrolysates (Table 1.3). For example,
the hydrolysates of milk protein isolate by Neutrase #° or trypsin 4 were identified as the sources
of inhibitory peptides for DPP-IV. The inhibitory activity of these hydrolysates was found to vary
with the system conditions, which was most likely due to the different absolute concentrations
of specific (inhibitory) peptides. Changing the pH, temperature and enzyme to substrate ratio
(E:S) of the hydrolysis of whey protein concentrate was found to affect the inhibitory activity of
the hydrolysates for ACE #. In addition, by altering the time, temperature and E:S of the
hydrolysis, the ICso (the concentration needed to achieve 50 % inhibition of the protease) of the
milk protein isolate hydrolysates varied from 0.55 to 2.14 mg/mL for 3 nM DPP-IV %6,

Table 1.3: Overview of studies as an illustration of protein hydrolysates with inhibitory activity for proteases.

Inhibited Protein Hydrolysis

DH [%] 1Cso* Ref.
protease source protease
) Papain 23 30.5 pg/mL for 13.6 nM ACE
Buffalo milk -
roteins Pepsin 33 38.9 ug/mL for 13.6 nM ACE 42
P Trypsin 26 54.4 pug/mL for 13.6 nM ACE
ACE Soy protein Pepsin an-d 40 0.28 mg/mL for 5.7 nM ACE 44
pancreatin
Rice protein ch ¢ in & 27 ug/mL for 68 nM ACE
Wheat protein t\r/l]?mrglp?i: n.d.# 40 pg/mL for 68 nM ACE 45
Pea protein v 33 ug/mL for 68 nM ACE
Milk protein Neutrase 3.4-11.8 0.55-2.14 mg/mL for 3 nM DPP-IV 46
DPP-IV isolate Trypsin 7.0-13.5 0.62-1.59 mg/mL for 3 nM DPP-IV 47
B-lactoglobulin Porcine elastase 9,13 1-1.5 mg/mL for 3 nM DPP-IV 49

#n.d.: not determined

*1Cso refers to the concentration of hydrolysates needed to achieve 50 % inhibition of the protease

ACE: angiotensin-I converting enzyme; DPP-1V: dipeptidyl peptidase IV

It is surprising that despite the widespread information on inhibitory activity of peptides, little
attention is given to the possible consequence this has for the hydrolysis process. If peptides
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formed by the enzyme during the hydrolysis inhibit that enzyme, the hydrolysis would stop. This
would indicate that if the hydrolysate composition of a hydrolysis is changed, the amount of
inhibitory peptides might be different, resulting in a different DHmaxexp Value. Differences in the
hydrolysate composition can be obtained by modifying system conditions, e.g. the substrate
concentration %% °°, the enzyme to substrate ratio (E:S) #*°Z, the pH ?, etc. This could be the
possible reason why changes in system condition result in different extents of hydrolysis.

In addition to the examples that specifically studied the inhibition of proteases by peptides, some
studies focused on the kinetic modelling of protein hydrolysis. In those kinetic models of protein
hydrolysis, the inactivation constant of enzyme and the substrate/product inhibition constant
have been often used in kinetic equations #7. For example, the experimental hydrolysis curve of
bovine serum albumin by trypsin was described by an exponential equation with the enzyme
inactivation constant of 9.358 min! and the substrate inhibition constant of 7.961 g/L ’. This is
another indication that the enzyme might be inhibited during the protein hydrolysis.

Modifications of the protein primary structure

During industrial processing of food products, modifications on the protein primary structure
might occur. The modifications can be caused by chemical reactions, e.g. through the Maillard
reaction *?, and by enzymatic reactions, e.g. using transglutaminase >3. The Maillard reaction is
sometimes applied on purpose to improve the (techno-)functional properties of proteins, e.g.
emulsion stability °* and foam stability *°. In other cases, the reaction is a non-desired side effect
of production and storage of food products °®. In the early stage of the Maillard reaction, the
reducing end of a carbohydrate reacts with a free amino group. This first step is referred to as
the glycation. Because of the attachment of the carbohydrates, the protein primary structure is
changed. If the glycation occurs in a protein/peptide, the amino group(s) can be the side chain
of a lysine residue and at the N-terminal AA of the protein. The glycation of the side chain of
arginine was also reported on the arginines R40, R124 and R148 in B-lactoglobulin *. In later
stages of the Maillard reaction, secondary reactions start to take place, which lead to changes in
%859 and quaternary ¢ structure. Protein cross-linking was
reported to occur during this stage of the reaction, e.g. through lysine-arginine cross-links ¢X. The
heating process itself might also result in protein aggregation through lysinoalanyl cross-links ¢
and/or non-covalent aggregation , depending on the method of heating.

the protein secondary ** %%, tertiary

The protein structural changes through the Maillard reaction can influence the susceptibility of
the proteins to enzymatic hydrolysis. The overview of studies that investigated the influences of
the Maillard reaction on protein hydrolysis were summarised (Table 1.4). Despite the amount of
information that was obtained, the influences of the Maillard reaction induced glycation and
aggregation on hydrolysis have not been clearly identified. This is because many studies did not
have quantitative measurements of glycation (or aggregation) and/or hydrolysis (Table 1.4).
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GENERAL INTRODUCTION

One article reported that the proportion of total glycated amino groups in B-casein was up to
~40 %, while ~60 % of the proteins were covalently aggregated . The initial rate of plasmin
hydrolysis was observed to be linearly decreased by ~60 % with the maximal glycated sample ¢.
However, a linear correlation could also be obtained between the amount of aggregation and
the initial rate of hydrolysis. It is difficult to distinguish if the influence on hydrolysis is due to the
changes in the enzyme secondary specificity or the accessibility of substrates.

Another challenge in this field is that various methods are used to quantify the extent of the
Maillard reaction (Table 1.4). In literature, the extent of glycation is typically quantified using the
following methods (Figure 1.3). The quantification of glycation can be directly performed by the
o-phtaldialdehyde (OPA) method 72, which measures the amount of free amino groups, and mass
spectrometry (MS) 7, which measures the addition of masses of carbohydrates on the masses
of proteins. It can also be quantified by measuring the markers of the Maillard reaction after acid
hydrolysis (6 M/8 M HCl at 110 °C) 7, e.g. furosine, of the samples. In this case, a conversion
factor should be applied to convert the amount of markers formed to the amount of glycation
present in the samples 7°. Using MS, a clear overview of the compounds that are attached to the
protein molecules can be obtained. For example, the MS spectrum of the glycated a-lactalbumin
with D-glucose which was heated at 60 °C with 65 % relative humidity for 8 h showed that there
were 6-13 glucose attached 7°. However, when the proteins are denatured or aggregated, the
MS does not give good signals. The advantage of the OPA method is that it can be used in these
systems since the samples can be treated with sodium dodecyl sulphate and/or dithiothreitol
prior to the analysis. However, since OPA method measures the amount of free amino groups in
the system, if there is no reference sample, i.e. the same protein but does not have the glycation,
to compare with, the amount of glycated lysine cannot be calculated. If the MS of the samples
does not give good signals and there is no reference sample to compare with, acid hydrolysis is
typically applied to the samples. The compounds formed after acid hydrolysis, e.g. furosine 7”7
and carboxymethyl-lysine 7%, are taken as the markers for the Maillard reaction, which can be
determined using the ultra-performance liquid chromatography coupled with MS. It should be
noted that some articles also used the formation of a brown colour as the indication of the extent
of glycation 7%, However, the brown colour formation is not an indication of glycation but an
indication of the later stages of the Maillard reaction, e.g. the formation of Melanoidins.

Changes in the secondary and tertiary structure of proteins can be determined using circular
dichroism (CD). The changes in protein quaternary structure can be analysed using size exclusion
chromatography (SEC). The overview of the changes in protein structure due to the Maillard
reaction or heating, and the commonly used detection techniques for these structural changes
and the reaction markers, were summarised based on information provided in literature %62 7>
79, 828 (Figure 1.3). Because these methods actually determine different compounds formed
during the Maillard reaction, it is difficult to combine existing data to make conclusions.
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Modifications Methods

Glycation OPA, MS

/

Modified Iysme

furosine pyridosine UPLC-MS
Aggregation CD, SEC, SDS-PAGE
Maillard induced Non-Maillard induced

dehydroalanine

lysine cysteine

lysine-arginine
cross-links LAL  LAN UPLC-MS

Absorbance (420nm),

Brownin
9 Fluorescence

Figure 1.3: Overview of the protein structural changes due to the Maillard reaction or heating, and the
typically used techniques for the detection of these structural changes and the reaction markers, adapted
from information provided in literature 5% 62 7> 79 828 4MF: hydroxymethyl-furfural; CEL: carboxyethyl-
lysine; CML: carboxymethyl-lysine; LAL: lysinoalanine; LAN: lanthionine. OPA: o-phtaldialdehyde method;
MS: mass spectrometry; UPLC: ultra-high performance liquid chromatography; CD: circular dichroism; SEC:
size exclusion chromatography; SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis.

Besides different methods to quantify glycation, the proteases used in literature to perform the
hydrolysis were also different (Table 1.4), which might lead to a different outcome of the effect
of glycation on protein hydrolysis obtained. For proteases that are specific for lysine residues
(the glycation site), e.g. trypsin and plasmin, the modifications through glycation correspond to
the modifications of the CSs (P1 position) in a protein. It was shown that replacing the charged
side chain of lysine by the neutral side chain of heptyline (similar structure as lysine but without
the e-amino group) resulted in a decrease of hydrolysis rate constants by a factor of 10%-10° &’.
The chemical reactions that alter both the charge and the size of the AA side chain on the P1
position, e.g. glycation with maltodextrins, might have an even larger influence. For enzymes
that are not specificity for lysine residues, the modification through glycation may be on another
part of the binding site. In these situations, it might depend on the sensitivity of the enzyme
towards that binding site position.

12



GENERAL INTRODUCTION

Aim and outline of the thesis

The aim of this thesis is to develop a model to predict the extent of protein hydrolysis, based on
the intrinsic properties of the protein and protease (primary and secondary specificity), and the
effects of modifications on protein primary structure and changes in system conditions. To
achieve this, it is necessary to identify the mechanisms that determine the DHmaxexpo- In Chapter
2, the effects of modifications on protein primary structure (through glycation) on the DHmaxexp
of hydrolysis by proteases with different primary and secondary specificity are described. In
Chapter 3, the bovine trypsin selectivity, determined by full quantitative analysis of peptides
formed during hydrolysis, is linked with the binding site sequence of the substrate. The link is
used to predict the DHmaxexp based on enzyme selectivity. In Chapter 4, the enzyme selectivity of
bovine, porcine and human trypsins are compared, and are used to explain their differences in
the DHmaxexp- In Chapter 5, the effects of substrate concentration on the DHmaxexp Of hydrolysis
by these digestive proteases are studied, and the hypothesis about the formation of inhibitory
peptides is tested. In Chapter 6, the quantitative peptide analysis is also used to follow the
glycation kinetics of individual peptides in protein hydrolysates. In Chapter 7, the industrial and
societal relevance of this thesis, i.e. the risk analysis and technology assessment, is discussed. In
the general discussion (Chapter 8), a prediction model that defines the expectation of the
DHmax.exp Of hydrolysis of a given protein by a specific protease is derived, based on the outcome
of the previous chapters. The effects of modifications on protein primary structure and changes
in substrate concentration are also included in the equation. Using this model, the effects of
glycation and substrate concentration on the DHmaxexp are combined. The joint effect on
hydrolysis by several proteases is shown in a three-dimensional graph (Figure 1.4). Furthermore,
the boundary of this prediction model is tested, and the obtained knowledge in this thesis was
extrapolated to systems that are more complex.

Predicting bovine Comparison of bovine, porcine
trypsin hydrolysis and human tryptic hydrolysis
(Chapter 3) AN (Chapter 4)
' once™ e Clycatioy,
")
‘0 \Os\‘a\eo susS VerSUS
> v ver g hydrop,;
g ) (Chaprerss
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Figure 1.4: Outline of the thesis.
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EFFECT OF GLYCATION ON HYDROLYSIS

CHAPTER 2

Effect of Maillard induced glycation on protein
hydrolysis by lysine/arginine and non-
lysine/arginine specific proteases

Enzymatic protein hydrolysis is sensitive to modifications of protein structure, e.g. Maillard
reaction. In early stages of the reaction, glycation takes place, modifying the protein primary
structure. In later stages protein aggregation occurs. The specific effect of glycation on protein
hydrolysis was studied using a-lactalbumin glycated with D-glucose at 50 °C (0-10 h). This
resulted in proteins with different average degrees of glycation (DG,,=0-63 %) without changes
in secondary, tertiary and quaternary structure. These glycated proteins were hydrolysed by
lysine/arginine specific proteases (bovine and porcine trypsins) or by non-lysine/arginine specific
proteases (Bacillus licheniformis protease (BLP), a-chymotrypsin and subtilisin A). For bovine and
porcine trypsins, the maximal degree of hydrolysis decreased linearly by 65 % from untreated to
maximal glycated protein (DG,,=63 %). This means trypsin cannot hydrolyse glycated cleavage
sites. BLP and subtilisin A hydrolyses are independent of glycation, while a-chymotrypsin cannot
hydrolyse cleavage sites with glycated binding sites. This means for non-lysine/arginine specific
proteases, the effect of glycation depends on the enzyme sensitivity towards modifications on
binding sites. Since not all cleavage sites are used efficiently by the enzymes, the extent of the
effects depends on the enzyme selectivity towards cleavage sites (for trypsin) or cleavage sites
near glycation sites (for a-chymotrypsin). Combining the results of all proteases, an equation
was derived describing the effect of modification of protein primary structure on the extent of
hydrolysis based on the enzyme specificity, selectivity and binding site sensitivity.

Based on: Y. Deng, P.A. Wierenga, H.A. Schols, S. Sforza, H. Gruppen, Effect of Maillard induced glycation on protein
hydrolysis by lysine/arginine and non-lysine/arginine specific proteases, Food Hydrocolloids, 69 (2017) 210-219.



CHAPTER 2

Introduction

Enzymatic protein hydrolysis is sensitive to modifications of the protein structure, which can be
induced by the industrial processes, e.g. Maillard reaction. In food production, the Maillard
reaction is sometimes applied to improve the techno-functional properties of proteins, e.g.
emulsion stability ? and foam stability 2. In other cases, the reaction is a non-desired side effect
of production and storage of food products. The Maillard reaction results in glycation of lysine
residues, but the proteins can also undergo unfolding or aggregation. These factors may all affect
protein hydrolysis during digestion, as well as during industrial production of protein
hydrolysates. The effects may further depend on the enzymes used for the protein hydrolysis.
This study focusses on a quantitative understanding of the effects of glycation on enzymatic
protein hydrolysis.

The early stage of the Maillard reaction changes the protein primary structure. In the first step
of the Maillard reaction, also called glycation, the reducing end of a carbohydrate reacts with a
free amino group, which results in Amadori compounds. This amino group can be the side chain
of a lysine residue, an arginine residue or at the N-terminal amino acid in a protein. For example,
the glycation of a-lactalbumin with glucose at 60 °C with 65 % relative humidity for 8 h resulted
in a mixture of variants with 6-13 glucoses on the a-lactalbumin molecule 2. In perspective of
protein hydrolysis, the glycation can change the protein primary structure. In later stages of the
reaction, secondary reactions take place, which lead to protein aggregation *, e.g. through lysine-
arginine cross-links °. In addition, the heating itself may result in aggregation through lysinoalanyl
cross-links ¢ and/or non-covalent aggregation. These reactions can influence the secondary,
tertiary and quaternary structure of the protein. Each of these structural changes can influence
the susceptibility of the protein to enzymatic hydrolysis. The occurrences of the secondary
reactions also confuse published results of the influence of glycation on protein hydrolysis. For
example, one study showed that the pancreatic hydrolysis rate of whey protein was decreased
by glycation with dextrans 7. Also, the hydrolysis of two infant formulas made of soy protein
isolates by a mixture of trypsin, chymotrypsin and intestinal peptidase showed that the sample
with the highest degree of glycation resulted in the lowest degree of hydrolysis é. In contrast to
these findings, other studies showed that glycation has been shown to increase the extent of
protein hydrolysis. In the same study, when the hydrolysis of two infant formulas made of bovine
milk powder were compared, the sample with the highest glycation had the highest degree of
hydrolysis é. Another indication of increased hydrolysis with increased glycation was obtained
from the comparison of the hydrolysis of ultra-high-temperature (UHT) milk compared to
pasteurized milk by pepsin and pancreatin. The amount of intact proteins remaining after
hydrolysis was lower in the UHT milk than in the pasteurized milk, despite higher levels of
Maillard reaction indicators (carboxymethyllysine and lactulosylysine) in the UHT milk °. The
inconsistent reports on the effects of Maillard reaction on subsequent enzymatic hydrolysis may
be in part due to the fact that not only glycation, but also aggregation may have occurred in the
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samples. Itis not clear whether the dominant factor of the influence was glycation or aggregation
because aggregation was also reported to affect hydrolysis ¥°. One study reported that the
proportion of total glycated amino groups in B-casein samples was up to ~40 %, while ~60 % of
the proteins were covalently aggregated %, It was observed that the initial rate of plasmin
hydrolysis linearly decreased by 60 % with the maximal glycated sample, which also had the
highest amounts of aggregates . Another reason for the variety in reported effects of glycation
on hydrolysis could be that different enzymes were used.

For enzymes that are specific for lysine and arginine residues, e.g. trypsin and plasmin, it is
commonly assumed that the hydrolysis is negatively influenced by glycation because the
glycated cleavage site cannot be utilized by trypsin. As a consequence, the extent of trypsin
hydrolysis is expected to decrease by glycation. Most studies that annotated peptides after
tryptic hydrolysis of glycated proteins did not find peptides that were cleaved after glycated
lysine/arginine residues %23, Only two previous studies reported cleavage peptide bonds after
glycated lysines, based on annotation of the formed peptides. They reported that 1 out 19 4 and
3 out of 16 ¥ of the peptides formed during the hydrolysis were cleaved after glycated lysines,
respectively. A study using model peptides showed that the replacement of the charged side
chain of lysine by the neutral side chain of heptyline resulted in a decrease of the hydrolysis rate
constants by a factor of 102-10° 6. The attachment of a carbohydrate on the lysine side chain by
glycation might have an even larger influence because not only the charge, but also the size of
the side chain of lysine is modified.

For enzymes that are not specific for lysine and arginine residues, information on the influence
of glycated residues proximate to the cleavage sites on protein hydrolysis has not been reported.
However, it was mentioned that the binding of the protease towards the cleavage site was
dependent on the interaction between the catalytic environment of the enzyme and the binding
environment of the substrate ¥, According to this information, the P4 to P4’ positions (binding
site) are the amino acids that come before and after the cleavage site (P1 position) on the
primary sequence ¥”. Hence, if the glycation sites are on the binding site positions, it is possible
that the glycation influences protein hydrolysis catalysed by non-lysine/arginine specific
enzymes as well.

In addition to the above, it should be noted that during hydrolysis of native proteins, not all
cleavage sites are hydrolysed at an equal rate. This means that when hydrolysing a protein by an
enzyme, the final DH might not reach the theoretical maximum. It has been shown for instance
that bovine trypsin has different hydrolysis rates towards the various lysine and arginine residues
within the native B-lactoglobulin and B-casein & %°. Recently, the relative hydrolysis rate
constants of the various cleavage sites in a protein were determined quantitatively and defined
as selectivity 2°. It was shown that 6 out of 26 of the cleavage sites in B-lactoglobulin were not
cleaved by Bacillus licheniformis protease (BLP) and 9 cleavage sites were responsible for ~95 %
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of the total hydrolysis rate constant %°. This means that the glycation of some sites might have a
larger effect on the total hydrolysis than the glycation of other sites.

In the present study, the effects of glycation on enzymatic hydrolysis were studied using
o-lactalbumin and D-glucose. The protein hydrolysis was performed using lysine/arginine
specific enzymes (i.e. bovine and porcine trypsins) and non-lysine/arginine specific enzymes (i.e.
BLP, bovine a-chymotrypsin and subtilisin A). The aim is to determine whether altering protein
primary structure by glycation influences the protein hydrolysis catalysed by enzymes with
various specificities and the quantitative relationship between the degree of glycation and the
degree of hydrolysis.

Materials and methods

Materials

a-Lactalbumin (a-LA) was obtained from Davisco Foods International Inc. (Le Sueur, MN, USA).
The monoisotopic mass of the protein is 14,178 Da, as found in ExXPASy PeptideMass (P00711)
(http://web.expasy.org/peptide_mass). Mass spectrometry (MS) analysis showed that there
were no naturally glycosylated variants of the protein present in the sample. Of the a-LA powder,
the total protein content is ~¥92.8 % [w/w], as determined using Dumas method (Nx6.25, based
on the amino acid composition of the a-LA as described in Uniprot accession code P00711,
www.uniprot.org). Of the total protein content, ~90 % is a-LA, based on the proportion of a-LA
UVy14 peak area of the total UV,i4 area using reversed phase ultra-high performance liquid
chromatography (RP-UHPLC) %. The other proteins present were B-lactoglobulin and bovine
serum albumin according to MS results (data not shown). The a-LA was free of lactose and
glucose, as determined by high performance anion exchange chromatography (HPAEC, data not
shown). This was also confirmed by the fact that no glycation by glucose or lactose were found
after heating the protein for 10 h at 50 °C with 65 % relative humidity (determined using MS,
data not shown). Based on the results from circular dichroism %, ~72 % of the a-LA was in the
apo form (data not shown).

Bovine trypsin (EC 3.4.21.4, Sigma-Aldrich, St. Louis, MO, USA) was treated with tosyl-
phenylalanyl-chloromethyl ketone (TPCK) to inactivate any chymotrypsin activity present
(chymotrypsin activity is 0.1 N-benzoyl- -tyrosine-ethyl-ester (BTEE) units/mg protein). Porcine
trypsin (EC 3.4.21.4, Sigma-Aldrich) was also treated with TPCK and the chymotrypsin activity is
<1 BTEE units/mg protein. Both bovine and porcine trypsin powders are essentially salt-free
freeze-dried powder. According to the manufacturer, the activities of bovine trypsin and porcine
trypsin were 210,000 and 13,000-20,000 benzoyl-L-arginine-ethyl-ester (BAEE) units/mg protein,
respectively. The protein content of the bovine trypsin powder is ~¥80 % as based on Dumas
results (Nx5.97, based on the amino acid composition of the protein as described in Uniprot
accession code P00760), from which 100 % of the protein is bovine trypsin (based on UV,so peak
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area from RP-UHPLC). Based on the UV,i4 peak area, 93.4 % is the intact enzyme and the
remaining 6.6 % were identified using MS as autolysis products of bovine trypsin (data not
shown). The protein content of porcine trypsin powder is ~¥86 % as based on Dumas results
(Nx5.84, based on the amino acid composition of the protein as described in Uniprot accession
code P00761), from which 100 % of the protein is trypsin (based on UV.g peak area from
RP-UHPLC). Based on the UV,i4 peak area, 92.6 % is the intact enzyme and the remaining 7.4 %
were identified as autolysis products (data not shown). Bacillus licheniformis protease (BLP)
(batch NS-37005) was obtained from Novozymes (Bagsvaerd, Denmark). The BLP powder was
partly insoluble. Therefore, the suspension was centrifuged (10 min, 4,000xg, 25 °C) and the
supernatant was subsequently dialyzed (cut-off 12-14 kDa) against 150 mM sodium chloride
solution and subsequently demineralized water. The freeze dried BLP powder contained 60 %
[w/w] protein (Nx5.93, based on the amino acid composition of the protein as described in
Uniprot accession code P80057) and an activity of 3.9 AU mg™? min™ determined by the
azocasein assay %. The purity of BLP was determined to be 100 % from the UV, peak area
coupled with RP-UHPLC and 92 % from the UV,14 peak area. In the UV,14 chromatogram, two
peaks were found, of which the main peak (78 % of total peak area) was identified using MS to
be BLP (23.6 kDa) and the minor peak (14 % of total peak area) was the pro-peptide (6.9 kDa) #.
Bovine a-chymotrypsin (EC 3.4.21.1, Sigma-Aldrich) was treated with N-p-tosyl-L-phenylalanine
chloromethyl ketone (TPCK) to inactive any trypsin activity present. The a-chymotrypsin is
essentially a salt-free freeze-dried powder, which had 240 BTEE units/mg protein. The protein
content of a-chymotrypsin is ~¥86 % based on Dumas results (Nx5.99, based on the amino acid
composition of the protein as described in Uniprot accession code P00766), from which 100 %
of the protein is a-chymotrypsin (based on UV,g and UV,14 peak area from RP-UHPLC). Subtilisin
A (EC 3.4.21.62, Sigma-Aldrich) is essentially a salt-free freeze-dried powder with a protein
content of ~86 % as based on Dumas results (Nx5.97, based on the amino acid composition of
the protein as described in Uniprot accession code P00780). Since subtilisin A did not bind to the
RP column, sodium dodecyl sulfate polyacrylamide gel electrophoresis was used to confirm that
impurities in the subtilisin A were neglectable (data not shown). The cleavage sites of these
enzymes and the glycation sites in a-lactalbumin were indicated in Figure 2.1. All other chemicals
were of analytical grade and purchased from Sigma or Merck.

R Y ¢ Ve Ve ¢ S v <> OV VOO0 vy
EQLTKCEVFRELKDLKGYGGVSLPEWVCTTFHTSGYDTQAIVOQNNDSTEYGLFQINNKIWCKDDQNPHS

AKX A A IVAY *v Lo K * vV eV ¢ Ve
SNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSEKLDQWLCEKL
Figure 2.1: Amino acid sequence of a-lactalbumin. (V) indicates BLP cleavage sites (DE) without glycation
sites on the binding site (P4 to P4’ positions); (V) indicates BLP cleavage sites with glycation sites on the
binding site. () indicates a-chymotrypsin cleavage sites (FLY) without glycation sites on the binding site.

(#) indicates a-chymotrypsin cleavage sites with glycation sites on the binding site. Amino acids in bold are
glycation sites as well as trypsin cleavage sites.
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Methods

Glycation of a-lactalbumin (a-LA)

Glycation of a-LA was performed essentially as described previously 3. a-LA (10 mg powder/mL)
and D-glucose (3.5 mg/mL) were each dissolved separately in 10 mM sodium phosphate buffer
pH 8.0. These two solutions were mixed to reach a molar ratio of total free amino groups (12
lysines, 1 arginine and the N-terminal): sugar reducing ends of 1:2 and subsequently freeze dried
(in 30 mL batches). The freeze dried powder was incubated in a humidity control chamber
HCP108 (Memmert, Schwabach, Germany) at 50 °C with 65 % relative humidity for 0, 1, 2, 3, 4,
6, 8 and 10 h and labelled as AGo-AGyo. Samples were immediately cooled down and stored at
-20 °C before dialysis. To remove the buffer salts and free glucose, the samples were dialyzed
(cut-off 12-14 kDa) against demineralized water for 272 h at 4 °C, freeze dried again and then
stored at -20 °C. The concentration of remaining glucose in the sample was <0.001 g glucose/g
protein based on HPAEC analysis (data now shown). As control for effects of heating, an a-LA
solution mixed with 10 mM sodium phosphate buffer pH 8.0 without glucose was made. This
sample was freeze-dried and heated the same way as described above for 10 h (labelled as Ajo).
The extinction coefficients at UV,g of the untreated a-LA and AGio were determined to be
1.4(+0.02)-10*L-M1-cm™ by measuring the UV, of a dilution series of a protein solution with a
known concentration (based on Dumas results). The value described in Uniprot (accession code
P00711) is 1.4-10* L-M*-cm™. This means that the glycation does not have an influence on the
extinction coefficient of the protein. Therefore, 1.4-10* L-M™-cm™ was used to calculate the
concentration of the protein for all experiments at UVag. All samples were made in duplicate.
The standard deviations in the results of characterization of glycated a-LA represent the
differences between the separately glycated duplicate samples.

Size exclusion chromatography (SEC)

SEC was performed on an AKTA micro system (GE Healthcare, Uppsala, Sweden) equipped with
a Superdex 75 HR 10/300 column (GE Healthcare) as described previously . The experiments
were performed at 20 °C with 10 mM sodium phosphate buffer pH 8.0 containing 150 mM NaCl
(filtered over a 0.22 pm membrane) at a flow rate of 800 puL/min. The untreated a-LA, AGy-AGyo
and Ao were dissolved in the eluent (with a protein concentration of 0.2 % (w/v) based on UVasg).
The eluate (50 pL) was monitored at 280 nm. The average standard deviation of the duplicates
for all samples was ~1 %.

Circular Dichroism (CD)

CD spectra were measured using a Jasco J-715 spectropolarimeter (Jasco, Tokyo, Japan) as
described elsewhere ?°. The native and glycated proteins were dissolved in 10 mM sodium
phosphate buffer at pH 8.0 at protein concentrations of 0.01 % [w/v] and 0.1 % [w/V] (based on
UV,g0) for far and near UV-CD, respectively. The measurements were performed at 37 °C in
quartz cuvettes with an optical path length of 1 mm. The secondary structure of the samples was
measured using far UV-CD recorded from 190 to 260 nm. The tertiary structure of the samples
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was measured using near UV-CD recorded from 250 to 350 nm. All spectra reported are the
average of ten spectra.

o-Phtaldialdehyde method (OPA)

The amount of free amino groups was determined using the OPA method ?°. The native and
glycated proteins were dissolved (7-:10* M) in 2 % [w/v] sodium dodecyl sulphate solution. 5 pL
of the protein solution was added to 300 uL of OPA reagent solution and incubated for 10 min.
The experiments were performed in triplicate with a 96 well plate using Tecan Infinite F500
(Tecan, Mannedorf, Switzerland) to measure UV34 absorption of the samples. To calculate the
number of free amino groups, a calibration curve was made using leucine. The protein
concentration of each sample was determined by UV,s0. The average degree of glycation (DG.,)
was defined as the average percentage of blocked amino groups per protein, which was
calculated from equation 1%,

(#NH , , — #NH , , )

(1) DGau,OPA [%] = HNH
2u

x 100 %
where #NH,, is the total number of free amino groups per untreated a-LA molecule and #NH,,
is the number of free amino groups per protein molecule in the sample after glycation.

Reversed phase ultra-high performance liquid chromatography electron spray ionization
time of flight mass spectrometry (RP-UHPLC-ESI-Q-TOF-MS)

The untreated and glycated a-LA were analyzed on an H class Acquity UPLC® system (Waters,
Milford, MA, USA) equipped with a C4-reversed phase column (UPLC BEH C4 1.7 um, 2.1x100
mm, Waters) coupled to an Acquity UPLC® PDA detector (Waters). Eluent A was Millipore water
containing 1 % [v/v] acetonitrile (ACN) and 0.1 % [v/v] trifluoreacetic acid (TFA). Eluent B was
ACN containing 0.1 % [v/v] TFA. The gradient profile was performed using the following steps:
from 0 to 2 min isocratic 10 % B, from 2 to 12 min linear gradient from 10 % to 75 % B, from 12
to 15 min linear gradient from 75 % to 100 % B, from 15 to 20 min isocratic at 100 % B, then
re-equilibration to the initial conditions. Flow rate was 350 pL/min. Samples were diluted into
eluent A (1 mg/mL) and centrifuged (10 minutes, 14,000xg, 20 °C) before injection. The injection
volume was 5 pL. The PDA detector was operated at a sampling rate of 40 points/second in the
range 200-400 nm with a 1.2 nm resolution. The molecular masses of untreated a-LA, AGo-AGio
and Ao were determined with an online Synapt G2-Si high definition mass spectrometer
(Waters). The MS was calibrated with sodium iodide. The capillary voltage was set to 3 kV with
the source operation in positive ion mode and the source temperature at 150 °C. The sample
cone was operated at 30 V. Nitrogen was used as desolvation gas (500 °C, 800 L/h) and cone gas
(200 L/h). MS were collected between m/z 150-4000 with a scan time of 0.3 seconds. Data were
acquired by MassLynx software v4.1 (Waters). The mass spectra were deconvoluted and centred
to bar spectra. To compare the MS data with the OPA results, the DG,, was calculated using
equation 2,
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Z": ix TIC of variant i

TIC of all jant.

(2) DG, [os]= L HC o all variants o,
o #NH ,,

where variant i indicates the protein molecule with i number of glucose molecules attached, TIC
represents total ion count and #NH,,, is the total number of free amino groups per untreated
a-LA molecule.

High performance anion exchange chromatography (HPAEC)

The amounts of glucose and lactose in the samples were analysed by HPAEC using an ICS 5000
(Thermo Scientific, Sunnyvale, CA, USA) equipped with a CarboPac PA-1 column (2 mm i.d. x 250
mm) in combination with a Carbo Pac guard column (2 mm i.d. x 50 mm) and pulsed
amperometric detection (PAD). The measurements were performed as described elsewhere Z.

Enzymatic hydrolysis

The untreated and glycated a-LA variants were dissolved in 10 mL Millipore water at a protein
concentration of 1 mg/mL (based on UV,g). The protein solutions were pre-heated for 30
minutes at 37 °C and then adjusted to pH 8.0 before addition of the enzyme. During the
hydrolysis (2 hours at 37°C), the pH was kept constant with 0.02 M NaOH using a pH-stat
(Metrohm, Herisau, Switzerland) ?°. All enzymes were dissolved (10 mg powder/mL) in Millipore
water and added to the protein solution. The overall hydrolysis rate constant kn,qs- was obtained
by fitting equation 3 to the curve of DH versus time t,

(3) DH [%]: DH “2" _ DH

max, fit max, fit

N1+ kg x DH 320 X t)

max, fit

in which the knyar and DH™™ are fitting parameters for the overall hydrolysis rate and the

max, fit

maximum DH, respectively. It was assumed that the enzymatic hydrolysis follows the 2" order
reaction kinetics. The parameter knyar xDH ™2™ was used to compare hydrolysis rates of the

max, fit

glycated proteins in order to rule out the influence of DH*#™ on the knyq4r. To obtain similar value

‘max, fit
Of Knydr xDH 525 [s}] for untreated a-LA, an enzyme to substrate ratio of 1:25, 1:38, 1:25, 1:13
and 1:23 [w/w protein] was used by adding 50 pL bovine trypsin, 30 pL porcine trypsin, 67 pL
BLP, 90 uL a-chymotrypsin or 50 uL subtilisin A solution in 10 mL protein solution, respectively.
The enzyme was added to the substrate solution within 5 minutes after dissolving in water in
order to prevent autolysis. The experimental degree of hydrolysis (DH) was calculated using

equation 4 %,

() DH[%]= 7, x Ny x - x ——x 1100 2
a

m P tot

where V,, [mL] is the volume of NaOH added in L; N, [mol/L] is the normality of NaOH; a is the
24,

average degree of dissociation of the a-NH group (1/a=1.3 at 37°C and pH 8.0) %, m, [g] is the
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mass of protein in the solution in g; hit [mmol/g] is the number of millimoles of peptide bonds
per gram of protein (8.6 mmole/g for a-LA). The hy is calculated based on the number of peptide
bonds per a-LA molecule and the molecular weight reported in Uniprot (accession code PO0711).
A blank experiment was performed by incubating the untreated a-LA in 10 mL Millipore water
at a protein concentration of 1 mg/mL (based on UV,s0) with no enzyme for 2 hours. The added
value of NaOH from the blank experiment was subtracted from all time points in each hydrolysis.

Results and discussion

Characterization of glycated a-LA

In the untreated a-LA as well as in the controls (AGo and Ajp), 13+1 amino groups per protein
were determined by OPA measurements (no further data shown). This is equal to the sum of the
number of lysines (12) plus the N-terminal in the a-LA sequence. Upon heat treatment in the
presence of glucose, the DG,yopa as determined by the OPA method, increased from 0 % (AGo)
to 53 % (AGjo) (Figure 2.2).

70 4

60 A

0 2 4 6 8 10
Maillard incubation time (h)
Figure 2.2: Average degrees of glycation of a-lactalbumin heated with D-glucose at 50 °C with 65 % relative

humidity over 0-10 h Maillard incubation time. (C0) OPA results (DGay,0pa) and (#) MS results (DGay,ws).

The degree of glycation was also quantified using the mass spectra (DGay,us) (Figure 2.3). For the
blank sample containing glucose and protein but without heating (AGo), the mass spectrum
showed that ~20 % of a-LA molecules had one attached glucose molecule (resulting in a
molecular mass of 14,340 Da) (Figure 2.3). This corresponds to an average degree of glycation
(DGay,ms) of 1.5 % (Figure 2.2). The DG,y s calculated using MS increased from 1.5 % (AGo) to 63.0
% (AGio) (Figure 2.2). Since OPA and MS results showed similar values for glycation and MS
method had lower standard deviations, MS results were further used to present the DG,,.
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Figure 2.3: Deconvoluted mass spectra of a-lactalbumin (indicated by arrow) heated with D-glucose at
50 °C with 65 % relative humidity over 0-10 h.
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In addition, the MS method visualised the distribution of masses of each sample, providing the
information on the heterogeneity of the sample. It is important to note that even the mass
distribution does not represent the complete heterogeneity of the sample because there are
also variants of glycated proteins with the same molecular mass. These variants have the same
number of glucose moieties attached but at different locations within the protein. The number
of possible molecules with a certain number of glycated residues can be calculated from
equation 5:

#GS!
(#GS — #glycated sites)! x #glycated sites!

(5) N =

where N is the number of possible molecules with the same number of glucose attached, GS
represents the glycation sites and n! represents the n factorial (i.e. nl=1x2x3x...xn). For a-LA as
many as 3,432 possible variants can be formed when 7 out of 14 possible glycation sites are
modified. As a consequence, for the case of AGg, in which 11 variants of a-LA-glucose conjugates
14!

were identified by MS with 3 to 13 glucoses attached, there were actually 16,277 ( z W
— —1)Ixi!

=16,277, i=ttglycated sites) possible modified protein molecules.

Using CD, it was shown that at 37 °C the secondary and tertiary structure of all samples (AGo-
AGyo and Ajp) were similar to those of the untreated a-LA (Figures 2.4A and 2.4B, respectively).
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Figure 2.4: (A) Far UV-CD spectra and (B) near UV-CD of untreated a-lactalbumin and a-lactalbumin heated
with D-glucose at 50 °C with 65 % relative humidity over 0-10 h, since there was no significant difference
between the spectra, the line is the average of spectra over all samples. Error bars are shown to illustrate
the standard deviation.

In addition, it was confirmed by SEC that in all samples (untreated a-LA, AGo-AGyo and Ajo), the
majority (290 %) of a-LA was present as monomeric proteins (based on the UV,g, peak area of
the monomer as percentage of the total UVa.g peak area) (Figure 2.5). This means that the
changes observed in hydrolysis can indeed be attributed to the modification of protein primary
structure, rather than other effects of the modification or treatment.
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Figure 2.5: Size exclusion elution patterns of untreated a-lactalbumin and a-lactaloumin heated with
D-glucose over 0-10 h and the inset shows the percentage of monomeric proteins. The dashed line (------ )in
the inset represents the precentage of monomeric protein in Aso.

Effect of glycation on enzymatic protein hydrolysis

Enzymatic hydrolysis of untreated a-LA by all enzymes

For each enzyme and substrate combination, the theoretical maximal DH that can be reached
during hydrolysis was calculated from equation 6.

(6) ppy emvme ["o]z # cleavage sites

max ,theo

# peptide bonds x 100 %

For trypsin (specific for lysine and arginine), BLP (specific for glutamic and aspartic acids) and
a-chymotrypsin (specific for leucine, phenylalanine and tyrosine) hydrolysis of o-LA, the
theoretical maximal degrees of hydrolysis are 10.7, 16.4 and 17.2 %, respectively (Figure 2.1).
For subtilisin A, the maximal theoretical degree of hydrolysis is 100 % since it is an a-specific
enzyme. The experimental DH values of untreated a-LA hydrolysed by bovine trypsin, BLP and
a-chymotrypsin are 3.6, 11.2 and 10.2 %, respectively, which are much lower than the DH 2%
values. It is concluded that not all cleavage sites were efficiently hydrolysed by these enzymes.
Based on the fitting parameter pHa2m™ . of untreated a-LA (derived from equation 3), the

percentage of cleavage sites that were efficiently used by the enzyme, or in other words the
percentage of high selectivity sites (HSSs) of the enzyme, was estimated from equation 7.

DH enzyme

(7) HSS g [26] = —emrened_ 100 %
DbH max, theo
For porcine trypsin (PT), the fitting parameter DH! ... of untreated a-LA is 10.7 % (derived

from equation 3), which is the same as the pH'!

max, theo

(10.7 %) (equation 6). Therefore, the
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EFFECT OF GLYCATION ON HYDROLYSIS

HSS!' . [%] is ~100 %. The DH!! ... ©Of a-LA by bovine trypsin (BT) is one third of the
DHL s PY POFCine trypsin. A higher HSS for porcine trypsin compared to bovine trypsin was
expected because porcine trypsin has been reported to have less missed cleavages during
protein hydrolysis than bovine trypsin %, which means that porcine trypsin can hydrolyse the

cleavage sites more efficiently.

Theoretical dependency of protein hydrolysis with modifications on the primary structure
Based on the above-mentioned results from the model made with a-LA and glucose, we derived
equation 8 to describe the theoretical dependence of the degree of hydrolysis on the
modifications of protein primary structure:

(8) DH ;:;z;me [410]: DH ¢r=yme mxnxq

max ,untreated

# peptide bonds

where m (0sm<100 %) represents the percentage of cleavage sites that have a modification
on at least one of the binding site positions (P4 to P4’). The value of m depends on the
enzyme specificity and the primary sequence of the substrate (Figure 2.1). Taking one
cleavage site D63 (underlined) for BLP as an example, WCKDDQNP (P4 to P4’) is the binding
site of D63. K62 is the glycation site that is on one of the binding site positions (P2) of D63.
Parameter n (0sn<1) represents the binding site dependency coefficient. The value of n=0
when the interaction between the enzyme and the cleavage site is not influenced by
modifications on the binding site; n=1 when the enzyme cannot hydrolyse cleavage sites
with modifications on the binding site. Parameter g is the number of high selectivity sites
that can be influenced by the modifications. In the case of glycation, the way in which g
depends on the average degree of glycation (DG.,) can take three forms:

A) The glycation takes place equally at all cleavage sites (EQ) (equation 9);

(9) 4y = DG,, x (#GS —1)x HSS 22m¢ /100

protein

B) The glycation takes place first at the high selectivity sites (HSS) (equation 10);
[ DG, x (4GS —1)/100 DG, < HSS e

protein

10) Guss =
(10)  Guss L HSS 921 x (4GS —1) /100 DG,, > HSS &2

protein

C) The glycation takes place first at the low selectivity sites (LSS) (equation 11);

0 DG, <100 — HSS &=me
(11) g5 = av protein
L DG, x (#GS ~1)/100 DG,, > 100 — HSS 2me

where #GS represents the number of glycation sites. The glycation of N-terminal amino group is
corrected in all cases because the glycation on the N-terminal amino groups does not influence
the extent of hydrolysis.
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Effect of glycation on hydrolysis catalysed by non-lysine/arginine specific enzymes

For BLP and subtilisin A hydrolyses, the experimental DH after 2 h hydrolysis for the untreated
and glycated samples were 11.2+0.2 % and 28.0+0.5 %, respectively (Figure 2.6A). The fitting
parameter DH2 . and DHIE" of all samples were 11.7+0.2 % and 30.0£0.7 %, respectively
(Figure 2.7A). These results showed that the extent of hydrolysis of BLP and subtilisin A is
independent of glycation. This was expected because these two enzymes are reported to be not
specific for lysine and arginine. In addition, the above-mentioned results further indicate that
there were no other changes in the protein structure except glycation. For BLP hydrolysis, it
showed that even with 12 out of 20 cleavage sites (m=60 % in equation 8) (Figure 2.1), the
hydrolysis was not influenced by glycation. In the case of subtilisin A, m=100 % since subtilisin A
is an a-specific enzyme. Similar as for BLP, the hydrolysis of subtilisin A was completely
independent of the primary structural modification of the protein. It is concluded that BLP and
subtilisin A can hydrolyse cleavage sites with modified residues on the binding site. Thus, the
binding site dependency coefficient n equals to 0 in the equation 8 for the BLP and subtilisin A
hydrolyses.

30 A 12, B
Subtilisin A

25

a-LA-AG,,

0 1200 2400 = 3600 4800 6000 7200 0 1200 2400 3600 4800 6000 7200
Time (s) Time (s)

0 1200 2400 3600 4800 6000 7200 0 10 2000 300 4s0 o0 7200
Time (s) Time (s)

Figure 2.6: (A) BLP and subitilisin A, (B) a-chymotrypsin, (C) bovine and (D) porcine tryptic hydrolysis curves

of untreated a-lactalbumin and a-lactalbumin heated with glucose over 0-10 h. In panel (A), error bars are

shown to illustrate the standard deviations of hydrolysis curves of all samples. The averaged standard errors

in panel (A) for subtilisin A and BLP were 4.2 and 2.3 %, respectively.
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For a-chymotrypsin (CT) hydrolysis, the experimental DH after 2 h hydrolysis decreased from
10.2 to 6.9 % (32 %) with DG,, increasing from 0-63 % (Figure 2.6B). The fitting parameter
DHS! .. also decreased by 32 % (from 10.1 % to 6.9 %) with increasing DG,, (Figures 2.7A). Even
though the specificity of a-chymotrypsin is not lysine and arginine, the extent of hydrolysis was
negatively influenced by glycation. Because there are no other changes in protein structure
except glycation, the binding site dependency coefficient n of a-chymotrypsin in equation 8 is
not 0. There are 12 out of 21 (m=57 %) cleavage sites of a-chymotrypsin that have glycation sites
on the binding site (Figure 2.1). If the binding site dependency coefficient n is equal to 1, the
theoretical scenario of DH! ;, on DG, was calculated using equations 8 to 11 (Figure 2.7A). The

dependency of fitting parameter DHS., ;, of the chymotrypsin hydrolyses on DG, follows the
theoretical scenario that the glycation takes place to all sites equally on a protein. These results
showed that once the cleavage sites of a-chymotrypsin have undergone modification on the

binding site, the enzyme does not hydrolyse the cleavage sites anymore.
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Figure 2.7: DG,, versus DH"?"¢ for untreated a-lactalbumin and a-lactalbumin heated with D-glucose over

‘max, fit
0-10 h hydrolysed by (A) non-lysine/arginine specific enzymes: (#) BLP, (A) a-chymotrypsin and (<)
subtilisin A, or by (B) lysine/arginine specific enzymes: () bovine trypsin and (M) porcine trypsin. (C)
indicates the DG, versus the relative DHY*% and (D) indicates the DG,, versus the overall hydrolysis rate

max, fit

constant (Knyar'DHmaxfit). Lines indicate: (------ ) DHO e/ DH &ame .« [%] for bovine and porcine trypsins,

max, EQ max, untreate
(=) DHSL 1o [%], () DHLL, 1o [%] and (—+) DHL. , [%]. For bovine trypsin, (—) DHL. | [%] and
(=) DHL 4ss [%] illustrate the theoretical scenarios where the glycation occurs firstly at low and high

selectivity sites, respectively.

33



CHAPTER 2

Effect of glycation on hydrolysis catalysed by lysine/arginine specific enzymes

In contrast to hydrolysis catalysed by non-lysine/arginine specific enzymes, the obtained
experimental DH values after 2 h hydrolysis using bovine trypsin decreased from 3.6+0.1 % to
1.2+0.1 % (65 % decrease) with DG,, increasing from 0 to 63 % (Figure 2.6C). The fitting
parameter DH®! . (derived from equation 3) decreased linearly (R>=0.97) from 3.5+0.1 % to
1.240.1 % (66 % decrease) with increasing DG,, (Figures 2.6C and 2.7B). For porcine trypsin, the
obtained experimental DH after 2 h hydrolysis decreased from 10.2+0.5 % to 3.6£0.3 % (65 %
decrease) with DG,, increasing from O to 63 % (Figures 2.6D). The fitting parameter DH'
(derived from equation 3) also decreased linearly (R?=0.96) from 10.7+0.3 % to 3.7+0.2 % (65 %
decrease) with increasing DG,, (Figures 2.7B). Because the bovine and porcine trypsins are
specific for lysine and arginine, all modified lysines are automatically part of the binding site
(m=100 % in equation 8). The theoretical scenario of DHEIY" on DG,, was calculated using
equation 8 to 11, using the binding site dependency coefficient n=1 (Figure 2.7B). The
dependence of fitting parameter DH:L'"T of the bovine and porcine tryptic hydrolysis on DGy
follows the theoretical scenario when the glycation takes place equally on all glycation sites,
which showed the same behaviour as a-chymotrypsin hydrolysis. These results indicate that all
amino groups on the protein had equal probability to be glycated. Because all the cleavage sites
are hydrolysed efficiently in the case of porcine tryptic hydrolysis ( HSS'",, =100 %), the decrease
of DH. ., of porcine trypsin matches exactly with the increase of the DG., (Figure 7B). The
above-mentioned results of bovine and porcine trypsins showed that lysine/arginine specific
enzymes cannot hydrolyse glycated cleavage sites (m=100 % and n=1 in equation 8). The values
of fitting parameters DHmax i, HSS, m and n for hydrolysis of a-LA by all tested enzymes were
summarized in Table 2.1.

Table 2.1: Fitted maximal degrees of hydrolysis (DHmaxfit), percentages of high selectivity sites (HSS),
percentages of cleavage sites that have a modification on at least one of the binding site positions (m) and
binding site dependency coefficients (n) for hydrolysis of a-lactalbumin by all enzymes from the fits of
equations 3, 7 and 8, respectively.

Enzyme DHmax,fit (%) HSS (%) m (%) n
Bovine trypsin 3.5 33 100 1
Porcine trypsin 10.7 100 100 1
BLP 11.7 71 60 0
Subtilisin A 30.0 30 100 0
a-Chymotrypsin 10.1 59 57 1

Comparison of the effect of glycation on hydrolysis catalysed by various enzymes
To compare the influence of glycation among all enzymes, the DH®” values were normalised

max, fit

as relative degree of hydrolysis ( DHZ2% / DHE2™ . ) (Figure 2.7C), to allow fair comparison of
the effects of glycation on hydrolysis among different enzymes. It is clear that the bovine and
porcine tryptic hydrolyses have the exact same dependency on glycation. Therefore, the only
differences between the two enzymes are the number of high selectivity sites ( Hss=2™ ). Both

substrate

the bovine and porcine tryptic hydrolysis follow the theoretical scenario when m=100 % and n=1
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in equation 8. This is the maximal influence of primary structure modification of a protein on the
enzymatic hydrolysis. For all three other enzymes, since the 0<m<100 % and 0<n<1, it was
expected that the effect of glycation on the hydrolysis would be smaller than the effect on
hydrolysis by bovine and porcine trypsins. For BLP and subtilisin A, since the hydrolyses are
independent of glycation and m=60 % and 100 %, respectively, the n for both enzymes needs to
be 0. This means that for all proteins, BLP and subtilisin hydrolyses would be independent of
glycation. For a-chymotrypsin, n=1 but m can be from 0 to 100 % for different substrates, which
means that the effect of glycation on a-chymotrypsin hydrolysis depends on the protein amino
acid sequence. For both lysine/arginine specific and non-lysine/arginine specific enzymes, the
overall hydrolysis rate constants (knyarr DHmax it) Were independent of glycation (Figure 2.7D). It is
concluded that only the extent of hydrolysis was influenced by glycation, but not the rate of the
hydrolysis.

Conclusion

The modifications of protein primary structure by Maillard induced glycation can quantitatively
affect the extent of protein enzymatic hydrolysis, even in the absence of changes in secondary,
tertiary or quaternary structure of the proteins. The effect of glycation on hydrolysis depended
on the proteases used. Lysine/arginine specific proteases, e.g. bovine and porcine trypsins,
cannot hydrolyse glycated cleavage sites. For non-lysine/arginine specific proteases, e.g. BLP and
subtilisin A, glycation does not affect the extent of hydrolysis, while a-chymotrypsin cannot
hydrolyse cleavage sites with glycated binding sites. Since not all cleavage sites are used by the
enzymes, the extent of the effects depends on the enzyme selectivity towards cleavage sites (for
trypsin) or cleavage sites near glycation sites (for a-chymotrypsin). Combining the results of all
proteases, an equation was derived to describe the effect of modification of protein primary
structure on the extent of hydrolysis based on the enzyme specificity, selectivity and binding site
sensitivity. With these outcomes, an estimation can be obtained on the effect of the modification
(glycation) of protein primary structure on the extent of hydrolysis during in vitro, e.g. production
of commercial hydrolysates and in vivo hydrolysis, e.g. digestion of food proteins.
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TOWARDS PREDICTING BOVINE TRYPTIC HYDROLYSIS

CHAPTER 3

Towards predicting protein hydrolysis by
bovine trypsin

The extent of protein enzymatic hydrolysis is considered to be mostly determined by protease
specificity and the number of cleavage sites (CSs) on the substrate. However, this theoretical
maximum is typically not reached. The limited hydrolysis of certain CSs may be due to the
differences in enzyme preference resulting from neighbouring amino acids (AAs) of the CS
(secondary specificity). This study aims to find the link between enzyme secondary specificity
and the relative hydrolysis rate constants (selectivity) of individual CSs in a protein, to better
predict the experimental maximum degree of hydrolysis. Bovine tryptic hydrolysis of
a-lactalbumin and B-casein showed that 250 % of the CSs were inefficiently hydrolysed. The
selectivity depended on the number of charged AAs at P2 and P2’ positions of a CS. Trypsin
efficiently hydrolyses CSs with neutral AAs at these two positions. The selectivity towards 12 out
of 18 (67 %) CSs in B-lactoglobulin was correctly predicted. The predicted maximum degree of
hydrolysis is within ~13 % error of the experimental value, which is ~5 times better than the
prediction based only on enzyme specificity. This work helps to estimate the extent of hydrolysis
and the peptide formation of bovine tryptic hydrolysis of other substrates.

Based on: Y. Deng, F. van der Veer, S. Sforza, H. Gruppen, P.A. Wierenga, Towards predicting protein hydrolysis by
bovine trypsin, Process Biochemistry, 65 (2018) 81-92.



CHAPTER 3

Introduction

Typically, the final composition of enzymatic protein hydrolysates is considered to be almost
entirely dependent on the specificity of the protease that is used. Protease specificity is defined
as the type(s) of amino acid (AA) next to which the enzyme can hydrolyse the peptide bond (the
cleavage site), either at the carboxylic or amino side. Although not often discussed, it is known
that some proteases do not hydrolyse all cleavage sites (CSs) in a protein efficiently 2. It has
been suggested that this preference of the enzyme towards CSs was caused by the difference in
the neighbouring AAs of the CS (also called secondary specificity) %. Recently, another indication
of the secondary specificity was obtained by the quantification of relative hydrolysis rate
constants for all CSs in a protein, referred to as the enzyme “selectivity” 3. The current work aims
to investigate the link between neighbouring AAs of the CS and the measured selectivity. Bovine
trypsin (in further text referred to as trypsin), is specific for peptide bonds on the carboxylic side
of lysine and arginine, and it has been reported to hydrolyse CSs in a protein at different rates *
25 This work will allow the formulation of rules to estimate the extent of tryptic hydrolysis and
the hydrolysate composition at the end of hydrolysis by predicting the enzyme selectivity.

The influence of the neighbouring AAs of the CS on the hydrolysis is assumed to be due to the
interactions between the subsite site (54-54’) of the enzyme and the binding site (P4-P4’) of the
substrate . In this concept, the P4-P4’ positions refer to the AAs on the N- to C-terminal sides of
the CS, respectively, and P1 identifies the AA for which the enzyme is specific #. Over the years,
this concept has been used to analyse the observed CSs that were not hydrolysed by trypsin,
referred to as the missed cleavage °. Recently, for bovine trypsin, the obtained binding site
sequences of missed CSs were summarised in a review article 7, which were included in Table
3.1. In addition to the absolute missed cleavages, the binding site sequences that caused
moderate inhibition for porcine trypsin based on the hydrolysis of synthetic peptides é, were also
mentioned in Table 3.1. Similar observations of moderate inhibition were reported according to
the different hydrolysis rate constants for synthetic peptides with varying binding site sequences
912 However, since in these studies the sources of the trypsin (e.g. bovine or porcine) were either
not mentioned or from insects, their conclusions were not included in Table 3.1. The missed
cleavage rules for bovine trypsin suggested that the enzyme activity is hindered by the presence
of charged AAs on the binding site sequence of a CS. These rules have been used to predict
missed cleavage behaviour of trypsin in synthetic peptides and in quantitative proteomics &% 4,
Also, they are used by PeptideCutter at ExPASy website (http://web.expasy.org/peptide cutter)
to generate possible peptides of a protein after tryptic hydrolysis (Table 3.1). Despite all these
efforts, these rules have not been used to predict tryptic hydrolysis of a protein due to some
unsolved issues. Firstly, it is unknown whether the tryptic selectivity towards CSs in a protein is
dominated by protein primary sequence, or by protein secondary, tertiary and quaternary
structure. Secondly, there are no clear rules to differentiate CSs that are hydrolysed at different
rates. Recently, Fernandez and Riera thoroughly studied the peptide formation kinetics in tryptic
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hydrolysis of B-lactoglobulin 2. It was observed that K47-48 was a missed CS 2, due to the proline
on P1’ position of the binding site sequence. The hindering effect of proline at the P1’ position
was reported previously & ¥> 26, But for the hydrolysed CSs, the difference in hydrolysis rate
constants between the fastest and the slowest CSs was up to 300 times 2, which cannot be
explained by the missed cleavage rules (Table 3.1). Therefore, it is necessary to find the link
between the binding site sequence of the CS and trypsin selectivity towards that CS, which would
help the prediction of the extent of tryptic hydrolysis of a protein and the kinetics of the peptide
formation.

Table 3.1: Binding site sequences of cleavage sites that are not hydrolysed by bovine trypsin and only slowly

hydrolysed by porcine trypsin reported in previous studies. HSS, ISS and LSS represent high, intermediate
and low selectivity sites, respectively.

P4 P3 P2 P1 P1’ P2’ P3’ Reference Experimental Prediction
C K D 6, EXPASY 1 missed cleavage  Confirmed
D K D 6, EXPASY N/A
C K H 6, EXPASY N/A
C K Y 6, EXPASy N/A
C R K 6, EXPASy N/A
Complete R R H 6, EXPASY N/A
missed R R R 6, EXPASY N/A
cleavage K/R P 6, 15, 16, ExPASy 1 missed cleavage  Confirmed
(bovine) K/R  K/R 6, 7, EXPASY 2HSS, 2LSS Rejected
K/R D/E 6,7 5HSS, 1ISS, 3LSS Rejected
K/R D/E D/E 6,7 N/A
D/E D/E K/R 6,7 N/A
D/E K/R D/E 6,7 N/A
D/E K/R 7,8 IHSS, 41SS, 4LSS Rejected
..................... D/ T KRB UNA
Moderate K/R T D/E 8 N/A
inhibition E K/R 8 11SS, 1LSS Confirmed
(porcine) K/R D 8 2HSS, 1LSS Rejected

In this study, the trypsin selectivities towards CSs in two proteins with limited tertiary structure,
i.e. apo a-lactalbumin and B-casein, were determined. The molecular properties of the binding
site sequence of the CSs were analysed and correlated with the trypsin selectivity, in order to
formulate rules that can explain and predict trypsin selectivity towards CSs in a protein. Based
on these rules, trypsin selectivity towards CSs in another protein (B-lactoglobulin) was predicted
and the correctness of the prediction was checked with the experimental data.

Materials and methods

Materials

a-Lactalbumin (a-LA) was obtained from Davisco Foods International Inc. (Le Sueur, MN, USA).
Based on results from circular dichroism 7, ~72 % of the a-LA was in apo form and the rest was
in holo form 8 B-Casein (B-cas, C6905), B-lactoglobulin (B-LG, L0130), bovine trypsin (EC
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3.4.21.4,T1426) and aprotinin (A6279) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Trypsin was treated with tosylphenylalanylchloromethylketone (TPCK) to inactivate any
chymotrypsin activity present (0.1 N-benzoyl-L-tyrosineethylester (BTEE) units/mg protein).
Trypsin is essentially salt-free freeze-dried powder, specified to have 210,000 benzoyl-L-
arginineethylester (BAEE) units/mg protein. Aprotinin, present in 0.9 % sodium chloride and 0.9
% benzylalcohol solution, was determined to have a concentration of 2.3 mg/mL calculated using
the UV,14 peak area in reversed phase ultra-high performance liquid chromatography . More
information about the purity and properties of the used proteins and trypsin is provided in Table
3.2. All other chemicals were of analytical grade and obtained from Sigma or Merck.

Methods

Enzymatic hydrolysis of the proteins

The enzymatic hydrolysis of proteins was performed similarly as described elsewhere 3. The
a-LA, B-cas or B-LG were dissolved in 10 mL Millipore water at a concentration of 1 % [w
powder/v]. Each protein solution was adjusted to pH 8.0 and equilibrated for 0.5 h at 37 °C.
Trypsin was dissolved (10 mg powder/mL) in Millipore water and added to the equilibrated
protein solution to reach an enzyme to substrate ratio of 1:100 [w/w] for all three proteins. The
hydrolysis took place for 2 h using a pH-stat with 0.2 M NaOH to keep the pH constant (Metrohm,
Herisau, Switzerland). The degree of hydrolysis measured using pH-stat (DHs.t) was calculated
from equation 1 %%,

(1) DH., [26]= 7, x Ny x - x——x %100 %
o

m

stat
P tot

where V,, [mL] is the volume of NaOH added; N, [mol/L] is the normality of NaOH; a is the average
degree of dissociation of the a-NH group (1/a=1.3 at 37 °C and pH 8) %°; m, [g] is the mass of
protein in the solution (taking into account the protein content in the powder based on Dumas
results); hit [Mmmol/g] is the number of millimoles of peptide bonds per gram of protein (Table
3.2). During the hydrolysis, 200 pL samples were taken at 6 DH points for each hydrolysis.
Samples were taken at DHO, 1, 2, 3, 4 and 4.7 % for a-LA, at DH 0, 1, 2, 3, 4 and 4.3 % for B-cas,
and at DH 0, 1.5, 3, 4.5, 6 and 7.9 % for B-LG. To have a sufficient and fast inactivation of the
trypsin, 3 pL aprotinin was directly added to each sample, yielding a molar ratio of trypsin to
aprotinin of 1:1.5. The inactivation was confirmed using pH-stat by adding 150 uL aprotinin to
10 mL protein solution immediately after the trypsin was added. Once the aprotinin was added,
the pH of the protein solution remained constant, showing that the hydrolysis was successfully
inhibited (data not shown). As a control, the a-LA, B-cas and B-LG were incubated in the pH-stat
in 10 mL Millipore water at a protein concentration of 1 % [w powder/v] in the absence of the
enzyme for 2 h. The added volume of NaOH (due to the consumption of CO,) from each control
experiment was used to correct the added volume of NaOH during hydrolysis.
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Both 1% and 2™ order reaction equations were used to fit the hydrolysis curve. The R? of the fit
(R?=1-SS1esiqual/SStotal, SS means the sum of squared errors) was higher for the fit with 2" order
reaction equation than for the fit with 1t order reaction equation. Therefore, the equation of 2™
order reaction was used to fit the hydrolysis curve. The fitted maximum degree of hydrolysis
(DHmaxsit) and the overall hydrolysis rate constant (k3¢ [s?]=knyar-DHmax) Were obtained by fitting
equation 2 with experimental data %

- DH

(2) DH|[%]= DH A1+ kyy x DH . 4 1)

max, fit max, fit

All hydrolyses were performed in duplicate, and samples were taken at same DH points in each
individual hydrolysis experiment. Samples taken from each duplicate hydrolysis were analysed
as described below. The peptide analysis (the following 5 sections) was performed and adapted
from the method developed previously by Butré and co-workers 3.

Reversed phase ultra-high performance liquid chromatography (RP-UPLC)

The hydrolysates were analyzed on an H class Acquity UPLC® system (Waters, Milford, MA, USA)
equipped with a BEH C18 column (1.7 um, 2.1x100 mm, Waters) coupled to an Acquity UPLC®
PDA detector (Waters). Eluent A was 1 % [v/v] acetonitrile (ACN) containing 0.1 % [v/v]
trifluoreacetic acid (TFA) in Millipore water and eluent B was 100 % ACN containing 0.1 % [v/v]
TFA. To reduce disulphide bridges, samples were incubated for 2 h with 100 mM ditiothreitol
(DTT) in 50 mM Tris-HCl buffer at pH 8.0 at a protein concentration of 0.5 % [w/v]. Samples were
then further diluted in eluent A to a final concentration of 0.1 % [w/v] and centrifuged (10 min,
14,000xg, 20 °C) before injection (4 uL). The elution gradient was the same as reported
previously 3.

Electron spray ionization time of flight mass spectrometry (ESI-Q-TOF-MS)

The mass spectra were collected with an online SYNAPT G2-Si high definition mass spectrometry
(Waters) coupled to the RP-UPLC. The system was calibrated with sodium iodide. The capillary
voltage was set to 3 kV with the source operation in positive ion mode and the source
temperature at 150 °C. The sample cone was operated at 35 V. Nitrogen was used as desolvation
gas (500 °C, 800 L/h) and cone gas (200 L/h). MS and MS/MS (MSe method) data were collected
between m/z 200-3000 with a scan time of 0.3 seconds. Online lock mass data (angiotensin I,
[M+2H]?*: 523.7751) were collected and the correction was applied during the measurements.
The data were manually analysed using MassLynx software v4.1 (Waters).

Peptide identification and quantification

The mass tolerance for the accepted annotation was within 50 ppm difference between the
theoretical and measured mass. Methionine oxidation (+16 Da) in a-LA and phosphorylation (+80
Da per phosphoserine) in B-cas were considered as modifications during data analysis. The
peptides were annotated by MS and confirmed -when possible- by identifying the b and y
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fragments in the MS/MS spectra. To quantify the concentration of each peptide, equation 3 was
used %

Ay4 -0
Ea 1 Vi ke

inj

(3) Cpeptide [/IM]:

where Cpeptice [LM] is the concentration of peptide, Azia [MAU-min] is the UV peak area at 214
nm, Vin; [UL] is the volume of sample injected, Q [uL-min™] is the flow rate and | [cm] is the path
length of the UV cell, which is 1 cm according to the manufacturer. The molar extinction
coefficient €514 [M:cm™] at 214 nm of each peptide was calculated as described previously #.
Due to the multiple reflection by the coating of the cell, the effective path length of the light
through the cell is not the same as the length of the detector cell as specified by the producer.
This issue has also been discussed in earlier studies 2?4, To correct for this effect, the cell
constant of the UV detector (keen), was determined using a series of standard solutions of B-LG,
B-cas and angiotensin |l, using the approach as described elsewhere ?°. The ratio between the
measured and expected peak areas was then taken as the value of k.. For the UV detector used
in this study, the ki was determined to be 0.78. The linear region of the peak area (Az14) in the
UV detector ranged from 5x10* to 6x10° uAU-min. In the hydrolysates, peaks with area <5x10!
MAU-min were not included in the quantification. In all hydrolysates, on average 966 % of the
expected total A,14 was found in the chromatograms and of the total A,14, 983 % was assigned
to annotated peptides.

Quality of the annotation and quantification of peptide analysis
Three parameters, i.e. amino acid (equation 4), peptide (equation 5) and molar (equation 6)
sequence coverages, were used to check the quality of peptide analysis of each hydrolysate 3.

#unique annotated AA
be)= #Ad

(4) Amino acid sequence coverage x 100 %

protein

(5) Peptide sequence coverage [%]: # Ad(annotated _peptides ) x 100 %
# AA( annotated peptides )+# AA( missing peptides )

Z (Cn — CO )2
# AA

protein

Co

(6) Molar sequence coverage [%]z 1- x100 %

where C, [uM] is the concentration of each individual amino acid (n) in the protein sequence
obtained from quantification of the peptides; Co [LM] is the initial injected concentration of the
protein and #AAyotein is the number of amino acids in the sequence of the parental protein 3.
Missing peptides are the peptides that are not quantified in the hydrolysate but should be
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present given the annotated peptides 3. The injected initial concentrations C, of the three
proteins were 59, 34 and 49 uM for a-LA, B-cas and B-LG, respectively (calculated by taking into
account the protein content and protein purity). The experimental Co for a-LA, B-cas and B-LG
measured in sample DH 0 % were 58+2, 32+1, 4941 uM, respectively (equation 3). The average
values for the amino acid, peptide and molar sequence coverages were the average of all
hydrolysates in the duplicate experiments.

Determination of the enzyme selectivity
The concentrations of all peptides originating from hydrolysis of the same peptide bond (Ci:)
were summed up (equation 7):

@) Clam]= " Cpupia v -yl = x-10i =y}

Ci: [uM] is the concentration of cleavage site products formed at each time point t. i equals the
sum of the concentrations of all peptides of sequence [x-y], for which i=(x-1) or i=y. As another
check for the quality of the peptide analysis, the Ci: was used to calculate the degree of hydrolysis
(DHwms) of each sample (equation 8),

¢,
(8) DH 5 [%6]= 2. Cu x 100 %
2x# peptide bonds x C,

where the #peptide bonds represents the number of peptide bonds. For each CS, the apparent
hydrolysis rate constant (kip [s]) was then calculated by fitting equation 9 (1% order reaction
equation) and equation 10 (2" order reaction equation) to the experimental data,

© b3 cf - cf xe |

(10) ¢} [um]=2(cy - ¢ /i+ k7, x Coxt))

i,app

For 1% order reaction kinetics, the experimental Co values of each protein were used as C. [uM]
while k{,,, [s"] was the fitting parameter. For 2" order reaction kinetics, both C; [uM] and

K} p [STHM ™ rotein] were fitting parameters. The superscripts (f and s) used for Co and Kiapp
indicate the fitting parameters obtained from using the 1% and 2" order reaction equations,
respectively. Fitting the C; allowed to take into account the fact that for some CSs the Ci;
reached a plateau at a lower value than Cy. The reaction rate constants (kif and k7) of selective

hydrolysis were calculated using equation 11:

k.
( 1 1) kl — Lapp
mg
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where me [mg] is the mass of the enzyme added for the hydrolysis, which was 0.8 mg in all
hydrolyses in this study. For 1% order reaction kinetics, the selectivity’ [%] towards a given CS
was calculated by dividing the hydrolysis rate constant kf [s-mgenzyme] O each individual CS by
the sum of k,t of all CSs (equation 12). For 2" order reaction kinetics, the selectivity® (%) towards
a given CS was also calculated by dividing the hydrolysis rate constant ki x Cj (simplified as k;,

[s™-mgenyyme]) Of each CS by the sum of k; of all CSs (equation 13).

174
k'

i

k! xCy
(13) selectivity® [%]=7’—0)><100 %
E kP xCy

Analysis of the binding site sequence of the cleavage sites

To analyse the role of binding site sequence on trypsin selectivity, the CSs in the two proteins
were divided into three categories, i.e. high, intermediate and low selectivity sites, based on the
trypsin selectivity. The Matlab method k-means clustering was used to divide the categories. The
k-means clustering method is a partitioning method, which uses the squared Euclidean metric
to determine the distances and the k-means++ algorithm for the cluster centre initialization. It is
used to find clusters that divide data points with minimised total sum of distances.

(12) selectivity” [%]: x100 %

It was previously stated that the protease has a subsite with 8 positions (S4-S4’) that interact
with the substrate AAs near the CS (the binding site P4-P4’) #. The selectivity of the enzyme
towards different CSs may be due to the interaction between the subsite site (S4-54’) of the
enzyme and the binding site (P4-P4’) of the substrate. Therefore, the molecular properties of the
binding site positions (P4-P4’) were analysed. The AAs on the binding site positions of CSs were
evaluated based on their molecular weight, hydrophobicity and charge, using a similar strategy
as Biro and co-workers 2°. The hydrophobicity scale published by Eisenberg et al. was used, with
values of the hydrophobic moments ranging from the most hydrophilic (-1.8, Arg) to the most
hydrophobic (0.73, Ile) ?’. For the analysis of charge at pH 8, the charge of arginine and lysine
(positive) and glutamic and aspartic acids (negative) side-chain residues were used. Histidine was
considered to be a neutral amino acid because only 0.9 % of histidine residues are charged at pH
8. In addition, cysteine was highlighted, because the sulfhydryl group is charged at the used pH.
The sulfhydryl group of cysteine could be free in the intact protein, or could be released as a
result of disulphide bridge shuffling ?%. If the sulfhydryl group of cysteine is involved in a
disulphide bridge, it will not carry a charge, but it may still affect the hydrolysis due to steric
hindrance for enzyme-substrate binding. To identify regularities of the binding site positions in
the 3 categories (HSS, ISS and LSS), the standard errors of the molecular weight, hydrophobic
moment and charge of the AA at each binding site position were analysed.
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Calculating the possible number of peptides and DH value of tryptic hydrolysis
For a protein with N cleavage sites, the theoretical maximum number of possible peptides
(NPPmaxtheo) Was calculated using equation 14 %,

(14) npPP =(N+1)N+2)/2

max, theo
where N is the number of CSs in the protein sequence. Based on the number of CSs for trypsin
in a-LA, B-cas and B-LG (Table 3.1), the NPPaxtheo Of each protein is 105, 136 and 190,
respectively. However, in reality, only a few CSs were efficiently used by the enzyme, referred as
the high selectivity sites (HSSs). The predicted number of possible peptides based on selectivity
(NPPmax,nss) Was calculated by replacing N in equation 14 by the number of HSSs (#HSS). The
predicted maximum degree of hydrolysis (DHmaxnss) Was calculated using equation 15.

# HSS

(15) pH %)= ——
s, HSS [0] # peptide bonds

x 100 %

The #peptide bonds and #HSS represent the number of peptide bonds and the number of high
selectivity sites, respectively. The NPPmayxss and DHmaxnss Wwere compared with the experimental
number of peptides obtained from manually annotation and the DHmaxexp, respectively.

Results and discussion

General description of the hydrolysis of a-LA and B-cas

Trypsin hydrolysed B-cas faster than a-LA, as indicated by the overall hydrolysis rate constants
( k™), which were 9.6(+0.4)-10®% and 1.6(+0.2)-10® s* (equation 2), respectively. Another
difference was observed when plotting the percentage of remaining intact protein against DHgtat
(Figure 4.1B). The amount of intact protein against DH illustrates the affinity of the enzyme
towards intact proteins compared to its affinity towards intermediate peptides *°, according to
the Linderstrgm-Lang theory. According to this theory, and assuming that the affinity of enzyme
towards peptides is comparable for all peptides, the affinity of the enzyme towards the intact
proteins can be determined from the initial slope of the curve of the amount of remaining intact
protein against DH.:. However, since the hydrolysis of a-LA and B-cas did not reach the same
DHumax fit, the DHstat was normalised to DHstatr/ DHmax it [%]. From the initial slopes of the two curves,
the intact B-cas was shown to be more susceptible to tryptic hydrolysis than the intact a-LA
(Figure 3.1B). Already at DH 1 %, all intact B-cas molecules were hydrolysed (Figure 3.1B). In this
case, a DH of 1 % means that on average there were ~2 peptide bonds hydrolysed in 208 peptide
bonds (in B-cas). It seems unlikely that this was due to random hydrolysis of any CSs. Rather, it
suggests that there were 1 or 2 peptide bond(s) that was/were much more susceptible to
hydrolysis in the intact protein than the other bonds. Based on the initial slope of the curve, the
enzyme affinity towards intact a-LA was low compared to B-cas. Moreover, there was ~12 %
intact a-LA not hydrolysed at the end of the hydrolysis. Using pure apo- and holo a-LA (prepared
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using EDTA and dialysis, or by addition of 10 mM CaCl,), it was shown that both forms were easily
hydrolysed by bovine trypsin (data not shown). The remaining a-LA may be due to interactions
with formed peptides, since it has been reported previously that peptides in the hydrolysates
could bind non-covalently to the intact proteins 3.

A 1oor B
: \
goq *

% remaining intact protein

T T T A4 T
0 2000 4000 6000 0 20 40 60 80 100
Time (S) DHslatlDHmax,fit (%)

Figure 3.1: (A) Hydrolysis curves (DHs.t versus time) of (---) a-LA, (—) B-cas and (—*) B-LG, and (B) percentage
of remaining intact (O) a-LA, (¢) B-cas and (A) B-LG as a function of DHsiat/DHmax s for the hydrolysis of
1% [w/v] protein by trypsin.

In addition to the differences in hydrolysis rate, there was also a difference in the maximal DH
reached for the two proteins. For a-LA and B-cas, the experimental degree of hydrolysis
(DHmax,exp) reached 4.7+0.2 % and 4.3+0.1 %, respectively (Figure 3.1A). The fitted DHumaxsit Values
were 5.1 % and 4.3 % for a-LA and B-cas (equation 2), corresponding to ~48 % and ~60 % of the
theoretical DH maximum (DHmaxtheo), respectively (Table 3.2). Based on DHmaxfit Of a-LA and
B-cas, 6 (out of 13) and 9 (out of 15) CSs, respectively, were estimated to be efficiently hydrolysed
by trypsin (equation 15). The fact that the DHmax it Of these two proteins did not reach the
DHmax theo agrees with the previous studies where it was shown that bovine trypsin could not
hydrolyse all CSs in a protein to the full extent ¥ 2.

Determination of selectivity towards cleavage sites in a-LA and -cas
Identification and quantification of the peptides

In the tryptic hydrolysates of a-LA and B-cas, 23 and 34 unique peptides were identified and
quantified, respectively (Tables 3.2, Annexes 3.1 and 3.2). All 23 peptides identified in a-LA
hydrolysates were the result of specific cleavage by trypsin. In B-cas hydrolysates, 4 a-specific
CSs, i.e. P9-10, Q38-39, H134-135 and F190-191, were cleaved to a very low extent. The resulting
peptides were only identified in the final hydrolysate, which means the hydrolysis rates of these
sites were extremely low. These sites were not included in further discussion about the enzyme
selectivity. From the amounts of unique peptides annotated in the hydrolysates, the estimated
numbers of high selectivity sites were 5 and 7 for a-LA and B-cas, respectively (equation 13).
They were close to the estimations made based on the DHmax it values (6 and 9 for a-LA and
B-cas, respectively).
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Figure 3.2: Molar sequence coverages of tryptic hydrolysates of (A-E) a-LA witha DHof 1, 2, 3, 4 and 4.7 %,

and of (F-J) B-cas with a DH of 1, 2, 3, 4 and 4.3 %. The dotted line (-----) indicates the initial injected protein
concentration.
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The AA sequence coverages (equation 3) for all hydrolysates of a-LA and B-cas were 100 %,
meaning that all AA in the protein sequences were found at least once in the hydrolysates. The
completeness of the peptide annotation and quantification were further verified by calculating
the peptide (equation 5) and molar (equation 6) sequence coverages. On average, the peptide
sequence coverages were 9633 % and 83+10 % for a-LA and B-cas hydrolysates, respectively.
The average molar sequence coverages were 8019 % and 7418 % for a-LA and PB-cas
hydrolysates, respectively (Figure 3.2). For B-cas, the relatively low molar sequence coverages in
two parts of the sequence, i.e. [1-25] and [32-48], might be due to the fact that these peptides
contain phosphoserines. Yet it has been reported that phosphorylated peptides are typically not
well ionised 3> 3, Based on data obtained from previous studies * 3# ¥, the thresholds of
acceptance for the average peptide and molar sequence coverages were 80 % and 70 %,
respectively. From the average peptide and molar sequence coverages in this study (Figure 3.2),
the quality of the peptide analysis was either better than or similar to previous studies 34 3%,

Peptide release kinetics

The completeness of annotation and quantification was further illustrated by the analysis of the
kinetics of peptide formation (Annex 3.4). Peptides that contain CSs, e.g. a-LA[1-10], were
formed quickly in the start of the hydrolysis and were later hydrolysed into smaller peptides
(Figure 3.3A). The degradation of a-LA[1-10] was quantitiatvely related to the accumulation of
a-LA[1-5] and a-LA[6-10]. However, neither the concentration of a-LA[1-5] nor the
concentration of a-LA[6-10] reached the initial injected concentration (Co) of a-LA (59 uM),
which indicated that cleavage site K5-6 were not cleaved completely by trypsin. The
concentration of cleaved K5-6 and uncleaved remaining K5-6 in the final hydrolysate added up
to obtain the G, of a-LA.

B0 urersrrnreressnsresssnsiessnsessssnsesasneesasnnseasnnes LS L B
A
&0 30 [100-105] &
s s
240 22
S S %0 [1-25]
£ g
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S [1-10] S 10
S o [33-48]
59-79 5
. o (5979 o [1-28]
o— « ; . 0 ibe ; ; —a
0 2000 4000 6000 8000 0 1000 2000 //6000 8000
Time (s) Time (s)

Figure 3.3: Concentrations of (A) a-LA peptides (A) [1-10], (O) [6-10], (Q) [1-5] and ({) [59-79], and
(B) B-cas peptides (/) [100-105], () [1-28], (Q) [1-25] and (<) [33-48] as a function of time. The dotted
lines (-----) represent the injected concentration of each protein.

For B-cas[1-28], a fast appearance, followed by subsequent hydrolysis was observed (Figure
3.3B). Similar to a-LA[1-5] and a-LA[6-10], the concentration of the resulting peptide B-cas[1-25]
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also reached only a plateau at 20.5 puM, which was only ~60 % of the expected injected
concentration of B-cas (Co=34 uM). However, the final peptide B-cas[100-105] formed rapidly in
the start of the hydrolysis and the final concentration of B-cas[100-105] reached the C, of B-cas,
suggesting that K99-100 and K105-106 were quickly and completely hydrolysed.

Cleavage site products formation kinetics

Based on the peptide concentrations, the sum of CS products of each CS in a-LA and B-cas were
determined to obtain information on the hydrolysis of each CS (Figures 3.4 and Annex 3.5).
There were 2 out of 13 (K62-63 and K122-123) CSs in a-LA and 1 out of 15 (R1-2) CSs in B-cas
that remained completely not hydrolysed after tryptic hydrolysis (results not shown). For the
hydrolysed CSs, differences were found in the hydrolysis of individual CSs with respect to the
hydrolysis rates as well as the final concentration of CS products. For example, the formation of
CS products of K5-6 in a-LA was slow and the final concentration was lower than the Co. In
contrast with K5-6, the concentration of R10-11 reached the Co. For B-cas, trypsin had a high
hydrolysis rate towards K28-29 and the final concentration of the CS products also reached the
Co. However, trypsin had an extremely low hydrolysis rate towards K29-30 and it was only
cleaved to very low extent. This is due to the fact that the fast cleavage of K28-29 resulted in the
incompleteness of the binding site of K29-30, which led to low selectivity.
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Figure 3.4: Concentrations of cleavage site products (A) K5-6 and () R10-11 in (A) a-LA, and ({) K28-29
and (O) K29-30 in (B) B-cas as a function of time. The dashed lines (------ ) represent the fit using 2" order
reaction equation and the dotted lines (----*) represent the injected concentration of each protein.

Based on the formation of CS products, the DH values determined by peptide analysis (DHws) of
each hydrolysate were obtained (equation 8). The average standard error between the DHys and
the DHswe was ~10 % (Figure 3.5). The overall hydrolysis rate constants k4 were calculated
from DHys (using equation 2), which were 1.8(+0.1)-103 and 1.1(+0.1)-10% s’ for a-LA and B-cas,
respectively. There were ~9 % standard error between k™ determined by the peptide analysis

hydr

and by the pH-stat titration. The good agreement of the DH values and k)%, between the

peptide analysis and the pH-stat data further confirmed the completeness of the peptide
analysis.
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Figure 3.5: Comparison of DH determined based on peptide analysis (DHys) and based on pH-stat titration
(DHstar), for (O) a-LA, (¢) B-cas and (A) B-LG. The dotted line (----) indicates the function y=x, illustrating
the theoretical scenario when DH calculated using the two methods give the same results.

For the CSs that were hydrolysed, both 1%t and 2" order reaction kinetics were used to determine
the hydrolysis rate constants. The R? for the fit of C;; against time (R?=1-SS esiqual/SStotal, SS Means
the sum of squared errors) using 1% order reaction equation averaged over all CSs were
0.94+0.10 and 0.90+0.10 for a-LA and B-cas, respectively. For 2" order reaction kinetics, the
averaged R?were 0.96+0.08 and 0.90+0.14 for a-LA and B-cas, respectively. Both models were
used to determine the trypsin selectivity towards CSs in a-LA and B-cas.

Trypsin selectivity

No clear differences were found between the selectivity calculated using 1%t and 2" order
reaction equations (Figure 3.6). This shows that the way of fitting the data did not change the
conclusions of the selectivity. The advantage of 2" order reaction kinetics was that the variations
in final concentration of CS products were taken into account. Therefore, the selectivity
calculated using 2" order reaction kinetics (selectivity®) was used for further analysis. The sum
of ki, of all CSs in o-LA and B-cas were 1.1:102 and 2.1-:107 s'-mg™enyme, respectively. The
selectivity® among CSs differed from 0-27 % for a-LA and 0-32 % for B-cas. Trypsin had an
extremely high selectivity towards K169-170 in B-cas (32 %). In addition, the concentration of
the CS products of K169-170 reached Co at DH 1 %, indicating that the K169-170 in all B-cas
molecules were hydrolysed before the DH reached 1 %. This result agreed with the observation
that no intact B-cas was found in the hydrolysate of DH 1 % (Figure 3.1B). Previously, it was
observed that during protein enzymatic hydrolysis some CSs may only become accessible after
cleavage of other bonds in the protein %. This phenomenon was referred to as the demasking
effect. In this work, such behaviour was observed for hydrolysis of 1 out of 28 CSs, i.e. R202-203
in B-cas. The concentration of the CS products only started to increase after DH 3 %, but it
reached ~30 uM after 2 h hydrolysis (Co=34 uM). This shows that once it is demasked, the peptide
bond is hydrolysed efficiently by trypsin.
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Based on the selectivity®, the CSs in each protein were divided into 3 categories by the Matlab
k-means clustering method. From the clustering analysis of the CSs in a-LA, trypsin has high
(HSS), intermediate (ISS) and low (LSS) selectivity towards 5, 4 and 4 sites, respectively. In B-cas,
K169-170 was taken out of the clustering analysis but classified as HSS, since it was hydrolysed
much faster than the other sites. Initially, CSs K107-108 and K183-184 were categorised by
clustering analysis as ISSs. However, since they were completely hydrolysed before DHgat
reached DHnmax fit, they were categorised as HSS. There were 7 HSSs in B-cas, and the other 8 sites
were clustered as 5 ISSs and 3 LSSs. For both proteins, the #HSS estimated from the number of
unique peptides as well as from DHx Were similar to the experimental #HSS.
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Figure 3.6: Trypsin selectivity towards cleavage sites in (A) a-LA and (B) B-cas. (M) represents selectivity’
(selectivity calculated using 1% order reaction equation) and (™) represents selectivity® (selectivity calculated
using 2" order reaction equation).
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Links between binding site sequence and selectivity

The selectivities of trypsin towards all CSs in the two proteins were evaluated by the missed
cleavage rules of bovine trypsin proposed in the literature (Table 3.1). Out of the 15 binding site
sequences that have been reported to cause missed cleavage of bovine trypsin towards those

CSs, 11 were not applicable because the binding site sequences did not occur in the proteins
used. For the applicable 4 rules, only 1 missed cleavage rule (CKD, the CS is underlined) was
confirmed by a missed cleavage of K62-63 in a-LA. For the 3 other rules, HSSs were found, while
the rules suggested that trypsin was completely inhibited towards them. In addition, 2 out of 3
sequences for moderate inhibition of porcine trypsin were present in the substrate sequences.
One rule (K/RD) was rejected, since 2 HSSs were found in this work. The other rule (EK/R) was
confirmed to have moderate inhibition of bovine trypsin because 1 ISS and 1 LSS were found.
Lastly, it was stated that trypsin hydrolysed arginine faster than lysine in B-cas . However, in the
current study, trypsin only had a higher selectivity towards 1 arginine in a-LA than the lysines,
but this was not the case for the 4 arginines in B-cas. It must be noted, however, that there were
differences in the experimental conditions, as well as in the data analysis and interpretation
between both studies. Most importantly, in the cited study, the hydrolysis rate constant of each
CS was calculated only based on the release kinetics of a single peptide. Since in this work there
was no clear support for the stated difference in hydrolysis of lysine versus arginine, it was not
included in the revised set of rules. The original set of rules from the literature (Table 3.1) was
used to predict the selectivity of trypsin towards CSs in a-LA and B-cas (Table 3.3). The CSs with
binding site sequences that were not mentioned in literature were considered to be HSSs. This
prediction was only correct for 10 (6 in a-LA and 4 in B-cas) out of 28 CSs in the two proteins.
From the low correctness of the prediction based on the rules from literature, it is necessary to
improve the rules to obtain better prediction.

Table 3.3: The percentage of correctly predicted cleavage sites of trypsin selectivity based on rules from
literature (Table 3.1) and based on rules from this work (Table 3.5).

Prediction based on % of correctly Prediction based on % of correctly

Protein literature predicted CSs this work predicted CSs
Correct Incorrect Correct Incorrect

a-LA 6 7 46 % 10 3 77 %

B-cas 4 11 33% 9 6 60 %

B-LG 6 12 33% 12 6 67 %

In total 16 30 35% 31 15 67 %

To identify rules whether there was a systematic influence of molecular properties of AAs on
specific positions on the binding site, the molecular weight, hydrophobicity and charge of the AA
on each binding site position were evaluated. There was no correlation observed for the
molecular weight or the hydrophobic moment of AAs and the enzyme selectivity. For both
properties, the standard errors were similar for the 3 categories (HSS, ISS and LSS). For molecular
weight, the standard error range from 10-20 % , which is close to the standard error over all 20
protein AAs (22 %). For hydrophobicity, the absolute values of standard errors ranged from 50
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and 1600 %, and the absolute standard error over all 20 protein AAs is ~420 %. By analysing the
charge of the AA in the binding site sequence, it was found that of the HSS, 11 out of 12 of the
binding site sequences did not have charged AA at the P2 and P2’ positions (Table 3.4 and Figure
3.7).

Table 3.4: Molecular properties of the binding sites (from P4 to P4’) surrounding the trypsin cleavage sites
in a-LA and B-cas. Amino acids with a charged side chain (KRDE) are marked with Il and cysteines are

marked with . “-” means there is no amino acid present. The ' emphasized the P2 and P2’ positions of
the binding site.

Cleavage Selectivity® kfc Binding sites
sites (%) (S'l'mg_lenzyme) P4 P3 P2 P1 P1' P2' P3' P4'
High selectivity

a-lARI0  27.620.1 3.0E-03 V |F| R L

a-lAK13  20.6:0.1 2.3£-03 Ll K L G
a-lAKS8  12.1%1.7 1.3E-03 | N K 1w C
a-LAK108  12.0+2.0 1.3E-03 L A H K A L C s
alAK16  11.240.3 12603 [N .| K G (Y| G G
B-cas K169  32.0+1.7 6.6E-02 S aQ|s| K v | L P vV
B-cas K105 23.4+3.3 48602 M A [Pl k H |[JKIEE ™
B-cask99  15.3+1.9 3.1E-02 s Kl v K Al M A
B-casK176 11.4%2.6 2.4E-02 V. P lQ K A |V P Y
B-cas K28  8.2+1.0 17602 Rl ' | N| K ||
B-casR183  2.8+0.7 6.0E-03 Y P Q R mMlP
B-cas K107  2.7+0.7 5.7E-03 PRI+ K M P F
Intermediate selectivity | | T 77777
a-LAKS 4.3+0.8 48604 QL K [CJEl v r
a-lAK9S  4.230.0 4.6E-04 oL K V |G| I N
a-lAK94  4.0+0.2 4.4E-04 c v K 1L
a-lAK114  3.0+0.9 3.3E-04 c s kK LBl a w
B-casK113  1.0+0.7 2.3E-03 P F K v [P

B-cask29  0.9:0.8 1.8E-03 | N (G | - |
B-cask32  0.7£0.3 16603 KN ! K F |Q

B-casR25  0.7+0.1 1.4E-03 s R | |N

B-cas kK97  0.6+0.1 1.3E-03 G V K v K

Low/zero selectivity | | | |
a-lAK93  0.5:0.0 51605 M [€

a-lAK79  0.410.1 4.7€-05 s C

a-LA K62 00 0 W

a-LA K122 0+0 0 L [c

B-cas R202*  0.2+0.1 3.9E-04 G P

B-cask48  0.02+0.01  1.5E-05 L Q

B-cas R1 0+0 0 -

#represents masked cleavage site in the intact protein
* represents phosphoserine

It was a strong indication that trypsin can hydrolyse such CSs unhindered. There were 5 HSSs
with glutamic (E) or aspartic acids (D) on P1’ position. They were reported in the literature as
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complete missed cleavage as mentioned in Table 3.1 7. This means that charged AA in P1’
position do not hinder tryptic hydrolysis. For ISSs, there were 2 out of 9 CSs with no charged AA
both at the P2 and P2’ positions, but 5 CSs had one charged AA at either the P2 or P2’ position.
Therefore, we proposed that trypsin was moderately inhibited towards CSs with one charged AA
at P2 or P2’ positions. For LSSs, it was clear that trypsin cannot hydrolyse CSs when the P2 to P2’
positions of a CS are the C- or N-terminal AA of a protein (K122-123 in a-LA and R1-2 in B-cas).
This observation also partially explained why the concentration of the CS products for certain
CSs did not reach the Cg e.g. in B-cas, K28-29 was efficiently hydrolysed while K29-30 was barely
hydrolysed (Figure 3.4). For other positions in the binding site sequence (P4, P3, P3’ or P4’), no
rules were found by correlating the charge of the AA with the selectivity.

N N
® o N

Number of cleavage sites
o

. | 1 —

High selectivity Intermediate selectivity Low/zero selectivity

Figure 3.7: Numbers of cleavage sites with 0 (M), 1 (™) and 2 () charged amino acids on the P2 and P2’
positions of the binding site sequences of cleavage sites catogorised as high, intermediate and low/zero
selectivity sites in a-LA and B-cas, based on Table 3.4.

Using the revised and extended rules (Table 3.5), the trypsin selectivity towards 77 % and 60 %
of the CSs in a-LA and B-cas were predicted correctly, respectively, whereas the original rules
from literature had 46 % and 33 % correctness (Table 3.3). The ~30 % improvement of the
prediction by the revised set of rules indicated that these rules can better describe the tryptic
protein hydrolysis than the previous rules. Therefore, the revised set of rules was used to predict
trypsin selectivity towards CSs in B-LG.

Table 3.5: The revised rules for trypsin selectivity towards cleavage sites in a protein. Il indicates charged

amino acids (KRDE) and ¥ indicates neutral amino acids (All others). Cysteine is marked with . The letters
in the columns represent the abbreviation of the amino acids. “-” means there is no amino acid present.

Binding site
P2 P1 Pl P2’
High selectivity All others K/R_ ___/ All others_
Intermediate [BKRBEM K/R All others
selectivity All others K/R

Category

INKRDEM K/R
Low/zero - K/R - -
selectivity K/R P
C K/R
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Prediction of tryptic hydrolysis of B-LG

From literature, proline was shown to be an inhibiting factor for trypsin when it was at the P1’
position of the binding site sequence & > 26, Although it was not applicable for CSs in a-LA and
B-cas, it was verified as a valid rule by the missed cleavage of K47 in B-LG (Table 3.6). Based on
the revised rules, it was predicted that out of 18 CSs in B-LG there would be 10 HSSs, 5 I1SSs and
3 LSSs (Table 3.6). Using the number of HSS and the rules revised in this paper for trypsin
selectivity towards CSs, the release of 66 possible peptide (NPPmaxnss) was expected (equation
14) and the predicted maximum degree of hydrolysis (DHmaxnss) Was 6.2 % (equation 15).

The maximal DH determined experimentally (DHmax,exp) Of B-LG tryptic hydrolysis reached 7.940.1
% (Figure 3.1A). The fitted DHmax st Was 8.3 %, which was ~75 % of the DHmay theo (Table 3.2), and
only fitted DHmaxfit Was ~2 % higher than DHmaxpre. This small difference was attributed to the
small contribution of ISSs to DHmax. The overall hydrolysis rate kgﬁjr was 6.5(+0.2)-103 s, The
decrease of intact B-LG as a function of DHgt/DHmax showed that intact B-LG was as susceptible
to tryptic hydrolysis as intact a-LA (Figure 3.1B). In total, 51 unique peptides were generated
from B-LG hydrolysed by trypsin (Table 3.2 and Annex 3.3), which was much closer to the
NPPmaxhss than the theoretical number of possible peptides (NPPmaxtheo) based on the trypsin
specificity (190). The AA sequence coverages were 100 % for all hydrolysates. The average
peptide and molar sequence coverages were 9315 % and 8442 %, respectively, which were both
within acceptable ranges and similar to the values obtained for a-LA and B-cas hydrolysates. The
DHws calculated from the peptide analysis and DHg.: obtained from pH-stat titration had an
average standard error of 9 % (Figure 3.5). The k1 was 6.6(+0.1)-103 s, and the standard
error between the k7 calculated from the pH-stat titration and the peptide analysis was ~1 %.
All these evaluations confirmed that the peptide analysis of B-LG hydrolysates were of similar
quality as the analyses of a-LA and B-cas, which allows the correct determination of trypsin
selectivity towards CSs in B-LG.

After determining trypsin selectivity towards CSs in B-LG, 7, 6, and 5 (out of 18) CSs were
categorised as HSSs, ISSs and LSSs, respectively (Table 3.6). In general, the selectivity of each CS
in B-LG was in agreement with previously reported data from Fernandez and Riera ? (Table 3.6).
Due to the different models to fit the CS products formation kinetics, the absolute values of
hydrolysis rate constants of each CS were in different scales. The trypsin selectivity towards CSs
in B-LG in this work was compared to the selectivity derived from previous results by Fernandez
and Riera 2. For 11 out of 18 (61 %) CSs, the determined selectivity from the two studies were
similar 2. The reason why trypsin selectivity towards the rest 7 CSs were different between the
two studies, might be that different substrate concentrations (10 g/L in this study and 45 g/L in
the study of Fernandez and Riera) and enzyme to substrate ratios (1:100 [w/w] in this study and
1:650 [w/w] in the study of Fernandez and Riera) were used 2,
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Table 3.6: Comparison of experimental and predicted selectivity of trypsin towards cleavage sites in B-LG.
The experimental (from this study and from Ferndndez and Riera ?) and predicted (based on Table 3.5) high,
intermediate and low/zero selectivity categories are separated by ~, ™ and ™, respectively. The charged
amino acids (KRDE) are marked with Il and cysteine is marked with . The "= emphasized the P2 and P2’
positions of the binding site.

- Binding sit
Cleavage Experimental kisc inding site

sites selectivity® [%.

Prediction Experimental data

1 [s'l-mg';enzvme] P4 P3 P2 P1 P1' P2' P3’ P4’ based on Table 3.5  based on REF2

K8 13.742.0 10102 Q T M K G L DN | High High
R148 11.0+1.2 813603 M H | R L S/ F N High High
K69 10.1+0.4 750603 ¢ A Q KIKI 1 1 A High Low
R40 9.940.2 731603 A P LR V v v[E High High
K141 9.4+0.9 695603 A L KA L P M High High
K75 9.141.8 672003 1| A B« 7K v K Low High
K14 7.4415 540e03 Bl 1 Q kK v AG T High High
K70 6.1+0.9 454603 A QI|K I | AJE Intermediate High
K138 5.3+0.6 3.73E-03 . F K ALPM Intermediate High
R124 5.0+0.4 36903 c L v R T PIElV High Intermediate
K91 3.8t1.3 2.80E-03 ﬁ.N K VvV L V L High Intermediate
K101 3.640.9 2.64E-03 vy KIk Y L L F  Intermediate Intermediate
K83 2.9:0.8 216603 A V F K ||IE L Intermediate Intermediate
K135 1.6+0.00 11503 A L [E|K F| A Low Low
K77 1.240.7 901604 [E K T K I P AV High High
K60 0.240.0 144604 L L Q K W/E/N G Intermediate Intermediate
K100 0.1+0.1 1.09E-04 T Y K Y L L High Intermediate
K47 00 0 LKP T PlE Low Low

The experimental selectivity of each CS was compared with the predicted selectivity. Out of the
7 experimental HSSs, 6 sites only contained neutral AA at the P2 and P2’ positions on the binding
site sequence. This confirmed that this revised rule was valid. There were 4 out of 6 ISSs and 2
out of 5 LSSs predicted correctly. In total, 12 out of 18 (67 %) CSs were correctly predicted using
the revised rules, which was significantly higher than the prediction based on the missed
cleavage rules from literature (33 %) (Tables 3.3 and 3.6). There were 3 (out of 6) incorrectly
predicted CSs (HSS-K75, LSS-K77, LSS-K100) that have another lysine on the binding site
sequence. The cleavage of the quickly hydrolysed CS compromised the completeness of the
binding site of the other CS, which led to the incorrect prediction. On average, using the revised
rules, ~67 % of the CSs were correctly predicted for all three proteins, meaning that the dominant
factor of trypsin selectivity in a protein is the primary structure. The average k;, of the HSSs in
B-cas was higher than the average &:_ of the HSSs in other two proteins. This observation may
be due to the differences in protein secondary, tertiary and quaternary structure among the
proteins. Since a-LA is in a molten globule and B-cas is a random coil protein, it is difficult to
evaluate whether the changes in tertiary structure result in different selectivity of trypsin
towards CSs. This indicated that protein secondary structure might play a role on the hydrolysis
rate differences of the HSSs.
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To obtain better prediction of the maximum degree of hydrolysis based on the primary sequence
of the protein, the k;  of the HSSs, ISSs and LSSs were further analysed and compared. Within
one protein, the average hydrolysis rate constants k:. of HSSs, ISSs and LSSs were significantly
different from each other. Over the three proteins, the average «k:, of ISSs and LSSs were ~24 %
and ~3 % of the average k;, of HSSs, respectively. Therefore, the contributions to the DHmax,exp
by ISSs and LSSs were also included in the prediction of DHmax, Where equation 15 was revised to
equation 16.

_ #HSS +0.24 x #1ISS +0.03 x# LSS
# peptide bonds

x100 %

(16) DH max, pre [%]

Using equation 16, the predicted DHmaxpre Values of a-LA, B-cas and B-LG were 5.7 %, and 4.8 %
and 7.0 %, respectively. The DHmax theo Calculated based on the enzyme specificity had an average
standard error (| DHmax,pre/theo-DHmaxexp | /DHmax.exo 100 %) with the experimental values of ~70 %.
The DHmaxpre predicted based on the enzyme selectivity solely had average standard error with
the experimental values of ~13 %. This 5-time decrease in the standard error means that using
the estimated number of HSSs, LSSs and ISSs, the prediction of DHmaxexp has been improved.

By extending the knowledge about protein enzymatic hydrolysis from the enzyme specificity to
the enzyme selectivity, the estimation of DHmaxexp becomes feasible. In addition, more insight is
obtained about changes in hydrolysate composition during hydrolysis. This will help the food and
agricultural industry to understand and estimate the in vitro protein digestion and the
production of commercial peptides. A possible application is the production of inhibitory
peptides for angiotensin-I converting enzyme. Such studies typically compare the inhibitory
activity of hydrolysates formed during hydrolysis of different proteins by different enzymes 374,
Understanding the enzyme selectivity towards CSs in these proteins will allow a better
understanding of results from such studies.

Conclusion

In this work, the selectivity of bovine trypsin towards cleavage sites in 3 proteins was determined
from the relative hydrolysis rate constant of each cleavage site. A correlation between molecular
properties of binding sites surrounding the cleavage sites and trypsin selectivity towards these
cleavage sites was found. This correlation was used to propose a set of rules for bovine trypsin
selectivity, based on the results from the hydrolysis of a-lactalbumin and B-casein. For bovine
trypsin to hydrolyse a cleavage site efficiently, neutral amino acids are preferred on the P2 and
P2’ positions of the binding site of that cleavage site. When one of the two positions is a charged
amino acid, ~24 % of the efficient hydrolysis rate of trypsin will be obtained. When both positions
are charged amino acids, only ~3 % of the efficient hydrolysis rate is obtained. Using these rules,
trypsin selectivity towards 2/3 of the cleavage sites in B-lactoglobulin (as well as a-lactalbumin
and B-casein) were correctly predicted. This means that the primary structure of the protein has
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the dominant influence on the bovine trypsin selectivity. Based on protein primary structure, the
predicted maximum degree of hydrolysis of bovine trypsin is with ~13 % standard error of the
experimental value, which is ~5 times better than the prediction based on enzyme specificity
alone. The approach and the outcome of this work can be further applied to understand the in
vitro protein digestion as well as the commercial peptide production.
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Annex 3.4: List of peptide concentrations at all DH values in the 3 proteins.

a-LA Concentration (LM) B-cas Concentration (uM) B-LG Concentration (uM)
peptides DH1 DH2 DH3 DH4 DH4.7|peptides DH1 DH2 DH3 DH4 DHA4.3| peptides DH1.5 DH3 DH4.5 DH6 DH7.9
[1-5] 33 81 183 26.6 303 [1-9] - - - - 0.5 [1-8] 244 36.0 43.7 49.6 52.0
[1-10] 15.0 26.0 324 221 19.1| [1-25] - - 23 96 7.6 [9-14] 16.3 29.6 40.0 48.5 54.9
[1-13] 61 45 28 20 1.2 [1-28] 44 94 114 19 0.6 [9-20] - - - - 0.3
[1-16] 1.7 1.0 03 - - [1-29] - 13 13 - - [9-40] - 16.3 9.9 - -
[1-58] 1.6 0.8 - - - [1-97] 16 13 08 - - [9-70] 9.6 - - - -
[6-10] 2.5 85 19.3 343 373 [1-99] 275 - - - - [15-20] - 0.7 14 2.8 30.3
[11-13] 9.9 25.3 39.0 47.1 45.0 | [26-28] - - - 333 339 [15-40] 15.4 17.2 19.3 315 141
[11-16] 56 75 7.2 3.7 3.2 | [29-32] - - 9.1 304 318 121-40] - - - 3.7 37.3
[14-16] 8.1 17.8 33.3 40.8 39.0 | [29-97] - - 18.9 - - [22-39] - - 0.5 0.8 1.9
[17-58] 8.3 13.5 29.9 286 27.8 | [29-99] - 315 124 - - [22-40] - - - 0.3 0.4
[17-123] 9.6 175 101 0.8 04 |[30-38] - - - 4.9 35 [41-60] - - 1.5 4.4 30.6
[59-79] - - 03 23 3.4 | [33-48] - - 1.0 27 3.2 [41-69]A 114 19.0 14.9 14.9 8.1
[59-93] 04 22 59 92 6.4 | [33-97] - - - 27.5 12.4 | [41-70]A 9.4 19.6 24.2 25.7 12.0
[59-94] 12 48 114 16.1 156 [[49-105] - - 0.7 - - [47-55] - - - - 0.5
[80-93] 2.6 3.8 47 50 5.1 [[98-105] 6.4 87 85 54 - [52-641B - - - - 0.3
[94-98] - 46 80 104 1009 [[98-134] - - - - 6.7 [59-77]1A - - - 0.2 -
[94-108] 03 0.6 0.6 0.2 0.1 [[100-105] 19.6 28.5 31.3 34.4 - [61-69]B - - - 1.0 10.5
[94-123] 20 1.7 - - - J[100-107] 2.9 0.8 - - - [61-70]B - 0.6 1.2 2.0 15.9
[95-108] 1.0 26 34 19 1.3 [[106-113] 2.1 4.0 9.1 204 139 [70-75] 3.7 4.6 8.9 13.8 18.1
[95-123] 109 103 - - - [106-169] 19.5 185 18.0 - - [71-75] 141 243 343 428 509
[99-108] 1.8 9.2 223 328 327 [106-209] 3.6 54 - - - [71-83] 0.5 0.5 0.4 - -
[109-123] 3.4 189 386 50.5 46.8 [[108-113] 1.1 19 49 20.7 314 [71-84] - - - 0.3 -
[115-123] 1.4 33 9.1 195 25.0 [108-169] 14.0 12.8 12.5 - - [71-91] 0.8 2.0 1.8 - -
[114-169] - - 14.0 340 354 [71-92] - - 0.6 0.7 -
[170-176] 17.7 29.0 38.7 41.1 42.0 |[71-162]A 2.0 - - - -
[170-183] 2.6 2.5 - - - [76-83] 5.2 12.9 25.5 47.3 64.8
[170-209] 12.6 6.2 - - - [76-91] 2.0 5.0 5.6 4.0 0.8
[177-183] 4.9 12.6 30.6 38.7 39.7 [76-101] 0.8 1.4 1.8 - -
[177-209] 20.0 16.8 4.0 - - [76-162] 2.1 - - - -
[184-190] - - - - 53 [78-91] - - - 2.1 -
[184-202] - - - - 44.7 [81-83] - - - - 1.2
[184-209] 3.6 9.2 219 234 102 [84-91] 2.4 6.1 131 28.0 48.2
[191-202] - - - - 6.2 [84-100] - 0.9 1.0 1.1 -
[203-209] - - - 8.8 28.6 [84-101] 0.9 2.0 2.6 1.7 1.0
[86-100] - - 0.6 0.5 -
[92-100] 1.4 3.0 5.5 10.0 305
[92-101] 3.0 8.0 155 26.8 16.6
[93-102] - - - 0.6 0.7
[101-124]B - - 2.7 2.1 2.1
[102-124]A - 16.8 11.4 35.4 313
[102-138]A 8.1 12.9 17.0 - -
[106-124] - - - 0.7 0.8
[125-135] - - 0.7 1.7 8.7
[125-138] 2.4 8.4 17.2 29.8 353
[125-141] 15 2.6 2.7 1.7 0.4
[136-138] - - 13 1.9 9.1
[139-141] 8.3 18.2 27.0 38.4 46.2
[139-152] - - - - 6.2
[142-148] 20.9 35.5 45.7 53.3 50.6
[146-148] - - - - 6.3
[149-162] 22.1 34.3 42.5 49.3 54.8

“-” indicates the peptide was not found in the hydrolysate.
*The average standard error of the concentration of the peptides was ~15 %.
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Annex 3.5: Concentrations of cleavage site products in (A) a-LA and (B) B-cas as a function of time. The
dashed lines (------ ) represent the fit using 2" order reaction equation.
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CHAPTER 4

Comparison of protein hydrolysis catalysed by
bovine, porcine or human trypsins

Bovine and porcine trypsins specifically hydrolyse peptide bonds on the carboxylic side of lysine
and arginine. Knowing this specificity and the protein amino acid sequence allows to estimate
the theoretical maximum degree of hydrolysis (DHmaxtheo) that can be reached. The DHmax theo IS
the same for enzymes with the same specificity. However, for a-lactaloumin hydrolysis by
porcine trypsin, the experimental maximum degree of hydrolysis (DHmaxexp) Was similar to the
DHmaxtheo, While by bovine trypsin, the DHmaxexp Was much lower. The low DHmaxexp Of bovine
trypsin was explained by its secondary specificity, resulting in different relative hydrolysis rate
constants (selectivity) towards cleavage sites (CSs) in a protein. This study aims to reveal if the
differences in DHmaxexp Of hydrolysis by bovine, porcine or human trypsins can be explained based
on their enzyme secondary specificity (selectivity). For both a-lactalbumin and B-casein, the
differences between the DHmax.exp Of porcine tryptic hydrolysis and DHmax theo Were small, whereas
large differences between the DHmaxexp Of bovine or human tryptic hydrolysis and DHmay theo Were
found. This was explained by the fact that porcine trypsin efficiently hydrolysed ~78 % of the CSs,
while bovine and human trypsins only efficiently hydrolysed ~47 % and ~53 % of the CSs,
respectively. The prediction of DHnax based on enzyme selectivity was 4 times closer to the
DHmaxexp than the estimates based on enzyme specificity (DHmaxtheo). Preliminary relations
between the binding site sequence and the selectivity of each trypsin were proposed, which
would allow the estimation of DHmaxexp Of tryptic hydrolysis of other substrate proteins.

Based on: Y. Deng, H. Gruppen, P.A. Wierenga, Comparison of protein hydrolysis catalysed by bovine, porcine or

human trypsins, Submitted for publication.
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Introduction

The in vivo protein digestion in the intestines is often simulated by the in vitro hydrolysis using
pancreatin, in which the main proteases are trypsin and chymotrypsin. Trypsins specifically
hydrolyse peptide bonds on the carboxylic side of lysine and arginine. In principle, when the
specificity of the enzyme is known, as well as the amino acid (AA) sequence of the protein, the
theoretical maximum degree of hydrolysis (DHmaxtheo) Can be calculated. In the case of tryptic
hydrolysis of a-lactalbumin, the DHpay theo is 10.7 % (Table 4.2). When this protein was hydrolysed
by porcine trypsin, the experimental maximum degree of hydrolysis (DHmaxexp) (¥10.7 %) was
indeed similar to DHpmaxtheo *. Using bovine trypsin, surprisingly, the DHumaxexo Was only ~3.6 % .
Peptide analysis showed that the lower DHmayxexp reached by bovine trypsin was because 8 out of
14 cleavage sites (CSs) on the protein were hydrolysed by the enzyme only at a low rate (Chapter
3). These low hydrolysis rate constants were proposed to be due to the hindrance of bovine
trypsin by the charged AAs surrounding the CSs 2 (Table 4.1). The differences in hydrolysis rate
constants of CSs in a protein are quantitatively described by enzyme “selectivity” 3. The current
study aims to investigate the hydrolysis by bovine, porcine and human trypsins, and to study if
the differences in DHmaxexp could be explained based on the enzyme selectivity. A detailed
understanding of the differences in enzyme selectivity of the trypsins will allow a better
understanding of the reported in vitro digestibility of a protein.

In commercial trypsins extracted from bovine and porcine pancreas, two variants of trypsin, i.e.
cationic (trypsin-1) and anionic (trypsin-2) trypsins, are present. The trypsin-1 is the dominant
variant. Human trypsin consists of three variants of trypsin. The content of trypsin-1 (cationic),
trypsin-2 (anionic) and trypsin-3 (mesotrypsin) were found to be 60 %, 30 % and 10 %,
respectively 4. Unless stated otherwise, in this study, bovine and porcine trypsins are further
referred to the trypsin-1, and human trypsin is further referred to the trypsin-2. Using bovine
trypsin, the experimental maximum degree of hydrolysis (DHmaxexp) Of a-lactalbumin, B-casein
and B-lactoglobulin were reported to be 5.1 % 2, 4.3 % ? and 8.0 % %, respectively. These values
were only 48 %, 60 % and 75 % of the theoretical maximum degree of hydrolysis (DHmax theo) Of
each protein. The peptide analysis of a-lactalbumin hydrolysates showed that 2 out of 13 CSs
were not hydrolysed (Chapter 3). For the hydrolysed CSs, the hydrolysis rate constants of bovine
trypsin towards the individual CSs varied from 4.7-:10° to 3.0-10® s :mgenzyme, Which were
equivalent to selectivity values (relative hydrolysis rate constants) ranging from 0.4 to 27.6 %
(Chapter 3). The 2 CSs that were not hydrolysed were referred to as the missed cleavages. The
occurrence of missed cleavages was also shown in bovine tryptic hydrolysates of human serum
albumin hydrolysates, where ~100 peptides with missed CSs were identified °. The occurrence
of missed cleavages in bovine tryptic hydrolysis has been attributed to the presence of charged
AAs surrounding the CSs 7 é. When a protease binds to a substrate, part of the enzyme (the
subsite of the enzyme, S4-54’) interacts with part of the substrate AA sequence (the binding site
of the CS, P4-P4’) °. The P4-P4’ positions are numbered from the N- to C-terminal sides of the CS,
and P1 identifies the AA for which the enzyme is specific °. Recently, this concept was applied to
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describe bovine trypsin selectivity towards CSs in a-lactalbumin, B-casein and B-lactoglobulin
(Chapter 3). To obtain a better understanding of bovine tryptic hydrolysis, the relation between
experimental selectivity and molecular properties of the binding site positions was investigated
(Chapter 3). Based on the relation, CSs could be differentiated by the charge of AAs on the P2
and P2’ positons of the binding site sequence into 3 categories (Table 4.1). The 3 categories were
CS that were 1) hydrolysed efficiently, when neutral AAs are on the two positions (high selectivity
sites); 2) hydrolysed with an intermediate hydrolysis rate, when a charged AA is on one of the
two positions (intermediate selectivity sites); 3) hydrolysed slowly, when charged AAs are on
both positions (low/zero selectivity sites) (Chapter 3). The type of binding site sequences of CSs
in the 3 categories was taken as a set of rules to predict the DHmaxexp Of proteins (Table 4.1).
Using these rules (based on selectivity), the predicted maximum degree of hydrolysis was found
to be ~5 times closer to the DHmaxexp than the DHmaxtheo (the prediction based on specificity)
(Chapter 3).

Table 4.1: Selectivity rules for bovine trypsin Z and the number of correctly predicted cleavage sites (CSs) of
the total CSs in a-lactalbumin and B-casein for bovine, porcine and human trypsins based on the rules*. Il

indicates charged amino acids (KRDE) and indicates neutral amino acids (All others). The letters in the
columns represent the abbreviation of the amino acids. “-” means there is no amino acid present.

Binding site Number of correctly predicted CSs/total CSs

Catego
gory P2 P1 PY P2’ Bovine trypsin  Porcine trypsin  Human trypsin

High selectivity/All others K/R All others| 11/12 14/21 9/14

Intermediate [NMKRDERN K/R All others| 5/9 0/2 2/3

selectivity |All others K/R

IKREEN /R 1/7 2/5 3/11

Low/zero - K/R - - 2/7
selectivity K/R P
C K/R 1/7

Despite the same specificity, trypsins from different sources might not have the same selectivity.
For example, in a porcine tryptic hydrolysate of human serum albumin, the number of peptides
that contained missed CSs was 60 % lower than in a bovine tryptic hydrolysate ¢. Moreover, the
DHmaxexp Of porcine tryptic hydrolysis of a-lactalbumin was equal to the DHmaxtheo *. Therefore,
porcine trypsin is not expected to be largely influenced by the molecular properties of the
binding site sequences. Different peptide profiles were also found between the hydrolysates of
B-lactoglobulin taken after 6 h of hydrolysis by bovine or ovine trypsins °. These observations
indicated that the reported in vitro protein digestibility and the hydrolysate composition of one
substrate protein determined by hydrolysis using different trypsins could have various outcome.

In this study, the hydrolysis by porcine or human trypsins of individual CSs in two proteins
(a-lactaloumin and B-casein) were analysed, and compared with previous results of bovine
trypsin (Chapter 3). The determined hydrolysis rate constants of the three trypsins of CSs in the
two proteins were used to explain the differences in the DHmaxexp- The dependence of selectivity
on the molecular properties of binding site sequences was proposed for each trypsin.

*To avoid repetition, the right part of the table (number of correctly predicted CSs/total CSs) was from experimental
data, which will be discussed in page 92.
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Materials and methods

Materials

a-Lactalbumin (a-LA) was obtained from Davisco Foods International Inc. (Le Sueur, MN, USA).
Based on results from circular dichroism, ~72 % of the a-LA was in apo form and the rest was in
holo form *. B-Casein (B-cas, C6905), bovine trypsin (BT, T1426), porcine trypsin (PT, T0303) and
aprotinin (A6279) were all purchased from Sigma-Aldrich (St.Louis, MO, USA). Recombinant
human trypsin-2 (further referred to as human trypsin, abbreviated as HT) was purchased from
Shanghai Yaxin Biotechnology Co., Ltd (Shanghai, China). The molecular properties, including the
protein content and purity, of the two proteins, i.e. a-LA and B-cas, and the three trypsins, i.e.
BT, PT and HT, were listed in Table 4.2. To check the composition of the enzymes, all three
trypsins were analysed using ultra-performance liquid chromatography coupled with mass
spectrometry (UPLC-MS). There was no chymotrypsin peak found in the chromatograms of any
trypsins. The activities of bovine, porcine and human trypsins were specified to be 210,000,
13,000-20,000 and >7500 benzoyl-L-arginine-ethyl-ester units/mg protein by the manufacturers,
respectively. Aprotinin was used to inhibit each trypsin hydrolysis, as described below. Aprotinin
present in 0.9 % sodium chloride and 0.9 % benzylalcohol solution, was determined to have a
concentration of 2.3 mg/mL based on the peak area at 214 nm (A4) using RP-UPLC-UV 2. All
other chemicals were of analytical grade and purchased from Sigma or Merck.

Methods

Enzymatic hydrolysis of the proteins

The enzymatic hydrolysis of proteins was performed as described previously °. The a-LA or B-cas
solutions (1 % [w powder/v], 10 mL in Millipore) were adjusted to pH 8.0 and equilibrated for
0.5 h at 37 °C in a pH-stat device (Metrohm, Herisau, Switzerland). Trypsin solution (100 uL, 10
mg/mL in Millipore) was added to the equilibrated protein solution to reach an enzyme to
substrate ratio of 1:100 [w/w]. The hydrolysis was performed at 37 °C for 3 h using 0.2 M NaOH
to keep the pH constant. The degree of hydrolysis (DHs.t) was calculated using equation 1 7,

(1) b, ["u]=VbebexLxLx100 %

a m P tot

where Vy, [mL] is the volume of NaOH added; N, [mol/L] is the normality of NaOH; a is the average
degree of dissociation of the a-NH groups (1/a=1.3 at 37 °C and pH 8) % m, [g] is the mass of
protein in the solution (taking into account the protein content in the powder based on Dumas
results); hi: [mmol/g] is the total number of millimoles of peptide bonds per gram of protein
substrate (Table 4.2).
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For each hydrolysis, at set DH values, 200 uL sample was taken. The DH at which samples were
taken depended on the DHmax.exp reached after 3 h of hydrolysis. During a-LA hydrolysis, samples
were taken at DH 0, 1.5, 3, 4.5, 6, 7.5, 9 and 10 % for porcine tryptic hydrolysisand at DH O, 1, 2,
3,4, 5 and 6.3 % for human trypsin hydrolysis. During B-cas hydrolysis, samples were taken at
DHO, 1.5, 3, 4.5, 6, 6.7 % for porcine tryptic hydrolysis and at DH 0, 1, 2, 3, 4, 5 and 5.2 % for
human tryptic hydrolysis. In a previous study, the same experiments were performed using
bovine trypsin (Chapter 3). In that study, samples were taken at DH 0, 1, 2, 3, 4 and 4.7 % for
a-LAand atDHO, 1, 2, 3, 4 and 4.3 % for B-cas. To inactivate each trypsin, 3 pL aprotinin with a
concentration of 2.3 mg/mL was directly added to each sample taken during hydrolysis, resulting
in a molar ratio of trypsin to aprotinin of 1:1.5. The inactivation was confirmed for each trypsin
using the pH-stat. For this, 150 L aprotinin was added to a 10 mL protein solution (10 mg/mL)
immediately after trypsin was added. For each enzyme, the pH of the solution remained constant
after the addition of aprotinin, proving that all enzymes were successfully inhibited (data not
shown). Due to the dissolution of CO, in protein solutions during hydrolysis, the consumption of
NaOH needs to be corrected. As a control experiment, 1 % [w powder/v] of a-LA and B-cas
solutions were incubated in a pH-stat in the absence of trypsin for 3 h. The added volume of
NaOH from each control experiment was subtracted from the added volume of NaOH at all time
points during hydrolysis. Both 1% and 2" order reaction equations were used to fit the
experimental DHq.: curves. Using 2" order reaction equation, the R? of the fit against time (R?=1-
SSresidual/SStota, SS Means the sum of squared errors) was higher than using 1°* order reaction
equation. Thus, the 2" order reaction equation (equation 2) was used to fit the experimental
data,

(2) DH,,[%)= DH

stat max, fit ~ DHmwc’ﬁ/ /(1 + khydr x DHmax,ﬁl x t)

where the maximum degree of hydrolysis (DHmaxsit) and the overall hydrolysis rate constant
(k™9 [s]=knyar DHmax i) Were fitting parameters. All hydrolyses were performed in duplicate,
and samples were taken at the same DH points during each individual experiment. All
hydrolysates were analysed by adapting the method as developed previously by Butré and
co-workers 3,

Estimation of the number of efficiently hydrolysed cleavage sites

Based on the fitting parameter DHmax it (derived from equation 2), the percentage of CSs that
were efficiently hydrolysed by the enzyme, or in other words the percentage of high selectivity
sites (HSSs) of the enzyme, was estimated from equation (3) .

enzyme, protein

0 max, fit
(3) HSS2me (05) = — I %100 %
protein DH enzyme, protein
max ,theo

The superscripts and subscript of the parameters refer to the enzyme-substrate combinations.
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Reversed phase ultra-high performance liquid chromatography (RP-UPLC)

The hydrolysates were analysed on an H class Acquity UPLC® system (Waters, Milford, MA, USA)
equipped with a BEH C18 column (1.7 um, 2.1x100 mm, Waters), which was connected to an
Acquity UPLC® PDA detector (Waters). The disulphide bridges were reduced by incubating the
samples at a protein concentration of 0.5 % for 2 h with 100 mM ditiothreitol (DTT) in 50 mM
Tris-HCI buffer at pH 8.0. The reduced samples were further diluted to a protein concentration
of 0.1 % [w/v] and centrifuged (10 min, 14,000xg, 20 °C) before injection (4 pL).

Electron spray ionization time of flight mass spectrometry (ESI-Q-TOF-MS)

The MS and MS/MS (MSe) data of the peptides were collected with an online SYNAPT G2-Si high
definition mass spectrometry (Waters) coupled to the RP-UPLC system. The MS system was
calibrated with sodium iodide. Online lock mass data (angiotensin II, [M+2H]?*": 523.7751) was
acquired 2. Based on the differences between measured and theoretical lock mass, corrections
were applied on the m/z of peptides during data collection. The data were analysed manually
using MassLynx software v4.1 (Waters) and UNIFI software v1.8 (Waters).

Estimation of the number of possible peptides
For a protein with N cleavage sites, the theoretical number of possible peptides (NPPmax theo) Was
calculated based on enzyme specificity using equation 4 3,

(4) NPP

max,theo = (N + 1)(N + 2)/2

where N is the number of CSs in the protein sequence. Experimentally, the enzyme only
efficiently hydrolysed a few -high selectivity- CSs (HSSs). Therefore, a corrected number of
possible peptides (NPPmaxnss) based on enzyme selectivity was calculated by replacing N in the
equation 4 by the number of HSS (#HSS) estimated using equation 3.

Peptide identification and quantification

The mass tolerance between the theoretical mass and the measured mass for the accepted
annotation was set at 100 ppm. Two AA modifications, i.e. methionine oxidation (+16 Da) in
a-LA and the phosphorylation (+80 Da per phosphoserine) in B-cas, were taken into account. The
peptides were annotated based on the MS spectra and were confirmed by identifying the b and
y fragments in the MS/MS spectra when possible. In the case of co-elution, the concentration of
each of the co-eluting peptides was calculated by using the intensity of total ion count to divide
the UV area at 214 nm. The concentration of each peptide was calculated using equation 5,

A4 - QO
) ¢ lale—AneQ
pepiide [ ] eapa 1V Kooy

i

where Cpeptice [LM] is the peptide concentration, Ay14 [MAU-min] is the UV area at 214 nm, Viy
[uL] is the injected volume of the sample, Q [uL-min™] is the flow rate and | [cm] is the path
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length of the UV cell, which is 1 cm according to the manufacturer. €;14 [Mt-cm™] is the molar
extinction coefficient at 214 nm, which was calculated as described previously . Due to the
multiple reflection by the coating of the UV cell, the effective path length of the light through
the cell is not the same as the length specified by the producer. This issue was also reported in
earlier studies 7. To correct for this effect, the cell constant of the UV detector (keu), was
determined using a series of standard solutions made by B-lactoglobulin, B-cas and angiotensin
I, and the approach as described elsewhere %4, The ratio between the measured and expected
A,14 Was taken as the ke value. For the UV cell used in this study, the ke was reported to be
0.78 2. The linear region of the peak area (A;4) in the UV detector ranges from 5x10! to 6x10°
HAU-min 2. Therefore, peptide quantification was performed for peptides with A;1425x10!
MAU-min. In all hydrolysates, the total peak area in the chromatograms was 956 % of the
expected value, and of the total A;14, 9713 % was assigned to annotated peptides.

Enzyme dffinity towards intact proteins

The percentage of remaining intact protein in the hydrolysates was plotted against hydrolysis
time. The initial hydrolysis rate constants of the hydrolysis of intact protein ( k&2mere«n [s-1]) were
calculated from the initial slope of the curve (the linear slope of the first 3 points as a function
of time). According to the Linderstrgm-Lang theory, the amount of intact protein as a function
of DH illustrates the enzyme affinity towards intact proteins relative to the enzyme affinity
towards intermediate peptides %°. Based on this theory, the percentage of intact protein in the
hydrolysates was also plotted against DHq.: [%]. Because the hydrolyses by the three trypsins did

not reach the same DHpax i, the DHstat Was normalised by dividing by DHmaxfit.

Quality check of the annotation and quantification of the peptide analysis

The quality of peptide analysis was analysed using three parameters, i.e. amino acid, peptide
and molar sequence coverages, which were calculated by equations 6, 7 and 8, respectively 3.
These checks were performed for all hydrolysates. For each enzyme-substrate combination, the
average value for each parameter was calculated as the average of that parameter for the
duplicate experiments at all DH values.

_ #unique annotated AA
# AA

(6) Amino acid sequence coverage [%] x 100 %

protein

# AA(annotated peptides )
# AA(annotated peptides )+# AA( missing peptides )

Z (Cn - CO )2
[# A4 protein -1 ]

Co

x100 %

(7) Peptide sequence coverage |% |=
8

(8) wmotar sequence coverage [%]= 1- x 100 %
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C, [UM] represents the concentration of each individual AA (n) in the protein sequence; Co [UM]
is the initial injected protein concentration and #AAyrotein is the number of AA in the sequence of
the parental protein 3. The injected initial concentrations (Co) were 59 uM and 34 puM for a-LA
and B-cas, respectively (calculated based on the protein content and purity listed in Table 4.2).
In the samples at DH 0 % of a-LA and B-cas, the experimental C, were measured to be 5842 and
33+1 uM, respectively, using equation 5. The missing peptides are the peptides that were not
found but should be present given the annotated peptides 3. To further check the quality of
peptide analysis, for each hydrolysate, the degree of hydrolysis based on peptide analysis (DHws)
was calculated using equation 9,

pes
(9) DH 5 [%]= x100 %
2x# peptide bonds x C,
where #peptide bonds stands for the number of peptide bonds and the C; is the concentration
of the cleavage site products, calculated using equation 10.

Determination of the hydrolysis rate constants
For each CS, the concentration of cleavage site products (C;) that originate from the hydrolysis
of that peptide bond was calculated using equation 10.

(10) Ci,[[luM]z Z {Cpepzide [x_y]tli: x—Ilui= y}

where Ci: [uM] refers to the concentration of CS products formed at each time point t. i equals
the sum of the concentrations of all peptides of sequence [x-y], for which i=(x-1) or i=y. The
apparent hydrolysis rate constant was obtained by fitting the equation of 2" order reaction
equation (equation 11) to the experimental data ?,

(11) Cl_e:"z.vmeyprotein [ﬂM] — Z(C(t)znzyme,pmtein _ C(t)znzyme,prntein /(1 + k.enzyme,pmtein X1 X anzymeypro,gm ))

i.app

where both cg@mereen [HM] and k§meprotein [suM™orein] are fitting parameters, and the
superscripts refer to the enzyme-substrate combination. The apparent hydrolysis rate constant
khameproten o corymereet s referred to as ki ™" [s7]. The hydrolysis rate constant k{T>mero"

[s-mgyrotein] Of €ach selective hydrolysis was calculated using equation 12,

enzyme , protein
( 1 2) k enzyme , protein — ki, app, ¢
1c
mg

where me [mg] is the mass of the enzyme added for the hydrolysis. The Ci: was also calculated
based on the concentration of remaining non-hydrolysed CSs (Cremaint) (Cit=Co-Cremaint) in the
hydrolysates. Hydrolysis rate constants calculated based on the two methods were compared.
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Enzyme selectivity
The selectivity [%] of enzymes towards CSs present in the two substrate proteins was calculated
by dividing the hydrolysis rate constant k{:*"*°" of each CS by the sum of hydrolysis rate

constants for all CSs for that enzyme-substrate combination (equation 13) 2.
kienzyme, protein x anzyme,pmmin

P 3 teil
(13) SEIeCthl[y crame protent [%] = enzyme, protein enzyme, protein
Z(ki e PO o G prote

)XIOO%

In a recent work for bovine trypsin, the high (HSSs), intermediate (ISSs) and low/zero (LSSs)
selectivity sites in a-LA and B-cas were clustered using the Matlab method k-means clustering 2.
As a partitioning method, the k-means clustering uses the squared Euclidean metric to determine
the distances and the k-means++ algorithm for the cluster centre initialization. It is used to find
clusters that divide data points with minimised total sum of distances. To compare hydrolysis
rate constants of porcine and human trypsins towards CSs with those of bovine trypsin, for each
substrate, the lowest hydrolysis rate constant of bovine trypsin towards CSs in each category
(HSS, 1SS and LSS) was set as the thresholds. Using these thresholds, the number of HSSs, 1SSs
and LSSs of porcine and human trypsins towards CSs in a-LA and B-cas were determined.

Prediction of maximum degree of hydrolysis

Previously, it was found that for bovine trypsin, the average k""" of ISS and LSS were ~24 %
and ~3 % of the average k™" of HSSs, respectively 2. It means that within the time of the
hydrolysis experiment when most HSSs were hydrolysed, ~24 % and ~3 % of the ISSs and LSSs
were hydrolysed, respectively. Hence, the predicted maximum degree of hydrolysis (DHmax,pre)

based on enzyme selectivity can be calculated using equation 14 2,

_ #HSS +0.24 x#1SS +0.03 x# LSS
# peptide bonds

(14) DH ,,,, . %] %100 %
where #HSS, #ISS and #LSS stand for the number of high, intermediate and low/zero selectivity
sites, respectively. Since the #HSS, #ISS and #LSS of porcine and human tryptic hydrolysis of
o-LA and B-cas were obtained based on the thresholds set from bovine trypsin selectivity, their
DHmaxpre Were also predicted using equation 14.

Relation between binding site sequence and enzyme selectivity towards CSs

The correlation between the binding site sequence and the hydrolysis rate constant was
analysed using the information for all CSs. For this, the standard errors of the molecular weight,
hydrophobic moment and charge of the AA at each binding site position were analysed, using
the same approach as reported previously 2. The scale of hydrophobic moments ranged from
most hydrophilic AA (arginine, -1.8), to the most hydrophobic AA (isoleucine, 0.73) %°. For the
analysis at pH 8, arginine and lysine were positively charged, which were the CSs, and glutamic
and aspartic acids were negatively charged. Histidine was not included as a charged AA because
only 0.9 % of histidine was charged at pH 8. In addition, cysteine was considered as a charged
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AA, because the sulfhydryl group was charged at pH 8. The sulfhydryl group of cysteine could be
free in the intact proteins, or could be released as a result of disulphide bridge shuffling %%, If the
sulfhydryl group of cysteine was involved in a disulphide bridge, it would not carry a charge, but
it may still affect the hydrolysis due to steric hindrance for enzyme-substrate binding.

Results and discussion

General description of a-LA and B-cas hydrolyses by the three trypsins

The hydrolysis curves (DHs.: versus time) of a-LA by bovine, porcine and human trypsins were
fitted using equation 2. The overall hydrolysis rate constants (kBIPTHT- =LA ) of hydrolysis of
a-LA by bovine (1.6(+0.2)-10 s (Chapter 3)) or porcine (1.7(+0.0)-103 s?) trypsins were slightly
higher than by human trypsin (1.1(+0.3)-103 s*) . Larger differences were found in the DHmaxexp
of hydrolysis by the three trypsins. The DHmax it Values derived from equation 2 of hydrolysis by
the three trypsins were compared. For porcine trypsin, the DHmax it Of a-LA hydrolysis (10.0+0.3
%) (Figure 4.1A) was similar to the DHmaxtheo (10.7 %) (Table 4.2). This suggested that porcine
trypsin efficiently cleaved ~94 % of the CSs in a-LA, suggesting that around 12 out of 13 CSs were
high selectivity sites (HSSs, equation 3). The DHpyaxfit Of 0-LA hydrolysed by human or bovine
trypsins were 6.8+0.1 % and 5.1+0.2 % (Chapter 3), respectively, which were much lower than
the DHmaxtheo- Based on the DHmayfit, for bovine or human tryptic hydrolysis, only 48 % (6 out of
13) and 63 % (8 out of 13) of the CSs in a-LA, respectively, were estimated to be HSSs.

Similarly as for a-LA hydrolysis, the overall hydrolysis rate constants ( k BIP7HT: B=ess ) of B-cas by
bovine (9.6(+0.4)-10 s (Chapter 3)) or porcine (7.1(+0.7)-10 s?) trypsins were slightly higher
than by human trypsin (6.4(+0.2)-103 s%). For all enzymes, the hydrolysis rate constants of B-cas
hydrolysis were ~5 times higher than those of a-LA hydrolysis. The DHnmax it Of B-cas by bovine,
porcine or human trypsins were 4.3+0.1 % (Chapter 3), 6.7+0.3 % and 5.3+0.1 %, respectively
(Figure 4.1B). Similarly as for a-LA hydrolysis, there was a difference in the number of estimated
HSSs for bovine, porcine or human trypsins, which were 60 % (9 out of 15), 93 % (14 out of 15)
and 74 % (11 out of 15) of the CSs in B-cas, respectively.

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (s) Time (s)

Figure 4.1: Hydrolysis curves (DHg.t versus time) of hydrolysis of (A) a-LA and (B) B-cas by (—) bovine, (—*)
porcine or (---) human trypsins. The dotted lines (- ) indicate the DHpmax theo-

81



CHAPTER 4

For a-LA hydrolysis, similar initial hydrolysis rate constants were found for bovine, porcine and
human trypsins (kﬁg;T/HT“’LA): 0.14, 0.18 and 0.10 s, respectively (Figure 4.2A). The percentage
of remaining intact protein in the hydrolysates as a function of DHstat/DHmax it indicated that the
affinities of three enzymes towards intact a-LA were also similar (Figure 4.2B). The kip, /Tess
and enzyme affinities towards the intact B-cas for the three enzymes were also similar (Figures
4.2C and 4.2D). Between hydrolyses of the two proteins, some differences were observed.
Firstly, the kEIPTHTEes ofintact B-cas hydrolysed by bovine, porcine or human trypsins were 1.2,
2.5, 1.5 s, respectively, which were 8-14 times higher than the kf,g;T/HT“’LA of intact a-LA.
Secondly, at DHq.t 1 %, all intact B-cas molecules were hydrolysed by the three trypsins (Figure
4.2D). Since a DHg.: of 1 % means on average that ~2 peptide bonds were hydrolysed in 208
peptide bonds (in B-cas), this suggests that there were 1 or 2 peptide bond(s) that was/were
much more susceptible to hydrolysis in intact B-cas than other peptide bonds. This was not

observed in a-LA hydrolysis by any of the three trypsins.

Since no difference in the enzyme affinity towards intact proteins was found in the hydrolysis by
the three trypsins, the difference in DHmaxexp Was most likely due to the variations in the amounts
of HSSs of the hydrolysis. This was analysed in detail based on the quantitative peptide analysis.
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Figure 4.2: Percentage of remaining intact (A, B) a-LA and (C, D) B-cas in the hydrolysates during hydrolysis
by (<) bovine, () porcine or (A) human trypsins as a function of (A, C) time and (B, D) DHstat/DHmax fit. The
lines in panel (B) and (D) were used to guide the eye. The error bars were smaller than the marker size.
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Peptide analysis of a-LA hydrolysis by the three trypsins

Peptide annotation of a-LA hydrolysis by the three trypsins

Based on the estimated number of HSSs, the predicted maximum number of peptides (NPPmax Hss)
was 28, 91 and 45 for bovine, porcine and human tryptic hydrolysates, respectively (equation 4).
Experimentally, 23 (Chapter 3), 30 and 31 unique peptides were annotated in bovine, porcine
and human tryptic hydrolysates of a-LA, respectively (Table 4.2 and Annex 4.1). The numbers of
annotated peptides were lower than the NPPnaxuss, particularly for porcine trypsin. This could
be because a large number of intermediate peptides that should be formed during the hydrolysis
only accumulated to very low concentrations (only 5 % of the expected A,14 was not annotated),
e.g. below detection or quantification limit. The quality of peptide annotation and quantification
was analysed to identify how much of the total hydrolysate was represented by the quantified
peptides.

Quality check of the peptide analysis of a-LA by the three trypsins

The quality of peptide analysis was considered to be sufficient, based on the analysis by four
parameters: the average AA, peptide and molar sequence coverages, and the DH calculated from
the peptide analysis (DHws). The AA sequence coverages of all samples were 100 % (Table 4.3).
The average peptide sequence coverages for bovine, porcine and human tryptic hydrolysates
were comparable: 9643 % (Chapter 3), 90+2 % and 9545 %, respectively. The average molar
sequence coverages for bovine, porcine and human tryptic hydrolysates were 80+9 % (Chapter
3), 70111 % and 72+7 %, respectively (Table 4.3 and Annex 4.3). The sequence coverages in this
work were higher than the thresholds set based on the data obtained from previous studies %>
2 i.e. 80 % and 70 % for the average peptide and molar sequence coverages, respectively 2.

Table 4.3: The amino acid, peptide and molar sequence coverages from the analysis of the bovine, porcine
or human tryptic hydrolysates of a-LA and B-cas.

Average sequence coverage [%]

Amino acid Peptide Molar
Protein
Enzyme a-LA B-cas o-LA  B-cas o-LA  B-cas
Bovine 100+0 100+0 | 96+3 83+10 | 80+9 7418
Porcine 100+0 99.5+1 | 90+2 8748 | 70+11 7247
Human 100+0 100+0 | 95+5 91+4 7818 8148

A further confirmation was obtained by comparing the DHys with the DH values taken from the
pH-stat titration (DHs.t). Averaged over all hydrolysates, the standard error between DHg,: and
DHws was ~7.3 % (Figure 4.3A). For the 3 porcine tryptic hydrolysates towards the end of the
hydrolysis, the DHus were smaller than the DHg.:, which was also reflected by the low molar
sequence coverages (<60 %) (Annex 4.3). This only had a minor effect on the fitting parameters,
because for the fitting of data with the equation of 2" order reaction, the results were mostly
determined by the initial 5 data points. Those 5 hydrolysates had high molar sequence coverages
(=70%).
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Figure 4.3: Comparison of DH calculated based on peptide analysis (DHys) and pH-stat titration (DHs,t) for
(A) a-LA and (B) B-cas hydrolysis by (¢) bovine, (O) porcine or (A) human trypsins. The dotted line (-+-)
indicates the function y=x. The error bars are typically smaller than the marker size.

In bovine tryptic hydrolysates, only specific cleavages were found (Chapter 3), while in porcine
and human tryptic hydrolysates, 3 and 1 a-specific cleavage(s) were identified, respectively. Such
a-specific cleavages were previously also found in the later stage of hydrolysis of whey protein
isolate by Bacillus licheniformis protease (BLP) 2. These sites were observed to be hydrolysed
only in certain specific peptides. Later on, these peptides were synthesized and incubated in the
absence and presence of BLP %, Even without the presence of enzyme, the a-specific cleavages
still occurred on those unstable peptide bonds ?%. This autolytic degradation of intrinsically
unstable peptide bonds were referred to as the “spontaneous cleavage” ?*. In this study, the
peptides that formed after a-specific cleavages were found only at the end of hydrolysis, and
these sites were cleaved to low extents (<6 uM). Therefore, they were not included as CSs.

Peptide release kinetics of a-LA hydrolysis by the three trypsins

In all hydrolyses, the peptide concentrations were followed during the hydrolysis (Annex 4.5).
The differences between the hydrolyses by the three enzymes were illustrated for the peptides
o-LA[14-16] and o-LA[1-10] (Figures 4.4A and 4.4B). During bovine and porcine tryptic
hydrolysis, a-LA[14-16] was released rapidly. Because a-LA[14-16] was a final peptide, i.e. a
peptide that did not contain CSs, the concentration only increased. In porcine tryptic hydrolysis,
the concentration of a-LA[14-16] in the final hydrolysate reached the injected concentration of
o-LA (Co= 59 uM) (Figure 4.4A). This illustrated that CSs K13-14 and K16-17 were efficiently
hydrolysed by porcine trypsin. During bovine tryptic hydrolysis, the concentration of peptide
a-LA[14-16] reached ~42 uM at the end of hydrolysis. During human tryptic hydrolysis, peptide
a-LA[14-16] was released slowly and the concentration reached ~34 uM at the end.

Peptide a-LA[1-10] is an intermediate peptide, of which the concentration can decrease after
the hydrolysis of CS K5-6 (Figure 4.4B). For hydrolysis by all trypsins, a-LA[1-10] formed rapidly
in the beginning. However, for the hydrolysis by different trypsins, the concentration reached
different values before it started to decrease. In final porcine and human tryptic hydrolysates,
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a-LA[1-10] was not found, which means that K5-6 was fully hydrolysed. Unlike hydrolysis by
these two trypsins, the concentration of a-LA[1-10] in the final bovine tryptic hydrolysate was
~10 uM. This means that K5-6 was not fully hydrolysed by bovine trypsin. This was also seen by
the final cleavage site products of K5-6, which will be discussed in the next section.
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Figure 4.4: Concentrations of peptides (A) a-LA[14-16] and (B) a-LA[1-10], cleavage site products (C) a-LA
K13-14 and (D) a-LA R10-11 formed during hydrolysis by (¢) bovine, () porcine or (A) human trypsins.
The dotted lines (-+++-) represent the initial injected concentration of a-LA. In panels (C) and (D), the dashed
lines (------ ) represent the fits using the 2" order reaction equation. The markers represent averaged values
of duplicate hydrolysates.

Hydrolysis rate constants of CSs in a-LA by the three trypsins

Based on the peptide concentrations at each DH, the concentration of cleavage site products of
each CS during a-LA hydrolysis was determined. There were clear differences in the hydrolysis
rate of each trypsin of individual CSs, as shown for instance for CS K13-14 (Figure 4.4C). This CS
was rapidly hydrolysed by bovine and porcine trypsins, but not by human trypsin. CS K13-14 was
fully hydrolysed by porcine trypsin as indicated by the final CS products concentration, as well as
by the peptide release kinetics of a-LA[14-16]. For CS K5-6, the concentration of the CS products
increased rapidly for hydrolysis by all trypsins (Figure 4.4D), which was expected based on the
peptide release kinetics of peptide a-LA[1-10] discussed above. Still, while for porcine and
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human tryptic hydrolyses, the concentrations of CS products at the end of hydrolysis reached 59
and 55 uM, respectively, for bovine tryptic hydrolysis, it only reached 34 uM.

During porcine tryptic hydrolyses, most CSs reached Co, meaning that they were fully hydrolysed.
This was not the case for bovine and human trypsins. For some CSs, the hydrolysis rate constants
of bovine and human trypsins were low, meaning that they were not hydrolysed yet within the
experiment time. In other cases, the molar sequence coverages of some part of the sequence
were not complete, resulting in a low concentration of CS products. In addition, for bovine and
human tryptic hydrolysis, there was ~12 % intact a-LA not hydrolysed at the end of hydrolysis.
This means that the remaining non-hydrolysed CSs were in the remaining intact a-LA.

From the CS products formation kinetics, hydrolysis rate constants (kiT/PT/HT’“'LA) of the three
enzymes towards CSs in a-LA were determined (Table 4.4). Differences between the enzymes
were seen for instance by the hydrolysis kinetics of CS K62-63. This CS was efficiently hydrolysed
by porcine trypsin (1.7-:102 s*mg™enyme). However, it was not hydrolysed by bovine trypsin at
all, and was only slowly hydrolysed by human trypsin (0.07-10% s:mg™enyme). Overall, the total
hydrolysis rate constants of porcine trypsin for CSs in a-LA (k; “"*
those of bovine and human trypsins. The ki “**
equally distributed among the range of 10°, 10* and 10® s*mgcn,yme. The similar range of
kf:"'LA was found for kff:"'LA of human trypsin. Unlike these two trypsins, for porcine trypsin, 10
out of 13 CS had similar hydrolysis rate constants, which were all 2102 s*mg™enzyme.

) were ~2 times higher than
for bovine trypsin towards CSs in a-LA were

Table 4.4: Individual and total hydrolysis rate constants (+16 % standard error) of all cleavage sites (CSs) in
a-LA during hydrolysis by bovine, porcine or human trypsins based on the CS products concentrations. CSs
classified as high, intermediate and low selectivity sites were highlighted with *, ™ and ¥, respectively.

Hydrolysis rate constants

k enzyme, a-LA
ic

[10-3 S_l'r'ng_lenzyme]

nzyme Bovine Porcine Human
CS trypsin trypsin trypsin
K5 0.5(+0.1) 3.4(+0.1) 1.3(+0.2)
R10 3.0(+0.0) 2.8(+0.2) 2.7(+0.1)
K13 2.3(+0.0) 2.4(+0.2) 0.2(+0.0)
K16 1.2(+0.0) 3.4(+0.1) 1.3(+0.2)
K58 1.3(+0.2) 1.8(+0.3) 2.2(+0.5)
K62 0.0(+0.0) 1.7(+0.1) 0.07(%0.00)
K79 0.05(+0.01) 0.01(+0.00) 0.3(+0.1)
K93 0.05(+0.01) 2.1(+0.0) 0.3(+0.1)
K94 0.4(+0.0) 2.3(+0.0) 1.6(%0.5)
K98 0.5(+0.0) 1.5(%0.2) 0.9(+0.1)
K108 1.3(+0.0) 3.9(+0.4) 1.2(+0.0)
K114 0.3(+0.1) 0.004(+£0.000)  0.004(+0.000)
K122 0.0(+0.0) 0.002(+0.000) 0.002(+0.000)
Total 10.9 25.3 12.1
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For porcine and human trypsins, the hydrolysis rate constants of CSs in a-LA were also calculated
based on the concentration of remaining non-hydrolysed CS (Cremaint) in the hydrolysates. For CSs
in the part of AA sequence where the molecular sequence coverages were high, the hydrolysis
rate constants calculated based on the two methods have an average standard error of 26 %.
This was 10 % higher than the average standard error of hydrolysates in duplicate experiments
(16 %). The hydrolysis rate constants of CSs calculated using both methods were used to further
calculate the enzyme selectivity.

Using the same approach as the peptide analysis of a-LA hydrolysates, the hydrolysis kinetics,
peptide release kinetics and hydrolysis rate constants of the three trypsins towards CSs in B-cas
were analysed.

Peptide analysis of B-cas hydrolysis by the three trypsins

Peptide annotation of the B-cas hydrolysis by the three trypsins

Based on the estimated number of HSSs, the predicted maximum number of peptides (NPPmax,pre)
was 55, 120 and 78 for bovine, porcine and human tryptic hydrolysates of B-cas, respectively.
Experimentally, 34 (Chapter 3), 35 and 40 unique peptides were annotated in bovine, porcine
and human tryptic hydrolysates, respectively (Table 4.2 and Annex 4.2). Similarly as for a-LA
hydrolysis, the annotated numbers of peptides were lower than the predicted numbers.

Quality check of the peptide analysis of B-cas by the three trypsins

Overall, for all B-cas hydrolysates, the average AA, peptide and molar sequence coverages were
in the same range as those for a-LA (Table 4.3 and Annex 4.4). Only porcine tryptic hydrolysates
at DH 6.7 % had an AA sequence coverage less than 100 %. This was because this hydrolysate
mainly contained final peptides, where dipeptides $-cas[98-99] and B-cas[106-107], were not
found in the chromatograms. Because dipeptides have low molar extinction coefficients, the loss
of UV signal was not visible from the total UV signal. The quality of annotation and quantification
was further confirmed by the agreement between the calculated DHwvs of each B-cas hydrolysate
and DHg.: (Figure 4.3B). Averaged over all samples, the standard error between the DHg.: and
DHws was ~7.7 %. In bovine, porcine and human hydrolysates of B-cas, peptides with 4, 5 and 4
a-specific cleavages were found, respectively. Due to low concentrations of CS products for these
sites (<8 uM), they were not included as CS.

Peptide release kinetics during B-cas hydrolysis by the three trypsins

The differences in peptide release kinetics during hydrolysis of B-cas by the three trypsins were
compared (Annex 4.6). This was illustrated for the peptides B-cas[108-113] and B-cas[183-209]
(Figures 4.5A and 4.5B). As expected, for porcine tryptic hydrolysis, the final peptide B-cas[108-
113] formed rapidly in the beginning and reached ~35 uM after 1000 s, which was close to the
initial injected concentration (34 uM) (Figure 4.5A). This indicated that CSs K108-109 and K114-
115 were fully hydrolysed by porcine trypsin. During bovine tryptic hydrolysis, B-cas[108-113]
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was released gradually and the concentration reached ~23 uM. For hydrolysis by human trypsin,
B-cas[108-113] was not formed in the first ~3500 s, but was so rapidly accumulated after this
point that it still reached the initial injected concentration (34 uM) before the end of the
experiment. Previously, such delay in the release kinetics of peptides was attributed to the
“demasking” phenomonon. Demasking describes that during protein enzymatic hydrolysis some
CSs may only become accessible after cleavage of other peptide bonds in the protein %,

The concentration of the intermediate peptide B-cas[183-209], increased rapidly from t=0 and
started to decrease at DH 2 % in porcine tryptic hydrolysis, and was completely degraded at
~1000 s (Figure 4.5B). For both bovine and human tryptic hydrolyses, B-cas[183-209] formed
gradually during the hydrolysis and started to decrease at ~400 and ~800 s, respectively. There
was ~5 uM of B-cas[183-209] remained in the final bovine tryptic hydrolysate, whereas for the
other two trypsins, it was completely degraded.
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Figure 4.5: Concentrations of peptides (A) B-cas[108-113], (B) B-cas[184-209], cleavage site products (C)
B-cas K113-114, (D) B-cas K183-184 formed during hydrolysis by ({) bovine, () porcine and (A) human
trypsins. The dashed lines (------ ) represent the fits using the equation of 2" order reaction and the dotted
lines (-++-+) represent the injected concentration of each protein. The inset in panel (C) shows the zoomed
curve of the cleavage site products formation of B-cas K113-114 from 0-500 s. The markers are the averaged
values of duplicate hydrolysates.
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Hydrolysis rate constants of CSs in B-cas by the three trypsins

During porcine tryptic hydrolysis, the concentration of CS products of K113-114 increased rapidly
at the start, reaching the initial injected concentration (34 uM) within ~1500 s (Figure 4.5C). The
hydrolysis of K113-114 by bovine trypsin was slower than by porcine trypsin. By bovine trypsin,
the concentration of the CS products only reached ~27 uM at the end of hydrolysis. For human
trypsin, as indicated by the peptide release kinetics of B-cas[108-113], the cleavage of K113-114
was masked in intact B-cas. Indeed, no CS products of K113-114 were formed in the beginning
of hydrolysis. However, after DH 4 %, the concentration increased rapidly and reached ~33 uM
(Co=34 uM). This indicated that human trypsin could hydrolyse K113-114 once it was demasked.
This also explained why the fit using the 2" order reaction equation was not good for this CS.
Clear evidence of demasking effects were observed in only 4 cases (R202-203 for the three
enzymes and K113-114 for human trypsin) in all hydrolyses. The equation for the consecutive
reaction, as describe previously %%, was used to calculate the hydrolysis rate constants of the CSs.
For CS K183-184, all trypsins hydrolysed the CS efficiently, illustrated by the fact that all the CS
products in the end of hydrolysis reached C, (Figures 4.5D). However, porcine trypsin hydrolysed
the K183-184 faster than the other two trypsins.

The hydrolysis rate constants (ki """"F<*) of all CSs in B-cas by the three enzymes were
determined (Table 4.5). Similarly as for a-LA hydrolysis, the total hydrolysis rate constants

( kﬁ}f"““ ) of porcine trypsin towards CSs in 3-cas were higher than bovine and human trypsins.

Table 4.5: Individual and total hydrolysis rate constants (+15 % standard error) of all cleavage sites (CSs) in
B-cas during hydrolysis by bovine, porcine or human trypsins based on the CS products concentrations. CSs
classified as high, intermediate and low selectivity sites were highlighted with *, ™ and ¥, respectively.

Hydrolysis rate constants ki‘gzy‘“e’ﬁ‘Cas

[10-3 st mg-lenzyme]

zyme Bovine Porcine Human
CcS trypsin trypsin trypsin
R1 0.0(£0.0) 0.0(£0.0) 0.0(+0.0)
R25 1.4(+0.4) 14.1(+1.3) 64.4(£7.6)
K28 16.7(+0.9) 114.8(+21.9) 56.2(+2.6)
K29 1.8(+0.1) 4.4(£0.3) 0.1(+0.0)
K32 1.6(+0.7) 8.0(+0.14) 0.9(+0.1)
K48 0.002(+0.000) 0.2(£0.0) 0.7(x0.1)
K97 1.3(%0.3) 53.1(£3.7) 53.7(+2.6)
K99 31.4(+1.9) 17.5(+0.8) 0.5(+0.0)
K105 47.8(%3.5) 92.6(£20.1) 12.1(+0.3)
K107 5.7(+2.0) 5.9(+1.8) 0.7(x0.2)
K113 2.3(+0.2) 10.1(+0.7) 0.1(+0.0)
K169 66.4(£8.2) 191.5(+13.1) 19.4(+0.7)
K176 23.8(x7.1) 98.7(+£27.8) 13.9(+1.1)
R183 6.0(+1.9) 37.8(+2.8) 10.2(+0.1)
R202 0.4(£0.2) 2.5(+0.3) 0.04(+0.0)
Total 207.6 651.2 232.9
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In the final hydrolysate of B-cas during hydrolysis by porcine trypsin, mainly final peptides were
found, indicating that almost all CSs were fully hydrolysed. This means that the differences in
ki7" were not from the differences in CI™* but almost entirely from the differences in
kﬂéﬁ’“as. None of the three enzymes hydrolysed the CS R1-2. For the hydrolysed CSs, bovine and
human trypsins were both more selective than porcine trypsin, but the preferred CSs were not
the same. As shown in Figure 4.2B, in all hydrolyses, there were 1 or 2 CSs highly preferred by
each trypsin, resulting in almost complete hydrolysis of intact B-cas at DHsat 1 %. This CS highly
preferred by bovine trypsin was reported to be K169-170 (Chapter 3). In this work, K169-170
was also found to be highly preferred by porcine trypsin, indicated by the fact that at DHgat 1 %
the CS products of K169-170 reached Co. Unlike bovine and porcine trypsins, the highly preferred
CS by human trypsin was R25-26. For porcine and human trypsins, the hydrolysis rate constants
of CSs were also calculated based on the concentration of remaining non-hydrolysed CSs in the
hydrolysates. For CSs that were in the part of the AA sequence with high molar sequence
coverages, the hydrolysis rate constants of the CSs determined based on both methods had an
average standard error of 28 %.

It should be noted that even for the HSSs, the hydrolysis rate constants of the three trypsins
towards CSs in B-cas were higher than those of CSs in a-LA. This might be due to the differences
in hydrolysis rate constants of intact proteins (kintact) during the hydrolysis. The kintact Values of
the three trypsins of B-cas were 8-14 times higher than their kintaet Values of a-LA. This was also
reflected on the total hydrolysis rate constants of the two proteins. This then suggests that the
measured hydrolysis rate constant of CSs are the product of the kinwacr and the hydrolysis rate
constants of the CS in the peptides.

Enzyme selectivity and the prediction of maximum degree of hydrolysis

Based on the hydrolysis rate constants calculated by the concentrations of CS products and the
remaining non-hydrolysed CSs (Cremaint) in the hydrolysates, the selectivities of bovine, porcine
and human trypsin towards CSs in a-LA and B-cas were calculated using equation 13. Calculated
based on the two methods, for the CSs in the part of AA sequence where the molecular sequence
coverages were high, the selectivity values had an average standard error of 26 %. The selectivity
values calculated based on the concentrations of CS products were used for further comparison
between the selectivity of each trypsin (Figures 4.6A and 4.6C). The selectivity values of porcine
trypsin towards most CSs in a-LA were similar, while the range of selectivity values for bovine

and human trypsin selectivity was much larger. This means that bovine and human trypsins were
more selective than porcine trypsin towards CSs in a-LA (Figure 4.6A). For B-cas hydrolysis, the
total hydrolysis rate constant of porcine tryptic hydrolysis was 3 times higher than the bovine
and human tryptic hydrolysis (Figure 4.6D). Although relatively the ranges of selectivity values
were similar for hydrolysis by the three trypsins, porcine trypsin efficiently hydrolysed more CSs
than the other two trypsins.
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Based on the threshold kaT/PT/HT’“’LA values from the results of bovine trypsin selectivity, the high
(HSSs), intermediate (ISSs) and low/zero (LSSs) selectivity sites of porcine and human trypsins
towards CSs in a-LA and B-cas were categorised (Table 4.6). For CSs in a-LA, the amount of HSSs
for each trypsin was close to but slightly lower than the prediction based on DHmayfit, Which was
6, 12 and 8 for bovine, porcine and human trypsins, respectively. This was also observed for
B-cas hydrolysis. That lower number of HSSs obtained experimentally was due to the fact that
ISSs also contributed to the DHpmax it

Table 4.6: Number of cleavage sites in a-LA and B-cas towards which bovine, porcine and human trypsins
have high, intermediate or low/zero selectivity.

a-LA B-cas
Enzyme | Bovine Porcine Human Bovine Porcine Human
Categories trypsin trypsin trypsin trypsin trypsin trypsin
High selectivity sites 5 10 6 7 11 7
Intermediate selectivity sites 4 - 3 5 2 1
Low/zero selectivity sites 4 3 4 3 2 7

Based on the numbers of HSSs, ISSs and LSSs, the predicted maximum degree of hydrolysis
(DHmax,pre) based on enzyme selectivity was calculated using equation 14, and was compared with
the DHmaxexp (Figure 4.7). The average standard error (| DHuma pre/theo-DHmax,exp | /DHmax,exp 100 %)
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between the predicted DHmaxpre based on selectivity and the experimental DHmayexp Was ~14 %,
which was ~4 times more accurate than the prediction based on enzyme specificity (DHmax theo)-

a-LA DHmax,theo

DH,,.x (%)

0 + T T T T T
Bovine Porcine Human Bovine Porcine Human
a-LA  a-LA a-LA B-cas B-cas fB-cas
Figure 4.7: Experimental maximum degree of hydrolysis (DHmaxexp, marked with ) and the predicted
maximum degree of hydrolysis based on enzyme selectivity (DHmaxpre, marked with M) of a-LA and B-cas
hydrolysis by bovine, porcine or human trypsins. The dashed lines (------ ) represent the theoretical maximum
degree of hydrolysis based on trypsin specificity (DHmax theo) Of a-LA and B-cas.

Based on coherent outcome of a-LA and B-cas hydrolysis by bovine, porcine or human trypsins,
it is concluded that the differences in DHmaxexp Of hydrolysis by the three trypsins can be
explained by their differences in enzyme selectivity. Based on the percentage of HSSs of the total
CSs, for the two substrates, bovine, porcine and human trypsin efficiently hydrolysed 43 %, 75 %
and 50 %, respectively.

Link between binding site sequence and selectivity of porcine and human trypsins
Using the rules of bovine trypsin selectivity, 57 % (16 out of 28) and 50 % (14 out of 28) of CSs
for porcine and human trypsin selectivity, respectively, were correctly predicted (Table 4.1). To
improve the prediction, the Link between the binding site sequence and the selectivity of porcine
and human trypsins was studied. The selectivity of porcine and human trypsin towards CSs, was
not related to the hydrophobicity and molecular weight of the AAs on the binding site sequence.
For both trypsins, the standard errors of the molecular weights of AAs in all positions in the
binding site sequence in the 3 categories (HSS, ISS and LSS) were similar (10-22 %), and close to
the standard error over all 20 protein AAs (22 %). For hydrophobicity, the absolute values of
standard errors for hydrophobic moments of all binding site positions in the 3 categories were
between 95 and 8220 %, and the absolute standard error over all 20 protein AA is ~420 %. There
was a relation between selectivity of porcine trypsin, and charge of the AAs on the P2 position.
All 5 LSSs had a negative charged AA on that position (Table 4.7). Out of the 21 HSSs, only 2 CSs
(a-LA K62 and K98) had a negative charged AA on P2 position (if the cysteine was taken as a
charged AA). For all other binding site positions, no clear differences were found between the
HSSs and LSSs. This rule, i.e. porcine trypsin efficiently hydrolyses CSs with no negatively charged
AAs on P2 position (Table 4.9), explained the porcine trypsin selectivity towards of 24 out of 28
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(~86 %) CSs in a-LA and B-cas. Positively charged AAs did not seem to hinder the porcine trypsin
selectivity since they were not present in the binding site sequences of the LSSs, but were mostly
present in the binding site sequences of the HSSs.

Table 4.7: Porcine trypsin hydrolysis rate constants and the amino acid sequences of binding site positions
(from P4 to P4’) of cleavage sites in a-LA and B-cas. Amino acids with a negatively charged side chain (DE)
are marked with ll. Amino acids with a positively charged side chain (KR) are marked with 1 except when
they are on P1. Cysteines are marked with . “-” means there is no amino acid present. The ' emphasized
the P2 position of the binding site.

PT

Cleavage sites e Binding sites
(s**mglenyme) pa p3 P2 P1 P1' P2' P3' P4’
High selectivity
a-LAK108 3.9E-3 L A |H K A L[IC s
a-LA K5 3.4E-3 Q L |T) K[ ChE v ¥
a-LAK16 3.4E-3 K Ll K G Y G G
a-LAR10 2.8E-3 vV |[F| R L KT IEN
a-LA K13 2.4E-3 R Ll K . LK G
a-LA K94 2.3E-3 C VIKIK 1 1L K
o-LA K93 2.1E-3 M eV K KT 1L
o-LA K58 1.8E-3 I N IN| K | w[e K
a-LA K62 1.7E-3 I w[C! kK DB Q@ N
a-LA K98 1.5E-3 I LBk v 6 1| N
B-cas K169 1.9€-1 S Q (S| K VvV L P V
B-cas K28 1.1E-1 RY 1 IN| K KT 1 ElTK
B-cas K176 9.9E-2 V. P | K A V P Y
B-cas K105 9.3E-2 M A [Pl K HI[K M
B-cas K97 5.3E-2 G V |S| K V[K . A
B-cas R183 3.8E-2 Y P |Q R MoP
B-cas K99 1.7E-2 s KTV K . A M A
B-cas R25 1.4E-2 s I |TI R I N [K K
B-cas K113 1.0E-2 P F [Pl K Y P V
B-cas K32 7.9€-3 K9 1 JE| K F aQ s* .
B-cas K107 5.9E-3 PIUKIIH K JElM P F
Intermediate selectivity
B-cas K29 4.4E-3 I N [K] K | JElKT F
B-cas R202* 2.5E-3 G P |V R G P F P
Low/zero selectivity
a-LA K79 1.4E-5 s [ic K F L JOSH
a-LAK114 3.6E-6 c s K L[DbTa w
a-LA K122 2.2E-6 L [ C K LB - -
B-cas K48 2E-4 L Q K | H P F
B-cas R1 0 - - R ! L !

#represents masked cleavage site in intact protein

* represents phosphoserine
For human trypsin, it was found that 11 out of 15 ISSs and LSSs had a negative charged AA on
either P2 or P1’ positions of the binding site sequences (Table 4.8). For HSSs, only 3 out of 13 CSs
had negative charged AAs on either P2 or P1’ positions of the binding site sequence (if cysteine
was taken as a charged AA). This means that human trypsin selectivity towards 21 out of 28 (~82
%) CS can be explained by the hindrance of negatively charged AAs on either P2 or P1’ positions

93



CHAPTER 4

(Table 4.9). No clear observation was found on the effect of positively charged AAs on the human
trypsin selectivity. That porcine trypsin was only hindered by a charged AA on 1 position of the
binding site sequence explained why it reached higher DHpax.exp than the other two trypsins.

Table 4.8: Human trypsin hydrolysis rate constants and the amino acid sequences of binding site positions
(from P4 to P4’) of cleavage sites in a-LA and B-cas. Amino acids with a negatively charged side chain (DE)
are marked with ll. Amino acids with a positively charged side chain (KR) are marked with = except when
they are on P1. Cysteines are marked with [, “-” means there is no amino acid present. The ' emphasized
the P2 and P1’ positions of the binding site.

a i KHT Binding sites
cavagesites  imSi.g P4 P3 P2 PL PL P2 P3 P4

High selectivity

a-LAR10 2.7€-3 el v (F| RJEJ] L KT D

a-LAK58 2.2E-3 I N N K [I| wlcC K

o-LA K94 1.6E-3 v K]k |1l L K

a-LA K5 1.3E-3 Q L |T| kK [C V. F

a-LAK16 1.3E-3 K'BBN L K G Y G G

o-LA K108 1.2e-3 L A H K |Al L€ s

B-cas R25 6.4E-2 s I |T| R JI| N[ K 'K

B-cas K28 5.6E-2 R | 1 Nl K [ K I K

B-cas K97 5.3E-2 G Vv |s| Kk |V|[K . A

B-cas K169 1.9€-2 s Q s/ K |vf L P vV

B-cas K176 1.4E-2 V. P o K |Al V P Y

B-cas K105 1.2E-2 M A [Pl K |H TKTJEN M

B-cas R183 1.0E-2 Y P o RBIM P 1

Intermediate selectivity

o-LA K98 8.5E-4 oL K vl 6 I N

a-LAK79 3.2E-4 s ['C III K |Fl L

o-LA K93 3.2E-4 M€ V] K[K] I

B-cas K32 9.0E-3 K7 | Bl kK F| Q

Low/zero selectivity || ||

a-LAK13 2.3t-4 R JEN L K

a-LA K62 6.9E-5 I W[iC K

o-LA K114 3.6E-6 cl s K

o-LA K122 2.2E-6 L [¢ III K

B-cas K107 7.4E-4 P LK H K

B-cas K48 7.0E-4 L a §Bf «

B-cas K113* 8.0E-5 P F [P| K

B-cas K29 7.1E-5 | N K K

B-cas K99 5.1E-5 s [k v K

B-cas R202* 3.8E-5 G P |V| R

B-cas R1 0 - - l!] R

#represents masked cleavage sites in intact protein
* represents phosphoserine
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Table 4.9: Revised rules for porcine and human trypsin selectivity towards cleavage sites (CSs) in a protein,
and the number of correctly predicted CSs of the total CSs in a-LA and B-cas based on the rules. Bl indicates
negatively charged amino acids (DE) and B indicates all other amino acids. The letters in the columns
represent the abbreviation of the amino acids.

Porcine trypsin Number of correctly predicted CSs/total CSs
Categories Binding sites
P2 P1
High selectivity All others K/R 19/21

lqw/,zgiqgelgc;h/i,ty_, K/R >/ _
Total 24/28
Human trypsin
. Binding sites
Categories P2 P1 PL
__Highselectivity | _Allothers _ __K/R __|All others 10/14
Intermediate or K/R All others 6/15
Low/zero selectivity Al K/R 4/15
_____________________ 1/15 .
Total| 21/28

* Due to limited number of CSs were categorised as intermediate selectivity sites, the intermediate and low/zero selectivity
sites were combined.

Conclusion

For two proteins (a-lactaloumin and B-casein), large differences were found in the DHmaxexp Of
two proteins by bovine, porcine or human trypsin. The difference of the DHmaxexp Of hydrolysis
by porcine trypsin and the theoretical maximum was small, whereas the DHma,exp Of bovine or
human tryptic hydrolysis were much lower than the theoretical maximum. These differences
were explained by the differences between the relative hydrolysis rate constants of the three
trypsins towards cleavage sites in both proteins (enzyme selectivity). Porcine trypsin hydrolysed
most cleavage sites in both proteins efficiently, while bovine and human trypsins only hydrolysed
half of the cleavage sites efficiently. Knowing the enzyme selectivity, the prediction of DHmax,pre
was ~4 times better than the estimation based only on the enzyme specificity. Preliminary
relations between the amino acid sequence of the binding site positions and the selectivity of
each trypsin were proposed, which would allow estimations of the DHmax,exp Of hydrolysis of other
substrate proteins by these trypsins. This work can help to explain the differences in the reported
in vitro digestibility of proteins, and to define expectations of the outcome of future experiments
using these trypsins.
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COMPARISON OF HYDROLYSIS BY BOVINE, PORCINE OR HUMAN TRYPSINS

Annex 4.3: Molar sequence coverages of a-LA hydrolysates catalysed by (A) bovine, (B) porcine or (C) human

trypsins at all DH values. The dotted line (--+-) indicates the initial protein concentration.
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CHAPTER 4

Annex 4.4: Molar sequence coverages of B-cas hydrolysates catalysed by (A) bovine, (B) porcine or (C)
human trypsins at all DH values. The dotted line (----*) indicates the initial protein concentration.
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COMPARISON OF HYDROLYSIS BY BOVINE, PORCINE OR HUMAN TRYPSINS

Annex 4.5: List of peptide concentrations at all DH values in a-LA hydrolysed by porcine or human trypsins

Porcine Concentration (uM) Human Concentration (uM)
peptides DH1.5 DH3 DH4.5 DH6 DH7.5 DH9 DH10| peptides DH1 DH2 DH3 DH4 DH5 DH6.3
[1-5] 7.8 224 372 512 532 57.6 59.0 [1-5] 6.6 13.6 227 46.6 49.4 573
[1-10] 53 3.0 15 - - - - [1-10] 179 22.0 16.7 106 2.0 -
[1-13] 0.5 0.5 - - - - - [1-13] 0.6 05 - - - -
[1-16] 0.6 - - - - - - [1-16] 0.6 - - - - -
[1-58] 141 - - - - - - [1-58] 6.8 5.1 - - - -
[1-123] 423 268 104 84 44 22 - [1-123] 333 224 172 112 7.2 5.5
[6-10] 36 68 90 86 47 48 46 [6-10] 7.2 161 270 61.0 69.8 83.6
[6-13] 1.6 - - - - - - [11-13] 41 69 94 182 33.0 454
[11-13] 6.3 147 29.3 458 54.8 63.7 66.5 [11-16] 9.6 179 231 279 150 117
[11-16] 156 24.2 22.6 253 243 233 28.4| [11-123] 0.4 - - - - -
[11-62] - 105 19.0 - - - - [14-16] - 20 52 175 331 429
[14-16] 4.4 104 24.7 45.2 543 60.4 619 [14-58] - - 1.2 - - -
[17-58] - 139 26.6 40.1 14.6 13.0 113 [17-58] 9.0 20.7 295 36.7 364 404
[54-58] 27 33 62 92 118 17.0 20.4| [17-123] 06 13 - - - -
[59-93] 1.6 99 184 186 293 16.8 18.2 [59-68] - - - - 34 45
[59-94] 1.7 61 61 06 - - - [59-79] 04 17 48 176 27.0 287
[63-108] - 176 254 235 123 129 138 [59-93] 19 55 52 39 31 45
[63-113] - - - 7.6 139 156 8.5 [59-94] 46 109 123 4.8 0.5 0.2
[63-123] - - - 42 8.4 - - [59-123] 31 17 - - - -
[80-93] - 13 14 26 38 44 52 [63-79] - - - 15 43 64
[80-94] 07 11 - - - - - [63-93] - - - 0.5 - -
[80-119] - - - - - 6.7 9.2 [69-79] - - - - 6.7 9.8
[94-98] 1.8 59 10.7 13.7 114 54 - [80-93] 2.6 3.4 46 224 401 49.0
[94-108] 33 56 54 57 82 64 45 [80-94] - 1.0 2.9 6.6 3.2 3.3
[95-98] 46 81 149 32.1 446 61.8 652 [94-98] 15 44 84 148 13.7 159
[95-108] 1.0 - - - - - - [94-108] 16 27 16 - - -
[95-123] 56 13.0 17.1 84 35 46 49 [95-98] - 54 13.1 419 543 576
[99-103] 30 35 - - - - - [95-108] 29 89 115 40 05 03
[99-108] - - - - 31 62 82 [95123] 63 63 - - - -
[109-123] 2.1 9.4 193 36.1 43.3 433 43.0| [99-108] 1.1 6.6 182 41.1 455 515
[115-123] - - - - - 59 8.2 | [109-123] 2.7 82 12,6 169 16.5 14.0
[115-123] - 05 15 32 32 50

“_n

indicates the peptide was not found in the hydrolysate.
*The average standard error of the concentration of the peptides was ~15 %.
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Annex 4.6: List of peptide concentrations at all DH values in B-cas hydrolysed by porcine or human trypsins

Porcine Concentration (uM) Human Concentration (uM)
peptides DH1.5 DH3 DH4.5 DH6 DH6.7| peptides DH1 DH2 DH3 DH4 DH5 DH5.2
[1-25] 2.7 6.1 151 169 122 [1-25] 242 331 327 328 293 136
[1-28] 104 116 2.7 - - [1-28] 1.7 - - - - -
[1-29] 28 21 - - - [1-29] 25 - - - - -
[26-28] 2.6 111 316 294 301 [26-28] 154 247 310 325 326 346
[26-29] - - - 3.7 - [26-29] - - - - 25 37
[26-32] 1.9 3.3 - - - [26-209] 5.0 - - - - -
[29-32] 3.2 7.6 309 321 321 | [29-32] - - 1.9 89 304 125
[29-97] 29.2 29.1 - - - [29-48] - - - 1.0 1.3 0.9
[30-32] - - - 34 129 | [29-97] 222 33.0 252 246 - -
[30-48] - - - 1.8 0.5 | [29-209] 3.3 - - - - -
[33-48] - - 1.4 136 329 | [30-32] - - - - - 24.8
[33-99] - - 249 13.1 - [30-48] - - - - 2.5 1.2
[49-56] - - - - 1.1 [33-48] - - - 0.8 13.8  30.2
[49-68] - - - 3.8 8.1 [49-68] - - - - - 1.8
[69-97] - - - 12.5 30.6 | [49-97] - - - - 239 213
[98-105] 20.0 24.1 238 114 - [49-119] - - 3.8 3.1 - -
[98-113] - - 0.6 - - [53-68] - - - - - 0.3
[100-105] 14.0 185 21.5 313 446 | [69-97] - - - - - 3.9
[100-107] 1.8 - - - - [95-141] - - - - - 11.4
[106-113] 4.6 91 244 115 - [98-105] 2.0 9.4 239 248 158 -
[106-169] 11.5 14.5 - - - [98-209] 11.2 4.4 - - - -
[108-113] - 41 165 37.2 44.7 |[100-105] - 40 131 170 26.2 43.1
[108-169] 13.0 15.0 - - - [100-107] - 2.5 - - - -
[114-163] - - - - 7.0 |[100-209] 5.0 2.1 - - - -
[114-169] - - 282 292 202 |[106-113] - - - - 11.4 -
[142-169] - - - - 1.3 |[106-169] - 164 172 145 83 -
[164-169] - - - - 6.3 |[106-209] 4.0 2.7 1.7 - - -
[170-176] 22.0 37.7 38.2 454 44,7 |[108-113] - - - - 243  49.7
[170-183] 8.2 5.6 - - - [108-169] - 5.8 111 169 - -
[170-209] 7.6 - - - - [114-169] - - - - 25.4  30.5
[177-183] 145 32.1 338 44.0 450 |[142-169] - - - - - 0.5
[177-209] 11.0 3.9 - - - [170-176] 2.0 7.5 27.0 433 456 46.0
[184-202] - - 120 34.1 30.6 |[170-183] 2.0 3.3 2.6 - - -
[184-209] 12.2 269 18.0 - - [170-209] 2.2 12.8 34 - - -
[203-209] - - 122 314 39.2 |[177-183] 1.9 6.3 23.8 418 444 435
[177-209] 2.0 7.5 4.7 1.0 - -
[184-202] - - - 5.0 143 347
[184-209] 1.8 5.7 19.0 29.7 254 -
[191-202] - - - - - 8.1
[203-209] - - - 1.4 104 41.0

“_n

indicates the peptide was not found in the hydrolysate.

*The average standard error of the concentration of the peptides was ~15 %.
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CHAPTER 5

Influence of substrate concentration on the
extent of enzymatic protein hydrolysis

One difference in the published methods for in vitro protein digestion is the used substrate
concentration. This may affect the outcome due to the fact that the experimental maximum
degree of hydrolysis (DHmaxexp) by several enzymes, e.g. Bacillus licheniformis protease (BLP), was
influenced by substrate concentrations used. This study aims to identify the reason of the
influence of substrate concentration on hydrolysis by digestive proteases. Apo a-lactalbumin
(0.05 %-10 %) was hydrolysed by bovine, porcine and human trypsins, bovine a-chymotrypsin or
BLP at a constant enzyme to substrate ratio (E:S). Hydrolysis by human trypsin was not sensitive
to changes in substrate concentration. The DHmaxexp Of hydrolysis by bovine and porcine trypsins,
or bovine a-chymotrypsin increased with an increasing substrate concentration, while the
DHmax,exp Of BLP hydrolysis decreased. Particularly, the DHmax.exp 0f 0.1 % 0-LA hydrolysis by bovine
trypsin was 5 times lower than that of 1 %-10 % hydrolysis. Besides changes in DHmax,exp, also a
change in hydrolysis mechanism, described by the percentage of remaining intact protein as a
function of DH, was observed for hydrolysis with different substrate concentrations. This
suggested that the concentration of individual peptides formed during hydrolysis changed with
substrate concentrations. Assuming that some of these peptides could act as protease inhibitors,
the observed decrease in DHmax,exp could be explained. This hypothesis was tested and confirmed
by performing the hydrolysis at a higher E:S. Increasing the E:S from 1:100 to 1:25 for 0.1 % a-LA
hydrolysis by bovine trypsin indeed led to a similar DHmax.exp reached by 1 % hydrolysis at an E:S
of 1:100.

Based on: Y. Deng, C.l. Butré, P.A. Wierenga, Influence of substrate concentration on the extent of enzymatic

protein hydrolysis, Submitted for publication.



CHAPTER 5

Introduction

One of the differences in published methods for in vitro protein digestion is the substrate
concentration used, which ranged from 1 to 625 g/L *. The substrate concentration was
previously shown to largely influence the experimental maximum degree of hydrolysis (DHmax,exp)
by several proteases **. For example, the DHmax,exp Of Whey protein isolate (WPI) hydrolysed by
Alcalase increased by 50 % when the substrate concentration decreased from 30 % to 1 % at a
constant enzyme to substrate ratio (E:S) é. This influence of substrate concentration was not
expected because the amount of cleavage sites (CSs) per enzyme stayed constant. This study
aims to identify the reason for the influence of substrate concentration on the extent of protein
hydrolysis by digestive proteases.

The extent of protein hydrolysis, as described by the theoretical maximum degree of hydrolysis
(DHmax,theo), €an in first approximation be estimated from the specificity of the protease used and
the amino acid (AA) sequence of the protein. In many cases, however, the measured DHma exp
was lower than the DHmay theo 2%72. For instance, the DHmax exp Of Whey protein isolate (WPI, mainly
contained 74 % B-lactoglobulin) hydrolysis by Bacillus licheniformis protease (BLP) ranged from
13 % to 6 % with an increasing substrate concentration from 0.1 % to 10 % °. The DHmaxexp Of
hydrolysis with all concentrations were lower than the DHmay theo (16 %). In the BLP hydrolysis of
1 % WPI, the hydrolysis rate constants of CSs in B-lactoglobulin were found to vary from 0 to
1.1-10° s-mgtenzyme 2. The relative hydrolysis rate constants of CSs in a protein were previously
referred to as the enzyme selectivity **. Because BLP had a low selectivity towards half of the CSs
in WPI 3, the DHpax.exp did not reach the DHumax theo. However, this cannot explain the decrease in
DHmaxexp With an increasing substrate concentration. This influence of substrate concentration
0N DHmaxexp Was also observed for WPI hydrolysis by Alcalase ¢, and for wheat gluten hydrolysis
by Flavourzyme 4. This indicated that besides enzyme selectivity, there was another mechanistic
change that affected the DHmaxexp- An indication for this mechanistic change was found in the
WPI hydrolysis by Alcalase, where the plot of the percentage of remaining intact proteins against
DH was different for the different substrate concentrations . At the same DH, the hydrolysates
with 1 % WPI contained less intact proteins than the hydrolysates produced by hydrolysis with
higher substrate concentrations 6. According to the Linderstrgm-Lang theory, the amount of
remaining intact proteins as a function of DH illustrates the enzyme affinity towards intact
proteins compared to its affinity towards intermediate peptides . Two extreme scenarios,
zipper and one-by-one, were distinguished in the Linderstrgm-Lang theory ° (Figure 5.1). In the
one-by-one mechanism, the enzyme affinity towards intact proteins is very low compared to its
affinity towards intermediate peptides. In the zipper mechanism, the enzyme affinity towards
intact proteins is the same as its affinity towards peptides °. Due to this difference in enzyme
affinity, in the one-by-one mechanism at each point during hydrolysis there are remaining intact
proteins, and final peptides, i.e. peptides that do not contain CSs. However, in the zipper
mechanism at most points during hydrolysis, there is a gradual decrease of peptide length.
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Figure 5.1: Theoretical scenarios of hydrolysis with (—) zipper and (——) one-by-one mechanisms, based

on the Linderstrgm-Lang theory °.

Since the enzyme affinities towards intact proteins were different in Alcalase hydrolysis with
various substrate concentrations ¢, the compositions of the hydrolysates during hydrolysis were
also different. Changes in hydrolysate composition may affect the DHmayexp, if the formation of
certain peptides during the hydrolysis would inhibit the protease. Previously, the hydrolysates
from many proteins were observed to have inhibitory activity for proteases, e.g. angiotensin-|
converting enzyme (ACE). For instance, in bovine casein hydrolysates, 30 peptides were found
to have inhibitory activity for ACE 1> %7, The concentration of peptides needed to achieve 50 %
inhibition (ICso) varied from 2 to >1-10% uM for ~0.15 pM of ACE 24 %7, This means that the molar
ratio of inhibitory peptides to fully inhibit ACE varied from 26:1 to >1,300:1 % %7, Changing the
pH, temperature and E:S of the whey protein hydrolysis was found to change the ACE inhibitory
activity of the hydrolysates 8. This change in ACE inhibition can perhaps be the result of the
different inhibiting peptides in the hydrolysates due to the different hydrolysate compositions.
Besides ACE, inhibitory peptides for dipeptidyl peptidase IV (DPP-1V) have also been found in
many protein hydrolysates. For example, changing the temperature, time and E:S of the milk
protein isolate hydrolysis by Neutrase, the 1Csp of the hydrolysates varied from 0.55 to 2.14
mg/mL for 3 nM of DPP-IV %°. In addition, a hydrolysate of Mytilus edulis proteins by trypsin was
found to have ~2 times more inhibitory activity for thrombin than the hydrolysates produced by
pepsin or Neutrase %. If the peptides released during a hydrolysis have inhibitory activity for the
enzyme used in that hydrolysis, adding fresh enzyme to the hydrolysate should increase the
DHmaxexp- It was found that when the Alcalase hydrolysis of chick pea protein slowed down,
adding fresh Alcalase indeed doubled the DHmaxexp Values %, Previously, bovine trypsin-1, porcine
trypsin-1 and human trypsin-2 were found to have different enzyme selectivity towards CSs in
two proteins, leading to large differences in DHmaxexp (Chapter 4). Hydrolysis by these enzymes
was shown to release different peptides at different moments. The question is whether these
trypsins would have different sensitivity to inhibitory peptides.

In this study, the effects of substrate concentration on hydrolysis by digestive enzymes, i.e.
bovine trypsin-1, porcine trypsin-1, human trypsin-2 or bovine a-chymotrypsin, were compared.
BLP hydrolysis was also performed and compared with the reported data of WPI hydrolysis. To
understand the differences in DHmaxexp Of hydrolysis with different substrate concentrations, for
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each hydrolysis, the enzyme affinity towards intact proteins was determined, and correlated
with the DHmax,exp-

Materials and methods

Materials

a-Lactalbumin was obtained from Davisco Foods International Inc. (Le Sueur, MN, USA). Based
on the results from circular dichroism, ~72 % of the a-lactalbumin was in the apo form °. Bovine
trypsin-1 (further referred to as bovine trypsin, BT, T1426) and porcine trypsin-1 (further
referred to as porcine trypsin, PT, T0303), bovine a-chymotrypsin (further referred to as
a-chymotrypsin, CT, C3142) and aprotinin (A6279) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Recombinant human trypsin-2 (further referred to as human trypsin, HT) was
purchased from Shanghai Yaxin Biotechnology Co., Ltd (Shanghai, China). Bacillus licheniformis
protease (BLP) (batch NS-37005) was provided by Novozymes (Bagsvaerd, Denmark). The
properties of the 5 enzymes, including the protein content and purity, were determined (Table
5.1). All enzymes were essentially salt-free and freeze-dried. The three trypsins did not contain
a-chymotrypsin, and the a-chymotrypsin did not contain trypsin, as determined by reversed
phase ultra-high performance liquid chromatography coupled with mass spectrometry (RP-
UPLC-MS). According to the specification from the manufacturers, the enzyme activities of
bovine, porcine and human trypsins were 210,000, 13,000-20,000 and 27500 benzoyl-L-arginine-
ethyl-ester units/mg protein, respectively. The a-chymotrypsin was specified to have 240
N-benzoyl-L-tyrosine-ethyl-ester units/mg protein. Since the BLP was partly insoluble, it was
purified as described previously %. A suspension of BLP was prepared and then centrifuged (10
min, 4000xg, 25 °C), after which the supernatant was subsequently dialysed (cut-off 12-14 kDa)
against 150 mM NaCl solution and subsequently demineralized water. The freeze-dried BLP had
an activity of 3.9 AU mg™! min™* as determined by the azocasein assay ?2. Aprotinin, present in
0.9 % sodium chloride and 0.9 % benzylalcohol solution, was measured to have a concentration
of 2.3 mg/mL based on the UV,14 area using RP-UPLC . All other chemicals were of analytical
grade and purchased from Sigma or Merck.

Table 5.1: The protein content, purity, the number of cleavage sites (#CS), specificity and the fitted (DHmaxfit)
and theoretical maximum degree of hydrolysis (DHmaxtheo) Of 0-lactalbumin for the 5 enzymes.

Enzyme  Uniprot N-factor Protein Purity?  Specificity #CS! DHmaxtheo DHmad®
Code ! [g of protein/g content [%] [%] [%]
,,,,,,,,,,,,,,,,,,,,,,,,,,, N Iwfw)
BT PO0760 _ 597 _ 80%_ _ _ 100 KR_ 13 107 70
PT POO761 584 ¢ 86%_ __ _ 100 ___ _ _ KR_ 13 1
L LIS, PO7478 _ _ _.598 _ _ _ . _._. 7% __._._100 __ _ _ KR__._13 __1
e POO766 599 8% ___ 100 _ _FLY* 21 172 93 _
BLP P80057 60 % 100 DE 20

1From Uniprot (http://www.uniprot.org)

2The purity is defined as the percentage of UVaso peak area of the target protein out of total UV2so area from RP-UPLC.
3The DHmax was the highest DHmax fit of hydrolysis with different substrate concentrations at an E:S of 1:100.

4The specificity of a-chymotrypsin was taken from the three most frequently hydrolysed AAs in MEROPS database 24
BT: bovine trypsin; PT: porcine trypsin; HT; human trypsin; CT: a-chymotrypsin; BLP: Bacillus licheniformis protease
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Methods

Preparation of apo a-LA

The preparation of apo a-lactalbumin was performed using the method described previously
(Chapter 4). Ethylenediaminetetraacetic acid (EDTA) was used to chelate the calcium ions
attached to the molecules. EDTA was added to 1 L of 10 % [w/v] protein solution to obtain a
protein to EDTA ratio of 1:5 [mol/mol]. The solution was stirred overnight at 4 °C, and filtered
over a UFP-10-C-5 membrane (cut-off 10 kDa, AG Technologies Corp., Tokyo, Japan) with 7 L of
Millipore water. Then, the protein powder was freeze dried and stored at -20 °C. The prepared
apo a-lactalbumin was further referred to as a-LA. The protein content of the a-LA powder was
~90 % based on the Dumas result (Nx6.25, based on the AA composition of a-LA as described in
Uniprot accession code P00711, www.uniprot.org). Of the total protein content, ~90 % was
a-LA, based on the proportion of a-LA UV,14 peak area of the total UV,y4 area using RP-UPLC %,
The other proteins present were B-lactoglobulin and bovine serum albumin.

Enzymatic hydrolysis of the proteins

The enzymatic hydrolysis of a-LA by each enzyme was performed as described previously 3. The
protein was dissolved in Millipore water at a concentration of 10 % [w powder/v]. The solution
was stirred at 4 °C overnight and diluted to different substrate concentrations (0.05 %-5 %). The
protein solution was adjusted to pH 8.0 and was equilibrated for 0.5 h at 37 °Ciin a pH-stat device
(Metrohm, Herisau, Switzerland). Two sets of hydrolysis experiments were performed at an E:S
of either 1:100 or 1:25 [w/w] at 37 °C. For hydrolysis at an initial E:S of 1:25, the hydrolysis by all
enzymes was performed with a substrate concentration of 0.1 % [w/v powder], using 0.02 M
NaOH to keep the pH constant for 2 h. No samples were taken in these experiments. For the
hydrolysis at an E:S of 1:100, hydrolysis by these enzymes was performed with substrate
concentrations of 0.1, 0.5, 1.0, 5.0 and 10.0 % [w/v powder], using 0.02, 0.1,0.2,1.0and 2.0 M
NaOH to keep the pH constant for 3 h, respectively. Hydrolysis by porcine and human trypsins
was also performed with a substrate concentration of 0.05 % [w/v powder] using 0.01 M NaOH
to keep the pH constant. Porcine tryptic hydrolysis was also performed with 2 % [w/v powder]
a-LA using 0.4 M NaOH to keep the pH constant. During these experiments, 200 puL sample at 5
to 8 DH points was taken. In addition, for 0.1 % a-LA hydrolysis by bovine trypsin, after 3 h of
hydrolysis, 40 uL of bovine trypsin solution (10 mg/mL powder) was added to the hydrolysate to
reach a final E:S of 1:25. The hydrolysis was monitored for another 3 h and samples were taken
in between. The degree of hydrolysis was calculated using equation 1 %,

, 1 1 1
(1) DH ™" [%] =V, x Ny x—x——x——x100 %
a

m, tot

where Vy, [mL] is the volume of NaOH added; N, [mol/L] is the normality of NaOH; a is the average
degree of dissociation of the a-NH group (1/a=1.3 at 37 °C and pH 8) %; m, [g] is the mass of
protein in the solution (taking into account the protein content of a-LA based on Dumas results);
hiot [Mmol/g] is the total number of millimoles of peptide bonds per gram of protein substrate
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(8.6 mmol/g for a-LA). The consumption of NaOH due to the dissolution of CO, in the protein
solutions during the hydrolysis needs to be corrected. Therefore, as control experiments, 0.05
%-10 % [w powder/v] of a-LA solutions were incubated in a pH-stat in the absence of enzyme for
3 h. The added volume of NaOH in each control experiment was subtracted from the added
volume of NaOH at all time points during hydrolysis. The 0.1 % and 0.5 % hydrolysis by
a-chymotrypsin at an E:S of 1:100 were performed in triplicate. The average standard error in
the DHmaxexp @among triplicate hydrolyses was ~6 %. To inactivate the three trypsins, aprotinin
(2.3 mg/mL) was directly added to each sample to reach a final molar ratio of trypsin to aprotinin
of 1:1.5. For samples taken during a-chymotrypsin hydrolysis, aprotinin was directly added to
reach a molar ratio of a-chymotrypsin to aprotinin of 1:3. To confirm the inactivation of the
trypsins and a-chymotrypsin, 150 or 300 pL aprotinin was added to a 10 mL a-LA solution
immediately after each trypsin or a-chymotrypsin was added, respectively. The pH of the protein
solution with each enzyme remained constant after the addition of aprotinin, proving that all
hydrolyses were successfully inhibited (data not shown). The BLP was inactivated by adjusting
the pH of the solutions to pH 2 with 5 M HCl, as described previously #”. After +10 minutes, the
pH was re-adjusted to pH 8 with NaOH before storage at -20 °C . The maximum degree of
hydrolysis ( DH™@me <) and the overall hydrolysis rate constant (k&oome e [s7] = ke cone- X

max,fit

DHe™me o ) were determined by fitting equation 2 (2™ order reaction equation) to experimental

max,fit

DH curves, as described previously %,

(2) DH me, one [% ] = DH (2" <o DH S e J(] e e DR enme oy )
where the superscript refers to the enzyme-substrate concentration combination. For each
enzyme, the highest DH; " of the hydrolysis reached (for any of the concentrations) at an
E:S of 1:100 was taken as the DHI™™ of the hydrolysis by that enzyme. Based on the DH?™,
the percentage of efficiently hydrolysed CSs in a-LA by each enzyme (also referred to as the high
selectivity sites, abbreviated as HSSs) could be estimated using equation 3 %°,

enzyme
(3) Hss erame [o5] = DH ™ 100 94

protein DH enzyme
max ,theo

Test for trypsin activity under hydrolysis conditions

The activity of the trypsins during the 3 h hydrolysis was determined by measuring the release
of p-nitroaniline from the Na-Benzoyl-L-arginine-4-nitroanilide hydrochloride (BAPNA) during
incubation with trypsins. The release of p-nitroaniline was measured in a 96 well plate using a
plate reader Tecan Infinite F500 (Tecan, Madnnedorf, Switzerland). For each trypsin, enzyme
solutions with concentrations of 1.0 mg/mL (trypsin concentration in 10 % a-LA hydrolysis) and
0.01 mg/mL (trypsin concentration in 0.1 % a-LA hydrolysis) were incubated at 37 °C at pH 8.0
for 3 h. Samples were taken at 0, 1, 2, and 3 h of incubation. Samples (100 uL) were added to
200 pL of 0.025 g/L BAPNA. The amount of absorbance of p-nitroaniline, released during the
tryptic hydrolysis of BAPNA, was measured at 405 nm every 3 min for 4 h, in duplicate.
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Reversed phase ultra-high performance liquid chromatography (RP-UPLC)

The hydrolysates were analysed on an H class Acquity UPLC® system (Waters, Milford, MA, USA)
equipped with a BEH C18 column (1.7 um, 2.1x100 mm, Waters). An Acquity UPLC® PDA detector
(Waters) attached to the UPLC system. The eluents and elution gradient were the same as
described previously 3. Samples were incubated for 2 h with 100 mM ditiothreitol (DTT) in 50
mM Tris-HCl buffer at pH 8.0 to reduce the disulfide bridges. For samples taken during hydrolysis
with each substrate concentration, the amount of DTT added was to a molar ratio of 5:1 to the
amount of cysteine in the samples. The reduced samples were further diluted to 0.05 % [w/V]
and centrifuged (10 min, 14,000xg, 20 °C) before injection (4 pL).

Electron spray ionisation time of flight mass spectrometry (ESI-Q-TOF-MS)

The mass spectra of the peptides were collected using an online SYNAPT G2-Si high definition
mass spectrometry (Waters) coupled to the UPLC system. Sodium iodide was used for the MS
calibration. The MS and MS/MS (MSe) data were collected according to methods developed
previously 3. The data were analysed using the MassLynx software v4.1 (Waters).

Determination of the concentration of the intact a-LA in hydrolysates
Intact a-LA was identified using the MS spectra. The concentration of intact a-LA in each
hydrolysate was calculated based on the UV.14 using equation 4 23:

(@) € bt ] - —2e 2 —

&g -1 ij Ko
where C [uM] is the protein concentration, A4 [LAU-min] is the UV area at 214 nm, Vinj [pL] is
the injected volume, Q [uL-min?] is the flow rate and | [cm] is the path length of the UV cell,
which is 1 cm according to the manufacturer. £,14 [M™2-cm™] is the molar extinction coefficient at
214 nm, which was 300,461 M*.cm™ for a-LA calculated as described previously %. Because of
the multiple reflection by the coating of the UV cell, the effective path length of the light through
the cell is not the same as the length specified by the producer. To correct for this effect, the cell
constant of the UV detector (ken), was determined using a series of standard solutions made by
B-lactoglobulin, B-casein and angiotensin I, and the approach as described elsewhere #. The
ratio between the measured and the expected A,14 was the value of keei. The keen Wwas determined
to be 0.78 for the UV cell used in this study ?*. For hydrolysis by all enzymes with all substrate
concentrations, the average concentration of intact a-LA in samples at DH 0 % was 9519 % of
the expected value (calculated based on the injected protein content, protein purity and amount
of inhibitor added).

Determination of the enzyme affinity towards intact proteins

Based on the Linderstrgm-Lang theory, the percentage of intact protein against DH indicates the
enzyme affinity towards intact proteins relative to its affinity towards intermediate peptides.
Because the hydrolysis by the 5 enzymes did not reach the same DH®?™ , the DH was normalised

max
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using DH/ DH™®™ [%]. For hydrolysis by each enzyme, the percentages of remaining intact

max

protein as a function of DH/ DH™™ for the theoretical scenarios of zipper and one-by-one

max

hydrolysis mechanisms were calculated using equation 5 and 6, respectively.

(5) %intact _,,,,, [%] = 100—# HSS "™ x L
DH enzyme
(6) Yointact one-by-one [%] =100 - L
DH enzyme

max

H#HSS®"™e refers to the number of HSSs of each enzyme towards CSs in the protein. #HSS®"»™¢
was calculated by multiplying the number of CSs by the percentage of HSSs estimated based on
DH{?™ using equation 3. Assuming that the enzyme affinities towards all peptides were
comparable, the enzyme affinity toward intact proteins (0<P™'<1) was calculated from the
initial slope (ISconc.) Of the curve, i.e. the percentage of intact protein versus DH/ DHZ2™ , using
equation 7.

IS

7 P‘ntact:
() 5

one-by-one 1S,
A

conc.

one-by-one ~ 4O zipper

ISconc. is the initial slope of the curve of hydrolysis with each substrate concentration. ISone-by-one
and IS,ipper refer to the initial slopes of the curves of theoretical scenarios of zipper and one-by-
one hydrolysis mechanisms obtained from equations 5 and 6, respectively. For each enzyme, the
pintact of the hydrolysis that reached DH™™ was set as the reference P™, referred to as the

pint [9%]. Because the hydrolysis by each enzyme also had a different P the P"™ was also

max 7/

normalised using P™"tact/ pinet [og] Therefore, the changes in hydrolysis mechanism by different

max

substrate concentrations were shown by plotting Pt / pine<t yergyg pHezmecone. [ pypyenzyme

max ‘max, fit max

Results and discussion

Check for trypsin activity under hydrolysis conditions

Enzyme activity was determined using BAPNA for all trypsins after incubating the enzyme alone
(in 1.0 mg/mL or 0.01 mg/mL) for 3 h. The activity after incubation was found to be the same as
for the fresh enzyme (data not shown). This indicated that autolysis of the trypsins did not occur
during hydrolysis under these conditions, and the enzyme remained active during the hydrolysis.

Influence of substrate concentration on the extent of hydrolysis

The hydrolysis curves (DH versus time) for all enzymes with different substrate concentrations
were compared (Figure 5.2). Only for porcine tryptic hydrolysis, the hydrolysates of 10 % and
5 % a-LA formed a gel during the hydrolysis, which hindered the sampling of the hydrolysates.
In addition, the hydrolysate of 2 % a-LA by porcine trypsin became turbid during the hydrolysis,
indicating the formation of aggregates. For the effect of substrate concentration on DHmay.exp, the
responses of the 5 enzymes were clearly different. Hydrolysis by human trypsin was not affected

112



EFFECT OF SUBSTRATE CONCENTRATION ON HYDROLYSIS

by changing substrate concentrations (Figure 5.2C). The DHmaxexp Of hydrolysis by bovine and
porcine trypsins, or a-chymotrypsin increased with an increasing substrate concentration
(Figures 5.2A, 5.2B and 5.2D). The DHmaxexp hydrolysis by BLP decreased with an increasing
concentration (Figures 5.2E).

1%
10 : : 10 4 . .
A-Bovine trypsin B-Porcine trypsin oy 0.5%
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0.1%
0.05 %
0 T T T T T 0 T T T T T
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Figure 5.2: Hydrolysis curves (DH versus time) of a-LA by (A) bovine, (B) porcine and (C) human trypsins, (D)
bovine a-chymotrypsin or (E) Bacillus licheniformis protease (BLP) with substrate concentrations of (¢) 10
%, (O) 5 %, (k) 2%, (A) 1%, () 0.5 %, (x) 0.1 % or (+) 0.05 %. The solid lines (—) indicate the fit using the
2" order reaction equation. The dotted lines () refer to the theoretical maximum degree of hydrolysis
(DHmaxexp) Of a-LA by each enzyme. The dashed line (------ ) in panel (E) indicates the DHmaxtheo Of BLP
hydrolysis when only CSs after glutamic acids were considered as CSs.

The DHmax it Values of all hydrolyses were obtained from fitting the hydrolysis curves with 2"
order reaction equation (Figure 5.3A). For human tryptic hydrolysis, the DHmax it Of hydrolysis
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with all substrate concentrations were similar (7.8+0.5 %), showing that human tryptic hydrolysis
was not sensitive to substrate concentrations in the range tested. For bovine tryptic hydrolysis,
the DHpax it increased drastically from 1.5 % to 7.0 % with an increasing substrate concentration
(0.1 %-10 %). For porcine tryptic hydrolysis with an increasing substrate concentration (0.05 %-
1 %), the DHmaxfit increased from 8.1 % to 10.8 %. The DHmaxsit Of a-chymotrypsin hydrolysis
increased from 5.9 % to 9.3 % with an increasing substrate concentration (0.1 %-10 %). For BLP
hydrolysis, the DHmay it decreased (7.5 %-4.4 %) with an increasing substrate concentration (0.1
%-10 %). This decrease was similar to previous results of the BLP hydrolysis of WPI°, These results
confirmed that the influence of substrate concentration on DHmaxexp iS NOt unique to a substrate.
Both for bovine trypsin and BLP, the transition is around 1 % substrate concentration, but the
DHmax it of bovine tryptic hydrolysis decreased for substrate concentrations <1 %, while the BLP
hydrolysis decreased for substrate concentrations >1 % (Figure 5.3A).

12
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Proteln concentratlon (%) Protein concentration (%)

Figure 5.3: (A) Fitted maximum degrees of hydrolysis (DHmaxit) and (B) the overall hydrolysis rate constants
(kon) for a-LA hydrolysis by (x) bovine, (¢) porcine and (1) human trypsins, (A) a-chymotrypsin or (O)
Bacillus licheniformis protease, as a function of substrate concentration [%]. The porcine tryptic hydrolysis
with 2 % substrate concentration showed turbidity during hydrolysis.

o,
max fit ( /°

The highest DH™?%<* values reached by each enzyme in this set of experiments were taken as

max, fit

the DHI™™ values. The hydrolysis that had this DHS®™ was assumed not to be inhibited by the

max max

formed peptides, and the DH¥™ was assumed to be purely determined by enzyme selectivity.

max

For bovine, porcine and human trypsins, based on their specificity, the DHmax theo is 10.7 % (Table
5.1). For hydrolysis by the three trypsins, only the DH'! of porcine tryptic hydrolysis (10.8 %)

max

was similar to the DHpaxtheo- The DHET of bovine or porcine tryptic hydrolysis were 7.0 % and

max

8.2 %, respectively, corresponding to ~65 % and ~77 % of the DHmax theo- The different DH ™
reached by the three trypsins were previously explained by their differences in the enzyme
selectivity (Chapter 4). Both bovine and human trypsins were reported to be hindered by the
charged AAs surrounding the CSs, while porcine trypsin was less sensitive to charged AAs
surrounding the CSs (Chapter 4). The DHSL of a-chymotrypsin hydrolysis was 9.3 %,
corresponding to ~54 % of the DHpax theo (17.2 %). The DHEL? of BLP hydrolysis (7.5 %) was ~46 %

max

of the DHmaxtheo (16.4 %). Previously for B-lactoglobulin hydrolysis by BLP, it was observed that
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BLP hydrolysed the CSs with a hydrolysis rate constant varying from 0 to 6:103 s*mgenyme 2.
This could explain why the DHmaxexp Of that hydrolysis was only 50 % of the DHmaxtheo 2. It Was
found that although the CSs after glutamic acids were hydrolysed with various rates, on average,
BLP hydrolysed CSs after glutamic acids ~1,000 times faster than CSs after aspartic acids 3. If
only CSs after glutamic acids were considered as CSs in a-LA, then the DHmax theo Would be 5.7 %.
This means in the case of a-LA hydrolysis by BLP, some CSs after aspartic acids were also cleaved.

For the overall hydrolysis rate constants (Kb "), the effect of substrate concentration

BT/PT/HT/CT,conc.
max, fit

on hydrolysis by the three trypsins and a-chymotrypsin was similar as for the DH
(Figure 5.3B). Only for hydrolysis by BLP, the DHZ. decreased with an increasing substrate
concentration, while the kpi*™ increased with an increasing concentration. This was in
contrast with previously reported data, where the overall hydrolysis rate constant of whey
protein isolate hydrolysis by BLP decreased with an increasing substrate concentration °. It is not

clear what the differences were between the two experiments.

Based on the DH2™ of hydrolysis by these enzymes, the numbers of efficiently hydrolysed CSs
were estimated to be 8, 13, 10, 11 and 9 for hydrolysis by bovine, porcine and human trypsins,
a-chymotrypsin and BLP, respectively. These estimated numbers were used to calculate the
enzyme affinity towards intact proteins of the hydrolysis having a zipper mechanism by each

enzyme.

Enzyme affinity towards intact proteins

The enzyme affinities towards intact proteins (P™2) were analysed by plotting the percentage
of remaining intact a-LA as a function of DH/ DH?™ [%] (Figure 5.4 and Table 5.2). For
hydrolysis by a-chymotrypsin, in all hydrolysates, no intact proteins were found (Figure 5.4D),
indicating that the P2 of the hydrolysis was extremely high (P™#>0.9). For porcine and human
tryptic hydrolysis, the P™ of hydrolysis was overall not affected by the changes in substrate
concentration (Figures 5.4B and 5.4C). Only for the hydrolysis of 0.05 % a-LA, it seems that the
Pintct was closer to the zipper mechanism. Larger differences in P were observed in bovine

trypsin and BLP hydrolyses. For bovine tryptic hydrolysis at 0.1 % a-LA, the experimental curve

was almost similar to the curve of the one-by-one scenario (P™*x0). This means that the affinity
of bovine trypsin towards intact proteins in 0.1 % a-LA hydrolysis was extremely low (P™=0.1).
With an increasing substrate concentration, the P™ of bovine tryptic hydrolysis increased
(Figure 5.4A). For BLP hydrolysis, the P decreased with an increasing substrate concentration
(Figure 5.4E), which was the opposite of the bovine tryptic hydrolyses. However, because the
DHmaxexp Of the two hydrolyses were also oppositely influenced by an increasing substrate
concentration, the P followed the same trend/correlation with the DHaxfit.
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Figure 5.4: The percentage of remaining intact protein in a-LA hydrolysates during hydrolysis by (A) bovine,
(B) porcine and (C) human trypsins, (D) bovine a-chymotrypsin or (E) Bacillus licheniformis protease (BLP)

with substrate concentrations of () 10 %, (00) 5 %, (k) 2 %, (A) 1 %, () 0.5 %, (x) 0.1 % or (+) 0.05 %, as
a function of DH/DHnmax [%]. The dotted lines (

) indicate the theoretical scenarios
of one-by-one and zipper hydrolysis mechanisms, respectively. In panel (A), the second addition of bovine

trypsin to the hydrolysate of (%) 0.1 % substrate concentration as a function of DH/DHp.x was indicated.
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Table 5.2: Fitted maximum degree of hydrolysis (DHmax i) and enzyme affinity towards intact proteins (P
of o-LA hydrolysis by bovine, porcine and human tryptins, a-chymotrypsin, or BLP with substrate
concentrations of 0.05 % to 10 %.

Bovine trypsin Porcine trypsin Human trypsin a-Chymotrypsin BLP

Conc.[%]  DHmaxfit  P™*®  DHmaxfit  P™  DHmaxfit  P™*  DHmaxfit  P™*t  DHmaxs Pt
] el 2 S el el e
005 - R 81 020 _ _. 71 025 - .
.01 15 | 010 _ 9.1 016 _ _. 75 _ . 020_ _ _ 5.9 209 70 073
.05 . 53 | 019 _ _ 9.8 016 _ _. 82 . 020 _ _ 71 209 75 074
BN S 64 | 022 108 | 016 81 020 _ 82 209 67 068
2 S 89r 020 SR, S S U S -
- 66 _ _. 024 . S S T R 84_ _ _ 209 _ _ 48 059

10 7.0 0.26 * - 8.0 0.20 9.3 >0.9 4.4 0.55

Not determined values were represented by “-”;
BLP: Bacillus licheniformis protease
* Porcine tryptic hydrolysates of 10 % and 5 % a-LA formed a gel during hydrolysis and the hydrolysate of 2 % was turbid.

To compare the correlation between the P and DHpax it Of hydrolysis by different enzymes
(Table 5.2), both parameters were normalised. The a-chymotrypsin hydrolysis was excluded
from this analysis since no intact proteins were found in any hydrolysates. The normalised Pt
(pntact / pinct ) of hydrolysis by the 4 enzymes were plotted as a function of the normalised DH max fit
( DHSmecone [ D™ ) (Figure 5.5). For bovine trypsin and BLP hydrolyses, a linear correlation
(R?=0.93) was found between the normalised DHmax s and the normalised P2t (Figure 5.5A).
This suggested that more peptides with inhibitory activity for the enzyme were formed in

hydrolysis with a low P™™a<t,
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Figure 5.5: Normalised Pntact (pintact / pintct or1) yorsys normalised DHpmaxfir ( DHE2TMEM: [ DHEMA™ [96]) of

max max, fit max
hydrolysis by (A) (x) bovine trypsin or (O) BLP and by (B) () porcine and (C1) human trypsins with different
substrate concentrations.

This means that besides the enzyme secondary specificity, also the P, through effects that
are not fully understood at this moment, quantitatively determines the DHmaxexp Of @ hydrolysis.
The possible explanation of this effect could be the formation of inhibitory peptides for the
protease during the hydrolysis.
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Indications of the existence of inhibitory peptides

To test the effect of the formation of inhibitory peptides on DHmaxexp, hydrolysis by the 5 enzymes
were performed with a substrate concentration of 0.1 % and at an E:S of 1:25. For 0.1% a-LA
hydrolysis by bovine trypsin, at an E:S of 1:25, @ DHpmay it Of 4.0 % was reached (Figure 5.6A). This
value was higher than the DHpax it Of 0.1 % a-LA hydrolysis by bovine trypsin at an E:S of 1:100.
When additional enzyme (to a final E:S of 1:25) was added to the 0.1 % a-LA hydrolysate at an
E:S of 1:100 (at 3 h), the hydrolysis continued to reach a final DHmax it Of 4.4 %. This value was
similar to the DHmax it reached at an E:S of 1:25, and a lot closer to the DHpmax (7.0 %) of hydrolysis
atan E:S of 1:100 (Table 5.2). This means that the remaining CSs were still available for the fresh
enzyme. These observations proved that the low DHpaxexp Of the 0.1 % a-LA hydrolysis at an E:S
of 1:100 was not caused by the problem of the substrate but of the enzyme. To test if the second
addition of bovine trypsin changed the hydrolysis mechanism, the percentage of remaining
intact a-LA in the hydrolysates was plotted against DH/DHnax (Figure 5.4A). The additional
hydrolysis had the same P! a5 the previous hydrolysis, indicating that the hydrolysis might still
produce inhibitory peptides. However, the amount of active enzyme in the system was more
than the amount of inhibitory peptides, resulting in a higher DHmaxexp- This means that changes
in the hydrolysis mechanism was induced by the changes in substrate concentrations but not by
the changes in E:S. If bovine trypsin in 0.1 % hydrolysis at an E:S of 1:100 was considered to be
completely inhibited but hydrolysis at an E:S of 1:25 was completely not, the inhibited amount
of bovine trypsin was estimated to be 0.43-1.72 uM. In the 0.1 % o-LA hydrolysate, the starting
protein concentration was ~57 uM (taking into account the protein purity and protein content
based on the Dumas results). This indicated that perhaps the binding between inhibitory
peptides and bovine trypsin was not one peptide per enzyme. This was similar to the inhibitory

peptides for ACE, where the molar ratio of inhibitory peptides derived from bovine caseins to
fully inhibit ACE varied from 26:1 to >1.3-10%1 %6 %7,

For porcine or human tryptic hydrolysis, the DHmax it Of 0.1 % a-LA hydrolysis at an E:S of 1:25
reached that of 10 % and 1 % a-LA hydrolysis at an E:S of 1:100 ( DH!I™, i.e. the DHmax assumed
to be reached without enzyme inhibition), respectively (Figures 5.6B and 5.6C). This suggested
that the enzymes were indeed inhibited by the peptides formed during the hydrolysis at an E:S
of 1:100. For hydrolysis by a-chymotrypsin or BLP at an E:S of 1:25, the DHmax it Were even 2
times higher than the DHSI®™ of hydrolysis at an E:S of 1:100 (Figures 5.6D and 5.6E). This
indicated that for these two enzymes, the enzymes in all hydrolysis at an E:S of 1:100 were
inhibited. For BLP, the hydrolysis at an E:S of 1:25 had a DHmaxfit Of 11.2 %, which was ~68 % of
the DHmaxtheo (Table 5.1). It means that ~14 CSs in a-LA were estimated to be HSSs. This indicated
that besides the 7 CSs after glutamic acids in a-LA, also 7 CSs after aspartic acids were efficiently
hydrolysed by BLP. In conclusion, to overcome the low DHmayexp Values reached due to the
inhibitory peptides, adding fresh enzymes or having more enzymes initially in the system could
be sufficient. Using these conditions, there was still enough amount of active enzyme in the

hydrolysate, which can still hydrolyse the HSSs, to reach a higher DHmay exp-
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Figure 5.6: Hydrolysis curves (DH versus time) of 0.1 % a-LA hydrolysed by (A) bovine, (B) porcine and (C)
human trypsins, (D) a-chymotrypsin or (E) Bacillus licheniformis protease (BLP) at an E:S of (x) 1:25 or (A)
1:100. In panel (A), the hydrolysis curve from 3-6 h was the hydrolysis of the 0.1 % a-LA hydrolysate by the
second addition of bovine trypsin (final E:S=1:25). The solid lines (—) indicate the fit using the 2" order
reaction equation. The dotted lines (-:--) refer to the theoretical maximum degree of hydrolysis (DHmax theo)
of a-LA by each enzyme. The dashed lines (------ ) in panel (D) and (E) refer to the experimental maximum
degree of hydrolysis at an E:S of 1:100.

Conclusions

Large differences were found on the influence of substrate concentration on hydrolysis by
bovine, porcine and human trypsins, bovine a-chymotrypsin or Bacillus licheniformis protease
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(BLP). Hydrolysis by human trypsin was not sensitive to changes in substrate concentrations. The
DHmaxexp Of hydrolysis by bovine and porcine trypsins, or bovine a-chymotrypsin, increased with
an increasing substrate concentration, while the DHmayexp Of BLP hydrolysis decreased with an
increasing concentration. The change in the DHmaxexp Of hydrolysis seems to relate to a shift from
one-by-one to zipper hydrolysis mechanism, which was proposed to be due to the formation of
inhibitory peptides. For some enzymes (e.g. bovine trypsin), this was a result of an increasing
substrate concentration, whereas for other enzymes (e.g. BLP) this was a result of a decreasing
concentration. Due to different mechanisms, hydrolysates produced by hydrolysis with different
substrate concentrations had different peptide profiles. Assuming some peptides formed during
hydrolysis could inhibit the protease, the influence of substrate concentration was explained. An
excess of enzyme, e.g. by using a higher enzyme to substrate ratio, could overcome the effect of
inhibitory peptides. The outcome of this work can be used to compare the reported digestibility
of proteins, where various substrate concentrations were used to perform the experiments.
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CHAPTER 6

Understanding glycation kinetics of individual
peptides in protein hydrolysates

During industrial processing of protein hydrolysates, peptides can be glycated through the
Maillard reaction if carbohydrates are present. In hydrolysates, peptides with different lengths,
type (a/e-) and number of amino groups are present. Based on previous studies with free amino
acids (AA), synthetic peptides or intact proteins, these molecular properties might influence the
glycation kinetics of individual peptides. In this study, the glycation kinetics of individual peptides
in protein hydrolysates was followed. The aim was to identify the effects of peptide properties
and hydrolysate composition on the glycation kinetics of individual peptides. a-Lactalbumin was
hydrolysed by Bacillus licheniformis protease (to degrees of hydrolysis of 2, 4, 6 and 8 %), and
glycated with D-glucose (0-8 h, 50 °C). The hydrolysates contained, in addition to the remaining
intact protein, 24 unique peptides, ranging from 2-123 AAs with 0-12 lysine(s). The glycation rate
constant (kg) and the maximum average degree of glycation (DG_P.yma) Of peptides were
independent of the hydrolysate composition. The kg values showed 3 populations, but could not
be correlated with the peptide length or the number of amino groups per peptide. Surprisingly,
the DG_P.y,max Of peptides did not reach 100 %. The maximum degrees of glycation of a- and &-
amino groups were 13 % and 60 %, respectively, which explained why the DG_P,y,max ranged from
9 % to 59 % for peptides with 0-12 lysine(s). This work showed that the extent of glycation of
individual peptides in hydrolysates can be predicted based on the AA sequences of the peptides.

Based on: Y. Deng, C.l. Butré, P.A. Wierenga, Understanding glycation kinetics of individual peptides in protein

hydrolysates, Submitted for publication.
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Introduction

The reaction kinetics of the Maillard reaction have typically been studied using pure peptides
and proteins. However, protein hydrolysates are used as ingredients in many food products, e.g.
hypoallergenic infant formula. During industrial processing (or storage) in the presence of
reducing carbohydrates, the peptides can become glycated through the Maillard reaction. The
Maillard reaction was suggested to occur more in hydrolysates. It was shown that the amount
of advanced Maillard products in a glycated whey protein hydrolysate was found 6 times more
than in the glycated intact protein . This might be because in contrast with systems with one
type of molecules, such as intact proteins, in a hydrolysate, peptides with different amino acid
(AA) sequences are present. According to reported results of synthetic peptides, the peptide
length 2, and the type (a/e-) and number of amino groups * 4 could influence the glycation
kinetics. It is unclear how much these peptide properties and the hydrolysate composition
influence the glycation kinetics of peptides in hydrolysates. To answer this, this study aimed to
follow the glycation kinetics of individual peptides in protein hydrolysates.

In literature, it was suggested that the Maillard reaction occurs more in hydrolysates than in
samples containing only intact proteins. For instance, for whey protein hydrolysate with a degree
of hydrolysis of 9.3 %, the formed advanced Maillard products were 6 times more than in
glycated whey protein isolate 1. However, in that study the Maillard reaction we evaluated by
the formation of brown colour, so the conclusions were based on the extent to which the
secondary reactions occurred. It was unclear if the difference was already in the initial stage of
the reaction, i.e. the glycation, where the reducing carbohydrates react with free amino groups
of the proteins or peptides. Studies with synthetic peptides showed differences between the
chemical reactivity of a- and e-amino groups. In the reaction with triazinyl dye, the reaction rate
constant of the e-amino group on lysine was ~10 times higher than that of the a-amino group °.
For the Maillard reaction, most studies did not focus on the initial stage of the reaction
(glycation), but rather on the Maillard browning * %, For instance, the browning intensities
(absorbance at 420 nm) of lysine and 8 other AAs during 0-12 h of heating with D-glucose were
measured . The reaction rate constant of e-amino group, estimated from the absorbance at 420
nm versus the heating time fitted with 1% order reaction equation, was ~2.5 times higher than
that of the a-amino group ”. The fitted maximum absorbances at 420 nm of the two types of
amino groups were similar ’.

For synthetic peptides that do not contain lysines, the glycation of a-amino groups was reported
to depend on the type of N-terminal AA and the peptide length. For instance, the glycation rate
constants of dipeptides with histidine as the N-terminal AA were 1-4 times (depending on the
C-terminal AA) higher than that of dipeptides with the other 7 AAs tested as the N-terminal AA,
which all had similar rate constants (~5 s*M) %, The effect of peptide length was proposed to
be due to the increase in pKa of the a-amino group, caused by the carboxyl group of the

124



GLYCATION OF PEPTIDES IN HYDROLYSATES

C-terminal AA 2. This means less a-amino groups were unprotonated at the pH during glycation
(pH 7.8) 2. The rate constants of di- and tri-glycine, calculated from 1° order reaction equation
of the percentages of unbound glucose versus the heating time, were ~2 times higher than that
of glycine 2. Since protonation is a very fast equilibrium, the shift in pKa is not expected to affect
the extent of the reaction. However, the final percentage of unbound glucose in glycine solution
was ~25 % higher than that of in di- or tri-glycine solutions 2. The influence of this shift in pKa on
glycation was also discussed in synthetic peptides that contained lysine °. A shift in pKa was
observed for lysines in 78 proteins, ranging from 5.7-12.1 2. This shift in pKa was attributed to
the environment of the lysine residues, i.e. surrounding AAs. For example, the extent of glycation
for synthetic peptides that had aspartic acid as a surrounding AA (44 or 60 % glycated, depending
on the position of aspartic acid) was lower than that of the peptide surrounded by neutral AAs
(76 % glycated) 1°. Besides the charge of surrounding AAs, the hydrophobicity was also reported
to affect the glycation 2. For dipeptides with lysine as the N-terminal AA, if the C-terminal AA
was hydrophobic, the dipeptides were fully glycated after 30 minutes 2. When other AAs were
the C-terminal AA, 30-90 % of the peptides remained non-glycated 2.

To identify the effects of peptide properties on the glycation of peptides in protein hydrolysates,
in this study, the glycation of individual peptides in hydrolysates was followed. Hydrolysates that
contained peptides with different properties, i.e. peptide length, type (a/e-) and number of
amino groups on the peptide, and different relative abundances, were prepared and glycated
under identical conditions.

Materials and methods

Materials

a-Lactalbumin was obtained from Davisco Foods International Inc. (Le Sueur, MN, USA). ~72 %
of it was in apo form and the rest was in holo form, based on results from circular dichroism 3.
Bacillus licheniformis protease (BLP) (batch NS-37005) was obtained from Novozymes
(Bagsvaerd, Denmark). The BLP was partly insoluble, it was purified as described previously 4.
The suspension of BLP was centrifuged (10 min, 4000xg, 25 °C) and the supernatant was dialyzed
(cut-off 12-14 kDa) against 150 mM NaCl solution, then against demineralized water and then
freeze-dried. The freeze-dried powder had a protein content of ~60 % [w/w] based on the Dumas
results (Nx5.93, based on the AA composition of the protein as described in Uniprot accession
code P80057, www.uniprot.org). The enzyme activity was 3.9 AU mg *min~* determined using
the azocasein assay %°. The purity of BLP was 100 % based on the UV, peak area determined
using the PDA detector attached to the ultra-performance liquid chromatography (UPLC) system
and was 92 % based on the UV,14 peak area (Az14). In the UV,14 chromatogram, two peaks were
found, of which the main peak (78 % of total A,14) was identified to be the BLP (23.6 kDa) and
the minor peak (14 % of total A>14) was the pro-peptide (6.9 kDa). All other chemicals were of
analytical grade and purchased from Sigma or Merck.
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Methods

Preparation of apo a-LA

Ethylenediaminetetraacetic acid (EDTA) was used to chelate the calcium ions attached to the a-
lactalbumin molecules. EDTA was added to 1 L of 10 % [w/v] protein solution at an a-lactalbumin
to EDTA ratio of 1:5 [mol/mol], and the solution was stirred overnight at 4 °C. To remove EDTA,
the solution was ultra-filtered with 7 L of Millipore water over a UFP-10-C-5 membrane (cut-off
10 kDa, AG Technologies Corp., Tokyo, Japan). The prepared apo a-lactaloumin (further referred
to as a-LA) was freeze dried and stored at -20 °C before further analysis. The protein content
was ~90 % [w/w] based on Dumas method (Nx6.25, based on the AA composition as described
in Uniprot accession code P00711). Of the total protein content, ~90 % was a-LA, based on the
A,14 determined using the PDA detector attached to the UPLC system, and the remaining 10 %
consisted of B-lactoglobulin and bovine serum albumin.

Production of a-LA hydrolysates with different degrees of hydrolysis

The enzymatic hydrolysis was performed as described elsewhere 6. The a-LA was dissolved in
20 mL Millipore water at a concentration of 1 % [w powder/v]. The solution was adjusted to pH
8.0 and equilibrated for 0.5 h at 37 °C in a pH-stat device (Metrohm, Herisau, Switzerland). The
BLP was dissolved (10 mg powder/mL) in Millipore water and added to the equilibrated protein
solution to reach an enzyme/substrate ratio of 1:100 [w/w] %°. The hydrolysis was performed at
37 °C using a pH-stat device with 0.2 M NaOH to keep the pH constant. The degree of hydrolysis
(DHstat) Was calculated using the equation published previously 7. The hydrolysis was stopped at
DH 2, 4, 6 and 8 % (labelled DH2-DH8) by adjusting the pH to 2 using 5 M HCI 6. The pH of the
hydrolysate was re-adjusted to 8.0 after 210 minutes of inactivation. As a control experiment, 1
% o-LA solution was incubated in a pH-stat in the absence of BLP. The added volume of NaOH
from the control experiment was subtracted from the added volume of NaOH at all time points
during hydrolysis, to compensate the consumption of NaOH due to the dissolution of CO,. The
samples were stored at -20 °C.

Glycation of intact and hydrolysed a-LA

The glycation of intact and hydrolysed a-LA was performed as described previously 2. Toa 5 mL
protein/hydrolysate solution at 1 % [w powder/v], 0.05 mL of a 1 M sodium phosphate buffer
(pH 8.0) was added to reach a molarity of phosphate buffer of 10 mM, with a negligible change
in protein concentration. D-glucose was dissolved in 10 mM sodium phosphate buffer (pH 8.0)
at concentrations of 3.5, 3.8, 4.4, 4.9 and 5.5 mg/mL. 5 mL of each D-glucose solution was mixed
with 5 mL of the hydrolysate solution (1 % [w powder/v]) with a DHg.: of O, 2, 4, 6 and 8 %,
respectively, in order to reach a molar ratio of free amino groups to reducing ends of 1:2. The
concentration of free amino groups in each hydrolysate was calculated based on the number of
lysine residues (12 in a-LA) and N-termini per original protein molecule. The number of N-termini
equals to 1+DHqt/100x122 (the number of peptide bonds in a-LA). The mixtures were freeze
dried, followed by incubation at 50 °C under 65 % relative humidity for 0, 2, 4, 6 and 8 hin a
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humidity control chamber HCP108 (Memmert, Schwabach, Germany). The glycated samples
were labelled DH2_Gy.s-DH8_Gp.s. The non-hydrolysed a-LA (DHO) was glycated for 0-24 h
(DHO_Go-24) and the reaction was performed in duplicate. As a control, the hydrolysates were
also incubated without D-glucose (DHOs-DH8s) at 50 °C under 65 % relative humidity for 8 h. All
samples were freeze-dried and stored at -20 °C.

o-Phtaldialdehyde method (OPA)

The total number of free amino groups of the samples (DHO_Gos-DH8_Gy.s) was determined
using the OPA method 8. The samples were dissolved at a concentration of 0.5 % [w/v]ina2 %
[w/v] SDS solution. 5 uL of sample solution was added to 300 uL of OPA reagent solution and
incubated for 10 minutes. The experiments were performed in a 96 well plate using Tecan
Infinite F500 (Tecan, Mannedorf, Switzerland) to obtain the UVs40 absorption of the samples. The
measurements were performed in triplicate. A calibration curve was made with leucine. The
protein concentration of each sample was determined by the Dumas method. The total degree
of glycation (DG_Topa) of the hydrolysates was calculated using equation 1, adapted from an
equation published previously %%,

(#NH , ,—#NH , , )

(1) bG_ T, [%
_ OPA[ oF #NHM

x100 %

where #NH,,, and #NH,; were the number of free amino groups per original protein molecule in
the untreated and glycated hydrolysates, respectively, calculated from the concentration of free
amino group, corrected for the concentration of total proteinaceous matter.

Dumas

The protein content was determined using a Flash EA 1112 NC Analyzer (Thermo Fisher Scientific
Inc, Waltham, MA, USA). The nitrogen-protein conversion factor of 6.25 for non-hydrolysed
a-LA was used, calculated from the AA composition of the protein (Uniprot accession code
P00711). Nitrogen-protein conversion factors of 6.27, 6.29, 6.31 and 6.33 were used for
hydrolysates with a DHga of 2, 4, 6 and 8 %, respectively, based on the number of water
molecules introduced to the peptides during hydrolysis.

Reversed phase ultra-high performance liquid chromatography (RP-UPLC)

The samples were analysed on an H class Acquity UPLC® system (Waters, Milford, MA, USA)
equipped with a BEH C18 column (1.7 um, 2.1x100 mm, Waters). An Acquity PDA® detector
(Waters) was attached to the UPLC system. The eluents and elution gradient were the same as
described previously 6. Samples were incubated for 2 h with 100 mM ditiothreitol (DTT) in 50
mM Tris-HCI buffer at pH 8.0 to reduce the disulphide bridges, and diluted to a protein
concentration of 0.1 % [w/v powder] and centrifuged (10 min, 14,000xg, 20 °C) before injection

(4 pL).
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Electron spray ionization time of flight mass spectrometry (ESI-Q-TOF-MS)

The mass spectra of the samples were measured using an online SYNAPT G2-Si high definition
mass spectrometry (Waters) coupled to the RP-UPLC system. Sodium iodide was used for the MS
calibration. The MS and MS/MS (MSe) data were collected using the methods developed
previously 6. Online lock mass (angiotensin I, [M+2H]?*: 523.7751) was acquired. Based on the
differences in the measured and theoretical lock mass, corrections were applied on m/z of the
peptides during measurements. The data were analysed manually using MassLynx software v4.1
(Waters).

Peptide identification and quantification

The peptides were manually annotated based on MS and -when possible- confirmed by
identifying the b and y fragments in MS/MS spectra. The mass tolerance between the theoretical
and measured mass for the accepted annotation was set at 100 ppm. Glycated peptides were
identified by the extra masses of n dehydrated glucose(s) (+nx162 Da) on top of the mass of the
original peptide. The concentration of each peptide (Cpeptice) Was calculated using equation 2 ¢

Ay -0
€14 L Vi Keen

inj

(2) Cpeplide [IuM ] =

All hydrolysates were injected at an equal concentration [g/L]. To compare samples, Cpeptide Was
re-calculated using a correction for the changed protein content in the glycated hydrolysates,
based on the Dumas results. A4 [LAU-min] is the UV peak area at 214 nm, Viy; [uL] is the injected
volume of the sample, Q [uL':min™] is the flow rate and | [cm] is the path length of the UV cell,
which is 1 cm according to the manufacturer. £,14[M™-cm™] is the molar extinction coefficient at
214 nm, calculated using an equation described previously %°. The molar extinction coefficient of
glycated a-LA was reported to be the same as the untreated a-LA, proven by determining the
UV absorbances of a dilution series of non-glycated and glycated a-LA solutions with known
concentrations (based on the Dumas results) 3. Therefore, the molar extinction coefficients of
the glycated and non-glycated peptides were assumed to be the same. Due to the multiple
reflection by the coating of the cell, the effective path length of the light through the cell is not
the same as the length specified by the producer. To correct for this effect, the cell constant of
the UV detector (ken) was determined, using a series of standard solutions made by
B-lactoglobulin, B-casein and angiotensin Il, and the approach described elsewhere ?2. The ratio
between the measured and expected A,14 was taken as the value of keei. For the UV cell used in
this work, the ke was determined to be 0.78 ?2. The linear region of the A,14 in the PDA detector
ranges from 5x10' to 6x10° wAU-min. Peptide quantification was done for peptides with a
A214>5x10 pAU-min. For all hydrolysates, on average 95+10 % of the expected total A14 was
found. Of the total A,14, on average 943 % in the samples was assigned to annotated peptides.
When a peptide was glycated, it sometimes co-eluted with the non-glycated peptide. In the case
of co-elution, the concentration of each co-eluting peptide was calculated using the intensity of
the total ion count to divide the Aj1a.
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Quality check of the annotation and quantification of the peptide analysis
The quality of the peptide analysis was checked by determining the amino acid (AA), peptide and
molar sequence coverages, calculated by equation 3, 4 and 5, respectively °.

] AA
(3) Amino acid sequence coverage [‘%]= #unlqu#e :jnotated x 100 %

protein

# AA (annotated  peptides )
# AA ( annotated  peptides )+# AA(missing peptides )

x 100 %

(4) Peptide sequence coverage [%]=

(€, -G

(# A4 protein 1 )

(5) Motar sequence coverage % |=|1—- ————|x100 %
C
0

C, [UM] is the concentration of each individual AA (n) in the protein sequence obtained from
quantification of the peptides; Co [UM] is the initial injected protein concentration and #AAgeptide
is the number of AAs in the sequence of the protein %°. The initial injected protein concentrations
were determined using the Dumas method. The missing peptides are the peptides that were not
quantified but should be present given the annotated peptides 6. The three parameters were
determined for all non-glycated and glycated hydrolysates. To further check the quality of the
analysis, the degree of hydrolysis based on peptide analysis (DHws) of each hydrolysate was
calculated using equation 6,

2.
(6) DH 5 [%]= x100 %
2x# peptide bonds x C,,

where #peptide bonds is the number of peptide bonds and C;; [uM] is the concentration of
cleavage site products formed. i equals the sum of concentrations of all peptides of sequence [x-
y], for which i=(x-1) or i=y. The C;; can be calculated using equation 7.

(7) Ci,l [IMM]: Z{Cpepl[de[x_y]tp =x—lvi= y}

The average degree of glycation of a peptide

For each peptide in the hydrolysates, the average degree of glycation (DG_P.,) was calculated as
the percentage of average number of glycated amino groups in total number of amino groups of
that peptide (equation 8) 2. In other words, DG_P., is the weighted average of concentrations
of all variants of the peptide (glycated and non-glycated).

ixC

peptide, i

c peptide, tot

(8) pG P, [%]= - x100 %

— av #NHZ',,
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Cpeptide,i is the concentration of the peptide variant with i glucose molecules attached, Cyeptige,tot iS
the sum of concentration of glycated and non-glycated variants and #NH, , is the total number
of amino groups of the untreated peptides, which is the sum of the number of lysine residues
and the N-terminal AA.

The total degree of glycation of a hydrolysate based on peptide analysis

Based on peptide analysis, the total DG (DG_Tws) of a hydrolysate was determined using the
DG_P, and Cpeptidetot in the hydrolysates (equation 9), and compared with the total DG
determined using the OPA method (DG_Topa).

] _ z (Cpep/[de,tolXDG_PavX#NHZ,u )

(9) DG T\5%
s [ ’ z (Cpeptide,tut xit NHZ,M )

x 100 %

where #NH, , is the total number of amino groups of the untreated peptides.

The maximum average degree of glycation and the glycation rate constant of a peptide
The maximum average degree of glycation (DG_P.ymax) and glycation rate constant (kg) during
Maillard incubation were determined by fitting the glycation curve (DG_P,, versus time) of each
peptide with the 1% order reaction equation (equation 10),

(10) DG_P,["d=DG P, . x[1-<"")+ D P,

where both DG_P.y,max [%] and kg [s7] were fitting parameters. DG_P.,0 [%] is the DG,, of the

non-heated samples (DHO_Go-DH8_Go), which was set at 0 because the MS intensities of the
glycated peptides in these samples were within the noise of the MS spectra.

Non-targeted clustering of the DG_Pay,max and kg

The DG_P,,,max and kg of peptides were fitted with a normal distribution curve. The structure of
the residuals of the fit was used to identify the number of populations in the data set. Once the
number of populations (k) was identified, the Matlab method k-means clustering was used to
categorise the (k) populations. The k-means clustering is a partitioning method, which uses the
squared Euclidean metric to determine the distances and the k-means++ algorithm for the
cluster centre initialization. It is used to group data points into populations with minimized total
sum of distances.

The maximum degree of glycation of a- and e-amino groups

The maximum degree of glycation of a-amino groups (DGmax«-nH2) Was estimated based on the
average value of DG_P,, max Of the peptides that did not contain lysine. Based on the DG,y max Of
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each peptide, the maximum degree of glycation of e-amino group (DGmaxe-nn2) in €ach peptide
was calculated based on equation 11.

#lysine

11) DG P, %|= DG X
( ) — av,max[ ”] max,e-NH #GS

1

max,a-NH , X # S +DG
The #lysine and #GS represent the number of lysine and glycation site (the total number of lysine
and N-terminal AA), respectively. The heterogeneity of the glycation process was checked by
determining the DHmaxenn2 Of the glycated variants of the peptides, calculated by dividing the

DHmaxe-nH2 by the percentage of glycated variants (DGmaxennz)/(1-%non-glycated peptide).

Results and discussion

Analysis of the non-glycated hydrolysates
The preparation of the a-LA hydrolysates was reproducible, indicated by the similarity in the
hydrolysis curves (DHst versus time) for the four hydrolysates prepared (Figure 6.1).
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Figure 6.1: Hydrolysis curves (DHs.t versus time) of hydrolyses for the preparation of a-LA hydrolysates with
a DHgat of 2 (—), 4 (---), 6 (—*) and 8 () %. The inset shows the zoomed hydrolysis curves from 0-500 sec.

In non-glycated hydrolysates DH2_Go, DH4_Go, DH6_G, and DH8_Go, 17, 20, 17 and 13 peptides
were identified and quantified, respectively (Table 6.1 and Annex 6.1). In total, in addition to the
remaining intact protein, 24 unique peptides were annotated, of which 23 were found in more
than one hydrolysate. The relative abundance (in mole/mole %) of these peptides ranged from
0.1 % to 24 % of the total amount of peptides (Table 6.1). Out of these 25 peptides (including
the intact protein), 5 peptides did not contain any lysine. The length of these peptides ranged
from 4 to 24 AAs. For the peptides that contained 1 or 2 lysine(s), the peptide lengths ranged
from 2-8 and from 10-42 AAs, respectively.
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Table 6.1: Number of lysines per peptide, peptide length and the concentration of peptides identified and
quantified in non-glycated a-LA hydrolysates with a DH. of 2, 4, 6 and 8 %.

Concentration of peptides in hydrolysates [uM]
DH2_ Gy (17) DH4 Go(20) DH6_Go(17) DH8 G (13)

Peptides #lysines Length

[8-11] 0 4 4.0 23.0 24.1 23.0
[117-121] 0 5 0.2 13 3.2 9.8
[38-46] 0 9 E = 3.5 8.6
[38-49] 0 12 = 2.5 8.4 7.6
[26-49] 0 24 0.1 1.1 13 -
[122-123] 1 2 8.6 27.7 23.0 20.2
[12-14] 1 3 = = 2.9 7.8
[1-7] 1 7 10.9 27.1 21.5 19.0
[8-14] 1 7 0.6 1.0 -
[114-121] 1 8 3.7 19.4 9.3 0.2
[114-123] 2 10 3.2 0.9 0.6 =
[12-25] 2 14 0.4 46 29.3 37.1
[57-78] 2 22 2 = = 0.5
[12-37] 2 26 = 0.3 3.7 0.2
[12-46] 2 35 2 0.6 1.7 =
[12-49] 2 38 5.8 18.4 1.2 =
[8-49] 2 42 5.8 1.1 - -
[1-49] 3 49 10.4 0.3 - -
[79-113] 5 35 - - 15 4.7
[50-113] 6 64 3.7 19.7 21.4 15.3
[50-121] 7 72 1.7 0.5 - -
[50-123] 8 74 12.1 19.7 - -
[8-113] 8 106 1.6 0.7 - -
[8-121] 9 114 0.9 1.9 - -
[1-123] 12 123 2.3 - - -

“n

indicates that the peptide were not found in the hydrolysate.

The quality of peptide analysis was evaluated using the average AA, peptide and molar sequence
coverages, and the DH values determined based on peptide analysis (DHys). For all hydrolysates,
the AA sequence coverage was 100 % (Table 6.2). The peptide sequence coverages of the
hydrolysates decreased from 99 % to 89 % with increasing DHt Values, and the molar sequence
coverages ranged from 85 % to 58 %. The average peptide and molar sequence coverages were
94 % and 72 %, respectively. Based on data reported previously 1% 2> 24, the thresholds of
acceptance for the average peptide and molar sequence coverages were set at 80 % and 70 %,
respectively ?2. Both average coverages in this study were above the thresholds.

Table 6.2: The amino acid (AA), peptide and molar sequence coverages of the non-glycated and glycated a-

LA hydrolysates with different DH values (DH2_Go.s-DH8_Gg.g). The average values and standard deviations
were calculated from the hydrolysates with the same DHg,: but different Maillard incubation time.

Average sequence coverage [%] Average sequence coverage [%]
Samples - - - Samples - - -

Amino acid Peptide Molar Amino acid Peptide Molar
DH2_Go 100 99 80 DH2_Gos 100+0 99+0 85t6
DH4_Go 100 94 85 DH4_Gos 100+0 93+0 777
DH6_Go 100 92 67 DH6_Gos 100+0 91+2 704
DH8_Go 100 89 58 DH8_Go.s 10010 89+0 62+3
Average 100 94+4 72+12 | Average 100+0 93+4 73+10
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To further check the quality of peptide analysis, the DH values analysed with peptide analysis
(DHwms) of each hydrolysate was calculated, and compared with the DHg.: based on pH-stat
titration (Figure 6.2). Averaged over all samples, the standard error between DHg.: and DHys was
~14 %. This standard error was similar to previously reported results (Chapters 3 and 4). Based
on these quality checks, the peptide analysis for non-glycated hydrolysates was of a high quality,
which allows further analysis on the glycation on each peptide.
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Figure 6.2: Comparison of DH determined based on peptide analysis (DHws) amd pH-stat titration (DHstat)
for a-LA hydrolysates. Each data point was the average of hydrolysates with the same DHg. but with
different Maillard incubation time (0-8 h). The dotted line (-++-+) indicates the function y=x.

Analysis of the glycated a-LA hydrolysates

In the control samples DHOs-DH8; (hydrolysates heated without D-glucose for 8 h), no glycated
or lactosylated protein/peptides were found, showing that the non-glycated samples did not
contain any glucose or lactose. For non-hydrolysed a-LA, DGus increased from 0-85 % after
incubation from 0-24 h (Figure 6.3A). The fitted maximum average degree of glycation (DGay,max)
was only 86 % (using equation 10). If the fitting of the curve was done using a fixed DGay,max Of

100 %, the sum of squared residuals was ~4 times higher than when DG_P., max Was fitted. That
the DGay,max Was lower than 100 % was not due to the occurrence of protein cross-linking. This
was shown by the fact that no protein aggregates were observed in the profile of size exclusion
chromatography, and no unknown masses were found in the deconvoluted MS spectra (data not
shown). In addition, the concentration of DHO_G,g, injected into the UPLC-UV system was ~100
% of the expected concentration (based on the Dumas result), meaning that the obtained
DG.ymax Was representative of the whole sample. The amount of added D-glucose was 2 times
higher than the amount of free amino groups, which means that the low DG,y max Was not caused
by the lack of reactants. This is a strong indication that the glycation process either stopped, or
reached an equilibrium while there were still free amino groups and reducing end sugars in the
system. A plateau value for the DGus was previously also observed during the glycation of 3
different proteins with 7 different carbohydrates until 48 h of glycation ?°. Due to the long
incubation time, the plateau value of DG,y max Was more defined. Values of DGay,max in that study
ranged from 6 % to 92 % for different protein-carbohydrate combinations %°.
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Figure 6.3: (A) Average degree of glycation of the non-hydrolysed a-LA as a function of Maillard incubation
time. (B) Total degree of glycation analysed with OPA method (DG_Topa) versus Maillard incubation time for
glycated a-LA hydrolysates with a DHg.: of 0 (), 2 (€), 4 (O), 6 (A) and 8 (x) %. The error bars were
typically smaller than the size of the marker.

Upon heating in the presence of D-glucose for 0-8 h, the total degree of glycation determined
using the OPA method (DG_Topa) Of all the glycated hydrolysates increased from 0 to ~55 %
(Figure 6.3B). These values were similar to the results of the non-hydrolysed a-LA. This indicated
that the created free a-amino groups by hydrolysis did not have a major contribution to the total
glycation, which implies that the glycation of e-amino group dominates the total degree of
glycation.

Similarly as for the non-glycated hydrolysates, the quality checks of peptide analysis for glycated
hydrolysates were based on the average AA, peptide, molar sequence coverages and the DHys
versus DHg.t. In addition, the concentrations of individual peptides as a function of the Maillard
incubation time were compared. For the hydrolysates with the same DHg.t, the AA, peptide and
molar coverages of non-glycated and glycated a-LA hydrolysates were averaged (Table 6.2). All
hydrolysates had an AA sequence coverage of 100 %. The average peptide sequence coverages
were 9910, 93+0, 9112 and 8910 % for hydrolysates with a DHs.t of 2, 4, 6 and 8 %, respectively,
and the average molar sequence coverages were 8516, 7717, 7014 and 62+3 % (Annex 6.2).
Averaged over all hydrolysates, the peptide and molar sequence coverages were 9314 and 73110
%, respectively, which were above the thresholds for acceptance. The DHys of each hydrolysate
was comparable with the DHg.: (Figure 6.2). Overall, there was only a minor variation in the
quantified concentration of peptides in the samples with increasing Maillard incubation time, as
illustrated for DH2_Go.s (Table 6.3). For samples DH2_Gqs, the concentrations of peptides over
the Maillard incubation time had an average standard error of ~17 %. When calculated over all
hydrolysates, the average standard error of the concentration of peptides in hydrolysates with
the same DHg.t was ~20 % (Annex 6.3). This is similar to the standard error in the peptide
concentrations determined in duplicate hydrolysates (~15 %) (Chapters 3 and 4), confirming that
the quality of the peptide analysis was acceptable.
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Table 6.3: The total and average concentrations of peptides (glycated and non-glycated) in hydrolysates
with a DHge 0f 2 % (DH2_Goss).

Concentration of peptides in hydrolysates [uM]

Peptides
DH2_G, DH2_G, DH2_G, DH2_G; DH2_Gg Average Stderr[%]

[8-11] 4.0 4.2 4.8 5.4 4.9 4.7+0.6 12
[117-121] 0.2 0.2 0.2 0.3 0.3 0.2+0.0 21
[26-49] 0.1 0.1 0.2 0.1 0.1 0.1+0.0 35
[122-123] 8.6 12.0 14.0 12.1 15.3 12.442.5 20
[1-7] 10.9 9.3 10.6 9.1 10.4 10.1+0.8 8
[114-121] 3.7 3.3 3.7 2.9 3.0 3.3+0.4 11
[114-123] 3.2 2.6 3.4 2.4 2.8 2.9+0.4 15
[12-25] 0.4 0.4 0.4 0.3 0.5 0.410.1 22
[12-49] 5.8 6.4 7.2 6.1 5.2 6.1+0.8 12
[8-49] 5.8 6.6 7.6 7.1 5.7 6.5+0.8 13
[1-49] 10.4 9.8 10.5 11.6 15.7 11.6+2.4 20
[50-113] 3.7 4.1 5.0 4.0 3.0 4.0+0.7 19
[50-121] 1.7 1.4 1.6 1.9 1.5 1.6+0.2 12
[50-123] 12.1 15.0 16.6 15.2 18.0 15.442.2 14
[8-113] 1.4 1.5 1.5 1.8 1.2 1.5+0.2 14
[8-121] 0.9 1.1 1.1 1.2 0.9 1.0+0.1 12
[1-123] 2.3 1.2 1.2 1.8 2.1 1.7+0.5 28

Average 17

#Typical standard error of peptides in duplicate hydrolysates is ~15 %.

In the glycated hydrolysates (DH2_G,s-DH8_G,.s), glycated variants of all peptides were found.
The glycated variants of each peptide eluted either slightly before, or at the same moment as
that original peptide. The shift in elution time (Figure 6.4A) and mass spectra (Figure 6.4B) of
the glycated peptides was illustrated for peptide a-LA[1-7]. This peptide contains 1 lysine, which
means that the glycation can occur on the e-amino group of that lysine and/or on the a-amino
group of the N-terminal AA. After 2 h incubation, 17 % of this peptide had 1 glucose unit attached
(m/z of 1012.4). The intensity ratio between the glycated and the original peptide increased over
the Maillard incubation time. After 6 h incubation, the peak with an m/z of 1174.5 started to
appear, which illustrated that there were 2 glucose units attached on the peptide molecule.
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Figure 6.4: (A) Total ion count and (B) mass spectra of non-glycated and glycated peptide a-LA[1-7] analysed
in the RP-UPLC chromatograms of DG2_Gg., using extracted ions at m/z of 850.4+0.5 (+0 glucose) (100 %
MS intensity is 3.6-10%), 1012.4+0.5 (+1 glucose) (100 % MS intensity is 3.0-10%) and 1174.5+0.5 (+2 glucose)

(100 % MS intensity is 1.4-10%).

Using the DG_P,, values, the total degrees of glycation of hydrolysates (DG_Tws) were calculated,
and compared with the total degrees of glycation analysed using the OPA method (DG_Topa)
(Figure 6.5). Averaged over all samples, the standard error between the DG_T determined using

the two methods was ~13 %.
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Figure 6.5: (A) Total degrees of glycation analysed with peptide analysis (DG_Tws) versus with OPA method
(DG_Tora) for hydrolysates with DHsia: values of 0 (0), 2 (), 4 (Q), 6 (A) and 8 () %. The dotted line (-
indicates the function y=x.

The maximum average degree of glycation (DG_P.ymax) and the glycation rate constant (k) for
individual peptides in all hydrolysates were determined (Table 6.4). To illustrate the glycation of
individual peptides in the hydrolysates, the glycation curves (DG_P., versus time) of peptides a-
LA[38-46], a-LA[114-121] and a-LA[12-49] were taken as examples because they contained 0, 1
and 2 lysine(s), respectively (Figure 6.6A). The DG_P,, values of the peptides increased with the
number of lysine residues in the peptide. For peptides that were present in multiple hydrolysates
(e.g. a-LA[50-113]), the glycation curves in all hydrolysates were compared (Figure 6.6B). Despite
their different concentrations in different hydrolysates, ranging from 4.0 to 23.0 uM (Annex 6.3),
the changes in DG_P., versus glycation time were similar. The average standard errors for
DG_Pay,max and kg of the same peptides in different hydrolysates were both 14 %. From this, it
was concluded that the glycation of peptides in hydrolysates was independent of the hydrolysate
composition. Therefore, if peptides were present in several hydrolysates, the DG_P,, values
obtained in all hydrolysates were combined to perform the fit for DG_P,y,max and k, (Table 6.4).
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Figure 6.6: (A) Glycation curves (DG_P,, versus time) of peptide (C1) a-LA[38-46] (OK: contains O lysine), (<)
a-LA[114-121] (1K: contains 1 lysine), (A) a-LA[12-49] (2K: contains 2 lysines) in the samples DH6_Go.s. The
dashed lines (------ ) represent the fits using 1% order reaction equation. (B) Glycation curves of peptide
a-LA[50-113] in hydrolysates with DHs.: values of 2 ($), 4 (Q), 6 (A\) and 8 (<) %.
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GLYCATION OF PEPTIDES IN HYDROLYSATES

To identify whether there were clusters of populations of the kg and DG_P,,max values, the data
sets were fitted with a normal distribution curve. For kg and DG_Pay max values, there were 3 and
5 populations identified, respectively, based on the structure of the residuals of the fit (data not
shown). Hence, the data was categorised by the Matlab method k-means clustering with k (the
number of clusters) as 3 and 5 for kg and DG_Pay,max, respectively (Table 6.5). For the kq values,
the 3 clusters have average values of 1.6(+0.4), 2.5(+0.2) and 5.3(+1.1) s, respectively. For the
DG_Pay,max Values, the 5 clusters have average values of 12.8(+2.6) %, 26.8(+3.8) %, 36.5(+2.1) %,
44.3(+2.1) % and 55.3(£2.4) %, respectively. For the kg values, the clusters did not seem to be
correlated with the number of lysines on the peptide nor the peptide length. For the DG_Pay,max
values, clearly, the clustering had a quite good agreement with the number of lysines on the
peptide. For peptides a-LA[122-123] and a-LA[12-46], the k, values were 6.0-10" s* and 4.5-10*
s respectively. They were 2-3 times higher than the k; values of the other 23 peptides (Table
6.4). For peptide a-LA[122-123], this can be caused by the fact that it is a dipeptide (KL) with
leucine as the C-terminal AA and lysine as the N-terminal AA. In literature, peptide KL was
reported to have the highest glycation rate among 11 dipeptides with different AAs as the
C-terminal AA 2. For peptide a-LA[12-46], no explanation was found for the high kg value.

Table 6.5: The clusters of peptides based on the glycation rate constant (k;) and the maximum average
degree of glycation (DG_Pay,max)-

Peptides #lLys Length k;[10?s?] Cluster #k; | DG_P.ymax [%] Cluster of #DG_P.y,max
[8-11] 0 4 2.5 1 13.0 1
[117-121] O 5 2.7 1 15.9 1
[38-46] 0 9 2.3 1 14.5 1
[38-49] 0 12 1.6 2 11.5 1
[26-49] 0 24 1.1 2 9.1 1
[122-123] 1 2 6.0 3 36.4 3
[12-14] 1 3 2.6 1 26.9 2
[1-7] 1 7 2.8 1 23.0 2
[8-14] 1 7 2.5 1 30.5 2
[114-121] 1 8 1.9 2 33.2 3
[114-123] 2 10 2.3 1 42.0 4
[12-25] 2 14 0.9 2 36.1 3
[57-78] 2 22 1.8 2 38.6 3
[12-37] 2 26 2.0 2 459 4
[12-46] 2 35 4.5 3 35.2 3
[12-49] 2 38 2.6 1 39.7 3
[8-49] 2 42 2.3 1 36.4 3
[1-49] 3 49 2.3 1 45.1 4
[79-113] 5 35 1.5 2 56.0 5
[50-113] 6 64 1.7 2 56.8 5
[50-121] 7 72 2.6 1 58.1 5
[50-123] 8 74 2.2 1 54.0 5
[8-113] 8 106 2.0 2 51.9 5
[8-121] 9 114 1.9 2 53.0 5
[1-123] 12 123 2.9 1 57.5 5
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For the other 23 peptides, as suggested by the results of the clustering, the k; was independent

of the number of lysines on the peptide (Figure 6.7A) and the peptide length (Figure 6.7B).
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Figure 6.7: (A, B) Glycation rate constant (kg) and (B, D) DG_Pay,max Of individual peptides in a-LA hydrolysates
(DH2_G.s-DH8_Gy) as a function of (A, C) the number of lysines per peptide (#lysine/peptide) and (B, D)
the peptide length. In panel (C), the dashed line (------ ) represents the fit using equation 11. The dotted lines
(veeeee ) represent the maximum degree of glycation on a- (DGmaxanH2) @and €-amino (DGmaxe-nn2) Eroups.
(D) DG_Pay,max Versus peptide length of peptides that contain (H) O, (M) 1 or (M) 2 lysine(s).

Similarly as for the intact protein, the DG_P,, max did not reach 100 % for all peptides. For peptides
that did not contain lysines, i.e. peptides a-LA[8-11], a-LA[117-121], a-LA[38-46], a-LA[38-49]
and a-LA[26-49], the DG_P.,max Values were comparable: 12.8+2.6 % (Table 6.4). Because the
variation in DG_Paymax Of these peptides was small, no clear effect of the type of N-terminal AA
was observed. Since these peptides only have an a-amino group as the glycation site, it means
that the maximum degree of glycation for a-amino group (DGmaxa-nH2) Was 12.8 %. It should be
noted that peptide a-LA[8-11] contains an arginine (R10) within its AA sequence. The fact that
the DG_Paymax Of 0-LA[8-11] was the same as the other peptides which only contained a-amino
group as the glycation site, suggests that arginine did not react during the glycation process. In
previous studies with free AA and intact proteins, the glycation of arginine was identified ” %,
The reason that different results were obtained between the current and previous studies could

be the differences in the glycation conditions used.
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GLYCATION OF PEPTIDES IN HYDROLYSATES

For the lysine containing peptides, the DG_Paymax ranged from 23.0 % to 58.1 % (Table 6.4). The
maximum degree of glycation of e-amino groups (DGmaxeni2) in €ach peptide was calculated
using equation 11. It was found that the DGmaxenn2 averaged over peptides that contained
€-amino groups was 53.949.0 %. To check whether the DGuaxennz2 did not reach 100 % was
because of the heterogeneity of the samples, the DGmaxe-nn2 Of €ach peptide was also calculated
after correction for the amount of remaining non-glycated peptides (Table 6.4). The percentage
of glycated g-amino groups of the glycated peptides was 72.2+13.2 %. Since it was also lower
than 100 %, it was concluded that all lysines in the hydrolysates were glycated to similar extents,
but the glycation process either stopped before all available amino groups reacted or reached
an equilibrium. This also indicated that the glycation reactivity of each lysine in a-LA was not
significantly different from each other. This indication was previously suggested in another
article, where the bovine tryptic hydrolysis of the glycated a-LA followed the theoretical scenario
in which all lysines were glycated to the same extent . These data also showed that on average
only 12.8 % of the a-amino groups and 53.8 % of the e-amino groups were glycated. Since the
DGmaxe-nn2 Was much higher than the DGmaxa-nt2, the DG_Pay max increased with the number of
lysines on the peptide (#lysine/peptide) (Figure 6.7C). This is because for the peptides that
contain more lysines, the low glycation reactivity of a-amino group would have a smaller effect
on the final DG_Paymax- This means that the number of lysines per peptides dominates the
DG_P.y,max Of the peptide. The DGmaxennz Was also obtained by fitting equation 11 to the
experimental data of all peptides (Figure 6.7C). The R? of the fit was 0.91. The DGmayenn2 Was
fitted to be 60.0 %, which was close to the average DGmaxenm2 (53.9 %) obtained from individual
peptides. Since DGmaxe-nv2 Was ~5 times higher than DGmax a-nH2, it Was concluded that the number
of lysine of the peptide is the dominant property that determines the glycation of individual
peptides in a hydrolysate.

Hydrolysates contain peptides with different numbers of lysines, meaning that the average
DG_P.y,max Of these peptides would be lower than the intact proteins. However, this does not
mean that the total degrees of glycation of the hydrolysates were lower than that of the intact
proteins. Actually, in both hydrolysates and intact proteins, all lysines were glycated to ~60.0 %
and all N-termini were glycated to ~12.8 %. Still, for peptides with the same number (0, 1 and 2)
of lysines, there were variations in the DG_P,, max Values. This variation was not correlated with
peptide length (Figure 6.7D). This means that the glycation of peptides in a hydrolysate under
the experimental condition used in this study was independent of the peptide length.

Conclusions

In this study, using a quantitative peptide analysis, the glycation kinetics of individual peptides
in protein hydrolysates was followed. The extent of glycation for all peptides did not reach 100
%, meaning that the glycation process either stopped before all amino groups reacted or reached
an equilibrium. The rate and extent of glycation of individual peptides in hydrolysates were
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independent of the hydrolysate composition. For a peptide in a hydrolysate, the number of
lysines on the peptide is the dominant factor that determines the extent of glycation. This is
because the glycation reactivity of e-amino group (lysine) is ~5 times higher than the reactivity
of a-amino group (N-terminal amino acid). The glycation rate constants were independent of the
peptide length or the number of amino groups on the peptide. The outcome of this work can be
used to predict the extent of glycation of peptides in hydrolysates based on the amino acid
sequences of the peptides.
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Annex 6.2: Continued.
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GLYCATION OF PEPTIDES IN HYDROLYSATES

Annex 6.3: Average total concentration of peptides (glycated and non-glycated) in hydrolysates with a DHgtat
of 2, 4, 6, and 8 % during 0-8 h Maillard incubation time.

Concentration of peptides in hydrolysates (uM)
DH2_Gos(17) DH4_Gos(20) DH6_Gos(17) DH8_Gos(13)

Peptides #lysines Length

[8-11] 0 4 4.7+0.6 21.1¢1.3 23.3£2.0 22.6+2.2
[117-121] 0 5 0.2+0.0 1.5:0.3 5.6+2.2 12.9+2.5
[38-46) 0 9 - - 2.9:0.4 7.8+1.8
[38-49] 0 12 - 2.3+1.1 9.242.8 0.04£0.01
[26-49] 0 24 0.1+0.0 1.310.2 1.310.2

[122-123] 1 2 12.4+2.5 30.445.8 24.7+7.6 16.9+3.1
[12-14] 1 3 - - 2.8+0.4 8.3+1.0
[1-7] 1 7 10.1+0.8 21.6+3.3 19.4+1.7 17.4+3.8
[8-14] 1 7 - 1.0£0.4 1.110.4 -
[114-121] 1 8 3.3:0.4 14.8+3.0 7.2¢16 0.30.1
[114-123) 2 10 2.9:0.4 0.8+0.1 6.3+2.1 -
[12-25] 2 14 0.4+0.1 3.1:0.9 18.8+6.3 22.9+8.6
[57-78] 2 22 - - - 1.0£0.2
[12-37] 2 26 - 0.3+0.1 3.2¢1.1 0.7¢0.3
[12-46) 2 35 - 0.6+0.2 1.7+0.9 -
[12-49] 2 38 6.1+0.8 16.5+1.8 2.3+1.0 -
[8-49] 2 42 6.50.8 0.5+0.1 - -
[1-49] 3 49 11.6+2.4 0.3+0.1 - -
[79-113] 5 35 - - 1.6+0.4 2.1+0.2
[50-113] 6 64 4.0£0.7 19.7+1.9 23.0£3.0 16.6+0.8
[50-121] 7 72 1.620.2 0.4+0.1 - -
[50-123] 8 74 15.4+2.2 1.040.3 - -
[8-113] 8 106 1.5+0.2 0.5+0.1 - -
[8-121] 9 114 1.0£0.1 1.5:0.3 - -
[1-123] 12 123 1.7+0.5 - - -

un

indicates that the peptide were not found in the hydrolysate.
* Typical standard error of peptides in duplicate hydrolysates is ~15 %.
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CHAPTER 7

Industrial and societal relevance

Part of the risk analysis and technology assessment for the NanoNextNL program

This PhD research is one of the topics under project 05D02 “Ingredient isolation” within the
theme “Food” of the Dutch consortium NanoNextNL. This section considers the risk analysis and
technology assessment within the scope of this thesis, which is an essential part of the
NanoNextNL programme. Risk analysis (RA) considers the issues of potential risks (of chemical
substances) to human or environmental health. Technology assessment (TA) concerns the
broader industrial and societal impacts of the technological innovations. A TA reflection towards
the end of this work is relevant due to the potential impacts of technology developed in this
thesis on other research fields, food and feed industries as well as the society. Commonly, food
and feed industries manufacture the products via industrial processing. These processes might
unintentionally influence the structure of the proteins in the products, which subsequently alter
the protein functionality, e.g. protein digestibility. It is beneficial for food industries to control
the digestibility of the products. Hence, it is important to know how and how much the industrial
processes can influence the protein digestion. Protein digestion in human body is mainly done
by digestive enzymes in the gastrointestinal tract. Mechanistically, to investigate the influence
of industrial processes on protein digestibility is narrowed down to the research topic: the effect
of protein structural modifications on enzymatic hydrolysis by digestive enzymes, which is
extensively addressed in this thesis. By implementing the knowledge and conclusions obtained
in this work, food and feed industries could -in the future- better control different processes to
fine-tune the digestibility of their products. Such implementation could also lead to a better
understanding of the relation between food intake and health. Although a lot of efforts have
been made from different research groups towards the understanding and the prediction of
protein digestibility, two challenges are described and the steps to move forward are discussed.

Y. Deng, H.A. Schols, P.A. Wierenga
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Challenges in the development of controlling protein digestion

The methods used in laboratories cannot be directly applied to products from the industries. The
industrial partner within the project also recognised this gap. Food products do not only contain
proteins but also many other ingredients, which the matrix would interfere with the analysis.
Secondly, food science and animal nutrition science have different definitions and determination
methods of protein digestibility. It is a challenge for the industries to interpret reported data
from different fields to improve the processing and control the digestibility of their products.
These two challenges were commented in more details in the following sections.

Challenge 1: Integration of different factors that influence protein digestibility
Protein digestibility can be influenced by many factors, e.g. modifications of protein structure ?,
protein concentration 2, protein aggregation 3, pH 4 and temperature °, etc. On top of those,
other ingredients in the food products might interact with proteins, which influences the protein
digestibility further. Although these factors have been addressed in previous studies, it remains
difficult to weigh the importance of each factor. For example, in this thesis, when 50 % of the
amino groups on a protein were glycated, the DHmax.exp Of hydrolysis by bovine trypsin decreased
by 50 % (Chapter 2). However, in Chapter 5, if the protein concentration decreased from 1 % to
0.1 %, the DHmaexp decreased by 80 %. Therefore, it is challenging to state for different
circumstances, with other ingredients present, which factor has more weight on the final
digestibility. This is difficult to study because some of the analytical methods developed in our
laboratory cannot be directly applied to samples taken during industrial processing.

Challenge 2: Differences in terminology and determination of protein digestibility

Protein digestibility has been widely studied in both food and animal nutrition sciences. There
are many differences in the terminology and the means of detection between these two fields.
In food science, protein digestibility is investigated by performing the in vitro enzymatic protein
hydrolysis to simulate the gastrointestinal digestion of proteins. One common way to express
protein digestibility is the degree of hydrolysis. This information is on the level of the breakage
of peptide bonds, which is the main difference between food science and other fields. Besides
the degree of hydrolysis, the percentage of intact protein and the molecular weight distribution
of the peptides are supplementing the information. Moreover, peptide analysis, including both
identification and quantification of the peptides, is the detailed analysis of which and how much
the compounds are formed at what time during the hydrolysis ¢. The molecular level of
information allows to find the mechanism of how enzymes act on substrates. The focus is on the
mode of action of the enzymes and the influence of the modifications of proteins on the
enzymatic hydrolysis. In food science, many studies used single enzyme incubation, which is
suitable for the analysis of enzyme-substrate interaction but not ideal for the simulation of the
protein digestion. Besides incubation using a single enzyme, the sequential hydrolysis has been
received some attention. However, many studies used diluted systems with pure and soluble
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proteins. It was proven that concentrated protein systems behave differently to diluted systems
due to the low free to bond water ratio 7. Since it is in vitro experiment, the absorption of the
peptides in the body as well as the action of the stomach muscles are not taken into account. In
addition, the digestive enzymes used to perform the in vitro hydrolysis are also crucial to the
final digestibility. Due to the high expenses of human enzymes, the digestive enzymes from
different sources (e.g. porcine and bovine) are commonly chosen to simulate the human
gastrointestinal digestion. However, as shown in this thesis, the extents of hydrolysis by bovine,
porcine or human trypsins were quite different (Chapter 4). Hence, cautions need to be taken
when comparing results from experiments performed with enzymes from different sources.

In the field of animal nutrition, both in vitro and in vivo experiments are commonly performed.
For in vitro digestion studies, the digestibility is normally expressed as the solubility of the final
hydrolysates 8. It is assumed that the soluble part of the protein materials is the part that is
digested. The difference between the solubility of different samples is the indication of high/low
digestibility of the proteins. It should be noted that the protein solubility of the starting materials
are not always the same, which brings uncertainty to the comparison. Therefore, using solubility
as the only indicator to evaluate protein digestibility would easily give false negative or positive
results. However, this issue has not been taken into account in many cases. In addition, during
protein hydrolysis, due to the exposure of hydrophobic groups in the amino acid sequence, the
solubility of the hydrolysates can vary along with the progress of hydrolysis. Hence, the protein
solubility can be one indication of the extent of protein hydrolysis but should not be the only
indication. For in vivo digestion studies, the apparent digestibility is defined as the difference
between the amount of nitrogen ingested and excreted, expressed as a proportion of nitrogen
ingested °. After the correction of endogenous nitrogen of the basal diet, the true digestibility is
obtained. However, the nitrogen in the faecal sample also represents a significant proportion of
non-dietary AAs (extra endogenous nitrogen), from sources such as the mucus, cells and bile, for
which a correction should be made. After the correction of the basal and the extra endogenous
nitrogen, the real digestibility is obtained, which reflects the absolute amounts of nitrogen and
AAs that are absorbed through the gastrointestinal tract °. It is a global parameter to express
how much nitrogen has been lost during digestion. However, it does not directly correlate with
the data from the solubility experiment, which is the indicator of the in vitro digestion method
in animal nutrition. Thus, it isimportant to be aware of the fact that there are possible incoherent
conclusions from the in vitro and in vivo results due to differences in methods and calculations.

Because of the differences in the terminology and methods, incomparable results are expected
between in vitro, in vivo data from animal sciences and in vitro data from food sciences. However,
food industries usually collaborate with both science disciplines. These differences might cause
some confusions.
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Moving forward towards harmonization

For the first challenge, in order to better understand and control protein digestion, it is essential
to investigate how much each factor influences the protein digestion. Systematic approaches of
analysing protein structure and hydrolysis are required. The multiple factors that might influence
the hydrolysis should be integrated to the model systems. Both experimental analysis and
computational modelling need to achieve higher levels. A computational simulation model to
perform protein hydrolysis might be useful to reduce the complexity and the duration of the
experimental input. By applying these approaches, it might become possible to fine-tune the
protein digestibility by using one factor to compensate the loss of digestibility caused by another
factor. It will be possible for the industries to predict protein digestibility based on the processes.

For the second challenge, the misunderstanding of terminology and determination methods can
be eliminated by initiating interdisciplinary dialogues between scientists in the two fields and
food industries. Both regular public seminars and one-to-one consultation should be arranged.
Scientists from both fields can write joint review articles to explain the differences. By addressing
these differences more frontally, it would allow the industries to match the most relevant field
to consult the research group and the collaboration would be more efficient. For the in vitro
hydrolysis, recently, some attempts were made to approach harmonization. In 2014, a detailed
protocol and a line-by-line guidance of a standardised in vitro digestion method, the harmonized
INFOGEST method, were published °. The aim was to set up the experimental conditions that
are close to physiological situations of human body, and that are practical and can be used as a
basic method to various research questions. The work has been cited nearly 400 times in 3 years,
proving that a standard method is in urgent needs. Although it is a step forward towards the
harmonization of in vitro protein digestion models, it should be noted that the outcome of this
method is not the real protein digestibility in human bodies. The following problems were found:
1) static model lacks of realistic enzyme to substrate ratios, pH changes, transit times and
removal of released peptides; 2) the enzymes used do not act the same way as human enzymes,
and the brush border enzymes that are responsible for the final digestion of peptides were not
taken into account; 3) no standard methods are proposed to express the protein digestibility.

In summary, it is beneficial for food industries to understand the relation between the industrial
processing and the protein digestion, in order to predict and fine-tune the protein digestibility
of their products. It remains challenging to weigh the importance of each factor that affects the
protein digestibility, indicating that the conclusions from model systems in laboratories were not
translated to real-life scenarios. In addition, major differences of terminology and methods of
protein digestibility between food science and animal nutrition science were identified, leading
to misinterpretation. These challenges can be solved by integrating the factors that affect the
protein hydrolysis to model systems preferably using computational simulations, and by opening
interdisciplinary dialogues between the two fields and the industries.
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CHAPTER 8

In food industry, enzymatic hydrolysis of proteins is used to produce protein hydrolysates as
ingredients in food products. Moreover, using enzymatic hydrolysis as the alternative method to
simulate the in vivo protein digestion is often of a high interest to food and feed industries. Some
studies have aimed to understand or describe the outcome of a protein hydrolysis, e.g. the
hydrolysate composition and the (bio-)functionality of the total hydrolysate, as a function of the
hydrolysis conditions. However, there is currently not even a method to define expectations for
a simple parameter such as the final degree of hydrolysis reached. This is illustrated by the fact
that the estimation of the theoretical maximum degree of hydrolysis (DHmaxtheo), Calculated by
the content (in % of number) of cleavage sites (CSs) of a protease in a protein, did not match the
experimental maximum degree of hydrolysis (DHmaxexp) (Chapters 2-5). The goal of this PhD
project was to define expectation of the extent of protein hydrolysis based on the molecular
properties of the protein and the protease, and effects of modifications on protein primary
structure and changes in system conditions.

Prediction model of protein hydrolysis

By combining the results of all previous chapters, we developed a model to predict the
DHmax,exp Of hydrolysis of a given protein by a specific protease (equation 1). The prediction
model was based on 1) the enzyme secondary specificity and 2) the enzyme affinity towards
intact proteins (P™). These in turn depend on the protein amino acid (AA) sequence, as well as
possible modifications, and the enzyme sensitivity towards the AAs surrounding the CSs. The
P>t depends in principle on the protein structural stability, but was also found to be influenced
by the substrate concentration used in the protein hydrolysis. The predicted maximum degree
of hydrolysis (DHmaxpre) can be calculated using equation 1:

mxnxq

(1) bH [%]= DH -a-b

max, pre max, theo

# peptide bonds

Parameters derived from literature:
Information needed: the enzyme specificity and the number of individual AAs per protein.

#peptide bonds is the number of peptide bonds per substrate protein, from data reported in the
Uniprot database (http://www.uniprot.org/) for most proteins.

DH o, theo is the theoretical maximum degree of hydrolysis based on the enzyme specificity,
which is reported in the MEROPS database (https://www.ebi.ac.uk/merops/) ! for most of the
proteases. DHmaxtheo iS calculated by dividing the number of cleavage sites (#CS) in a protein
(derived from the AA sequence of the protein and the enzyme specificity) by the number of
peptide bonds per protein.
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Parameters derived from additional experiments:
Information needed: the enzyme secondary specificity and the AA sequence of the protein.

a (0<a<100 %) is the percentage of CSs that are hydrolysed within a realistic timescale of
the hydrolysis experiment. a is derived from the enzyme selectivity towards CSs in a
protein, which is the quantitative parameter that expresses the consequence of enzyme
secondary specificity (equation 2).

_ #HSS +0.24 x#1SS +0.03 x# LSS
#CS

(2) a [%] x100 %

where #HSS, #ISS and #LSS refer to the numbers of high, intermediate and low selectivity
sites per protein, respectively. These numbers can be derived from the AA sequence of the
protein knowing the secondary specificity. The AA sequences of most proteins are reported
in the Uniprot database. If the enzyme secondary specificity is unknown, #HSS, #ISS and
#LSS can be determined as described in Chapters 3 and 4.

b (0<b<100 %) is the normalised enzyme affinity towards intact proteins (P™at /Pt \where
P js the Pt of the hydrolysis that reached the highest DHmaxexp). Currently, b cannot be
predicted but should be determined experimentally. b is sensitive to changes in substrate
concentration used in the hydrolysis, and seems to affect the DHpax,exp because it changes
the hydrolysis mechanism (Chapter 5). It seems that with different mechanisms, different
amounts of inhibitory peptides are formed, leading to a change in DHpax exp- This also means
that b depends on the molar ratio between the inhibitory peptides formed during the
hydrolysis and the amount of enzyme added (Chapter 5).

It should be noted that changing parameter b should in principle not change the parameter a,
but it might influence the measurement of a. If a is measured in a hydrolysis condition where b
is close to zero, since the Pt js too low, the variation in the enzyme selectivity towards CSs in
a protein would be too small to be distinguished. Under such conditions, the enzyme secondary
specificity cannot be obtained from the enzyme selectivity.

Parameters derived from the analysis of modifications:
Information needed: the possible modification sites on the protein AA sequence

m (0<m<100 %) refers to the percentage of CSs that have a possible modification site on
at least one of the binding site positions (the neighbouring AAs of CSs) (Chapter 2).

q is the number of hydrolysed CSs within a realistic timescale of the experiment that are

influenced by the modifications. In the case that the modifications occurred on the possible
modification sites equally, g is calculated from equation (3):
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(3) ¢ = %x#MS xaxb
100

where DM,, is the average degree of modification (percentage of reacted groups) of the
protein and #MS is the number of possible modification sites per protein. In the case of
glycation, and most other typical protein modifications, the amino groups in the protein
react. This means that in equation 3, a small correction needs to be done for the possible
modification of the a-amino group of the protein, leading to equation (4),

DG,,
w4 :[ 100

where DG,, [%] is the average degree of glycation (percentage of glycated amino groups)
of the protein and #GS is the number of possible glycation sites per protein (Chapters 2
and 6).

x(#GSfl)]xaxb

n (0<n<1) refers to the binding site dependency coefficient, describing if the interaction
between the enzyme and the CS is (n=1) or is not (n=0) influenced by the modifications of
AAs on the binding site sequence (Chapter 2).

Parameter estimates for protein hydrolysis obtained in this thesis
These 5 parameters and their values for certain combinations of protein and protease, with

modification through glycation, were obtained/derived from previous chapters (Table 8.1).

Table 8.1: The values of the 5 parameters in equation 1 (a, b, m, n and qy) determined for the enzyme-
substrate combinations used in this thesis. The white cells were determined in previous chapters. The grey
cells were calculated based on the obtained conclusions and equations.

Substrate Enzyme a' [%] b’[%] | m[%] | n’ q,°
Bovine trypsin-1 47 40-100 100 1 5.64:-DG,y
Porcine trypsin-1 78 97-123 100 1 9.36:DG,y
a-lactalbumin Human trypsin-2 53 98-123 100 1 6.36:DG,,
Bacillus licheniformis protease 71 74-100 60 0 8.52:DG,,
Bovine a-chymotrypsin 59 100 57 1 7.08:DG,y
Subtilisin A 30 - 100 0 3.60-DG,,
Bovine trypsin-1 55 - 100 1 6.05:DG,y
B-casein Porcine trypsin-1 77 - 100 1 8.47:DG,y
Human trypsin-2 50 - 100 1 5.50-DG,,
B-lactoglobulin Bovine trypsin-1 48 - 100 1 7.20-DG,,

“n,

Not determined values were represented by “-”;

DGay: average degree of glycation;

La for Bacillus licheniformis protease, bovine a-chymotrypsin and subtilisin A were estimated from DHmax,exp/ DHmax,theo-
20ne value of b (obtained in 0.05 % hydrolysis) for porcine and human trypsins was higher than 100 %, but the DHmax,exp
was similar to the DHmax,exp With a b of 100 %.

3 n for human trypsin was predicted based on the n of bovine and porcine trypsins.

4 qg for bovine and porcine trypsins were calculated based on a determined in Chapters 3 and 4 and b=100 %. The
estimated g in Chapter 2 (based on DHmax,exp/DHmaxtheo) fOr bovine and porcine tryptic hydrolysis of a-lactalbumin were
4.26:DGayv and 12.00-DGay, respectively.
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Application of the model for 5 different enzymes

In this thesis, the effects of glycation (parameters m, n and g) and substrate concentration
(parameter b) on hydrolysis were studied separately, however, they were both included in
the prediction model (equation 1). This raises the question whether these two effects are
independent of each other. This was checked by hydrolysing apo a-lactalbumin (a-LA) by
bovine trypsin at different substrate concentrations and enzyme to substrate ratios (E:S). By
increasing the substrate concentration from 0.1 % to 1 %, the P of the hydrolysis increased
from 0.10 to 0.22 (Figure 8.1A). The different conditions changed the P and thereby also the
DHmax.exp fOr non-glycated proteins (Figure 8.1B). This did not influence the effect of glycation,
since for all 3 conditions, the DHmayexp Of the glycated variants were exactly the DHmaxexp €Xpected
from the DHmaxexp Of Non-glycated protein and the linear decrease due to the increase in the
average degree of glycation (DG,,). Therefore, it was concluded that the effects of glycation and
substrate concentration were independent of each other, which means that the joint effect can
be estimated by the prediction model.
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Figure 8.1: (A) Percentage of intact protein in hydrolysates during hydrolysis of (A) 1 % apo a-LA at an E:S
of 1:100 and (x) 0.1 % at an E:S of 1:25 as a function of DH/DH. The dotted line (--++-+) and dashed line
(------ ) indicate the theoretical one-by-one and zipper mechanisms, respectively. (B) DGay versus DHmax,exp fOr
the hydrolysis of (A) 1 % apo a-LA at an E:S of 1:100, () 0.5 % apo a-LA at an E:S of 1:50 and (%) 0.1 % apo
o-LA atan E:S of 1:25. (—) refers to the theoretical scenario that the glycation takes place equally at all CSs.
The hydrolysis conditions were similar as described previously 2.

Using equation 1 and the determined values of parameters shown in Table 8.1, an estimation of
DHmax,pre Was made as a function of the substrate concentration and average degree of glycation
(DG.y) for hydrolysis by different enzymes, using apo a-LA as the substrate protein (Figure 8.2).
The surface area of each graph represents the range of DHmaxpre Of hydrolysis by each enzyme
under the joint effect of the substrate concentration and glycation.

This three-dimensional graph (Figure 8.2) could also be made for hydrolysis of other given

proteins by these 5 enzymes without additional experiments. This can be done by 1) using the
protein AA sequence and the enzyme specificity to determine the parameters DHmax theo, @ and
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m, 2) taking the obtained values of parameters b and n (Table 8.1) and 3) calculating
parameter g, based on the values of a and b. To make this graph for hydrolysis by other
enzymes, the values of a, b and n needs to be determined. If parameters a and b cannot be
predicted (as will be discussed later), the hydrolysis experiments by the enzyme with different
substrate concentrations need to be performed. To determine parameter n, the hydrolysis of a
glycated sample (with one DG,, value) should be performed. All the other data points in this
graph can be predicted based on equation 1. In addition, the required experiments could be
performed with a small substrate protein as a-lactaloumin and the data can then be used to
calculate DHmayexp fOr other substrates. Although a few experiment is required, the time needed
is significantly less than determining all data points in this group experimentally.

A-Bovine trypsin B-Porcine trypsin

DHip v pre (%)
DHipyaspre (%)

DG ) w0 2 ;00“ DG o)
av (%) 1007 0g “bs\ta‘ av (%) 10070 eteat®
C-Human trypsin D-a-Chymotrypsin
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Dg,, (%) 80 Zeate © Dg,, (%) 80
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E-BLP

DHipa pre (%)
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c

0 ]
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Figure 8.2: Influence of the average degree of glycation (DG,,) and the substrate concentration on the
predicted maximum degree of hydrolysis (DHmax,pre) Of apo a-LA hydrolysis by (A) bovine, (B) porcine or (C)
human trypsins, (D) bovine a-chymotrypsin or (E) BLP, based on equation 1 and Table 8.1.
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Towards future predicting the parameters in the model

To make this three-dimensional graph for hydrolysis by other enzyme-substrate combinations,
the values of parameters a, the consequence of enzyme secondary specificity, and b, the
indication of the amount of inhibitory peptides, need to be determined. This raises the question
whether it is possible in the future to predict the values of a and b, based on the molecular
properties of the substrate protein and the protease.

Towards predicting the enzyme secondary specificity

To obtain the values of parameter a for other enzyme-substrate combinations, one way is to
determine the enzyme selectivity towards CSs in the substrate protein, as previously described
in Chapters 3 and 4. As shown in Chapter 3, the rules of bovine trypsin selectivity obtained based
on hydrolysis of CSs in apo a-LA and B-casein (B-cas) could be used to predict the DHmaxexp Of
B-lactoglobulin (B-LG). This means that to determine the enzyme secondary specificity, it does
not matter which substrate protein it is used. This suggested that the secondary specificity of an
enzyme could be obtained by determining the enzyme selectivity towards CSs in 3-4 proteins
with a relatively short (<20 kDa) AA sequence and can be easily obtained with a high purity.
These proteins can be ionised and quantified using the methods described in Chapters 3 and 4.
Once the enzyme selectivity is determined, the CSs need to be grouped into several categories,
in order to analyse the binding site sequences. In this thesis, three categories of CSs were used,
i.e. high, intermediate and low selectivity sites. After grouping the categories, the interaction of
the AAs on the binding site positions and the enzyme selectivity towards CSs needs to be
correlated. Besides the analysis performed in Chapters 3 and 4, this can also be achieved by
calculating the cleavage entropy of each subsite pocket on the enzyme 3. Moreover, correlating
the activation energy and the substrate binding energy of each subsite pocket is another possible
method “. It can target the binding site position to which the enzyme is more sensitive. For
instance, the total activation energy of 4 insect trypsins were calculated and were correlated
with the substrate binding energy of each subsite pocket °. Some subsite pockets were found to
be involved more in catalysis while others were involved in substrate binding °. This means that
by analysing the AAs on the binding site positions that the corresponding subsite pocket is
involved in binding, the enzyme secondary specificity can be found more efficiently. After
identifying the secondary specificity of the protease, it can be applied to predict the DHma,exp Of
the proteins of interest.

If determining the enzyme selectivity is not an option, some studies used existing databases, e.g.
PROSPER database ¢, to analyse the enzyme secondary specificity based on the occurrence of
cleavages ” 8. However, using this type of approach, only the binary rules, i.e. missed cleavage
rules, can be identified, because the hydrolysis rate constants of CSs are typically not provided
in the databases. Alternatively, it may be possible -in the future- to derive the enzyme secondary
specificity in silico from the three-dimensional structure of the protease, because the secondary

161



CHAPTER 8

specificity should come from the subsite of the enzyme. Taking the three trypsins used in
Chapter 4, i.e. bovine trypsin-1, porcine trypsin-1 and human trypsin-2, as examples, their
catalytic sites consist of the same AAs. However, by comparing their AA sequences using the
ClustalX software v2.1, only 25 % and 79 % of homology were obtained between bovine trypsin-
1 and human trypsin-2, and between porcine trypsin-1 and human trypsin-2, respectively. To
compare the three-dimensional structure of these trypsins, the crystal structure of human
trypsin-2 needed to be simulated firstly since it has not been reported. The crystal structure of
human trypsin-2 was generated using the MODELLER software v9.19 (Sali Lab, San Francisco,
USA) by taking the crystal structure of human trypsin-1 (PDB 2RA3 °) as a template. By comparing
the three-dimensional structure of bovine trypsin-1 (PDB 4I8L %), porcine trypsin-1 (PDB 1581 %)
and the generated human trypsin-2, it was found that the charged AAs (KRDE) at pH 8 (the pH of
the hydrolysis) surrounding the catalytic sites of the three trypsins were indeed different (Figure
8.3). If they are on the subsite positions, this can explain why these three trypsins had different
sensitivity towards charged AAs on the binding site positions. In literature, the binding between
the subsite of the enzyme and the binding site of the CS on the substrate protein has been
studied using molecular dynamics simulations 2%, This is also referred to as the molecular
docking studies, which is an approach commonly used in field of drug design.

Figure 8.3: Crystal structures of (A) bovine trypsin-1 (PDB 4I8L 29), (B) porcine trypsin-1 (PDB 1581 !) and (C)
human trypsin-2*. The AAs on the catalytic sites were marked in orange. The positively charged AAs (KR)
were marked in green and the negatively charged AAs (DE) were marked in red.

The Molecular Operating Environment (MOE) software (Chemical Computing Ltd. Montreal,
Canada) has been commonly used to find the most favourable binding interaction based on the
lowest simulated docking energy. For instance, the individual interaction between two peptides
of hemagglutinin (‘RERRRKKRG’ and ‘SIQSRG’), and trypsin (source not mentioned) as well as
furin were simulated using MOE 3. In that study, 100 conformations were generated for each
enzyme-peptide combination, and the conformation with the lowest docking energy was used
for further energy minimizing calculation to create the final conformation 3. Besides MOE, there
are many other protein-ligand docking softwares, e.g. PRODOCK %, VoteDock ¢, etc. Although
the final binding conformation is a result of personal judgment of the authors %, it can be the
first step to predict the enzyme secondary specificity. To check the correctness of the prediction,

*The crystal structure of human trypsin-2 was generated using the crystal structure of human trypsin-1 as a template,
with help from Adrie Westphal.
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the enzyme secondary specificity obtained from the molecular docking studies needs to be
tested in synthetic peptides or in small proteins.

Towards predicting the formation of inhibitory peptides
Besides the enzyme secondary specificity, parameter b also needs to be obtained in order to

predict the DHmaxexp- Basically, this boils down to the question if the formation of inhibitory
peptides during hydrolysis is predictable. To study this, the binding between the enzyme and
peptides should be identified. To study the protease-protease inhibitor interactions, X-ray is one
possible method. The individual interactions between two human trypsins (type-1 and type-3)
and the aprotinin (bovine pancreatic trypsin inhibitor) were studied using X-ray °. However,
during the hydrolysis, perhaps many inhibitory peptides are formed, and it is not sure whether
the binding between the inhibitory peptides to proteases is one peptide per one protease
molecule. In addition, it is not certain if the binding between enzyme and inhibitory peptide is
as strong as the binding between enzyme and aprotinin. This was illustrated by the fact that the
molar ratio of inhibitory peptides derived from bovine caseins to fully inhibiting angiotensin-I
converting enzyme varied from 26:1 to >1,300:1 7 ¥, Moreover, in Chapter 5, the amount of
inhibited bovine trypsin in 0.1 % apo a-LA hydrolysate was estimated to be 0.43-1.72 uM,
whereas the protein concentration was ~57 uM. Therefore, X-ray might not be applicable in this
case. The surface enhanced laser desorption ionization time of flight mass spectrometry (SELDI-
TOF-MS) might be another option to study the non-covalent protein-peptide interaction ¥. In a
B-LG hydrolysates produced from hydrolysis by BLP, 5 peptides were found to bind to B-LG on a
SELDI ProteinChip %.

Actually, inhibitory peptides for trypsins might have similar molecular structure as the activity
site of the aprotinin 2% or the soybean protein trypsin inhibitor ?2. It could be a good starting point
to select candidate peptides with potential inhibitory activities, based on the AA sequence of the
protein. The above-mentioned molecular dynamics simulations can be used to select candidate
inhibitory peptides. After simulating the bindings between the protease and the candidate
inhibitory peptides, the good candidate peptides can be synthesized and tested experimentally.

Testing the boundary of the prediction model

In industrial protein ingredients, protein can be present in native, unfold, refold and aggregated
states, depending on the conditions used during processing. Changes in protein structure might
affect the accessibility of the CSs for the enzyme, and thereby the rate of hydrolysis as well as
the DHmaxexp- The main conclusions in this thesis were made based on the results of apo a-LA
and B-cas (Table 8.1). B-cas is a random coil protein with limited secondary and tertiary
structure 23, a-LA can occur in a folded structure (referred to as the holo a-LA) when a calcium is
bound, and in a molten globule form (referred to as the apo a-LA) when it is calcium depleted %,
The apo form still has secondary structure but no fixed tertiary structure ?°. In addition, the
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denaturation temperature of apo a-LA was at ~37 °C ?°, which was the hydrolysis temperature
used in this thesis. This raises the question if the prediction model can be used in the hydrolysis
of globular, (heat induced) unfolded and (the Maillard reaction induced) aggregated proteins.

Testing the prediction model in globular proteins

The prediction of DHmaxexp Of hydrolysis of bovine serum albumin (BSA) by bovine trypsin was
obtained based on the secondary specificity proposed in Chapter 3. The predicted DHmaxpre Of
B-LG hydrolysis by porcine or human trypsins were obtained based on their secondary specificity
proposed in Chapter 4. These predicted values were compared with the DHmaxexp (Figure 8.4).
The DHmaxpre Of BSA hydrolysis by bovine trypsin was 7.7 %, which had a standard error of 18 %
with the DHmaxexp (9.4 %) (Figure 8.4A). The DHpaxpre Values for B-LG hydrolysis by porcine or
human trypsins were 8.8 % (Figure 8.4B) and 7.9 % (Figure 8.4C), respectively. These values had
an average standard error of 9 % with the DHmaxexp- The prediction based on the secondary
specificity was 2-3 times better than the prediction based on the enzyme specificity (DHmax theo)-
This is similar to the results of apo a-LA and B-cas reported in Chapters 3 and 4, which confirmed
that the model can be used to predict the hydrolysis of non-modified globular proteins.
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Figure 8.4: Hydrolysis curves (DH versus time) of (A) bovine tryptic hydrolysis of 1 % BSA, (B) porcine or (C)
human tryptic hydrolysis of 1 % B-LG at an E:S of 1:100. The dashed lines (----) and dotted lines (-----) indicate
the DHmaxtheo @nd the DHmaxpre Of the hydrolyses, respectively. The hydrolysis conditions were similar as
described previously %7,
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To check whether the parameters of glycation (m, n and q,) estimated in this thesis can be used
to describe the hydrolysis of globular proteins, the effect of glycation on holo a-LA hydrolysis
was tested. The tertiary structure of holo a-LA was much more compact than that of apo a-LA
(Figure 8.5A). Glycated holo a-LA samples were hydrolysed by bovine trypsin (lysine/arginine
specific) or BLP (non-lysine/arginine specific), and the results were compared with the results of
apo o-LA reported in Chapter 2. Similarly as for apo a-LA, the glycation did not influence the
tertiary structure of holo a-LA (Figure 8.5A). For hydrolysis by both enzymes, the DHmay,exp Values
of non-glycated holo and apo a-LA were similar, and the relations between glycation and
hydrolysis were the same as those of apo a-LA (Figure 8.5B). In addition, the hydrolysis rate
constants of holo a-LA by both enzymes were not affected by glycation (data not shown), and
were similar to those of apo a-LA (Chapter 2). This means that indeed the values of these
parameters can be used to describe the effects of glycation on hydrolysis of globular proteins.
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Figure 8.5: (A) Near UV-circular dichroism of (—) apo and (—) holo a-LA glycated with D-glucose at 50 °C
with 65 % relative humidity for 0-10 h. The lines are the average of spectra over all samples and the error
bars illustrate the standard deviations. (B) DGay versus DHmax,exp fOr hydrolysis of non-glycated and glycated
(black) apo and (red) holo a-LA by (A) bovine trypsin or () BLP. (—-) refers the theoretical scenario that
glycation takes place equally at all CSs. The glycation and hydrolysis conditions were similar as described
previously 2.

To see whether the effect of substrate concentration on hydrolysis can also be found in globular
proteins, the influence of substrate concentration on bovine tryptic hydrolysis of whey protein
isolate (WPI) was tested. The effect of substrate concentration on the DHmayexp Of WPI hydrolysis
was the same as apo a-LA (Figure 8.6), indicating the same type of inhibition. This suggested that
inhibitory peptides were also formed in hydrolysis of globular proteins.
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Figure 8.6: Hydrolysis curves (DH versus time) of bovine tryptic hydrolysis of whey protein isolate with
different substrate concentrations (0.1 %-2 %) at an E:S of 1:100. The hydrolysis conditions were similar as
described in Chapter 5.

The above-mentioned tests proved that the parameter estimates in Table 8.1 can be used to
predict hydrolysis of globular proteins. However, in the published articles of enzymatic protein
hydrolysis, the hydrolysis was shown to be influenced by system conditions other than substrate
concentrations, e.g. pH %, temperature %, etc. The question is whether the prediction model can
be used to identify and explain the changes in these conditions on hydrolysis.

The DHmax.exp 0f 5 % WPI hydrolysis by BLP increased from 4 % to 8 % with an increase in hydrolysis
pH from 7 to 9 %°. Firstly, at different pH values, the numbers of charged histidine residues in the
substrate protein and the enzyme were different. At pH 7, 9 % of the histidine residues had a
positive charge, while at pH 8 or 9, only 0.9 % or 0.09 % of the histidine residues had a positive
charge, respectively. Only 2 histidine residues are present in B-LG (the main protein in WPI), but
there is one histidine in the catalytic site of the protease (which contains 3 residues, i.e. serine,
histidine and aspartic acid 3!). This suggested that the binding between BLP and all CSs in WPI
might be different at different pH values, leading to a change in parameter a (% CSs hydrolysed
in a realistic timescale). In addition, in the article that studied WPI hydrolysis by BLP at different
pH values, it was shown that the P (parameter b) increased with the pH of the hydrolysis %.
Based on indications shown in Chapter 5, this means that more inhibitory peptides might be
formed during hydrolysis at a lower pH value, leading to a lower DHmaxexp- Therefore, in the case
of changes in pH of the BLP hydrolysis, both parameters a and b could be influenced.

For the effect of temperature, the DHmaxexp Of porcine tryptic hydrolysis of a pea protein isolate
increased from 7 % to 13 % when the hydrolysis temperature increased from 35 °C to 50 °C *2. It
was reported the pKa of the side chain of lysine decreased with an increasing temperature, but
the pKa of glutamic acid was independent of the temperature ¥. This means that in the case of
porcine tryptic hydrolysis of pea protein isolate, the binding between the enzyme and the CSs
could be different, which means that parameter a might be influenced. Besides parameter g,
there was another factor changed if the hydrolysis was performed at a different temperature,
which could affect the DHmaxexp- It Was shown that there were a-specific peptides formed in the
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bovine tryptic hydrolysis of B-LG at 40-50 °C while these peptides were not formed in the
hydrolysis at a temperature lower than 40 °C ?°. The a-specific cleavage was previously found to
be the autolytic degradation of certain intrinsically unstable peptides bonds, referred to as the
“spontaneous cleavage” **. It seems that the spontaneous cleavages occurred more in the
hydrolysis at a higher temperature, leading to a higher DHmaxexp- This could be another reason
why in the previous article the DHmaxexp Of the pea protein isolate hydrolysis increased with an
increasing temperature . In another article, the DHmaxexo Of porcine tryptic hydrolysis of 1 %
WPC at 50 °C was ~14 %, which was even higher than the DHpmaxtheo (11.2 %) *. This is also a
strong indication that the spontaneous cleavages occurred.

Testing the prediction model in heat induced unfolding of proteins

Heating induced unfolding of proteins was shown to influence the rate and extent of hydrolysis.
For example, the native WPI hydrolysis reached DH 5 % after 110 min of hydrolysis by digestive-
enzyme complex Corolase PP, whereas the heated WPI (10 min, at 80 °C) hydrolysis reached DH
5 % at 50 min °. This indicated that heating affected the rate of hydrolysis. Besides influencing
the rate, the DHmaxexp Of 0.1 % heated (10 min, at 100 °C) whey protein concentrate (WPC) after
a sequential hydrolysis by porcine pepsin and bovine trypsin was 15 %, whereas that of untreated
WPC was 5 % . At higher concentration (1 %) this difference was smaller, where the DHmay exp Of
1 % WPC hydrolysis were 25 % and 20 % for heated and untreated WPC, respectively ¥. This
effect can be understood perhaps with the information from Chapter 5. For bovine tryptic
hydrolysis with a substrate concentration of 0.1 % the b (the normalised P™%) was low (40 %),
whereas at 1 % hydrolysis b was 85 %. This means if heating would result in an increase of b,
there would be an effect on bovine tryptic hydrolysis of 0.1 % WPC (since b for the non-heated
protein is low), but it cannot further largely increase the b for 1 % hydrolysis.

Testing the prediction model in aggregated proteins

The prediction model seems to be able to explain results in literature, where the protein tertiary
structure or the system conditions were different from this thesis. However, these examples
were still in relatively clean systems, where the samples were not heavily modified or the
hydrolysis was not with multiple enzymes. This raises the question whether the approach and
knowledge obtained in this thesis can be extrapolated to hydrolysis samples that are heavily
modified, and are hydrolysed by multiple enzymes.

Effect of Maillard induced aggregation on a single-enzyme hydrolysis

For trypsins and a-chymotrypsin, the effects of glycation on hydrolysis were shown in Chapter
2. Additional experiments with pepsin hydrolysis on these glycated samples showed that pepsin
hydrolysis was independent of the glycation (data not shown). These samples were incubated at
low temperatures, to avoid any secondary reactions. During incubation done at 80 °C for 0-8 h,
the average degrees of glycation (DG,,) of the samples were quite constant from 1-8 h (~85 %,
measure using the OPA method), the amount of aggregated proteins increased (Figure 8.7). Such
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aggregation, observed during the Maillard reaction, was also previously reported . As a result
of the secondary reactions, protein cross-links, such as lysine-arginine cross-links %, could be
formed. The heating itself might also result in protein aggregation through lysinoalanyl cross-
links #° or non-covalent aggregation.
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Figure 8.7: Percentage of (M) monomeric, (M) soluble aggregated and (') insoluble aggregated proteins for apo
a-LA heated with D-glucose at 80 °C with 65 % relative humidity for 0-8 h. The amount of monomeric proteins and
soluble aggregates in the samples were measured using size exclusion chromatography. The amount of insoluble
aggregates were determined by subtracting the total area under the peak at UVago of each sample from that of the
non-glycated protein. The glycation conditions were similar as described previously 2.
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These samples were then hydrolysed separately by porcine pepsin, or by porcine pancreatin,
which is a mixture of trypsin, a-chymotrypsin, carboxylpeptidases A and B. The DHmaxexp Of
porcine pepsin hydrolysis decreased from 16 % to 0 % with an increasing amount of aggregated
proteins (calculated as the sum of soluble and insoluble aggregates) in the samples (Figure 8.8A).
This means that pepsin hydrolysis was hindered by the aggregation, which might be caused by a
decrease in parameter b (normalised p™®<) due to the low accessibility of CSs induced by the
protein aggregation. To separate the effects of soluble and insoluble aggregates, the aggregates
should be -in the future- isolated and hydrolysed individually. This was previously done in an
article that reported the hydrolysis of rapeseed meal by a mixture of trypsin, chymotrypsin and
porcine intestinal peptidase #. In that article, the DHmaxexp Of hydrolysis of the insoluble fraction
of rapeseed meal reached the same extent as that of the unseparated meal (18 %), whereas the
DHmax.exp O hydrolysis of the soluble fraction was 14 % **.

For porcine pancreatic hydrolysis, based on equation 1 and parameters described in Table 8.1,
the sum of the predicted DHmaxpre Of NON-glycated apo a-LA hydrolysis by porcine trypsin and
bovine a-chymotrypsin was 22 %. The DHmaxexp Of hydrolysis by porcine pancreatin was 29 %
(Figure 8.8B), which means the carboxylpeptidases contributed to 7 % of the total DHmax,exp- It
should be noted that in porcine pancreatin, the a-chymotrypsin was from pig, whereas the a-
chymotrypsin tested in the prediction model was from cow. Since all samples had a DG,, of 85
%, based on equation 1, the sum of the predicted decrease in DHpax,pre Of hydrolysis by porcine
trypsin and bovine a-chymotrypsin was ~11 %. This means the DHpaxpre Of these samples based
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on their DG,, values should be ~18 %. Experimentally, averaged over all samples, the DHmax,exp Of
hydrolysis by porcine pancreatin was 18.6+1.4 % (Figure 8.8B), which was similar to the DHmay,pre-
This means that the porcine pancreatic hydrolysis was not influenced by protein aggregation. It
was concluded that the influence of glycation or aggregation on the extent of hydrolysis were
not compensated by the presence of other proteases.
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Figure 8.8: Percentage of aggregated proteins versus DHmaxexp fOr hydrolysis of 0.1 % apo a-LA heated with
D-glucose at 80 °C with 65 % relative humidity for 0-8 h by (A) porcine pepsin at pH 3 and by (B) porcine
pancreatin at pH 8 at an E:S of 1:100 at 37 °C. The aggregation analysis was explained in the caption of Figure
8.7. The hydrolysis conditions were similar as described previously ?”. The dotted line () refers to the
DHmaxpre Using equation 1 and Table 8.1.

Based on the data of pepsin hydrolysis and previously mentioned results in literature, parameter
b seems to be strongly influenced by different heat treatments of the proteins. It seems that
during heating induced unfolding of proteins, b was higher in the heated proteins than in the
untreated proteins, while during the Maillard reaction and/or heating induced aggregation,
parameter b decreased with heating time. This suggested that perhaps for heating induced
unfolding and aggregation of proteins, b would reach the optimum when the proteins are
unfolded but not yet aggregated (Figure 8.9). However, for the Maillard reaction induced
aggregation, the protein was not perhaps unfolded, then b would only decrease with the heating
time/temperature (Figure 8.9).

Parameter b (%)

Heating time/temperature

Figure 8.9: Hypothetical influences of heating time and temperature of (—) the Maillard reaction induced
aggregation and (—) heat induced unfolding and aggregation on the value of parameter b in equation 1.
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Effect of glycation and aggregation on sequential protein hydrolysis

The in vivo protein digestion is a sequential hydrolysis with multiple enzymes, e.g. pepsin, trypsin
and a-chymotrypsin. In the existing in vitro digestion models, a two-step sequential hydrolysis,
i.e. gastric and duodenal phase, was commonly used 2. However, the protein digestion by the
brush border enzymes, i.e. (exo-)aminopeptidases, that are responsible for the final digestion of
proteins and the uptake of free AAs 4%
better simulate the in vivo protein digestion, a three-step sequential hydrolysis model was
developed. The three steps were:

, was not taken into account in these models. Thus, to

1) gastric phase: samples were incubated with porcine pepsin (pH 3) for 1 h at 37 °C;

2) intestinal phase (lumen) phase: the pH of the pepsin hydrolysates was adjusted to 8, and the
hydrolysates were incubated with porcine pancreatin for 2 h at 37 °C;

3) intestinal phase (brush border) phase: the pancreatic hydrolysates were incubated with the
Flavourzyme for 1 h at pH 8 at 37 °C. The Flavourzyme contains 2 aminopeptidases “°, which
were used as the source of the aminopeptidases of the brush border digestion.

The hydrolysis of apo a-LA, a glycated but not aggregated sample (AG8_50) and two glycated
and aggregated samples (AG3_80 and AG6_80) were tested in the sequential hydrolysis
experiment. For the sample AG8_50, the increase in DHmaxexp during pepsin and Flavourzyme
hydrolysis was minor, but for pancreatic hydrolysis, the DHmaxexp Was lower than that of apo
o-LA (Figure 8.10B). The decrease in final DHmaxexp after the three-step sequential hydrolysis was
mostly due to the decreased DHmaxexp in pancreatic hydrolysis (Figure 8.10A). The additional
aggregation in samples AG3_80 and AG6_80 resulted in hindering the pepsin hydrolysis (Figure
8.10B), but had no influences on the pancreatin and Flavourzyme hydrolysis. For these two
samples, the changes in the final DHmax.exo COMpared to sample AG8_50 were therefore mostly
due to the changes in pepsin hydrolysis (Figure 8.10A). These results showed that once any type
of modifications hindered one of the digestive enzymes in the sequential hydrolysis, other
enzymes could not compensate the decrease in DHmaxexp- This means that even through the
absolute DHpmax exp Values of DHmax exp Of hydrolysis by a single enzyme or by a sequential hydrolysis
were different, the relative effects of glycation and aggregation were still the same. Therefore,
the approaches used and the results obtained in this thesis can be extrapolated to explain the
DHmax.exp reached by a hydrolysis that the samples and the hydrolysis process are complex, i.e.
heavily modified samples in a multi-step hydrolysis.
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Figure 8.10: (A) Final DH and (B) ADH of apo a-LA, AG8_50 (heated with D-glucose at 50 °C for 8 h, glycated
but not aggregated 2), AG3_80 and AG6_80 (glycation conditions were explained in the caption of Figure
8.7), during hydrolysis by the three-step sequential hydrolysis. The gastric, intestinal (lumen) and intestinal
(brush border) phases were marked with M, B and ¥, respectively. The hydrolysis conditions were similar
as described previously 2.

Considering the presence of exo-peptidases, it was expected that a higher final DHmayexp Was
reached. It was then considered that the calculation of DHmayx.exp based on pH-stat titration might
underestimate the DHpmayxexp Of €xopeptidase . This is due to the fact that the pKa of the a-amino
group increased by ~0.5 pH unit from polypeptide (pKa=7.5 at 37 °C) to di or tri-peptide #’. If this
was taken into account in the DHmaxexp Calculation, the final DHpaxexp Values of the sequential
hydrolysis of these samples were 90-70 %. This was also confirmed by the results of the reserved
phase ultra-high performance liquid chromatography (RP-UPLC). Only two peptides with masses
<350 Da were found in the chromatograms (data not shown), indicating that the RP column could
not be used to perform the peptide analysis for this type of samples. Since the final hydrolysates
of the sequential hydrolysis had DH values of 90-70 %, they contained mainly dipeptides and free
AAs. The dipeptides and single AAs in the hydrolysates were not found in chromatograms of RP-
UPLC, due to their low hydrophobicity, resulting in a very early elution on the C18 column (the
RP column used in Chapters 3-6) “. A hydrophilic interaction chromatography (HILIC) column
could be used to perform the analysis #. To test this, a known sample (previously analysed by
RP-UPLC), a porcine tryptic hydrolysate of B-cas with a DH of 6.7 % was analysed using an Acquity
UPLC BEH Amide column (2.1 x 150 mm, 1.7 um particle size), coupled to a LTQ-VelosPro mass
spectrometry (MS) system (Thermo Scientific). Using the HILIC column, the elution of free lysine
in the hydrolysate was found, and the lysine concentration was quantified using a calibration
curve made using pure L-lysine (Sigma) (Figure 8.11B). The concentration of the free lysine in
the hydrolysate was ~12.7 uM, which was 4.7 UM higher than the expected concentration of K29
based on the molar sequence coverage analysed using the C18 column (~8 uM) (Figure 8.11A).
The elution of two dipeptides, B-cas[98-99] and B-cas[106-107], and a tripeptide, B-cas[26-28],
on the HILIC column were found by extracting their m/z values from the full MS (Figure 8.11C).
Based on the molar sequence coverage of this sample, these two dipeptides should be present
in the sample but they were not found at all (Figure 8.11A). Tripeptide B-cas[26-28] eluted the
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earliest using the C18 column (retention time: 2.2 minutes). The retention time of the two
dipeptides using the HILIC column was similar to the tripeptide B-cas[26-28], meaning that their
elution time using the C18 column could be too early for detection. These results showed that
using HILIC column, the elution of single AAs and dipeptides can be found, which can be used to
perform peptide analysis for the hydrolysates after the sequential hydrolysis, where the C18
column could not be used. It can also help to compensate the peptide analysis of hydrolysates
by the specific enzymes performed typically using the C18 column. Further method optimization
can be performed to better quantify the compounds.
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Figure 8.11: (A) Molar sequence coverage of a porcine tryptic hydrolysate of B-cas with a DH of 6.7 %,
(B) selected reaction monitoring (SRM) elution profiles of free lysine in the hydrolysate and pure L-lysine,
and (C) total ion count of peptides B-cas[98-99], B-cas[106-107] and B-cas[26-28] extracted from the full MS
using HILIC column. The normalised collision energy was set at 35 for 13C,*°N,-lysine (internal standard) and
30 for lysine in positive mode. The parent m/z for lysine was set at 147 and the SRM of the fragment was
set at 130 (m/z tolerance: +1). The quantification was performed using an external standard calibration
curve by plotting MS peak area of the SRM fragment divided by the MS peak area of the SRM fragment of
13C¢,"N,-lysine. This method was adapted from van Rooijen, et.al #.
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Concluding remarks

The model proposed can be used to predict the extent of hydrolysis of any given protein
by any specific protease. In addition, it was shown to predict the extent of hydrolysis of
proteins that are modified on the primary structure. As shown by additional tests and
comparison with data from literature, the model can be used to predict the extent of
hydrolysis for complex systems, e.g. where the substrate proteins are aggregated and the
hydrolysis is performed with multiple enzymes. For enzymes that were not studied in this
thesis, the model can be used to set up the guidelines for the minimum amount of
experiments needed for the prediction of the extent of hydrolysis. Of course there are parts
of the model, e.g. the methods to determine the value of each parameter, that need to be
further validated and improved. But the concept of this model is shown to be an effective tool
that can be used to define expectations of the extent of enzymatic protein hydrolysis. This can
-in the future- help to control and predict the protein hydrolysis and in vitro protein digestion.
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SUMMARY

In food industry, enzymatic protein hydrolysis is used to produce protein hydrolysates for use as
ingredients in food products, and as an alternative method to simulate in vivo protein digestion.
However, the final degree of hydrolysis reached experimentally had many uncertainties in terms
of changes in protein structure or system conditions. The goal of this PhD project was to develop
a model to define expectations of the extent of protein hydrolysis based on molecular properties
of the protein and the protease, and effects of modifications on protein primary structure and
changes in system conditions. The current state of knowledge on enzymatic protein hydrolysis is
discussed in Chapter 1. It was found that the estimation of the theoretical maximum degree of
hydrolysis (DHmaxtheo), Calculated by the content (in % of number) of cleavage sites (CSs) of a
protease in a protein, did not match the experimental data reported in literature. Two possible
explanations, the enzyme secondary specificity and the formation of inhibitory peptides during
hydrolysis, are discussed. Despite the widespread information of the two hypotheses, little
attention has been given to the possible consequence each factor has on the hydrolysis process.
Moreover, the effect of the Maillard reaction on protein hydrolysis was widely studied, however,
no mechanistic understanding was obtained.

The influence of glycation, the initial stage of the Maillard reaction, on protein hydrolysis, is
described in Chapter 2. Apo a-lactalbumin (a-LA) was glycated with D-glucose at 50 °C for 0-10
h, and hydrolysed by lysine/arginine specific proteases (bovine and porcine trypsins) or by non-
lysine/arginine specific proteases (Bacillus licheniformis protease (BLP), bovine a-chymotrypsin
and subtilisin A). The Maillard incubation resulted in proteins with different average degrees of
glycation (DG,,=0-63 %) without modifications on the protein secondary, tertiary and quaternary
structure. For hydrolysis by bovine or porcine trypsins, the experimental maximum degree of
hydrolysis (DHmaxexp) decreased linearly by 65 % from non-glycated to maximal glycated proteins.
BLP and subtilisin A hydrolyses were independent of glycation, while a-chymotrypsin cannot
hydrolyse cleavage sites (CSs) with glycated neighbouring amino acids (binding site of the CS).
Combining results of all enzymes, an equation was derived to describe the effect of modifications
on the protein primary structure (through glycation) on the extent of hydrolysis based on the
enzyme specificity, selectivity and binding site sensitivity.

Itis described in Chapter 2 that the influence of glycation on protein hydrolysis can be predicted.
However, the DHmaxexp Of Non-glycated proteins needed for this prediction has to be obtained
experimentally. Therefore, for Chapter 3, the aim was to predict the DHpaxexp Of hydrolysis of a
non-modified protein by bovine trypsin, based on the enzyme secondary specificity, i.e. the
enzyme preference towards neighbouring amino acids (AAs) of the CSs. The consequence of the
enzyme secondary specificity on protein hydrolysis was that the enzyme hydrolyses CSs with
different rates. Previously, a quantitative parameter that describes the relative hydrolysis rate
constants of CSs in a protein was referred to as the enzyme selectivity. To see if the enzyme
selectivity can be used to obtain the enzyme secondary specificity, the link between bovine
trypsin selectivity and its secondary specificity was studied. This was done by full quantitative
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analysis of peptides formed during bovine tryptic hydrolysis of apo a-LA and B-casein (B-cas).
Results showed that 250 % of the CSs were inefficiently hydrolysed. The enzyme selectivity was
found to depend on the number of charged AAs at P2 and P2’ positions of a CS. Bovine trypsin
efficiently hydrolyses CSs with neutral AAs at these two positions. Using the obtained secondary
specificity, bovine trypsin selectivity towards 67 % of CSs in B-lactoglobulin was correctly
predicted. The predicted maximum degree of hydrolysis (DHmaxre) based on selectivity is ~5
times better than the prediction based on enzyme specificity (DHmax theo)-

In Chapter 4, the approach as described in Chapter 3 for bovine trypsin was used to reveal the
secondary specificity of porcine and human trypsins. The aim was to explain their differences in
DHmax.exp based on their differences in secondary specificity (selectivity). In Chapter 2, by porcine
trypsin, the DHmax.exp Of 0.1 % apo a-LA hydrolysis is described to be similar to DHmaxtheo, Whereas
the DHmaxexp Of bovine tryptic hydrolysis is much lower. In Chapter 4, this observation was
confirmed in hydrolysis of 1 % apo a-LA and 1 % B-cas. For both substrate proteins, large
differences were also found between the DHpaxexp Of hydrolysis by human trypsins and the
DHmax theo- This was explained by the fact that porcine trypsin efficiently hydrolysed ~78 % of the
CSs, whereas bovine and human trypsins only efficiently hydrolysed ~47 % and ~53 % of the CSs,
respectively. The predicted DHmaxpre based on the enzyme selectivity was ~4 times closer to
DHmaxexp than the prediction based on enzyme specificity (DHmaxtheo). Preliminary secondary
specificities of porcine and human trypsins were proposed. Porcine trypsin was found to be
hindered by charged AAs on P2 position, and human trypsin-2 was hindered by charged AAs on
P2 and P1’ positions. This work showed that there are large differences in enzyme selectivity of
the three trypsins, leading to large differences in DHpmaxexp- The knowledge of the selectivity of
these enzymes allows the estimation of DHmay,pre Of tryptic hydrolysis of other substrate proteins.

In Chapters 3 and 4, the DHnaxexp Of bovine, porcine and human trypsins are explained based on
the enzyme selectivity. However, for several proteases, large variations in the DHmaxexp Were
found to result from changes in the substrate concentration even at a constant enzyme to
substrate ratio (E:S). This indicated that, next to secondary specificity, another mechanism was
involved in reaching the DHmayexp- This mechanism is described in Chapter 5. Apo a-LA was
hydrolysed by bovine, porcine and human trypsins, bovine a-chymotrypsin or BLP at various
substrate concentrations. Hydrolysis by human trypsin was not sensitive to changes in substrate
concentration. The DHmaxexp Of hydrolysis by bovine and porcine trypsins, or bovine
a-chymotrypsin increased with an increasing substrate concentration, while the DHpmax exp Of BLP
hydrolysis decreased. Besides the change in DHmaxexp, also a change in hydrolysis mechanism,
described by the percentage of remaining intact protein as a function of DH, was observed for
hydrolysis with different substrate concentrations. This suggested that the concentration of
individual peptides formed during hydrolysis changed with the substrate concentrations.
Assuming that some of these peptides could act as protease inhibitors, the observed decrease
in DHmaxexp could be explained. This hypothesis was tested by performing the hydrolysis at a
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higher E:S. Increasing the E:S from 1:100 to 1:25 for 0.1 % apo a-LA hydrolysis by bovine trypsin
indeed led to a similar value of DHmax.exp reached for hydrolysis of 1 % apo a-LA at an E:S of 1:100.

In addition to the questions about the effect of glycation on protein hydrolysis, there were also
questions about the glycation of protein hydrolysates. During industrial processing of protein
hydrolysates, peptides can be glycated if carbohydrates are present. In hydrolysates, peptides
with different lengths, type (a/e-) and number of amino groups are present. The effects of these
molecular properties on glycation kinetics of peptides in hydrolysates are described in Chapter
6. Apo a-LA was hydrolysed by Bacillus lichenformis protease (to DH 2, 4, 6 and 8 %), and glycated
with D-glucose at 50 °C for 0-8 h. The hydrolysates contained, in addition to the remaining intact
protein, 24 unique peptides, ranging from 2-123 AAs with 0-12 lysine(s). The glycation rate
constant (k) and the maximum average degree of glycation (DG_Paymax) Of these peptides were
independent of the hydrolysate composition. The kg values showed 3 populations, but could not
be correlated with the peptide length or the number of amino groups per peptide. Surprisingly,
the DG_Paymax Of peptides did not reach 100 %. The maximum degrees of glycation of a- and &-
amino groups were 13 % and 60 %, respectively, which explained why the DG_P.y max ranged from
9 % to 59 % for peptides with 0-12 lysine(s). This work showed that the extent of glycation of
peptides in hydrolysates can be predicted based on the AA sequences of the peptides.

To provide a perspective for the industrial and societal relevance of topics studied in this thesis,
in Chapter 7, the risk analysis and technology assessment, an essential part of the NanoNextNL
programme, is discussed. In order to predict and fine-tune the digestibility of food products, it is
beneficial for food industry to understand the relation between the industrial processing and the
protein digestibility. However, it remains challenging to translate the conclusions from model
systems in laboratories to real-life scenarios. In addition, differences in the terminology and the
determination methods of the protein digestibility between food and animal nutrition sciences
were identified, leading to misinterpretation. These challenges can be solved by integrating the
factors that may influence protein hydrolysis to model systems, preferably using computational
simulations, and by opening interdisciplinary dialogues between the two fields and the industries.

A step towards computational simulations of the DHmax.exp Of hydrolysis of a given protein by a
specific protease is described in Chapter 8. We developed a model (equation 1), where the
prediction of DHmaxexp (=DHmaxpre) Was based on 1) the enzyme secondary specificity (parameter
a, Chapters 3 and 4), and 2) the enzyme affinity towards intact proteins (parameter b, Chapter
5). These in turn depend on the AA sequence of the protein, as well as possible modifications
(parameters m, n and g, Chapters 2 and 6), and the enzyme sensitivity towards binding site
positions of CSs. Parameter b depends in principle on the structural stability of the substrate
protein, but is affected by substrate concentrations used in the hydrolysis.

mxnxq

(l) DH max, pre [%] = DH max, theo * a- b

o peptide bonds
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#peptide bonds refers to the number of peptide bonds per protein. Based on equation 1 and the
parameter estimates obtained in the thesis, an estimation of DHmaxpre Was made as a function of
substrate concentration and DG,, for apo a-LA hydrolysis by different enzymes. Of course, in
industrial ingredients, proteins are present in different structural states. The extent to which
these factors can still be accounted for in the model was tested using data from literature and
other experimental data. For this, the hydrolysis of globular, unfolded and aggregated proteins
by a single enzyme and/or by a sequential enzyme incubation (to mimic the in vivo protein
digestion) are described. This model is shown to be an effective tool that can be used to define
expectations of the extent of enzymatic protein hydrolysis. This can -in the future- help to control
and predict the protein hydrolysis and the in vitro protein digestion.
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