
EQLTKCEVFRELKDLKGYGGVSLPEWVCTTFHTSGYDTQAIVQNNDSTEYGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDI
MCVKKILDKVGINYWLAHKALCSEKLDQWLCEKL LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEG
DLEILLQKWENGECAQKKIIAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFCMENSAEPEQSLACQCLVRTPEVDDEALEKFDKALKAL
PMHIRLSFNPTQLEEQCHI RELEELNVPGEIVESLSSSEESITRINKKIEKFQSEEQQQTEDELQDKIHPFAQTQSLVYPFPGPIPNSLP
QNIPPLTQTPVVVPPFLQPEVMGVSKVKEAMAPKHKEMPFPKYPVEPFTESQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFP
PQSVLSLSQSKVLPVPQKAVPYPQRDMPIQAFLLYQEPVLGPVRGPFPIIV LREQPQQNECQLERLDALEPDNRIESEGGLIETWNP
NNKQFRCAGVALSRATLQRNALRRPYYSNAPQEIFIQQGNGYFGMVFPGCPETFEEPQESEQGEGRRYRDRHQKVNRFREGDIIAVP
TGIVFWMYNDQDTPVIAVSLTDIRSSNNQLDQMPRRFYLAGNHEQEFLQYQHQQGGKQEQENEGNNIFSGFKRDYLEDAFNVNRHI
VDRLQGRNEDEEKGAIVKVKGGLSIISPPEKQARHQRGSRQEEDEDEEKQPRHQRGSRQEEEEDEDEERQPRHQRRRGEEEEEDKKE
RGGSQKGKSRRQGDNGLEETVCTAKLRLNIGPSSSPDIYNPEAGRIKTVTSLDLPVLRWLKLSAEHGSLHKNAMFVPHYNLNANSIIYAL
KGRARLQVVNCNGNTVFDGELEAGRALTVPQNYAVAAKSLSDRFSYVAFKTNDRAGIARLAGTSSVINNLPLDVVAATFNLQRNEAR
QLKSNNPFKFLVPARESENRASA RSDPQNPFIFKSNKFQTLFENENGHIRLLQKFDQRSKIFENLQNYRLLEYKSKPHTIFLPQHTDA
DYILVVLSGKAILTVLKPDDRNSFNLERGDTIKLPAGTIAYLVNRDDNEELRVLDLAIPVNRPGQLQSFLLSGNQNQQNYLSGFSKNILEA
SFNTDYEEIEKVLLEEHEKETQHRRSLKDKRQQSQEENVIVKLSRGQIEELSKNAKSTSKKSVSSESEPFNLRSRGPIYSNEFGKFFEITPEK
NPQLQDLDIFVNSVEIKEGSLLLPHYNSRAIVIVTVNEGKGDFELVGQRNENQQEQRKEDDEEEEQGEEEINKQVQNYKAKLSSGDVFV
IPAGHPVAVKASSNLDLLGFGINAENNQRNFLAGDEDNVISQIQRPVKELAFPGSAQEVDRILENQKQSHFADAQPQQRERGSRETRD
RLSSV ASCNGVCSPFEMPPCGTSACRCIPVGLVVGYCRNPSGVFLRTNDEHPNLCESDADCRKKGSGNFCGHYPNPDIEYGWCFA
SKSEAEDFFSKITPKDLLKSVSTA EQLTKCEVFRELKDLKGYGGVSLPEWVCTTFHTSGYDTQAIVQNNDSTEYGLFQINNKIWCKD
DQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSEKLDQWLCEKL LIVTQTMKGLDIQKVAGTWYSLAMA
ASDISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENGECAQKKIIAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFCMENSAEPEQSL
ACQCLVRTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHI RELEELNVPGEIVESLSSSEESITRINKKIEKFQSEEQQQTEDEL
QDKIHPFAQTQSLVYPFPGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVSKVKEAMAPKHKEMPFPKYPVEPFTESQSLTLTDVENLH
LPLPLLQSWMHQPHQPLPPTVMFPPQSVLSLSQSKVLPVPQKAVPYPQRDMPIQAFLLYQEPVLGPVRGPFPIIV LREQPQQNEC
QLERLDALEPDNRIESEGGLIETWNPNNKQFRCAGVALSRATLQRNALRRPYYSNAPQEIFIQQGNGYFGMVFPGCPETFEEPQESEQ
GEGRRYRDRHQKVNRFREGDIIAVPTGIVFWMYNDQDTPVIAVSLTDIRSSNNQLDQMPRRFYLAGNHEQEFLQYQHQQGGKQEQ
ENEGNNIFSGFKRDYLEDAFNVNRHIVDRLQGRNEDEEKGAIVKVKGGLSIISPPEKQARHQRGSRQEEDEDEEKQPRHQRGSRQEEE
EDEDEERQPRHQRRRGEEEEEDKKERGGSQKGKSRRQGDNGLEETVCTAKLRLNIGPSSSPDIYNPEAGRIKTVTSLDLPVLRWLKLSA
EHGSLHKNAMFVPHYNLNANSIIYALKGRARLQVVNCNGNTVFDGELEAGRALTVPQNYAVAAKSLSDRFSYVAFKTNDRAGIARLAG
TSSVINNLPLDVVAATFNLQRNEARQLKSNNPFKFLVPARESENRASA RSDPQNPFIFKSNKFQTLFENENGHIRLLQKFDQRSKIFE
NLQNYRLLEYKSKPHTIFLPQHTDADYILVVLSGKAILTVLKPDDRNSFNLERGDTIKLPAGTIAYLVNRDDNEELRVLDLAIPVNRPGQLQ
SFLLSGNQNQQNYLSGFSKNILEASFNTDYEEIEKVLLEEHEKETQHRRSLKDKRQQSQEENVIVKLSRGQIEELSKNAKSTSKKSVSSESE
PFNLRSRGPIYSNEFGKFFEITPEKNPQLQDLDIFVNSVEIKEGSLLLPHYNSRAIVIVTVNEGKGDFELVGQRNENQQEQRKEDDEEEEQ
GEEEINKQVQNYKAKLSSGDVFVIPAGHPVAVKASSNLDLLGFGINAENNQRNFLAGDEDNVISQIQRPVKELAFPGSAQEVDRILENQ
KQSHFADAQPQQRERGSRETRDRLSSV ASCNGVCSPFEMPPCGTSACRCIPVGLVVGYCRNPSGVFLRTNDEHPNLCESDADCR
KKGSGNFCGHYPNPDIEYGWCFASKSEAEDFFSKITPKDLLKSVSTA EQLTKCEVFRELKDLKGYGGVSLPEWVCTTFHTSGYDTQA
IVQNNDSTEYGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSEKLDQWLCEKL LIVT
QTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENGECAQKKIIAEKTKIPAVFKIDALNENKVLV
LDTDYKKYLLFCMENSAEPEQSLACQCLVRTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHI RELEELNVPGEIVESLSSSEE
SITRINKKIEKFQSEEQQQTEDELQDKIHPFAQTQSLVYPFPGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVSKVKEAMAPKHKEMP
FPKYPVEPFTESQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFPPQSVLSLSQSKVLPVPQKAVPYPQRDMPIQAFLLYQEPVL
GPVRGPFPIIV LREQPQQNECQLERLDALEPDNRIESEGGLIETWNPNNKQFRCAGVALSRATLQRNALRRPYYSNAPQEIFIQQG
NGYFGMVFPGCPETFEEPQESEQGEGRRYRDRHQKVNRFREGDIIAVPTGIVFWMYNDQDTPVIAVSLTDIRSSNNQLDQMPRRFYL
AGNHEQEFLQYQHQQGGKQEQENEGNNIFSGFKRDYLEDAFNVNRHIVDRLQGRNEDEEKGAIVKVKGGLSIISPPEKQARHQRGSR
QEEDEDEEKQPRHQRGSRQEEEEDEDEERQPRHQRRRGEEEEEDKKERGGSQKGKSRRQGDNGLEETVCTAKLRLNIGPSSSPDIYNP
EAGRIKTVTSLDLPVLRWLKLSAEHGSLHKNAMFVPHYNLNANSIIYALKGRARLQVVNCNGNTVFDGELEAGRALTVPQNYAVAAKS
LSDRFSYVAFKTNDRAGIARLAGTSSVINNLPLDVVAATFNLQRNEARQLKSNNPFKFLVPARESENRASA RSDPQNPFIFKSNKFQ
TLFENENGHIRLLQKFDQRSKIFENLQNYRLLEYKSKPHTIFLPQHTDADYILVVLSGKAILTVLKPDDRNSFNLERGDTIKLPAGTIAYLVN
RDDNEELRVLDLAIPVNRPGQLQSFLLSGNQNQQNYLSGFSKNILEASFNTDYEEIEKVLLEEHEKETQHRRSLKDKRQQSQEENVIVKL
SRGQIEELSKNAKSTSKKSVSSESEPFNLRSRGPIYSANNEFGKFFEITPEKNPQLQDLDIFVNSVEIKEGSLLLPHYNSRAIVIVTVNEGKG
DFELVGQRNENQQEQRKEDDEEEEQGEEEINKQVQNYKAKLSSGDVFVIPAGHPVAVKASSNLDLLGFGINAENNQRNFLAGDEDNV
ISQIQRPVKELAFPGSAQEVDRILENQKQSHFADAQPQQRERGSRETRDRLSSV ASCNGVCSPFEMPPCGTSACRCIPVGLVVGYC
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Abstract 

Enzymatic protein hydrolysis is essential in the production of commercial hydrolysates and the 
digestion of food products. To thoroughly understand both processes, it is essential to identify 
the peptides formed and monitor their concentrations. Peptides can be analysed with LC-MS. 
The acquired data needs to be processed into reproducible and complete lists of peptides, to 
describe protease action, bio-active potential or genetic variant composition. Currently, such a 
data-processing method is not available. In this thesis, an automated method was developed for 
robust peptide mapping, according to guidelines set with a manual reference analysis of simple 
tryptic hydrolysates. Using these guidelines, a repeatability of 97 % was obtained for the analysis 
of abundant peptides in mixtures of these hydrolysates and full coverage of the amino acid 
sequence. All identified peptides were quantified absolute and label-free based on UV 
absorbance with comparable accuracy as obtained with reference peptides. The developed 
method was then applied to food hydrolysates with increasing complexity. First, complexity was 
induced by using extracts of different Pisum sativum cultivars as substrate, hydrolysed by a 
highly specific protease. Subsequently, complexity was induced by using a broadly specific 
protease (chymotrypsin) and finally a fully a-specific protease (pepsin) to hydrolyse milk protein 
isolates. The three studies led to unprecedented insights. For instance, the protein genetic 
variants expressed in yellow pea seeds were quantified and found to be surprisingly similar 
among cultivars. For digestive protease chymotrypsin, the specificity observed was much 
broader than previously reported. Furthermore, a proline residue hindered hydrolysis in certain 
sequence positions. For pepsin, which is naturally active in the stomach under dynamic pH 
conditions, relative hydrolysis rates of peptide bonds were generally independent of pH. For 
both digestive proteases, hydrolysis rates and kinetics widely varied, even for peptide bonds 
after similar amino acids. The developed method was shown to successfully fulfil the need for 
robust, automated and quantitative peptide mapping in food hydrolysates. 
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The breakdown of proteins into peptides is a vital process in the digestion of food and feed. 
This process is facilitated by digestive proteases in the stomach and small intestine. To better 
understand protein digestion, we need to unravel what these proteases actually do e.g. which 
bonds they break at which rate. This might be studied by following peptide release kinetics 
during in vitro digestion, which requires identification and quantification of the peptides 
formed at different stages of hydrolysis. The hydrolysates contain peptides of a few amino 
acids up to intact protein, in a diversity of concentrations and with various amino acid 
sequences. A methodology is required to identify and quantify all these peptides present. To 
follow peptide release kinetics, it is important that the peptide composition is reliably 
determined with high reproducibility and all peptides present are described by the results, but 
without false identifications. There are already methods that identify peptides, but these often 
result in low repeatability on peptide level (< 50 %), struggle with peptide quantification or 
require time-intensive manual data processing. In this thesis, a method is presented that 
meets all these criteria and enables untargeted identification and quantification of peptides, 
especially designed for characterising peptides in food protein hydrolysates.  

INTRODUCTION TO THE METHODOLOGY

Characterisation of protein hydrolysates for food sciences without mass spectrometry 
In the past, protein hydrolysates were often characterised using techniques that do not 
require mass spectrometry. To observe whether (intact) proteins were hydrolysed, typically 
SDS-PAGE was used. With this technique, the proteins are separated by gel electrophoresis 
and coloured with a (Coomassie) staining. Analysis of the bands at different timepoints shows 
the degradation or resistance of specific proteins during protein digestion [1, 2]. This 
technique is useful to evaluate whether protein hydrolysis occurred, but does generally not 
contain any information about the products. Only large peptide fragments can be identified 
with SDS-PAGE [3, 4]. Peptides can also be characterised for molecular weight using size 
exclusion chromatography (SEC). SEC is typically used to indicate differences in molecular 
weight distributions of peptides between samples [5-7].  

Peptide identification with LC-MS 
To analyse the amino acid sequence of peptides, nowadays mostly techniques involving mass 
spectrometry (MS) are used. With MS, the mass-over-charge (m/z) of the compounds of 
interest are measured before and after fragmentation. By fragmenting the peptide, the amino 
acids and their order can be confirmed. There are several choices to make in the experimental 
setup which affect the type of data obtained. Here, the most common setup is described that 
is typically used for analysing peptides. First, the peptides are separated with liquid 
chromatography (LC) using a C18 column and gradient of water and acetonitrile (ACN). 
Afterwards the peptides in the eluent are transferred from the solvent phase to the gas phase 
using a high voltage, also called electrospray ionisation (ESI) (for review on the principle of ESI 
see [8]). One peptide will give rise to many m/z signals in the MS spectra since (i) peptides are 
present in different charge states, (ii) at each charge state, a pattern of peaks is formed due to 
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carbon -and to a lower extent- nitrogen isotopes, (iii) part of the peptides have a neutral loss 
of water or ammonia, which can occur at every charge state [9, 10], and (iv) peptides could 
fragment during ionization, giving in-source fragments [11, 12]. All these signals end up in the 
mass spectrum acquired by the mass spectrometer. Generally, the mass spectrometers that 
are combined with LC can be divided in “scanning” MS techniques and “trapping” MS 
techniques. In a scanning technique, ions go through a quadrupole, prior to real-time analysis 
of the m/z with time-of-flight (TOF). In a trapping MS technique, ions are trapped and 
accumulated using electric fields before selective analysis of their masses. Examples of 
trapping MS techniques are the ion trap or Orbi-trap systems. To confirm the identity of the 
peptides, often the precursor ions are fragmented using collision induced dissociation (CID). 
This type of fragmentation breaks down the C-N amide bond and yields mostly b-fragments 
and y-fragments, which are the product ions containing the N-terminus and C-terminus of the 
peptide, respectively (Figure 1.1) [13]. In minor amounts, fragments with losses of NH3 or H2O 
are formed as well as a-ions (derived from b-fragments after release of CO2). The CID 
fragmentation can be done for pre-selected targeted ions, for most intense MS ions or for all 
ions. The downside of fragmenting the most intense ions is that no MS/MS information of the 
less abundant peptides is obtained. Using MSE, all ions eluting at the same time are 
fragmented, by using an energy ramp [14, 15]. The MS/MS fragments need to be matched with 
the precursor ions based on their chromatographic MS peak. 

Figure 1.1. Illustration of confirming a peptide with MS/MS fragmentation. Precursor ions at multiple 
charge states are fragmented in a series of b-ions, y-ions and ions with a water of ammonium loss. 
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Current data-processing approaches 
Several approaches can be used to process the acquired MS data (Table 1.1). At first, 
processing approaches can be categorised in targeted and untargeted approaches. In targeted 
approaches, the data is evaluated for the presence of a few peptides. These specific peptides 
can be targeted because of bio-functional properties [16, 17] or to confirm the authenticity of 
a product [18, 19]. The LC-MS data is searched directly for the theoretical masses of these 
target peptides to determine their presence or absence. A targeted approach cannot be used 
to characterise protein hydrolysates, since it is unknown which peptides are released. In an 
untargeted approach, all signals (above detection limit) are matched to a database with 
protein sequences. Untargeted approaches are typically evaluated using several objective 
parameters. Examples are the number of peptides and proteins identified, the percentage of 
peptides or proteins shared between replicate analyses of the same sample (repeatability) and 
to what extent the identified peptides cover the amino acid sequence of the proteins (amino 
acid sequence coverage). Based on performance on these parameters, we distinguish three 
(stereotype) data-processing styles: Proteomics, manual analysis and peptide analysis for food 
hydrolysates (Table 1.1).  
• The goal in proteomics analysis is to determine the proteins present, with a high

reproducibility on protein-level. These proteomics approaches are typically used to
compare protein accumulation by different species [20], bacterial strains [21], cultivars
[22] or organs [23, 24] and their changes in protein composition over time [25-27]. To
identify the accumulated proteins, peptides need to be annotated that uniquely match a
protein in a database. To identify as many proteins as possible, a large database of protein
sequences is used and criteria on fragmentation spectra or signal intensity are relatively
wide. Identification of as many proteins as possible is favoured over a high repeatability
on peptide-level. The repeatability values reported on peptide-level are typically below 50
% [28, 29]. Short peptides are in most cases not of interest, since these can be matched to
several proteins. Proteases with a clear specificity, as for instance trypsin, are used for
hydrolysis and considered (only) in data-processing to limit the number of annotation
options and limit thereby processing time. MS spectra and fragmentation spectra are
matched to peptide sequences by an algorithm routine that considers the mass accuracy
of the detector, likelihood of fragmentation and the intensities of fragments formed. In
some cases, false positive identifications occur despite having a high score by the
algorithm [30, 31].

• The goal in manual analysis is to determine the peptides present in a hydrolysate, with
focus on a high repeatability and complete description of the hydrolysate on peptide-
level. The manual analysis gives a robust list of peptides that can be used to study
protease secondary specificity, for instance [32, 33]. The mass spectra of most dominant
UV signals are manually matched with peptide masses from an in silico digest, considering 
the difference between the observed and expected mass, and observed and expected
MS/MS fragments. These manual analyses are typically done on hydrolysates of one or
two known, relatively small, proteins substrates. The focus is on identification of the most
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abundant peptides and provide a complete overview of peptides (100 % amino acid 
sequence coverage). The intensive manual process of annotation limits the complexity of 
the samples that are feasible to analyse. 

• The goal in peptide analysis for food hydrolysates is to determine the peptides present in
a hydrolysate. For instance, studies characterised the peptides released upon protein
digestion in vitro [2, 34-37] or in vivo [38, 39]. Other studies characterised peptides from
various food sources for bio-functional properties [40-43] or techno-functional properties
[44-47]. Typically, a few proteins (3-10) are dominant in these samples and their presence
and sequences are known. The peptides formed a range from small to intact protein and
can be formed by a specific or a-specific protease. The method needed to analyse these
hydrolysates should annotate peptides with high repeatability leading to high amino acid
sequence coverages. The complexity of the hydrolysates requires an automated approach.
The method presented in this thesis aims to automate our in-house manual annotation
procedure [48] and thereby allow the identification of peptides in food hydrolysates. The
aim is to allow analysis of hydrolysates for food applications with similar robustness and
evaluation of completeness as obtained with the manual analysis.

Table 1.1. Comparison of the typical proteomics data processing style, manual annotation and the 
method required to analyse food hydrolysates. 
Proteomics analysis Method required to analyse 

food hydrolysates 
Manual annotation 

Unknown substrates Known substrates Known substrates 

Database with >100 proteins < 10 protein sequences 1-2 protein sequences

Complex scoring with algorithms Filter criteria based on MS/MS 
fragmentation 

Manual spectra evaluation 

Identification of peptides >7 AA Identification of peptides >2 AA Identification of peptides >2 AA 

Fast and automated Fast and automated Slow and labour intensive 

Fully specific analysis Specific, semi-specific or a-specific 
analysis 

Semi-specific 

Low repeatability on peptide level, 
high repeatability on protein level 

High repeatability on protein and 
peptide level 

High repeatability on protein and 
peptide level 

The steps in annotation of a peptide 
The first step in untargeted annotation of a peptide is to match the precursor ion m/z with that 
of (theoretical) possible peptides, considering the mass accuracy of the mass spectrometer. 
This will result in one or more tentative options. To decide which annotation is correct, the 
MS/MS fragmentation spectra are compared with the theoretical possible fragments, for each 
annotation. This can be done manually, by a software that returns the fragments of each 
option (UNIFI) or by an algorithm which also considers intensities and calculates a score for the  
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best match (Maxquant, used for proteomics). In this study, UNIFI software was used to 
annotate the peptides. This software makes all possible matches between precursor ions and 
the target protein sequence, within a certain mass error range. The software provides for each 
annotated peak the best match. In order to come to a repeatable and reliable list of identified 
peptides, criteria need to be set that are used in processing and to filter the list of tentative 
matches. Other studies which use UNIFI for annotation set typically thresholds for MS and 
MS/MS on mass error tolerance and minimum peak intensity and for MS/MS on the minimum 
number or percentage of fragments. An overview of studies using UNIFI is given in Table 1.2. 
None of these analyses are reported to be optimised using a manual annotation routine as 
reference. [49] [50] [51] [36] [52] [53] [54] 

A last important step to come to a list of reliable annotations is to recognize and remove 
in-source fragments. An in-source fragment cannot be distinguished by parent mass or MS/MS 
fragmentation from a (semi-specific) peptide. Kim et al. reported for a standard protein tryptic 
digest that   ̴57% of the unique ‘peptide’ entries were in-source fragments [11]. Picotti et al. 
reported an even higher percentage of in-source fragments (78 %) in the unique peptide list 
for a tryptic digest of five milk proteins [12]. For a complex sample (mouse brain lysate), the 
proportion of entries identified as in-source fragments was only 1 %. The in-source fragments 
had typically a 10 to 1,000 times lower intensity than the respective peptide [11]. In-source 
fragments do not seem to be an issue when the goal is to identify proteins as in proteomics 
because of two reasons. First, both the in-source fragment and peptide are attributed to the 
same protein. Secondly, the in-source fragments do not fully match the specificity of trypsin, 
and are therefore neglected anyway. However, in the analysis of protease release kinetics, it is 
important that in-source fragments are excluded from the results, since one could easily 
interpret the in-source fragments as peptides formed by a-specific protease activity. 

Quantification of peptides 
After identification of the peptides, it would be interesting to determine the concentration of 
the peptides, for food hydrolysates and proteomics, and use these to calculate protein 
concentrations (quantitative proteomics). To quantify proteins, several approaches exist (Table 
3), which are elaborately reviewed [55-58]. Most quantification approaches use the intensity 
of the MS signal(s) of the peptide(s) for quantification. This is already complex since one 
peptide gives rise to many MS ions. Besides that, the intensity of an ion depends on the 
ionisation efficiency of the peptide and the type of mass spectrometer with settings applied 
(for ionisation, the quadrupole and detector). When analysing the same hydrolysate under 
constant analysis conditions, ion intensities can still be affected by ion-suppression, matrix 
effects, and day-to-day variance [59-61]. Typically in quantitative proteomics, MS signals are 
used to compare samples analysed in the same run (relative quantification, low accuracy) or 
the MS signals are compared with intensities of (isotopically labelled) reference peptides with 
a known concentration (absolute quantification, high accuracy). To quantify peptides in food 
hydrolysates, an alternative approach is needed since relative quantification is not accurate for 
individual peptides (≥ 30 % RSD [57]) and it is not feasible to synthesise a reference for each 
peptide in the hydrolysate. A good alternative to quantify all peptides in food hydrolysates 
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would be to use the UV absorbance of peptides. The benefit of UV-based quantification is that 
it is absolute and does not require labelling. The UV data can be acquired by coupling of a PDA-
detector between LC and MS. The UV peak areas can be converted to an absolute 
concentration based on the law of Lambert-Beer, which requires the molar extinction 
coefficient of a peptide [4, 62]. Kuipers et al. determined the contributions of all amino acids 
and the peptide bond to the molar extinction at 214 nm of a peptide [63]. Based on these 
contributions, the molar extinction coefficient of any peptide sequence can be predicted based 
on its amino acid sequence. The mobile phase composition e.g. water or acetonitrile, did not 
affect the extinction coefficient of peptides [63]. The difference between the predicted and 
experimentally determined extinction coefficient was on average 12 %, calculated from data of 
9 synthesised peptides by Kuipers et al. This makes UV-quantification more suitable for 
quantification of individual peptides than relative quantification approaches that use MS-
intensity. UV-based peptide quantification has already been successfully applied in 
combination with size-exclusion chromatography [64, 65], ion-exchange chromatography [66] 
and with LC-MS by numerous research groups [67-72]. 

Table 1.3. Approaches for peptide and protein quantification. 
Method Type of 

quantification 
Approach Label

-
free? 

Examples 

Spectral counting Relative 
quantification 

Compare total peptide MS intensities 
between different samples in the same LC-
MS run 

Yes PAI [73], 
emPAI [74], 
mSCI [75] 

Chemical labelling Relative 
quantification 

Compare ion intensities in MS spectra for 
two samples mixed together, of which one 
is isotopically labelled. Isotopic labelling is 
performed after cell lysis 

No ICAT [76], 
iTRAQ [77], 
TMT [78] 

Metabolic labelling Relative 
quantification 

Similar to previous but isotopic labelling is 
performed when growing the cell cultures. 

No SILAC [79] 

Synthesised 
isotopically labelled 
reference peptide 

Absolute 
quantification 

Comparing MS intensity of a peptide in the 
digest with a (synthesised) isotopically 
labelled reference peptide 

No AQUA [80] 

Absolute label free 
quantification  

Relative 
peptide 
quantification 
but absolute 
protein 
quantification 

Compare total MS intensity of peptide 
signals belonging to a protein with a 
calibration curve made by MS intensities of 
hydrolysates of different proteins at 
different known concentrations 

Yes IBAQ [81] 

UV-based 
quantification 

Absolute 
quantification 

Convert UV absorbance at 214 nm to 
peptide concentrations based on predicted 
molar extinction coefficients 

Yes [63] 
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CONCEPTS OF PROTEIN HYDROLYSIS
In the digestive tract, proteases are present that cleave proteins into peptides and free amino 
acids, which are eventually small enough to cross the intestinal membrane and can be used as 
nutrients for the body. In the mouth, there is typically no hydrolysis of proteins, although the 
α-amylase can contribute to digestion by hydrolysing starch and thereby improving the 
accessibility to proteases later in the digestive tract [82]. In the stomach, pepsin hydrolyses 
proteins under acidic conditions [83]. In the small intestine, a mixture of proteases is released 
from the pancreas, named pancreatin, of which trypsin and chymotrypsin are the main endo-
proteases [84]. Other (minor) proteases present are elastase [85, 86], kallikrein [87] and 
carboxypeptidases [84, 88, 89]. At last, the brush-border cells contain proteases [90, 91]. To 
describe and understand the activity of all these proteases, several concepts have been used. 
In this section, the most relevant concepts and parameters will be explained. 

Degree of hydrolysis 
A simple and widely used parameter to describe protein digestion is the degree of hydrolysis, 
which is the amount of amide bonds broken relative to the total amount of amide bonds. The 
degree of hydrolysis can be measured off-line using spectrophotometric assays as 
trinitrobenzenesulfonic acid (TNBS) or o-phthalaldehyde (OPA) [92, 93]. Alternatively, the 
degree of hydrolysis can be measured on-line with pH-stat. This titration device fixates the pH 
by titrating acid or base, to compensate for the pH change induced by breaking peptide bonds. 
At last, the degree of hydrolysis can be calculated from identified peptides and their 
concentrations, determined with LC-MS. The degree of hydrolysis is often used to compare the 
digestibility of different protein sources or evaluate different processing conditions or 
hydrolysis conditions [94-96]. 

The Linderstrøm-Lang theory 
The second concept to describe protease activity is the affinity to intact protein, which affects 
the hydrolysis scenario. According to the Linderstrøm-Lang theory, protein hydrolysis depends 
on the enzyme’s affinity for the initial cleavage site of the protein and the affinity to hydrolyse 
peptides, which results in two theoretical scenario’s namely “one-by-one” or a “zipper” [97]. 
When the rate of protein denaturation is slow relative to the hydrolysis rate of intermediate 
peptides to small peptides (one-by-one scenario), the protease will first break down one 
protein into small peptides, before cleaving the next protein. This will lead to the presence of 
small peptides at relatively low degree of hydrolysis (Figure 1.2). In the zipper scenario, 
hydrolysis of the intact protein into intermediate peptides is much faster than the hydrolysis of 
intermediate peptides into small peptides. Determination of the hydrolysis scenario requires 
the measurement of the intact protein concentration and the degree of hydrolysis, both at 
several time points during hydrolysis. The hydrolysis scenario followed depends on the 
protease, the substrate (structure) [98] and conditions as pH [99] and protein concentration 
[100]. The affinity to intact protein influences the peptides and their concentrations during 
hydrolysis. 
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Figure 1.2. Schematic illustration of protein hydrolysis according to the Linderstrøm-Lang theory.  

Hydrolysis mechanism, specificity and subsite model 
Based on the amino acid residues facilitating the catalytic reaction of hydrolysis, proteases are 
categorised in mechanistic classes (Table 4). Bio-chemical studies unraveled the catalytic 
mechanism using synthetic substrates and confirmed these findings later by making X-ray 
crystal structures of protease-inhibitor complexes. To describe the interactions between 
enzyme (subsite) and substrate (binding site), Schechter and Berger introduced the subsite 
model [101] (Figure 1.3).  

Figure 1.3. Illustration of the subsite model of Schechter and Berger [101], in which amino acid positions 
in the protein substrate (P4-P4’) interact with the subsites on the protease (S4-S4’). 

In this model, the protease splits peptide bonds between the amino acid residue yielding 
the carboxyl group (P1), on the N-terminal protein side and the amino acid residue yielding the 
amino group (P1’), on the C-terminal protein side. The other binding site positions oriented to 
the protein N-terminus are named P2, P3, P4 etc., whereas the binding site positions oriented 
to the protein C-terminus are named P2’, P3’ and P4’. For proteases, the amide bonds that can 
be hydrolysed (specificity) depends on the amino acid interaction with the S1 specificity pocket 
[102]. Specificity is binary: a protease is able to hydrolyse a bond with a certain amino acid in 
P1 or not. Trypsin is specific for positively charged amino acid residues as lysine and arginine in 
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P1, since these are attracted by the negatively charged S1 specificity pocket. For chymotrypsin, 
the S1 specificity pocket is relatively deep and hydrophobic, resulting in a good fit for 
hydrophobic amino acids [103]. Some proteases, as for instance pepsin, facilitate hydrolysis 
with all amino acids in the P1 position and are called a-specific proteases. 

Table 1.4. Proteases used in this thesis and their mechanism. 
Mechanistic 
class 

Proteases Source Residues involved 
in catalytic 
mechanism  

Typically reported 
specificity 

Reference 
mechanism 

Serine 
proteases 

Trypsin Bovine Ser195, His57, 
Asp102 (catalytic 
triad) 

basic residues [104] 

Chymotrypsin Bovine Ser195, His57, Asp 
102, (catalytic triad)      

aromatic residues 
or a-specific 

[103] 

Bacillus 
licheniformis 
protease (BLP) 

E.coli Ser167, His47, 
Asp96, (catalytic 
triad) 

acidic residues [105] 

Aspartic acid 
proteases 

Pepsin Porcine Asp32, Asp215        
(catalytic diad) 

a-specific [106] 

Besides the interaction of the substrate with the S1 position, also neighbouring amino 
acids can interact with the subsite and promote or hinder hydrolysis. For bovine trypsin, it was 
observed that charged residues in the P2 or P2’ position hinder hydrolysis, as well as a proline 
in P1’ [33]. When amino acids in binding site positions other than P1 affect hydrolysis, the 
protease is said to also display a secondary specificity. 

Maximum degree of hydrolysis and preference 
The theoretical maximum degree of hydrolysis can be calculated with the specificity of a 
protease and the amino acid sequence of the substrate. In practice, this theoretical maximum 
is often not reached experimentally. This means that not all peptide bonds within the 
specificity are hydrolysed by the enzyme [107]. In some cases, these so-called “missed 
cleavages” could be caused by the enzyme’s secondary specificity [108]. In other cases, the 
reason is not known (yet). For proteases that do not have a clearly defined specificity (a-
specific proteases), the majority of bonds are not hydrolysed either [109, 110]. It was observed 
that bonds with some amino acids in the P1 position are hydrolysed more often than others. 
To describe the amino acids that are preferred, often the term “preference” is used [111-113]. 
In most cases, the preference is determined by analysis of peptides formed after (complete) 
hydrolysis. The peptide sequences are used to count how often the protease cleaved a peptide 
bond with a certain type of amino acid in the P1 position. Ideally, the preference should be 
corrected for the frequency of occurrence of the amino acids in the substrate sequence. When 
the concentrations of the peptides are determined, a preference value can be calculated, 
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which describes how much product is released with an amino acid in the P1 position relative to 
the expected product release when all amino acids would be similarly preferred. 

Selectivity 
Despite having a similar amino acid in the P1 position, peptide bonds can be hydrolysed at 
different rates. To describe hydrolysis kinetics at the level of individual peptide bonds, Butré et 
al. introduced “enzyme selectivity” [48]. Selectivity is a quantitative parameter to describe the 
hydrolysis rate of an individual cleavage site relative to the total hydrolysis rate. Determination 
of selectivity requires complete information on the peptides and their concentrations at 
several stages of hydrolysis (Figure 1.4).  

Figure 1.4. Illustration of the concepts “Specificity”, “Preference”, “Secondary specificity” and 
”Selectivity” and applied to Bacillus licheniformis protease. BLP has a specificity towards D and E, with a 
preference for E over D. BLP does not hydrolyse cleavage sites with a proline in the P1’ position. Cleavage 
sites “E5” and “E10” are hydrolysed with different hydrolysis rates.  

The introduction of selectivity brought a completely new level of detail in describing the 
hydrolysis process. The calculated selectivity values capture a lot of peptide data in a few 
quantitative parameters, which make it feasible to interpret and describe quantitative peptide 
release for different proteases, substrates and conditions. The selectivity of a protease-
substrate combination is caused by the protease affinity to cleavage sites and the stochastic 
chance of hydrolysis, based on the distribution of cleavage sites over the protein [114]. Prior to 
this PhD project, selectivity had been used to describe the effect of pH and substrate 
concentration on hydrolysis by BLP [99, 115], to predict hydrolysis for bovine trypsin [33] and 
to compare hydrolysis by bovine, porcine and human trypsins [32]. 
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Aim and outline 

The aim of this thesis is to develop a methodology (approach) to identify and quantify the 
complete peptide composition in protein hydrolysates and to investigate its potential for a 
variety of applications. The automated peptide identification method should be able to 
process LC-MS data of complex hydrolysates in similar time as required for manual analysis of 
simple hydrolysates. In Chapter 2 the current in-house peptide identification method [48] is 
automated and applied to mixtures of individual protein hydrolysates. The reproducibility, 
completeness and effect of coelution were described for single and mixed protein 
hydrolysates. In Chapter 3, the method is challenged by increasing substrate complexity. 
Hydrolysates of yellow pea extracts were analysed and used to calculate the protein genetic 
variant composition. First, purified fractions of legumins, vicilins and albumins were 
characterised to evaluate the performance of the method and to describe the challenge of 
converting peptide to protein concentrations. Later, the protein genetic variants were 
quantified for extracts of 8 different yellow pea cultivars. In Chapter 4, the method is applied 
to a broadly specific protease, chymotrypsin, to describe the path of hydrolysis. By analysis of 
peptide formation and degradation, the hydrolysis rates for individual cleavage sites were 
determined (selectivity). These hydrolysis rates were used to correlate the amino acids 
occupying the P4-P4’ binding site positions to the preference and secondary specificity of 
chymotrypsin. In Chapter 5, the method is applied to study peptide release kinetics by an a-
specific protease, porcine pepsin. The differences in relative hydrolysis rates were used to 
understand the effect of pH on pepsin activity.  In the general discussion (Chapter 6), the reach 
of the method, limitations and future extensions to analyse even more complex hydrolysates 
are discussed, as well as the insights obtained on hydrolysis by chymotrypsin and pepsin. 
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Abstract 

Automated approaches from proteomics are used to characterise peptides for food applications 
and in protein digests. Peptide annotations and confidence in these annotations are then based 
on the fragment spectra. Low reproducibility in repeat analyses has been reported even for 
annotations with high confidence. When analysing protein hydrolysates (in food) it is important 
to determine criteria that yield highly reproducible annotations. This study provides a structured 
approach to determine these criteria. Tryptic hydrolysates of α-lactalbumin, β-lactoglobulin and 
β-casein were analysed manually and automatically, using an UPLC-PDA-MS method for 
untargeted identification and absolute label-free quantification of peptides. A lock mass with 
two components was introduced resulting in an average mass error of 1 ppm. Processing filters 
were set to ensure reliable annotations based on MS/MS fragmentation, while maintaining 
maximum amount of information. Peptides in the individual hydrolysates with an MS intensity 
above the limit of annotation represented 99% of total MS intensity and were 100 % consistently 
annotated between four replicates. Amino acid and peptide sequence coverages for the 
individual protein hydrolysates were 99-100 % and 89-95 %, respectively. Mixing the 
hydrolysates resulted in a loss of 11% of the peptide annotations above the LOA and lower 
reproducibility (97 %) for the remaining annotations, as well as more co-eluting peptides. 
Calculated concentrations of co-eluting peptides in mixed hydrolysates varied 37 ±21 % from 
the value for single hydrolysates. The proposed approach allows complete description of peptide 
composition with highly repeatable annotations and quantification of peptides even in mixed 
hydrolysates. 

Introduction 

Identification of peptides present in enzymatic protein hydrolysates using UPLC-MS is essential 
in a large variety of scientific disciplines and industrial research [1]. In recent years, this is done 
often with data processing software originating from proteomics. In traditional proteomics, the 
goal is to identify the proteins that were in the original sample based on unique peptides 
identified. This does not necessarily require identification of all the peptides that originate from 
that protein. In contrast to proteomics, the goal for food applications and digestion studies, is 
to identify the formed peptides when the proteins in the original sample are known. In such 
studies, often the presence of peptides is compared in a set of different samples. It is important 
to know the level of confidence in the presence of individual peptides as reported after 
automated annotation. It is also important to know how many of the total hydrolysate is 
included in the analysis. Therefore, the completeness of the analysis should also be evaluated 
using different parameters than used in proteomics. For instance, a parameter should be used 
to identify if any peptides were lost during sample preparation (i.e. check for mass balance).  

In this study, we test and optimise a method for automated identification and absolute 
label-free quantification of peptides using a non-targeted UPLC-PDA-MS approach. The aim was 
to propose a structured approach for data processing and reporting on completeness of peptide 
analysis. 
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Peptide Identification with mass spectrometry 
To characterise the peptide composition in a hydrolysate, an untargeted approach is required. 
In this approach, all m/z signals detected in the mass spectra should be included in the analysis 
and then converted to a list of identified peptides. The steps in this process are to (1) separate 
the signals from the noise, and (2) to attribute peptide sequences to the signals. The dilemma in 
separating the signals from the noise is that with a high noise threshold peptides with a low 
intensity are not identified. With a low noise threshold non peptide related MS signals are also 
included in the analysis. In the process of attributing the included m/z signals to peptides, 
multiple challenges occur: 
• One peptide in the sample can result in multiple m/z peaks in the spectrum: Peptides

typically (i) occur in different charge states, (ii) can be present as adducts, or (iii) can be
present as in-source fragments [2].

• To link the m/z values to peptide sequences a list of potential peptide masses could be
generated based on the primary amino acid sequence of the substrate and protease
specificity. This requires choices on whether to include (i) peptides that do not fall within
the protease specificity, (ii) peptides with missed-cleavages, (iii) peptides with modified AA 
residues or (iv) peptides that originate from protein impurities.

• In addition, to link the m/z value to a peptide sequence, a certain mass error should be
taken into account. The number of matches is highly dependent on the mass error [3, 4]. If
the mass error is set too strictly, peptides may not be included in the final list. If the mass
error is set too widely, there is a chance of incorrect identification of the m/z value.

• The last challenge is that in some cases, multiple peptide sequences can be matched to an
m/z signal within the mass accuracy. This is for instance the case for isobaric peptide
sequences. To decide what is the correct peptide that should be assigned to a m/z value,
often the fragmentation spectra are used. The MS/MS fragments are decisive to confirm
the positive identification of a peptide.

Key parameters for peptide identification 
Despite the dilemmas listed above, many people publish lists of peptides annotated in complex 
mixtures. To come to the list of peptides, several approaches are used in practice to deal with 
(1) mass accuracy and (2) MS/MS fragmentation. The mass error used in peptide identification
is often reported without explanation how the set value was chosen. In some cases, the choice
is made based on the type and settings of the mass spectrometer [5], or based on the observed
distribution of mass deviations [6].

To confirm the identity of the peptide, fragmentation spectra need to be analysed. A choice 
is made on how many of the possible fragments need to be identified to confirm the 
identification of the peptide. Although this choice is crucial, there is no general consensus on 
the (absolute or relative) number of fragments that is required for confirmation. Clearly, the 
number of required MS/MS fragments for confirmation depends on the number of options 
within the mass error. To distinguish between tryptic peptides originating from a single 
substrate does not require as many identified fragments as for de novo sequencing of peptides 
[7]. Many standardised algorithms are used in the field of proteomics to automatically identify 
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peptides based on MS/MS fragments as for instance MASCOT [8], SEQUEST [9], or Andromeda 
[10] with (incorporated) scoring functions [11, 12]. In literature, different studies using the same 
algorithm often do not apply the same threshold scores [13]. The score of a peptide annotation
is often linked to a certain confidence level. However, even for annotations above the threshold 
score, still (only) 32 - 45 % of the identified peptides were repeatably annotated in all replicate
injections [14, 15]. The question is how one could define a parameter to describe the confidence 
in the repeatability of the annotation, without the need to analyse multiple replicates.

Peptide quantification 
To quantify compounds in mass spectrometry, typically the MS intensity of the ions is used. This 
intensity is known to vary because of ion-suppression, matrix effects, variation in charge states 
and day-to-day differences in absolute intensity [16-18]. Ideally, in the targeted MS approach, 
the MS intensity is corrected for these variations by using isotopically labelled standards, 
preferably with correction based on a standard addition to a reference sample [19]. In the 
untargeted approach, it is impossible to have isotopically labelled standards for each peptide, 
since beforehand it is not known which peptide are present. To avoid the need for (isotopically 
labelled) standards, Butré et al. have developed in recent years an approach for absolute label-
free quantification of peptides based on UV absorbance [20]. The approach uses the predicted 
molar extinction coefficient of each peptide based on Kuipers et al. to convert UV peak areas to 
absolute peptide concentrations [21]. This quantification method was successfully applied in the 
past to for example determine differences in peptide release kinetics by bovine, human and 
porcine trypsin [22] and to quantify complex peptide mixtures with size-exclusion high-
performance liquid chromatography [23]. In complex mixtures, UV peaks of eluting peptides are 
not always baseline separated. In some cases the individual UV peaks cannot be separately 
integrated, so that one UV peak should be divided over multiple peptides. It was previously 
suggested that this could be done using the ratio of MS intensities of the co-eluting peptides. 
Considering that peptides with similar retention times have more or less similar chemical 
properties, it was considered that ionisation efficiencies would be comparable as well [20]. 

Parameters to evaluate the completeness of analysis 
When peptides are studied in food sciences, mostly a list or table of annotations is reported, e.g. 
[24] without any parameters describing the completeness of the analysis. In some of these cases, 
a plot is provided in which the identified peptides are mapped against the sequences of the 
initial protein substrates, e.g. [25]. These plots may aid the reader in evaluating the
completeness, but do not give a value that describes the completeness. In other cases [26, 27],
the protein sequence coverage, known from the field of proteomics [28], is reported. This
parameter describes how many amino acids from the parental protein sequence were identified 
in at least one of the peptides. This parameter is purely based on unique amino acids, and
therefore renamed to amino acid sequence coverage by Butré et al. [20]. They further
introduced the quantitative parameters “peptide sequence coverage” and the “molar sequence 
coverage”, to describe the completeness of the peptide identification and of the peptide
quantification respectively [20].
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To test the reproducibility and completeness of automated annotation, three single protein 
hydrolysates were analysed. A set of criteria was developed to optimize completeness and 
validity of annotations. In addition, based on replicate analyses an objective parameter was 
defined to distinguish the annotations with high reproducibility and low reproducibility. 

Materials & methods 

Protein isolates, protease and chemicals 
α-lactalbumin (α-LA) was obtained from Davisco Foods International. Inc. (Le Sueur, MN, USA). 
The α-LA was treated with ethylenediaminetetraacetic acid (EDTA) to remove the calcium ions 
attached to protein, as described by Deng et al. [29]. β-lactoglobulin (β-LG, L0130), β-casein (β-
cas, C6905), bovine trypsin (EC 3.4.21.4, T1426) and aprotinin from bovine lung (A6279) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Leucine enkephalin (Leu-enk, L9133), and 
Insulin (XI5500) were obtained from Sigma-Aldrich (St. Louis, MO, USA) Angiotensin was 
obtained from Alfa Aesar (Karlsruhe, Germany). The bovine trypsin had a protein content of  8̴0 
% of which 100 % was bovine trypsin, based on UV214nm area analysis with UPLC-PDA-MS. 
According to the supplier, the trypsin activity was ≥ 10,000 BAEE units mg-1 protein. The bovine 
trypsin was treated with N-tosyl-L-phenylalanyl chloromethyl ketone (TPCK) to inactivate any 
chymotrypsin activity (≤ 0.1 % BTEE units mg-1 protein). The aprotinin solution contained 2.3 mg 
mL-1 aprotinin based on previous UPLC-MS results [30]. All other chemicals were purchased of 
analytical grade and purchased from Sigma or Merck. 

Enzymatic hydrolysis of proteins 
α-LA, β-LG and β-cas were each dissolved in 10 mL Millipore water at 1 % [weight powder / 
volume]. The pH was adjusted to pH 8.0 and the solutions were equilibrated for 0.5 h at 37 °C. 
Trypsin was dissolved (10 mg powder mL-1) in Millipore water and added to the equilibrated 
solutions at an enzyme to substrate ratio of 1:100 [w/w]. Protein hydrolysis was performed in 
duplicate for 2 h in a pH-stat (Metrohm, Herisau, Switzerland) with a 0.2 M NaOH solution to 
keep the pH constant. The volume of added NaOH was used to calculate the degree of hydrolysis 
(DH) with equation 1 [31], 

𝐷𝐷𝐷𝐷𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡[%] = 𝑉𝑉𝑏𝑏 × 𝑁𝑁𝑏𝑏 × 1
𝛼𝛼

 × 1
𝑚𝑚𝑝𝑝

× 1
ℎ𝑡𝑡𝑡𝑡𝑡𝑡

× 100 %  (Eq. 1) 

where Vb [mL] is the volume of added NaOH; Nb [mol L-1] is the normality of NaOH; α is the 
average degree of dissociation of the α-NH group (1/α = 1.3 at 37 °C and pH 8 [32]; mp [g] is the 
amount of protein in solution; htot [mmol g-1] is the number of peptide bonds per gram of protein. 
Trypsin was inactivated by addition of 15 µL aprotinin / mL hydrolysate, afterwards the samples 
were stored at -20 °C. 

Sample preparation 
The protein hydrolysates were incubated for 2 h in 10 mM dithiothreitol (DTT) and 50 mM Tris-
HCl buffer at pH 8.0 at a protein concentration of 0.5 % [w/v], to reduce disulphide bonds. After 
incubation, the individual protein hydrolysates were mixed in mixtures of two substrates (α-LA 
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+ β-LG, α-LA + β-cas, β-LG + β-cas) and a mixture of three substrates (α-LA + β-LG + β-cas). The
individual hydrolysates were diluted [1:2] with 0.15 % TFA [v/v] in MQ and the mixtures of two
substrates were diluted [2:1] with 0.3 % TFA [v/v] in MQ water. 2 µL of 5 % [v/v] TFA was added
to 100 µL of the mixture with three substrates. The final molar protein concentrations are shown 
in (Table 1). Afterwards, the samples were centrifuged (10 minutes, 14,000 x g, 20 °C) and the
supernatants were injected in four replicates on the UPLC-MS.

Reverse phase ultra-high performance liquid chromatography (RP-UPLC) 
The hydrolysates were analysed on a Waters H-class Acquity UPLC system (Milford, MA, USA). 
Peptide separation was done using a BEH C18 column (1.7 μm, 2.1 x 150 mm, Waters) that was 
coupled to a Waters Acquity UPLC PDA detector. The mobile phase consisted of a gradient of 
two solutions. Eluent A was UPLC-Grade water with 1 % [v/v] acetonitrile (ACN) and 0.1 % [v/v] 
trifluoroacetic acid (TFA) and eluent B was ACN with 0.1 % [v/v] TFA. 4 µL of the supernatant 
was injected into the column thermostated at 30 °C. The peptides were separated using the 
following elution profile: 0-2 min isocratic on 3 % B; 2-10 min linear gradient from 3-22 % B; 10-
16 min linear gradient 22-30 % B; 16-21 min linear gradient 30-100 % B; 21-26 min isocratic on 
100% B; 26-28 min linear gradient 100-3 % B and 28-32 min isocratic on 3 % B. During the first 
two minutes of isocratic elution (1.3 column volumes), the flow was directed to the waste to 
protect the MS and avoid any influence of remaining salt or unbound material on the MS or UV 
signals. The flow rate was set on 350 μL min-1. Detection was performed using a PDA, which 
scanned the absorbance at the fixed wavelength of 214 nm at 1.2 nm resolution and 40 
datapoints s-1.  

Electrospray ionisation time of flight mass spectrometry (ESI-Q-TOF-MS) 
Mass spectra were obtained by an online Waters Synapt G2-Si high definition mass 
spectrometer coupled to the RP-UPLC, equipped with a z-spray electrospray ionization source, 
a hybrid quadrupole and an orthogonal time-of-flight analyser. 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 and nitrogen was used as desolvation gas (500°C, 800 L h-1) 
and cone gas (200 L h-1). Full scan MS and MS/MS data were acquired between 200 and 3000 
m/z with a scan time of 0.3 seconds in resolution mode (V-mode) using an MSe method. MSe is 
a data-independent approach, were all precursor ions present in the MS at a given time were 
fragmented simultaneously. The trap collision energy was set at 4 V in single MS mode and 
ramped from 20 to 45 V in MS/MS mode. Prior to the analysis, the system was calibrated using 
sodium iodide, which was accepted when the average mass error on the calibrant peaks was 
below 2 ppm. Online lock mass data were acquired as a separate trace using Waters LockSpray 
at a set lockspray capillary voltage of 3.0 kV and at a sample infusion rate of 20 µL min-1. Three 
peptides were evaluated as lock mass components: Leucine-enkephaline, [M+H]+: 556.276575 
m/z, Angiotensin II, [M+2H]2+: 523.774534 m/z [M+H]+: 1046.541791 m/z and Insulin [M+3H]3+: 
1910.876843 m/z. The optimised lock mass solution contained 0.4 µM Leu-Enk and 0.7 µM 
insulin dissolved in 50% [v/v] methanol containing 3% [v/v] acetic acid and 0.4% [v/v] 
diethylamine in UPLC grade water.  
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The development of data processing 
The data processing method was developed by following the proposed steps (Figure 2.1). To set 
up the method in UNIFI, the α-LA hydrolysate was processed with the default method, without 
lock mass, without filters on MS/MS fragmentation or in-source fragments. The lock mass was 
optimised by analysis of the β-LG hydrolysate using different (combinations of) lock mass 
compounds. A concentration series of the α-LA hydrolysate was analysed with the optimised 
lock mass compounds to determine the LOD and LOA. The data, of the individual α-LA, β-LG and 
β-cas hydrolysates were obtained with the optimised double lock mass, and processed manually 
(1 replicate / protein) and automatically (4 replicates / protein). The mixtures of the proteins 
were processed only automatically (4 replicates / protein).  

Figure 2.1. The proposed steps for the development of an automated UPLC-PDA-MS data processing 
method. 

Peptide identification manually 
Analysis of the mass spectrometry data of the individual protein hydrolysates was done 
manually in MassLynx software version 4.2. Manual annotation was performed similarly as in 
previous studies of our group [20, 30]. The m/z signals in the spectra were linked to possible 
peptides, based on the primary amino acid sequence of the substrate of interest. The peptides 
from other proteins than the main protein were not considered in manual annotation. Two AA 
modifications were taken into account: Methionine oxidation (+16 Da) for α-LA and serine 
phosphorylation (+80 Da per phosphoserine) for β-cas. The maximum allowed mass error was 
100 ppm. To confirm the tentative annotations, the MS/MS spectra were used to identify b- and 
y-fragments. Mass spectrum deconvolution was used to extract the intact protein mass with the
MaxEnt function in MassLynx.

Automated peptide identification  
Automated peptide annotation was performed using the peptide mapping package in UNIFI 
software version 1.8. The amino acid sequences of α-LA, β-LG (variant A and B) and β-cas were 
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inserted and processed with trypsin as enzyme specificity on the semi-digest option. The semi-
digest option included peptides that matched trypsin’s specificity on at least the N- or C-terminal 
side. The included variable modifications were oxidation of the methionine (up to 1 per peptide) 
and serine phosphorylation (up to 5 per peptide). First, a default peak processing method was 
used with the default UNIFI settings without lock mass correction. In the default method, all 
signals were processed with a minimum signal intensity of 1000 detector counts in both the MS 
and MS/MS chromatograms. The maximum acceptable mass error was set at 100 ppm in the MS 
and 20 ppm in the MS/MS. For the final peak processing method, the minimum signal intensity 
was changed to 250 detector counts for the MS and 75 detector counts for the MS/MS, which 
corresponded with 3x the noise in the MS and MS/MS spectra. The maximum acceptable mass 
error was decreased from 100 ppm to 10 ppm. After peak processing, the match between m/z 
signals and a peptide sequence (peptide-spectrum match) was done with the algorithm 
incorporated in UNIFI. The algorithm returned for all precursor ions a potential peptide 
annotation (when possible). In case of multiple tentative annotations within the mass error, the 
peptide was matched to the annotation with most identified MS/MS fragments. This list still 
contains many entries of which some are not considered sufficiently reliable (e.g. if only one 
fragment was identified in a 6 AA peptide). These were removed by applying a filter selection 
constructed by the user. All annotations that were not confirmed with (at least) 2 b/y fragments 
were excluded. Peptides were included when 2 b/y fragments were identified (relevant for 
peptides with 2-6 amino acids) and when more than 15 % of the possible b/y fragments were 
identified (relevant for peptide with 7-16 amino acids) or when at least 5 b/y fragments were 
identified (relevant for peptides ≥ 17 amino acids). The peptide-length dependence of the 
fragmentation criteria were set based on the peptides that could theoretically be formed using 
a-specific hydrolysis. Listing these peptides showed that with these settings there was a
negligible chance to have isobaric peptides that still meet the requirements. In addition, an
additional mass error restriction of 5 ppm was set for peptides eluting within 15.00 minutes
after the injection. The filter also removed in-source fragments recognised by UNIFI and
annotations with a H2O or NH3 adduct. Annotations with a methionine oxidation were only
included when originating from α-LA, while annotations with serine phosphorylation were only
included when originating from β-cas. In-source fragments that were not recognised by the
UNIFI software as such, were removed using PeptQuant, an in-house developed script in Matlab 
v2018b. Annotations were considered as in-source fragments if the parent peptide and potential
in-source fragment eluted at a similar retention time and the in-source fragment included the
same sequence as the peptide and the in-source fragment had a lower parent ion MS intensity
than the peptide. In case a unique peptide was annotated twice, the peptide with the lowest MS 
intensity was removed. The presence of intact protein was manually evaluated and if present,
added to the UNIFI output.

Peptide quantification 
Peptides were quantified based on UV absorbance at 214 nm. The UV peaks between 1 to 20 
[min] were integrated using the peak integration option in Masslynx. The peak integration was 
performed using a peak to peak baseline noise ratio of 500, a peak width of 0.28 min and a 
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baseline increase of 1 % (all values determined manually). The UV peaks corresponding to tris, 
DTT and aprotinin were excluded. The list of UV peak areas and retention times was coupled to 
the filtered UNIFI output using PeptQuant. The coupling was based on the start and end 
retention time [min] of the integrated UV peak and the retention time of the annotated peptide 
[min], taking into account the retention time offset between UV and MS (0.08 min). If multiple 
peptides were linked to the same UV peak, the UV peak area was divided over the co-eluting 
peptides based on their total ion count and molar extinction coefficient ɛ (Equation 2). 

𝐴𝐴214,𝑖𝑖 [μAU · min] = � ε214,𝑖𝑖 · 𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖
∑ ε214 · 𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡 

 � × 𝐴𝐴214,𝑡𝑡𝑡𝑡𝑡𝑡  (Eq. 2) 

where A214,i [μAU·min] is the UV peak area at 214 nm assigned to co-eluting peptide i, A214,tot 
[μAU·min] is the total UV peak area at 214 nm, ε214,i [L Mol-1 cm-1] is the molar extinction 
coefficient at 214 nm and MStic,i [counts] is the total ion count for co-eluting peptide i. 

The concentration of each peptide, Cpeptide [μM], was calculated with Equation (3). 

 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  [µ𝑀𝑀] =  𝐴𝐴214 ∙ 𝑄𝑄
ɛ214 ∙ 𝑙𝑙 ∙ 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 (Eq. 3) 

where A214 [μAU min] is the UV peak area at 214 nm, Vinj [μL] is the volume of sample injected, 
Q [μL min-1] is the flow rate and l [cm] is the path length of the UV cell, which is 1 cm according 
to the manufacturer. The molar extinction coefficient ε214 [L Mol-1 cm-1] for each peptide was 
calculated according to Kuipers et al. [21]. The cell constant, kcell for the UV detector was 0.78. 
The kcell was determined with a concentration series of α-LA and angiotensin II, with known 
concentrations. Corrected for protein content, purity and dilution during hydrolysis, the 
expected protein concentrations were 86 µM for α-LA, 78 µM for β-LG and 50 µM for β-cas. 
Equation (3) was also used to calculate the expected total UV based on the starting protein 
concentrations. The molar extinction coefficients ε214 [L Mol-1 cm-1] of the hydrolysates were 
corrected for the degree of hydrolysis, resulting in a coefficient of 294,089 L Mol-1 cm-1 for α-LA, 
281,944 L Mol-1 cm-1 for β-LG and 412,089 L Mol-1 cm-1 for β-cas. 

Limits of detection, annotation and quantification 
The limit of detection (LOD) and limit of annotation (LOA) of peptides were determined using a 
dilution series of the α-LA hydrolysate with a hydrolysate concentration from 0.00005 to 5 g L-1. 
The MS intensity was reported for the highest dilution in which a peptide was respectively 
detected or annotated. The limit of detection (LOD) was defined as the lowest MS intensity of a 
peptide at which the precursor ion was recognised as signal in UNIFI. To be detected as a signal, 
the datapoints in the spectra had to form a recognisable (Gaussian) peak shape and the MS peak 
height had to be above the minimum detector count threshold in the MS (> 250 counts). The 
limit of annotation (LOA) was defined as the lowest MS intensity for a peptide to be annotated 
and meet the criteria on MS/MS fragmentation as stated in the UNIFI filters. The individual LOD 
and LOA of the peptides were averaged to determine the general LOD and LOA for this method. 
The average LOD was used in this study to differentiate signals from the noise and the average 



CHAPTER 2 

30 

LOA was used to differentiate abundant from non-abundant annotations. The limit of 
quantification (LOQ) was defined as 10 x the standard deviation of the noise in the UV 
chromatogram and was determined to be 3x101 µAU · min. Since the peptides had large 
differences in molar extinction coefficient (from 2·103 to 3·105 L Mol-1 cm-1), the LOQ was not 
expressed in µM for individual peptides.  

Reproducibility 
The individual hydrolysates and mixed hydrolysates were injected in four replicates. The 
repeatability of automatically annotated peptides was expressed as the percentage of unique 
peptides that were annotated similarly in all 4 replicates. The repeatability was calculated for 
peptides above the average LOA and for peptides between the LOD and LOA. The standard 
deviations over the total UV area, annotated UV area and absolute peptide concentrations were 
calculated based on the individual α-LA hydrolysate. To calculate the error on the concentration, 
annotations were used that were annotated similarly in all four replicates. 

Tools to assess the completeness of peptide annotation and quantification 
The completeness of the peptide analyses was evaluated by calculating the amino acid sequence 
coverages, peptide sequence coverages, protein recoveries and molar sequence coverages, as 
previously introduced by Butré et al [20]. The amino acid sequence coverage, also used in 
proteomics [28], was calculated by dividing the number of unique amino acids annotated in the 
peptides by the total number of amino acids in the protein sequence (Equation 4). 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =  # 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
# 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

· 100 % (Eq. 4) 

When a peptide is annotated, other peptides should be present that cover the amino acids 
directly before and after this peptide. When this is not the case, the amino acids that should be 
covered form a ‘missing’ sequence. Moreover, a certain unique amino acid could be covered by 
multiple peptides. A 100 % amino acid sequence coverage does therefore not necessarily imply 
that all peptides in the hydrolysate are identified. To include both aspects in the sequence 
coverage, the peptide sequence coverage was calculated. This was calculated by dividing the 
number of unique annotated peptides by the number of expected peptides (Equation 5).  

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =  # 𝐴𝐴𝐴𝐴 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
# 𝐴𝐴𝐴𝐴 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)+ # 𝐴𝐴𝐴𝐴 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

· 100 %

To assess the completeness of quantification, the concentration of the peptides has to be 
considered. Based on the law of mass conservation, all the amino acids [µM] in the initial 
substrate should end up after hydrolysis as free amino acids, peptides or remaining intact 
protein. The protein recovery was calculated to assess to what extent the measured average AA 
concentrations matched the injected protein concentration (Equation 6). 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 [%] = �
� ∑𝐶𝐶𝑛𝑛

#𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�

𝐶𝐶0
� ∙ 100 %  (Eq. 6) 
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where Cn [µM] is the concentration of each individual AA (n) in the protein sequence, and 
#AAprotein is the number of amino acids in the initial protein and C0 [µM] is the initially injected 
protein concentration. At last, the molar sequence coverage was calculated, which considers 
that certain parts of the protein sequence might be over-quantified whereas other regions are 
quantified with a lower concentration compared to the expected concentration. 

The molar sequence coverage represents to what extent the peptides that cover an amino 
acid in the protein sequence are quantified relative to the injected molar concentration [µM] 
(Equation 7). 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =

⎝

⎛1 −
�

∑(𝐶𝐶𝑛𝑛−𝐶𝐶0)2
(#𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝− 1

𝐶𝐶0

⎠

⎞ · 100 % (Eq. 7) 

where Cn [µM] is the concentration of each individual AA (n) in the protein sequence, C0 [µM] is 
the initially injected protein concentration and #AAprotein is the number of amino acids in the 
initial protein. 

Results & Discussion 

Characterisation of the starting protein isolates and hydrolysates 
The protein isolates of α-LA, β-LG and β-cas had a protein content [w protein / w DM] of 93 %, 
96 % and 90 % and a protein purity of 90 %, 100 % and 90 % respectively (Table 2.1). The 
remaining 10 % of protein in the α-LA isolate was identified as β-LG with UPLC-MS. The 
remaining proteins in the β-cas had masses between 25 and 35 kDa. Analysis of the intact 
proteins showed that β-LG was equally present as genetic variant A or B. Literature indicates 
that the methionine residue [M90] in α-LA is prone to oxidation. Uniprot indicated that the 
serine residues [S15,S17,S18,S19,S35] in β-cas were phosphorylated, which was confirmed by 
the intact protein mass in the MS. The protein isolates of α-LA, β-LG and β-cas were hydrolysed 
with bovine trypsin and reached a DHstat,max of respectively 5.6 % (±0.1 %), 7.7 (±0.2 %), and 6.2 
% (±0.1 %) (Figure 2.2). The DHstat,max values were in line with previous results under the same 
conditions [30].  

Figure 2.2. Degree of hydrolysis (DHstat) versus time of 1% α-LA (- - -), β-LG (— ·) and β-cas (—) hydrolysed 
with bovine trypsin.  
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Manual peptide identification 
The manual annotation of peptides in individual protein hydrolysates of α-LA, β-LG and β-cas 
yielded 27, 39, and 24 unique annotated peptides respectively. Of these 90 peptides, 67 
peptides resulted from specific hydrolysis for trypsin and 23 peptides from semi-specific 
hydrolysis, i.e. either the peptide bond on the C- or on the N-terminal side that was hydrolysed 
did not match trypsin specificity. The methionine residue in α-LA was present in both the 
oxidised and in the non-oxidised form. The serine residues (S15, S17, S18, S19 and S35) in β-cas 
were always phosphorylated. The traditional amino acid sequence coverage was 100 % for all 
three substrates. The peptide sequence coverages, which take into account peptides that should 
be present based on the other formed peptides present, were respectively 91 %, 97 %, and, 97 
% for the α-LA, β-LG and β-cas, respectively. These sequence coverage values were comparable 
to previous sequence coverages of studies of Butré and Deng, who used the same manual 
approach [20, 30].  

Automated peptide annotation with UNIFI - Default run 
In the default analysis of the α-LA hydrolysate 2034 unique m/z signals were identified. Of these 
m/z values, 843 were not matched to a peptide sequences, 279 were recognised by UNIFI as in-
source fragments and 912 were tentatively matched to peptide sequences. Among these 912 
annotations were 56 peptide annotations with losses of H2O or NH4 and 157 non-unique 
annotations. The remaining 699 unique peptide annotations had an absolute average mass error 
of 47 ±31 ppm and an average MS/MS fragment recovery of 4 ±14 %. Of the 27 manually 
annotated α-LA peptides, 26 peptides were also identified in the default analysis. The number 
of annotations was clearly higher in the default automated analysis than in the manual analysis. 
The question arises or all the (new) annotations should be considered valid and how to create 
confidence in the identified peptides. 

Evaluation of different lock mass components 
The 26 manually confirmed α-LA peptides in the default analysis had an average absolute mass 
error of 12 ± 6 ppm and showed a negative dependency with mass with a slope of -0.005 ppm 
Da-1 (Figure 2.3). Therefore, to ensure that large peptides were included in the analysis a high 
mass error threshold (100 ppm) was used. At the same time, the high mass error threshold 
would result in multiple tentative peptides that could be matched with a parent ion mass within 
the mass error, and potentially result in wrong annotations. To reduce the increase in mass error 
with increasing peptide mass, different lock mass combinations were evaluated using a β-LG 
hydrolysate. Without a lock mass, the peptides in the β-LG hydrolysate yielded an average 
absolute mass error of 5.1 ppm, with a maximum of 12.1 ppm and a slope in the mass residuals 
of -0.0052 ppm Da-1 (Table 2.2). Analysis of the same hydrolysate with lock mass yielded an 
average absolute mass error of 5.1 ppm for Insulin [3+], 2.0 ppm for Angiotensin [1+] and 2.0 
ppm for LeuEnk [1+]. The insulin [3+] was not effective as a lock mass, probably because the m/z 
was higher than the majority of the peptides. The average mass error was efficiently decreased 
when Angiotensin [1+] or LeuEnk [1+] was used, but the mass error still showed a dependency 
with increasing mass, respectively -0.0017 ppm Da-1 for Angiotensin and -0.0015 ppm Da-1 for 
LeuEnk. Therefore the lock mass processing was performed with two components. Processing 
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the same data with LeuEnk [1+] and Insulin [3+] decreased the average absolute mass error to 
1.4 ppm and reduced the slope to -0.0007 ppm Da-1.  

Table 2.2. The mass error of β-LG peptides analysed with different lock mass components. 
Lock mass [charge state] Maximum observed 

mass error 
(absolute, ppm) 

Average mass error 
(absolute, ppm) 

Trendline slope 
(ppm Da-1) 

No lock mass 12.1 5.1 -0.0052 
Insulin [3+] 7.8 5.1 -0.0013 
Angiotensin [1+] & Insulin [3+] 5.5 2.1 -0.0001 
LeuEnk [1+] 7.4 2.0 -0.0015 
Angiotensin [1+] 7.3 2.0 -0.0017 
LeuEnk [1+] & Angiotensin [1+] 7.3 1.8 -0.0011 
LeuEnk [1+] & Insulin [3+] 4.8 1.4 -0.0007 
LeuEnk [1+] & Insulin [3+] 
(with diethylamine) 

4.8 1.2 -0.0008 

It was observed that the insulin was mainly present in the [M+4] [M+5] and [M+6] state in the 
lockspray spectrum, whereas the charge state of interest [M+3] comprised only ~ 0.2 % [MS 
intensity] of the mass spectrum’s signal intensity. Therefore, the charge state was altered by 
changing the solvent conditions and the addition of diethylamine. The relative abundance of 
[M+3] increased from 0.2 % to 90 % of the mass spectrum’s signal intensity (Annex 2.1+2.2). 
This change in solvent composition yielded a final average mass error of 1.2 ± 1.1 ppm for the 
β-LG hydrolysate. Processing of the other samples showed a comparable average mass error 
of respectively 1.0 ±0.9 ppm for α-LA and 1.5 ±1.9 ppm for β-cas.  

Figure 2.3. The mass error [ppm] plotted for manually confirmed α-LA peptides as function of the peptide 
mass [Da]. The green dots ( )represent α-LA peptides in the default run without lock mass, the yellow 
triangles ( ) represent α-LA peptides analysed with the lock mass combination of LeuEnk [1+] and Insulin 
[3+] with diethylamine. 
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For the manually confirmed α-LA peptides, the slope was reduced from -0.005 to -0.0007 
ppm Da-1 using the optimised lock mass combination of Leu-Enk with Insulin (Figure 2.3). 
Based on this, the mass error threshold was set at 10 ppm for the analyses with double lock 
mass in further sections. 

Separate signals from the noise based on the LOD / LOA 
The limit of detection (LOD) was on average 1.6 ·105 ±1.7 ·105 counts, and was used to filter the 
signals from the noise. The limit of annotation (LOA) was on average 2.4 ·106 ± 3.5 ·106 counts 
which is   ̴15x higher than the average LOD (Figure 2.4). Without applying cut-offs for the LOD 
or LOA, analysis of the α-LA hydrolysate with double lock mass yielded 288 unique annotated α-
LA peptides, 389 β-LG peptides and 343 β-cas peptides. The MS intensities of 599 of these 
annotations were below the LOD and were therefore excluded, leaving 421 peptides with MS 
intensities above LOD. It was observed that for these remaining 421 peptides, part of the 
annotations were not confirmed with a sufficient number of b/y fragments. Therefore, a filter 
was introduced to include only annotations with sufficient identified b/y fragments. Of the total 
MS intensity above the LOA, 90.0 % was attributed to peptides that passed the applied filter, 
which resulted in the identification of 73 peptides, of which 43 from α-LA, 21 from β-LG peptides 
and 9 from β-cas. 

Figure 2.4. MS intensities of α-LA peptides in the highest dilution at which the MS signals were detected (
) and the peptides were annotated with MS/MS fragments ( ). The MS intensities as in the individual α-

LA hydrolysate were also indicated ( ). The average LOD ( ) and average LOA ( ) were calculated 
based on the average of the individual peptides. 

Removal of in-source fragments 
For some peptides, formed in-source fragments were recognised as such by UNIFI or were 
excluded since the MS intensity was below the LOD. In other cases, these fragments were 
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incorrectly annotated as unique peptide. From the 73 annotated peptides in the α-LA 
hydrolysate, 6 in-source fragments (  ̴10 % of total) were incorrectly identified as peptide by 
UNIFI and therefore removed in PeptQuant.  

Peptide identification in the individual hydrolysates 
The analysis of the individual α-LA, β-LG and β-cas hydrolysates using the proposed data-
processing method yielded in total 77 peptides above the LOA, (26 of α-LA, 29 of β-LG and 22 of 
β-cas) and 56 peptides between the LOD and LOA (14 α-LA, 32 β-LG and 10 β-cas). The total MS 
intensity of these peptides was described for 99 ± 0.6 % by peptides above the LOA and 1 ± 0.6 
% by the peptides between the LOD and LOA. 97 % of the manually identified peptides were also 
identified with the automated annotation. The automated analysis identified in total 4 
additional peptides above the LOA and 40 additional peptides below the LOA that had not been 
found in the manual analysis.  

Repeatability of peptide identification in the individual hydrolysates 
The 77 peptides identified above the LOA were consistently annotated in the four replicates with 
a repeatability of 100 % (Figure 2.5). For the 56 peptides between the LOD and LOA, 50 % of the 
peptides was annotated consistently in all four replicates. The LOA could therefore be used as 
an MS intensity threshold to describe the confident and repeatable part of the annotations. The 
repeatability of peptides below the LOA implies that a peptide could be annotated below the 
LOA, but that the inclusion or exclusion is not as consistent as for peptides above the LOA. The 
repeatability of peptide identification in this work (100 % > LOA, 50 % < LOA) is higher than the 
repeatability in peptides for proteomics purposes. In work of Tabb and co-workers, a typical 
repeatability of 35-60% was described between two technical replicates [33]. 

Figure 2.5. Repeatability of peptide identifications in the individual hydrolysate and mixtures. The 
percentage (%/%) of α-LA, β-LG and β-cas annotations in 4/4 replicates ( ), 3/4 replicates ( ), 2/4 
replicates ( ) or 1/4 replicates ( ). The total number of annotations is given. 
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Completeness of peptide identification in the individual hydrolysates 
Using the automated annotation, the amino acid sequence coverages were 100 ±0 % for α-LA 
and β-LG; and 99 ±0 % for β-cas for the individual hydrolysates (Table 2.3). The peptide sequence 
coverages were 91.4 ±1 % for α-LA, 95.4 ±2 % for β-LG and 88.8 ±1 % for β-cas. The peptide 
sequence coverages of α-LA and β-LG were in line with the manual peptide sequence coverage 
(91.0 for α-LA & 97.0 % for β-LG). The peptide sequence coverage of the automated β-cas 
analysis (88.8 ±1) was lower than that with the manual analysis (97 %). This is probably due to 4 
‘missing’ peptides, that were expected based on the 10 peptides that were annotated 
additionally to the manually annotated peptides. The variation in annotation of peptides 
between replicates did not result in substantial variation in the amino acid and peptide sequence 
coverages between the replicates. In the analysis of the individual α-LA hydrolysate, also β-LG 
was identified, with an amino acid sequence coverage of 98 ±0 % and a peptide sequence 
coverage of 88 ±2 %. This gives a first insight that the identification of peptides in a mixture of 
two proteins works. The amino acid sequence coverages in the analysis of the individual 
hydrolysates were higher than the typical amino acid sequence coverages reported in 
proteomics, which were typically below 50 % [34, 35]. 

Table 2.3. Sequence coverages of α-LA, β-LG and β-cas in the individual hydrolysates and the mixtures. The 
standard deviation is calculated over the four replicate injections for the hydrolysates analysed with the 
automated peptide annotation method. 

Protein Sample AA sequence 
coverage [%] 

Peptide sequence 
coverage [%] 

Protein recovery 
[%] 

Molar sequence 
coverage [%] 

α-LA 

Manual 100 % 91 % 103 % 80 % 
Automated 100 ±0 % 91 ± 1 % 101 ± 4 % 81 ± 2 % 
+ β-LG 100 ±0 % 93 ± 1 % 100 ± 1 % 75 ± 2 % 
+ β-cas 100 ±0 % 91 ± 1 % 110 ± 4 % 77 ± 2 % 
+ β-LG + β-cas 100 ±0 % 92 ± 3 % 106 ± 11 % 76 ± 8 % 

β-LG 

Manual 100 % 97 % 98 % 64 % 
Automated 100 ±0 % 95 ± 2 % 101 ± 4 % 77 ± 1 % 
+ α-LA 100 ±0 % 95 ± 2 % 101 ± 1 % 67 ± 1 % 
+ β-cas 100 ±0 % 88 ± 1 % 114 ± 3 % 63 ± 2 % 
+ α-LA + β-cas 100 ±0 % 96 ± 1 % 122 ± 11 % 67 ± 5 % 

β-cas 

Manual 100 % 97 % 99 % 62 % 
Automated 99 ±0 % 89 ± 1 % 94 ± 1 % 56 ± 0 % 
+ α-LA 99 ±0 % 88 ± 1 % 76 ± 4 % 63 ± 1 % 
+ β-LG 99 ±0 % 88 ± 1 % 85 ± 4 % 52 ± 3 % 
+ α-LA + β-LG 99 ±0 % 89 ± 1 % 82 ± 5 % 67 ± 6 % 

Reproducibility of peptide quantification 
The identified peptides were quantified with the corresponding UV areas at 214 nm and the 
predicted molar extinction coefficients. Over the four replicates of the individual α-LA 
hydrolysate, the average relative standard deviation of an integrated UV peak was 5%. The 
relative standard deviation of the total UV area in a chromatogram was 6.4 %. The relative 
standard deviation of the calculated peptide concentrations was 3.7 % for the absolute 
concentration of peptides above the LOA and 10.2 % for that of peptides between the LOA and 
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LOD. The relative standard deviations are comparable to those obtained with quantification 
techniques that require metabolic or chemical labelling (< 10 % RSD), and lower than those 
obtained with (relative) label-free quantification approaches in proteomics (10-30 % RSD) [36]. 

Quantification of the peptides in the individual hydrolysates 
The total UV area in the chromatograms of α-LA, β-LG and β-cas were respectively 105 ±7 %, 
104 ±4 % and 112 ±1 % of the expected UV. The UV area attributed to the automated analysed 
peptides was 100 ±5 % of the expected amount of UV for the individual α-LA hydrolysate, 99 ±4 
% for β-LG and 99 ±2 % for β-cas. These values indicate that the amount of UV included in the 
analysis was in line with the expected amount based on protein concentrations. The protein 
recoveries yielded comparable values for the manual and automated analysis (Table 2.3). 
Peptide losses due to insolubility during sample preparation or peptide instability during the 
analysis seem to be neglectable for these hydrolysates from relatively ‘clean’ protein isolates. 
The protein recovery values do not indicate whether certain regions of the parental protein were 
over-quantified or under-estimated by the peptide composition. Therefore, the concentration 
of the amino acids in the peptides were plotted against the protein sequence (Figure 2.6). To 
describe the completeness of this plot with a quantitative parameter, the molar sequence 
coverages were calculated, which were 80 %, 64 % and 62 % for α-LA, β-LG and β-cas using the 
manual input and 81 ±2 %, 77 ±1 % and 56 ±0 % for β-cas using the automated input (Table 2.3). 
The molar sequence coverages for α-LA and β-LG were in line with reported molar sequence 
coverages reported for BLP hydrolysates, (70 ±10 % by Butré et al.) and for tryptic hydrolysates, 
(79 ±6 % by Deng et al.) [20, 30]. The molar sequence coverage for β-cas was lower than 
previously reported values, but was in the study of Deng et al. also mentioned to be below the 
average [30]. 

Peptide identification in the hydrolysate mixtures 
In the mixtures there were no peptides annotated above the LOA that were not identified in the 
individual hydrolysates. However, the reverse is not true. Of the 308 peptide annotations above 
the LOA combined in the four individual hydrolysate replicates, 95 % were similarly annotated 
in the mixtures of two proteins, and 89 % were similarly annotated in the mixture of three 
proteins (Figure 2.7). Peptide (14-16) of α-LA was one of the peptides above the LOA that 
disappeared upon mixing with β-LG and with β-LG + β-cas. In this particular case, the parent ion 
m/z was above the LOD in all samples, but the minimum requirement of 2 b/y fragments was 
not met. This could probably be a result of the co-elution with peptide (139-141) of β-LG. For 
the 162 peptide annotations below the LOA in the individual hydrolysates, 64 % were similarly 
annotated in the mixtures of two proteins and 47 % were similarly annotated in the mixture of 
three proteins. Mixing the hydrolysates resulted in a substantial loss of annotations between 
the LOD and LOA. The remaining peptides after mixing between the LOD and LOA, showed a 
relative improvement in the repeatability between replicates from 69 % in the individual 
hydrolysates to 76 % for the mixtures with two proteins to 85 % for the mixtures with three 
proteins (Figure 2.5). The repeatability of the annotated peptides above the LOA decreased from 
100 % in the individual hydrolysates to 98 % for the mixture with two proteins and 97 % for the 
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mixture with three proteins (Figure 2.5). For peptides above the LOA, the variation introduced 
by mixing three proteins (11 %) was slightly higher than the variation between replicates (3 %). 
For peptides between the LOD and LOA, the variation introduced by mixing three proteins (53 
%) was in line with the variation between replicates (28 %). The repeatability of peptide 
annotations between the LOD and the LOA is in line with repeatability in proteomics studies 
[33].  

Figure 2.6. Concentration of all amino acids Cn for α-LA (left), β-LG (middle) and β-cas (right) of the manual 
analysis (row 1), individual protein hydrolysates analysed automatically (row 2), the 1:1 mixtures: α-LA in 
α-LA + β-LG (row 3, left), β-LG in α-LA + β-LG (row 3, middle), β-cas in α-LA + β-cas (row 3, right), α-LA in α-
LA + β-cas (row 4, left), β-LG in β-LG + β-cas (row 4, middle), and β-cas in β-LG + β-cas (row 4, right), and the 
mixture of α-LA, β-LG and β-cas (row 5). The standard deviation shown was calculated over the four 
injections analysed with the automated annotation method. The orange line indicates the initial protein 
concentration in µM. 
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Figure 2.7. The effect of mixing on peptide identifications. The percentage (%/%) of α-LA, β-LG and β-cas 
annotations in the mixed hydrolysates annotated similarly as in the individual hydrolysates ( ), missing in 
the mixed hydrolysates ( ) or appearing in the mixed hydrolysates ( ) The total number of annotations is 
given. 

In the end, the amino acid sequence coverages were identical for the mixed hydrolysates 
and the individual hydrolysates (Table 2.3). The peptide sequence coverages did not change 
significantly upon mixing, except for β-LG in the mixture with β-cas. 

The effect of co-elution on peptide quantification in the mixed hydrolysates 
The individual protein hydrolysates were mixed to evaluate the effect of co-elution on the 
quantification of individual peptides (Annex 2.3). The molar sequence coverage for mixed 
hydrolysates was on average 4 ±8 % lower than for the individual hydrolysates. The average 
standard deviation in molar sequence coverage over the four replicates increased upon mixing 
from ±2 % to ±8 %. In mixtures of two hydrolysates, on average ~40 % of the total annotated UV 
area was linked to co-eluting peptides. This value increased to 57 % for the mixture with three 
hydrolysates. For 21 co-eluting peptides, the effect of co-elution on quantification was analysed 
by comparing the UV and MS signals as well as calculated concentrations in the individual and 
mixed hydrolysate. The total UV areas for each peptide in the individual differed on average 7 % 
from that in the mixed hydrolysate. For some co-eluting peptides there was no ion suppression 
(0%), while for others there was (max 48 %, average 21 %). When ion suppression occurred, it 
affected all co-eluting peptides at that RT similarly. To calculate the concentration of co-eluting 
peptides, the UV area is divided over the peptides assuming that the peptides have a more or 
less similar ionisation efficiency (i.e. MS intensity per amount of peptide). At short RT the 
ionisation efficiency is typically lower (1 ·105 Counts µM-1) than at higher RT (1·107 Counts µM-1) 
(Annex 2.4). However, for each set of co-eluting peptides, the ionisation efficiencies differed 
maximally with a factor 2-3 between each set of co-eluting peptides. In the chromatogram 
maximum variation in ionisation efficiency of a factor 5 to 8 were observed at close retention 
times, although these were not co-eluting (Annex 2.4). The differences in ionisation efficiency 
of co-eluting peptides resulted in a difference in calculated concentration of on average 37 ± 21 
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% compared to the concentrations in the individual hydrolysates. This error in calculated 
concentration of co-eluting peptides was substantially larger than the (relative) standard 
deviation over concentrations in replicate injections (6.3 %) for the studied peptides. 

Conclusion 

A method was evaluated for reproducible automated annotation and absolute quantification of 
peptides. It was shown that using the LOA a distinction could be made between peptides with 
100% repeatability in single hydrolysates (99 % of the MS intensity assigned to peptides) and 
those with lower repeatability (50 %, and   1̴ % of the MS intensity). For peptides above the LOA, 
mixing the hydrolysates resulted in an 11 % loss of identified peptides and a 3 % decrease in 
repeatability. The increased number of co-eluting peptides due to mixing had minor effects on 
amino acid, peptide or molar sequence coverage. However, calculated concentrations of 
individual co-eluting peptides in mixed systems varied on average 37%. The proposed approach 
enables automation of the hydrolysate compositional analysis while maintaining confidence in 
the repeatability of peptide annotations and completeness of the analysis. In addition, it opens 
up new possibilities for future research towards more complex protein hydrolysates. 
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Annexes chapter 2 

Annex 2.1. Lock mass spectrum of insulin without addition of diethylamine. 

Annex 2.2. Lock mass spectrum of insulin with addition of diethylamine. 
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Annex 2.3. UV214,nm chromatograms of α-LA ( ), β-LG ( ), β-cas ( ) and the mixture of α-LA, β-LG 
and β-cas ( )  from 8-12 minutes. 

Annex 2.4. Ionisation efficiencies of peptides above the LOA in the individual hydrolysates of α-LA ( ), β-
LG ( ) and β-cas ( ). 
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Abstract 

In recent years, several studies have used proteomics approaches to characterize genetic variant 
profiles of agricultural raw materials. In such studies, the challenge is the quantification of the 
individual protein variants. In this study a novel UPLC-PDA-MS method with absolute and label-
free UV-based peptide quantification was applied to quantify the genetic variants of legumin, 
vicilin and albumins in pea extracts. The aim was to investigate the applicability of this method 
and to identify challenges in determining protein concentration from the measured peptide 
concentrations. Analysis of the protein mass balance showed significant losses of proteins in 
extraction (37 %) and of peptides in further sample preparation (69 %). The challenge in 
calculating the extractable individual protein concentrations was how to deal with these 
insoluble peptides. The quantification approach using average amino acid concentrations in 
each position of the sequence showed most reproducible results and allowed comparison of the 
genetic protein composition of 8 different cultivars. The extractable protein composition 
(µM/µM) was remarkably similar for all cultivar extracts and consisted of legumins A1 (12.8 ±1.2 
%), A2 (1.1 ±0.4 %), B (9.9 ±1.6 %), J (7.5 ±1.0 %) and K (10.3 ±2.1%), vicilin (15.2 ±1.7 %), provicilin 
(15.7 ±2.5 %), convicilin (9.8 ±0.8 %), albumin A1 (7.4 ±2.0 %), albumin 2 (10.0 ±1.5 %) and 
protease inhibitor (0.4 ±0.4 %). 

Introduction 

The protein composition of protein concentrates describes the different classes of protein e.g. 
globulins and albumins, or specific types of globulins e.g. legumin and vicilin present in the 
sample. In leguminosa seeds, the most abundant proteins are legumins and vicilins, e.g. in pea 
(Pisum sativum) isolates these proteins together represent approximately 53 ± 7 % (w/w) of the 
total protein content [1, 2]. The amount and relative ratio of the different types of proteins can 
be identified using electrophoresis techniques, such as SDS-PAGE [3]. Each type of protein, 
however, can be present in different genetic variants, which cannot be identified with this 
technique. For pea, the first reports about the existence of different legumin genetic variants 
are based on genomic data and date back 30 years [4, 5]. Different genetic variants can be 
identified with proteomics techniques, which are already widely applied on agricultural raw 
materials such as milk and soy [6, 7]. In that field there is quite some discussion on how the mass 
spectrometry data can be used to determine the absolute amount of individual proteins present 
(quantification) [8]. By combining mass spectrometric data with UV signals of individual 
peptides, we have shown that peptides can be accurately quantified in protein hydrolysates 
using UPLC equipped with a photodiode-array detector (PDA) and MS (UPLC-PDA-MS) [9, 10] 
(Chapter 2). The aim of this study is to illustrate the use of this method to obtain an absolute, 
label-free quantification of the protein composition of complex pea protein samples at 
genotype-level.  

To identify which proteins are present in a sample, (plant) proteins are hydrolysed, the 
formed peptides are separated by (2D) gel-electrophoresis or liquid chromatography (LC) and 
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analysed using mass-spectrometry (MS). This is similar in proteomics and in the approach 
described in this study. To quantify the proteins, first the peptides need to be quantified, which 
could be done via several strategies [11]. When the concentrations of the peptides are 
determined, they need to be converted to a concentration of a protein genetic variant. The 
quantification of peptides was initially done relatively to each other, using the MS peak 
intensities of the HPLC chromatogram, for genetic variants in bovine milk [12]. In this case, the 
intensity of a proteotypic peptide, which uniquely represented a protein and was (reproducibly) 
formed at high yield [13], was used to compare protein abundances. The downside of relative 
quantification is that individual MS intensities are highly affected by ion-suppression, matrix 
effects and day-to-day variation [14-16]. Therefore, later, absolute peptide concentrations were 
determined by comparing the MS peak intensity of the respective peptide with the intensity of 
an isotopically labelled reference peptide with similar ionisation properties [17]. The downside 
of using labelled reference peptides is that it can be costly and laborious. Due to the limited 
number of reference peptides, only one or a few peptides per protein are quantified. A benefit 
of this approach is that it has a lower relative standard deviation (RSD) on the calculated protein 
concentration (<10 %) than the MS intensity based approaches (>10 %) [18]. An alternative 
approach to quantification based on MS signals, is the quantification of peptides using the 
absolute UV absorbance [10]. For the absolute quantification of each peptide this method uses 
the UV peak area at 214 nm and the molar extinction coefficient predicted using the method of 
Kuipers et al. [9] (Chapter 2). The benefit of this technique is that it has the accuracy of 
quantification techniques with labelling (~6 % RSD for peptide concentrations in replicate 
injections [10]), but does not require chemical or isotopic labelling. A downside of applying UV-
based quantification in complex digests, is that for coeluting peptides, the quantification is 
considerably less accurate (Chapter 2). 

Converting the peptide concentrations to a concentration of a protein genetic variant introduces 
three challenges. 
• Enzymatic hydrolysis of a substrate does not always yield the same peptides at the same

concentrations, when different hydrolysis conditions and incubation times are used [19,
20]. Variations in digestion methods resulted in large relative standard deviations of 102 %
up to 1305 % in quantification of individual peptides [20]. This could give problems when
only one or a few (isotopically labelled reference) peptides are used to quantify a protein.
Similarly, more than one peptide (sequence) could be released including the same amino
acids of the original protein sequence. Therefore, one should sum peptide concentrations
that cover the same amino acids in the protein sequence. Both issues could be solved when 
all peptides are quantified and used to determine the protein concentration, as for instance 
done with UV-based quantification or MS intensity based approaches as exponentially
modified protein abundance index (emPAI) and intensity based absolute quantification
(IBAQ) [21-23].

• A second challenge is how to deal with peptides that are not unique to one genetic protein 
variant [18, 24]. In proteomics analyses, these non-unique peptide sequences are typically
excluded from the analysis. The loss of information by excluding these non-unique peptides 
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leads to an underestimation of the protein concentration. The impact will depend on the 
proportion of non-unique peptide sequences, affected by the similarity between protein 
sequences.  

• Underestimation could also result from peptide losses during sample preparation [25, 26] 
or from intrinsic instability [19, 27]. As a result, not all peptides that are formed during
enzymatic hydrolysis are included in the analysis. Small molecules as free amino acids, di-
peptides and (some) tri-peptides will also be excluded from the analysis since they are not
detected in the typical RP-HPLC methods used [28]. The challenge is how to deal with this
missing information in calculating protein concentrations.

To estimate the impact of these challenges on the protein quantification it is necessary to
have knowledge on the mass balance e.g. how much of the initial protein(s) is included in the 
analysis. This is generally not considered in quantitative proteomics, but could easily be checked 
by analysis of the protein content before and after sample preparation and centrifugation, or by 
analysis of the amount of UV in the chromatograms compared with the expected amount based 
on protein content and composition. In this study the completeness of the analysis is evaluated 
in detail using the amino acid sequence coverage, UV recovery, matched UV, protein recovery 
and molar sequence coverage plot as described previously by Butre et al. [10] and in Chapter 2. 

For pea, genetic variants were only quantified relatively in protein extracts using the volume 
percentage from 2-D electrophoresis [29]. Bourgeois et al. showed a 2-D map with 626 
Coomassie-blue spots, of which 124 were analysed using MS-techniques (Maldi-TOF MS and LC-
MS/MS). Altogether, 156 polypeptides were identified, belonging to 55 different proteins. This 
number can be an overestimation, since precursors, post-translationally cleaved proteins and 
proteins with modifications were reported as different proteins. Vicilin, convicilin, legumin, and 
albumin families represented 56 % of the polypeptides identified [29]. Several genetic variants 
were identified, for example for pea legumin, three genetic variants were reported that were 
reviewed in Uniprot: legumin A2, J and K. In total, out of 11 genes that were described for pea 
legumin the primary structures of 5 different legumin genetic variants are reported in Uniprot: 
legumin A1, A2 (former LEG2), J, K and B (Uniprot) [30]. Legumin A1 and A2 are closely related 
with a sequence similarity of 97.5 %. Legumin B is more similar to J and K (Table 3.1; Uniprot).  

This study aims at quantifying the protein composition of pea extracts at genetic variant-
level, using the recently developed UPLC-PDA-MS method in Chapter 2. The method will be used 
to calculate protein concentrations using the concentrations of all peptides, based on UV 
absorbance. The applicability and challenges to quantify proteins will be investigated. The 
method will be tested on purified pea legumin, vicilin and albumin fractions and afterwards 
applied to characterise the genetic protein composition of 8 pea cultivars. 
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Materials & methods 

Yellow peas (Pisum sativum Leguminosae) were purchased from Alimex Europe B.V. (Sint-Kruis, 
Belgium). The following pea variants (Pisum sativum Leguminosae) were provided by the 
Centrum voor Genetische Bronnen Nederland (CGN, Wageningen, The Netherlands): Lente 
Krombek (CGN02949), Vroegste Gele Krombek (CGN02950), Venlosche Lage (CGN02962), 
Belinda (CGN10266), Miranda (CGN10292), Paloma (CGN10296), Flavandra (CGN13290), 
Montana (CGN24055). Bacillus licheniformis protease (BLP) was provided by Novozymes 
(Bagsvaerd, Denmark). BLP is a serine protease which is able to hydrolyse bonds at the C-
terminal of aspartic acid (D) and glutamic acid (E) residues. Previous studies observed 1000x 
faster hydrolysis after glutamic acid (E) than aspartic acid (D) residues [10, 31]. The BLP powder 
was further treated to remove insoluble material as described by [32]. In short, a suspension of 
BLP was made and centrifuged for 10 min (4000 x g, 25°C). The supernatant was dialyzed with a 
12-14 kDa membrane against 150 mM NaCl and subsequently against demineralised water.
Afterwards, the retentate was frozen and freeze-dried. The freeze-dried BLP had a protein
content of 60 % (w/w, as is) and an activity of 3.9 AU mg-1 min-2 according to analysis by Deng et
al. [33]. SDS-PAGE marker, gels, sample buffer and running buffer were purchased from Bio-Rad
Laboratories (Hercules, CA, USA). Coomassie blue stain was purchased form Expedeon (San
Diego, CA, USA). A glycoprotein staining kit was purchased from Thermo Scientific (Waltham,
MA, USA). Sep-Pak C18 6 cc Vac Cartridges (WAT043395) were purchased from Waters (Milford, 
MA, USA). All other chemicals were of analytical grade and purchased from either Merck
(Darmstadt, Germany), Sigma-Aldrich (St. Louis, MO, USA) or Acros Organics (Geel, Belgium). All 
water was demineralised (conductivity of 2 µS cm-1) or obtained from a Milli-Q system (Millipore,
Billerica, MA, USA; conductivity of 0.5 µS cm-1).

Protein isolation and fractionation from yellow pea 
Preparation of pea protein concentrate  
Pea protein concentrate (PPC) was prepared by alkaline extraction followed by iso-electric 
precipitation, as described by O’Kane [34], with minor alterations. Whole frozen peas (Alimex) 
were broken with a pin mill (LV 15M Condux-Werk, Wolfgang bei Hanau, Germany) and 
subsequently milled (ZPS50 impact mill, Hosokawa-Alpine, Augsburg, Germany). The pea flour 
(10 %, w/w) was suspended in Milli-Q water (MQ). The suspension was adjusted to pH 8.0, 
followed by centrifugation (17,000 x g, 4 °C, 20 min). The supernatant was collected and 
adjusted to pH 4.5, followed by centrifugation (17,000 x g, 4 °C, 20 min). The pellet was 
recovered and suspended in MQ at a final concentration of 10 % (w/w, wet pellet) and adjusted 
to pH 8.0. The obtained solution was centrifuged (17,000 x g, 4 °C, 20 min), and the resulting 
supernatant was frozen (PPC-20), freeze-dried and named pea protein concentrate (PPC). Prior 
to all centrifugation steps, suspensions and solutions were kept at 4 °C and the set pH while 
being stirred for minimally 2 hours. 
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Legumin and vicilin fractionation from PPC 
The PPC-20 was further fractionated to obtain pea legumin fraction (PLF) and pea vicilin fraction 
(PVF) as described by O’Kane et al. with alterations [34]. The solution was adjusted to pH 8.0 
with NaOH, and stirred for 1 hour at 4 °C. The solution was subsequently diluted 1:1 with a 
McIlvaine buffer of pH 4.8, to a final concentration of 200 mM disodium phosphate and 100 mM 
citric acid containing 200 mM NaCl. The sample was stirred at 4 °C for minimally 2 hours, 
followed by centrifugation (17,000 x g, 4 °C, 20 min). The obtained supernatant containing the 
pea vicilin was filtered using an ultrafiltration system with a 5 kDa membrane (Hydrosart 
Ultrafilter, Sartorius AG, Frankfurt, Germany). The liquid removed during ultrafiltration was 
replenished by MQ. The PVF was frozen and freeze-dried. The legumin-rich pellet was 
resuspended in 20.0 mM Tris-HCl buffer, pH 8.0, (buffer A) at a final concentration of 
approximately 10 g L-1. The solution was stirred for minimally 2 hours, prior to centrifugation 
(17,000 x g, 4 °C, 20 min). The obtained supernatant was filtered over a glass fiber pre-filter 
(13400-142-K, Sartorius) with a Whatman filter paper (black ribbon, 589/1, GE Healthcare, 
Uppsala, Sweden). The filtrate was applied onto a Source 15Q column (Fineline, Pfizer 
Manufacturing, Freiburg, Germany) coupled to an ÄKTA explorer system (GE Healthcare). 
Elution was similar to the method as described by O’Kane et al. and fractions were collected 
[34]. The fractions rich in legumin were pooled and filtered using an ultrafiltration system with 
a 5 kDa membrane (Hydrosart Ultrafilter, Sartorius AG). The liquid removed during ultrafiltration 
was replenished by MQ. The PLF was frozen and freeze-dried.  

Preparation of pea albumin fraction 
The pea albumin fraction (PAF) was isolated by grinding approximately 500 g of yellow peas 
(Alimex) using a centrifugal mill (Retsch ZM 200, Haan, Germany). The flour was suspended at 
(20 %, w/w) in MQ. The pH of the suspension was adjusted to 8.0. Afterwards the sample was 
centrifuged (38,400 x g, 15 min., 20 °C) and the obtained supernatant was adjusted to pH 4.5. 
The dispersion at pH 4.5 was centrifuged (38,400 x g, 15 min., 20 °C) and the supernatant was 
dialysed using an ultra-filtration system with a 10 kDa cut-off, whilst stored on ice. The retentate 
was subsequently frozen, freeze-dried and labelled pea albumin fraction (PAF). Prior to 
centrifugation, the samples were stirred for 3 hours at room temperature and the pH of the 
samples was checked regularly and adjusted to the desired pH if necessary. 

Preparation of cultivar extracts 
Protein was extracted from eight different pea varieties. From two varieties (Miranda and 
Montana) seeds were included from two different harvest years. Approximately 8 – 10 g of peas 
were ground using a centrifugal mill (Retsch ZM 200, Haan, Germany). The flour was suspended 
(20 %, w/w) in MQ containing 2 % SDS. The pH of the suspension was adjusted to 8.0, and the 
samples were stirred for 3 hours at room temperature (RT). The pH of the samples was checked 
regularly and adjusted if necessary. Afterwards the samples were centrifuged (38,400 x g, 15 
min., 20 °C). The supernatants were dialysed against demineralised water using slide-a-lyzers 
(Thermo Scientific) with a 10 kDa cut-off and subsequently frozen and freeze-dried (Table 3.2). 
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Table 3.2. List of protein extracts and samples including their code and Centrum voor Genetische Bronnen 
Nederland (CGN) number, if applicable.  

Code Extracts from CGN peas CGN-number  Code Samples non CGN peas 

LKE Lente Krombek CGN02949 YPE yellow pea extract  

VGKE Vroegste Gele Krombek CGN02950 PPC pea protein concentrate 

VLE Venlosche Lage CGN02962 PLF pea legumin fraction 

BelE Belinda CGN10266 PVF pea vicilin fraction 

Mir89E Miranda 1989  CGN10292 PAF pea albumin fraction 

Mir20E Miranda 2020  CGN10292 

PalE Paloma  CGN10296 

FlaE Flavandra  CGN13290 

Mon20E Montana 2020  CGN24055 

Mon06E Montana 2006 CGN24055 

Total nitrogen content 
The total nitrogen content was determined in triplicate using the Dumas method (Flash EA 1112 
N analyzer, Thermo Scientific), according to manufacturer’s protocol. Methionine was used as 
standard for the nitrogen quantification. For the pea protein extracts, PPC, PLF and PVF a 
nitrogen conversion factor of 5.4 was used. This was calculated from the average nitrogen 
conversion factor of the following pea protein genetic variants: legumin A (P02857, Uniprot 
Database), legumin J (P05692, Uniprot Database), legumin A2 (P15838, Uniprot Database), 
legumin K (P05693, Uniprot Database), legumin B (P14594, Uniprot Database), and vicilin 
(P13918, Uniprot Database) [35]. For the PAF a nitrogen conversion factor of 6.22 was used, 
assuming only albumin 2 (P08688, Uniprot Database) to be present in the sample. This protein 
content of the samples was calculated assuming all nitrogen originated from protein. The 
signal peptide was not included in any of the sequences used. In addition it was assumed 
that there were no post-translational modifications to the proteins. 

The protein recovery for extracts, concentrate and isolated fractions was calculated 
according to equation 1: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑔𝑔)
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑔𝑔)

 × 100 % (Eq. 1) 

Protein composition using SDS-PAGE 
The protein composition of the samples was determined using SDS-PAGE in the presence and 
absence of a reducing agent. The samples were diluted to 3 g L-1 and analysed according to the 
manufacturer’s protocol. The samples were applied to gels (any kD™, Mini-protean TGX precast 
protein gels, Bio-Rad Laboratories), and separated on a Miniprotean II system (Bio-Rad 
Laboratories). The proteins were visualized by staining with Coomassie blue stain (InstantBlue, 
Expedeon). The gels were scanned and analysed using a densitometer (GS-900™, Bio-rad 
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laboratories) and Image Lab software (Bio-Rad laboratories). Under reducing conditions the 
following bands were annotated: ~93 kDa lipoxygenase [36], ~70 kDa convicilin, ~50 kDa vicilin, 
~38-40 kDa legumin acidic polypeptide, ~33 and 30 kDa vicilin αβ and βγ fragments [34], ~ 26 
kDa albumin 2 [37], ~19-22 kDa legumin basic polypeptide, and ~19, 16 and 13.5 kDa vicilin α, β 
and γ fragments [34]. Legumin basic polypeptides and vicilin fragments were differentiated from 
one another, by comparing the gels under reducing and non-reducing conditions. Under non-
reducing conditions legumin was present as a monomer consisting of an acidic and basic 
polypeptide chain, therefore bands of ~57 – 62 kDa were ascribed to legumin [34]. The intensity 
of all unidentified bands was summed and the total was referred to as “other proteins”. The 
relative protein composition was determined from the optical density (OD), by dividing to OD of 
the protein of interest by the total OD in a lane. The relative composition under reducing and 
non-reducing conditions was averaged. SDS-PAGE analysis was also performed on the PPC, PLF, 
PVF, PAF, YPE after dithiothreitol (DTT) incubation and after the TFA addition on the supernatant 
(with and without SPE). The SDS-PAGE analysis was performed under reducing conditions as 
described above.  

Detection of glycosylated protein using periodic acid – Schiff’s reagent staining 
The presence of glycosylated proteins was determined under non-reducing conditions. All 
samples were dissolved at approximately 2 g L-1 protein in MQ containing 2 % SDS. Horseradish 
peroxidase and soybean trypsin inhibitor were used as a positive and negative control, 
respectively. The controls were dissolved at 2 g L-1 protein in MQ. The proteins were separated 
using SDS-PAGE as described above. The gels were stained using a glycoprotein staining kit 
containing periodic acid – Schiff’s reagent according to the manufacturer’s protocol (Thermo 
Scientific). 

Enzymatic protein hydrolysis 
The freeze-dried protein extracts were dissolved at 1.0 % (w/v) in 10 mL milli-pore water, 
adjusted to pH 8.0 and equilibrated for 30 min at 40 °C. The freeze-dried BLP was dissolved at 
0.05 mg µL-1 of which 30 µL was added to start hydrolysis. The enzymatic hydrolysis was 
performed in duplicate for 2 h in a pH-stat device (Metrohm, Herisau, Switzerland). This device 
was used to keep the pH constant by titration of 0.2 M NaOH. Samples of 200 µL were taken 
before addition of the enzyme and after 10, 30 and 120 minutes of hydrolysis. The enzymatic 
hydrolysis was stopped by lowering the pH by addition of 20 µL mL-1 hydrolysate of 5 M HCl and 
changing the pH back after 10 min with 20 µL mL-1 hydrolysate of 5 M NaOH. Afterwards, the 
samples were stored frozen at -20 °C. The degree of hydrolysis was calculated according to 
equation 2. 

𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠[%] = 𝑉𝑉𝑏𝑏 × 𝑁𝑁𝑏𝑏 × 1
𝛼𝛼

 × 1
𝑚𝑚𝑝𝑝

× 1
ℎ𝑡𝑡𝑡𝑡𝑡𝑡

× 100 % (Eq. 2) 

where Vb [mL] is the volume of added NaOH; Nb [mol L-1] is the normality of NaOH; α is the 
average degree of dissociation of the α-NH group (1/α=1.257 at 40 °C and pH 8 [32]); mp [g] is 
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the amount of protein in solution; htot [mmol g-1] is the number of peptide bonds per gram of 
protein. htot [mmol g-1] was calculated using the protein composition from SDS-PAGE to be 8.69 
for PPC and the extracts, 8.74 for PLF, 8.68 for PVF and 8.77 for PAF. 

Sample preparation for RP-UHPLC-MS 
The hydrolysates were diluted (1:1) with a 100 mM Tris-HCl buffer at pH 8.0, containing 20 mM 
DTT and incubated for minimally 2 hours at RT to reduce the disulphide bonds. Afterwards, part 
of the incubated sample was further processed with solid phase extraction (see section below) 
and part was used as is. The incubated PLF and PVF (one replicate) were mixed in ratios of 90:10, 
75:25, 50:50, 25:75, 10:90 (v/v). The samples and mixtures were acidified by addition of 40 µL 
of 10 % TFA per mL incubated hydrolysate, which lowered the pH to 1-2. The samples were 
centrifuged for 10 min at 14,000 x g prior to injection. The PLF, PVF, PAF, PPC (hydrolysis in 
duplicate) and mixtures of PLF and PVF (originating from one hydrolysis) were injected twice. 
The hydrolysates of the different cultivars (hydrolysis in duplicate) were injected once.  

Solid Phase Extraction (SPE) 
Solid phase extraction (SPE) was performed using Sep-Pak C18 columns according to the 
manufacturer’s protocol (Waters). The Sep-Pak C18 columns were washed 3 times with 1 mL 50 
% acetonitrile in MQ and subsequently 3 times with 1 mL MQ, prior to loading the sample. 
Approximately 1 mL of the samples was loaded onto the columns. The impurities in the samples 
were removed by washing 3 times with 1 mL MQ and afterwards 3 times with 1 mL 3 % 
acetonitrile in MQ. The peptides were removed from the column by washing with 1 mL 50 % 
acetonitrile in MQ. The acetonitrile solution was evaporated under a N2-flow. The dried samples 
were solubilized in 250 μL MQ using ultrasonication for 10 minutes.  

Reverse phase ultra-high performance liquid chromatography (RP-UPLC) 
The hydrolysates were analysed on the Acquity Premier UPLC equipped with a PDA. A gradient 
was applied of two mobile phases: Eluent A, containing UPLC-grade water with 1% acetonitrile 
(ACN) + 0.1% TFA and eluent B, containing ACN with 1% water + 0.1% TFA. The gradient was 0-
2 min isocratic on 3 % B; 2-10 min linear gradient from 3-22 % B; 10-16 min linear gradient 22-
30 % B; 16-21 min linear gradient 30-100 % B; 21-26 min isocratic on 100% B; 26-28 min linear 
gradient 100-3 % B and 28-32 min isocratic on 3 % B. The peptides were separated on the Acquity 
Premier peptide column, BEH C18 2,1*150 300 A 1.7 µm, with a flowrate of 350 µL min-1. The 
injected volume was 4 µL. The PDA was used to scan the UV absorbance at fixed wavelength of 
214 nm at 1.2 nm resolution and 40 scans/second.  

Electro spray ionisation time of flight mass spectrometry (ESI-Q-TOF-MS) 
The mass spectra (50-3000 m/z) were collected with the Select Series Cyclic IMS operating in 
time-of-flight and V-mode (Waters, Milford, MA, USA). The peptides were ionized in the 
electrospray ionization source with a capillary voltage of 2.5 kV and a source temperature of 150 
°C. The sample cone was operated at 40 V and nitrogen was used as desolvation gas (500 °C, 800 
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L h-1) and cone gas (200 L h-1). Online lock mass data were acquired by infusing 10 µL min-1 of 50 
pg µL-1 Leucine-Enkephalin via the Waters LockSpray at a capillary voltage of 2.7 kV. The 
quadrupole was operated using the automatic quad profile. The collision energy applied in the 
trap was 6 V for the MS, and ramped up in the MSE method from 28 to 56 V for MS/MS. The 
cyclic ion mobility cell was not used in this experiment. The collision energy in the transfer was 
4 V. Prior to analysis, the TOF-analyzer was calibrated up to 4000 m/z using sodium iodide. 

Data processing - Peptide identification 
Identification of the peptides was performed in UNIFI software version 1.8 according to the 
suggested settings in Chapter 2. The amino acid sequences of the proteins, so without the signal 
peptide, in Table 3.1 were used in UNIFI. All different genetic variants were inserted as unique 
proteins. Post-translational modifications as oxidation, glycosylation and phosphorylation were 
not reported for these proteins on Uniprot and therefore not included in this analysis. First, a 
BLP specific analysis was performed on PPC, PLF, PVF, PAF, PPC and YPE with all potential 
proteins to evaluate their presence. Protein variants that showed no unique peptides were 
excluded (albumin variants B, C, D, F, provicilin A and convicilin B). This was done to reduce the 
number of non-unique sequences. Afterwards, a semi-specific analysis was performed on all 
samples. The semi-specific analysis included peptides of which either the peptide bond on the 
C- or on the N-terminal side that was hydrolysed did not match the specificity of BLP (assumed
specificity for glutamic acid + aspartic acid). The semi-specific analysis method is essential for
good coverage of proteins that naturally occur as linked poly-peptide fragments as vicilin. The
protein variants were inserted in the same order as Table 3.1.

The processing parameters were set based on the guideline in Chapter 2. In the peak 
detection, all m/z signals with an intensity above 1000 detector counts were processed, and all 
MS/MS signals with an intensity of more than 250 detector counts were processed. Peptides 
were annotated with a maximal acceptable mass error of 10 ppm. After processing, peptides 
were excluded that did not meet the criteria for MS/MS fragmentation as set in Chapter 2. The 
average limit of detection was determined for the Select Series Cyclic IMS with a dilution series 
of a tryptic hydrolysate of α-LA with concentrations 2.5 mg L-1 to 5 g L-1. The average MS intensity 
in the lowest dilution at which the parent ion m/z was detected was 1.6 * 104 Counts (LOD-
lowest level of detection). Peptide annotations were excluded when the MS intensity was below 
the limit of detection, considering that at this intensity no clear MS/MS spectrum is acquired. 
In-source fragments, recognised in UNIFI or in PeptQuant, and adducts from water or 
ammonium were also removed (In this case all peptides annotated > LOD were included in 
analysis). As shown before a small part of these peptides may not be reproducibly identified in 
repeated analyses Chapter 2. In the current study, all samples were injected in duplicate, 
minimizing possible errors in obtained quantification. 
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Data processing - Peptide quantification 
The absolute concentration of peptides was measured by analysis of the UV absorbance at 214 
nm and the molar extinction coefficient of the particular peptide, predicted from Kuipers et al., 
2007 [9]. The UV peak areas were integrated in Masslynx version 4.2, with the integration 
settings as described in Chapter 2. The UV peak areas that were originating from the Tris and 
DTT were removed from the list. The list of peak areas was coupled to the peptide list, taking 
into account the time offset between PDA and MS (0.08 min) using PeptQuant, an in-house 
developed Matlab script. The concentration of the peptide was calculated with equation 3. 

𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [µ𝑀𝑀] =  𝐴𝐴214 ∙ 𝑄𝑄
ɛ214 ∙ 𝑙𝑙 ∙ 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(Eq. 3) 

where A214 [μAU·min] is the UV peak area at 214 nm, Vinj [μL] is the volume of sample injected, 
Q [μL min-1] is the flow rate and l [cm] is the path length of the UV cell, which is 1 cm according 
to the manufacturer. The molar extinction coefficient ε214 [L Mol-1 cm-2] for each peptide was 
calculated according to Kuipers et al. [9]. The cell constant, kcell for the UV detector was 0.78 
(Chapter 2). In case multiple peptides were assigned to the same UV peak, the corresponding 
area was divided based on the MS intensities and molar extinction coefficients of both peptides 
Chapter 2.  

Data processing - Protein quantification 
The peptide concentrations were used to calculate the concentration of each protein (variant). 
To do this, first the concentration of each amino acid occupying a unique position of the protein 
sequence (unique amino acid) was calculated by summation of the peptide concentrations 
containing that unique amino acid. The concentration of each unique amino acid was plotted 
against the sequence of the protein (see results section for an example). If all peptides were 
completely included in the analysis, the unique amino acid concentrations would be identical 
for each amino acid in the protein sequence and equal to the initial protein concentration. 
Typically, variations were observed in the calculated concentrations of unique amino acids. 
Therefore, three different calculation methods (I-III) were used to calculate the concentration 
of a protein: 

I Concentrations of all unique amino acids were averaged. 
II All quantified concentrations of unique amino acids > 0 µM were averaged. 
III Averaging the concentrations of all unique amino acids with C>average of II. 

Tools to analyse the completeness of peptide identification and quantification 
The completeness of peptide identification was analysed by calculating the amino acid sequence 
coverage, also known as protein sequence coverage in proteomics [38]. This parameter 
describes how many of the unique amino acids in a certain protein are covered in at least one 
of the identified peptides (Equation 4).  
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =  # 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
# 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

· 100 % (Eq. 4) 

The completeness of quantification was roughly estimated by the UV recovery, which was 
calculated by dividing the expected amount of UV by the total UV in the chromatogram. The 
expected amount of UV area was calculated with equation 3, with a correction of the molar 
extinction coefficient for broken peptide bonds during hydrolysis and the protein concentrations 
based on protein content and the estimated composition based on SDS-PAGE. To assess the 
completeness of quantification of each unique amino acid, plots were made of the sum of the 
absolute peptide concentration involving a certain unique amino acid residue. 

Results & discussion 

Pea flours and derived fractions: protein content, composition and losses during extraction 
The protein contents of the prepared pea flours were: 17.6 ± 1.4 % (w/w, on sample as is, Table 
3.3). The protein extracts had protein contents of 58.9 ± 1.0 % (w/w, on sample as is). The 
protein contents of the pea protein concentrate (PPC), pea legumin fraction (PLF), pea vicilin 
fraction (PVF) and pea albumin fraction (PAF) were higher than those of the crude protein 
extracts from the different cultivars: 71.6 – 87.3 % (w/w, on sample as is, Table 3.3). For the 
different cultivars, the extracted protein represented 58 – 60 % of the total amount of protein 
in the original sample (Table 3.3). Other authors report similar extractabilities using a Tris-HCl 
buffer at pH 8.0 (60 ± 7 % [1]). The first challenge in analysis of the protein composition is that 
~40 % of the proteins in the pea flour are actually not extracted and therefore not analysed. 
PAS-staining SDS-PAGE gels did not indicate any glycosylated proteins in the extracts, 
concentrate and fractions (Annex 3.1). The protein composition of the extracts as analysed by 
SDS-PAGE stained with Coomassie blue stain showed small differences in the legumin:vicilin 
ratio (L:V) 28:72 – 41:59 (w/w, Table 3.3, Annex 3.3), but no other differences in presence or 
absence of specific proteins (Figure 3.1). The L:V ratio in PPC, PLF and PVF were 28:72, 94:6 and 
6:94 (w/w), respectively. Comparable L:V ratios were obtained using size-exclusion 
chromatography (UV214): PPC 44:56, PLF 100:0, PVF 16:84 (results not shown).  

BLP hydrolysis 
The BLP hydrolysis of PPC, PLF, PVF reached a degree of hydrolysis of respectively 6.7 ± 0.2 %, 
6.7 ± 0.2 % and 7.6 ± 0.3 %. The hydrolysis of PAF yielded a lower degree of hydrolysis of 4.1 ± 
0.2 %. For the extracts the final DH was 6.9 ± 0.5 %, which indicated that all extracts were 
hydrolysed to the same extent. The obtained degrees of hydrolysis were 64-85 % of the expected 
value based on the percentage glutamic acid residues in the protein sequences (10.5 % for 
legumin A1, 10.2 % vicilin and 4.8 % albumin 2). This was in line with the hydrolysis efficiencies 
observed by Butré et al. for BLP with dairy proteins [10]. SDS-PAGE of the protein hydrolysates 
showed the presence of intact protein after digestion (Annex 3.4). 
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Table 3.3. Yield (%), total protein recovery and legumin:vicilin ratios of protein extracts, concentrate and 
fractions. Protein content (% w/w, on sample “as is”) including standard deviations of pea flours and 
resulting extracts, concentrate and fractions.  

Code Yield 
(%)1 

Total protein 
recovery 
(%)2 

Protein content 
pea flour (%, 
w/w “as is”)

Protein content extract 
/ concentrate / fraction 
(%, w/w “as is”)

Legumin:vicilin 
ratio (w/w) 

PPC 11 46 17.3 ± 0.2 71.6 ± 0.5 28:72 
PLF 2 10 17.3 ± 0.2 84.2 ± 0.9 94:6 
PVF 5 21 17.3 ± 0.2 72.0 ± 1.4 6:94 
PAF 1 5 17.3 ± 0.2 87.3 ± 0.5 38:62 
BelE 22 67 19.3 ± 0.2 59.3 ± 0.7 31:69 
FlaE 22 70 18.8 ± 0.1 59.5 ± 0.4 36:64 
Mon20E 17 62 16.1 ± 0.5 58.4 ± 0.5 28:72 
Mir20E 18 63 16.2 ≤ 0.0 58.6 ± 0.6 33:67 
LKE 19 63 18.5 ± 0.2 60.3 ± 0.6 38:62 
PalE 18 61 18.1 ± 0.3 60.2 ± 0.3 31:69 
VLE 23 70 18.8 ± 0.2 58.5 ± 0.4 31:69 
Mon06E 16 60 15.8 ± 0.4 58.9 ± 0.4 31:69 
YPE 14 50 17.3 ± 0.2 57.3 ± 0.4 31:69 
Mir89E 16 59 15.7 ± 0.1 57.4 ± 1.0 31:69 
VGKE 23 70 19.6 ± 0.2 59.9 ± 0.9 41:59 

1 Powder (g) / flour (g) * 100. 
2 Protein in sample (g) / protein in flour (g) * 100. 

Figure 3.1. Relative protein composition (w/w, %) based on densitometry of SDS-PAGE gels showing, 
legumin ( ), vicilin ( ), albumin ( ), convicilin ( ), lipoxygenase ( ) and other proteins ( ). Values are 
an average of the results under reducing and non-reducing conditions, with an average standard deviation 
1 % and a maximum standard deviation of 6 %. 
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Quantification of the protein genetic variants and challenges concerned 
Peptide losses during sample preparation  
The second challenge was the loss of peptides during sample preparation. The total UV peak 
areas in the chromatograms of the PPC, PLF, PVF and PAF were 68.8 ±1 %, 75.5 ±6 %, 70.8 ±1 %, 
and 38.0 ±1.0 % of the expected amounts of UV based on protein content and composition, 
respectively (Table 3.4). The chromatograms of the extracts of different cultivars represented 
31 ± 5 % of the expected total UV. This means that only part of the extracted protein was 
included in the analysis. In our previous study on tryptic digests of milk protein isolates, the 
observed amount of UV absorbance was equal to the expected amount Chapter 2.  

Table 3.4. Amount of integrated UV214 area in chromatograms, mean and standard deviations over 
replicates. 

Expected1 

UV area 
(·10 5 AU x
min) 

Total UV         
(·10 5 AU 
x min) 

Annotated 
UV peak 
area (·10 5 
AU x min) 

Total UV / 
Expected 
UV (%) 

Relative 
Annotated 
UV area 
(%) 

UV recovery: 
Annotated 
area / 
expected 
area (%) 

PPC 3.7 2.5 ± 0.0 1.8 ±0.4 69 ± 0.6 71 ± 15 49 ± 11 
PLF 4.9 3.7 ± 0.3 3.1 ±0.3 76 ± 6.2 85 ± 7 64 ± 7 
PVF 3.7 2.6 ± 0.0 2.2 ±0.1 71 ± 0.4 83 ± 2 59 ± 1 
PAF 4.6 1.8 ± 0.1 1.0 ±0.1 38 ± 1.0 58 ± 5 22 ± 2 
PLF:PVF_90:10 4.8 3.4 ± 0.0 2.9 ±0.1 71 ± 0.4 86 ± 1 60 ± 1 
PLF:PVF_75:25 4.6 3.1 ± 0.1 2.4 ±0.1 68 ± 1.9 77 ± 2 52 ± 3 
PLF:PVF_50:50 4.3 2.9 ± 0.0 2.2 ±0.0 67 ± 0.2 78 ± 1 52 ± 1 
PLF:PVF_25:75 4.0 2.5 ± 0.0 1.9 ±0.1 64 ± 0.2 77 ± 2 49 ± 1 
PLF:PVF_10:90 3.8 2.3 ± 0.0 1.7 ±0.0 60 ± 0.4 76 ± 2 46 ± 1 
BelE 3.2 0.9 ± 0.0 0.7 ± 0.0 27 ± 0.1 75 ± 0 20 ± 0 
FlaE 3.1 1.3 ± 0.0 1.0 ± 0.0 42 ± 0.1 76 ± 0 32 ± 0 
Mon20E 3.1 1.0 ± 0.1 0.8 ± 0.1 33 ± 2.9 75 ± 1 24 ± 2 
Mir20E 3.0 0.9 ± 0.0 0.7 ± 0.0 30 ± 0.5 73 ± 1 22 ± 1 
LKE 3.2 0.9 ± 0.1 0.8 ± 0.0 29 ± 1.5 82 ± 1 24 ± 1 
PalE 3.2 0.9 ± 0.0 0.7 ± 0.0 26 ± 0.7 76 ± 2 20 ± 0 
VLE 3.1 1.0 ± 0.1 0.8 ± 0.0 33 ± 3.0 79 ± 1 26 ± 3 
Mon06E 3.1 1.0 ± 0.1 0.8 ± 0.0 33 ± 2.9 77 ± 4 25 ± 1 
YPE 3.0 0.7± 0.0 0.6 ± 0.0 24 ± 0.6 78 ± 1 19 ± 1 
Mir89E 3.0 0.9 ± 0.1 0.6 ± 0.1 29 ± 4.6 74 ± 0 21 ± 3 
VGKE 3.1 1.0 ± 0.0 0.8 ± 0.1 32 ± 1.2 81 ± 2 26 ± 2 

1Expected amount was calculated with protein content, estimated molar extinction coefficient based on 
(SDS-PAGE) protein composition and correction for degree of hydrolysis. 

Typically, in (quantitative) proteomics studies, the recovery of injected protein material is 
not described. An exception, Wang et al. reported also low recoveries of 18-60 % for plant 
protein extracts (barley leaves), dependent on the sample preparation procedure for proteomics 
analysis [39]. The low UV recoveries observed in the current study were attributed to insoluble 
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aggregates formed when changing the pH to eluent conditions, which were visible as turbidity 
and then removed by centrifugation. To try and avoid this problem, samples were also prepared 
by applying solid phase extraction at the pH 8 (after reduction of the disulfide bonds), but the 
SPE treatment did not improve the UV recovery. The observed UV peak areas ranged between 
14 - 53 % of the expected UV absorbances. The UPLC-MS data of the same samples with and 
without SPE treatment did not show changes in m/z peaks and ion intensities. Therefore, further 
analyses were all performed on the dataset without SPE treatment. 

Peptide identification in the PLF, PVF, PAF, PPC and YPE 
Of the UV peaks that were present in the chromatograms, on average 77 ±8 % was attributed to 
peptides (Table 3.4). The highest matched UV was observed for PLF (91 %) and the minimum 
was observed for PAF (54 %). The matched UV for the extracts varied between 73 - 82 %. UV 
areas that were not matched with peptide sequences were mostly from remaining intact 
proteins and phenolic compounds. The number of identified peptides was 301 ±8 in the PLF, 293 
±7 in the PVF, 98 ±9 in the PAF, 264 ±37 in the PPC and 186±9 in the YPE. For 78 ±3 % of these 
peptides the MS intensity was above the average limit of annotation, which was previously used 
to indicate annotations with high repeatability in Chapter 2. To be as complete as possible for 
this study we also included the peptide annotation < limit of annotation (LOA, but these were 
all still >limit of detection (LOD) and confirmed with sufficient MS/MS fragments). Between 
replicate injections of PLF, PVF and PAF, 86 ±2 % of all the peptides were annotated similarly 
between replicates. Between duplicate hydrolyses of the same fractions, 85 ±3 % of the peptides 
were annotated similarly. This means that the variation in peptide composition between 
hydrolysates of replicate digestions, did not exceed the variation between replicate 
measurements of the same hydrolysate. The repeatability for duplicate injections in this study 
was higher (86 %) than repeatability at peptide level observed in proteomics studies, where 
typically 35-79% were similarly annotated between duplicate injections [40-43]. 

Completeness of peptide identification 
The peptides identified for each protein genotype were visualised against the sequence of the 
protein, as illustrated with legumin A1 in PLF (Figure 3.2). In some cases, part of the protein 
sequence was annotated in multiple peptides. For example, amino acid Leucine on position 1 
for legumin A1 was present in peptides 1-3 and 1-9. In other cases, part of the sequence was not 
covered by any of the annotated peptides, e.g. legumin A1: 362-397. The protein sequences of 
the most abundant proteins in the fractions were covered with high amino acid sequence 
coverages, respectively 91 ±4 % for legumin A1 in the PLF, 80 ±3 % for vicilin in the PVF and 97 
±1 % for albumin 2 in the PAF (Table 3.5). Substantial sequence coverages for the legumin 
variants A2, B, J and K (28 - 69 %) confirmed that legumin was present in different genetic 
variants. The peptides identified in PVF yielded amino acid sequence coverages of 80 ±3 % for 
vicilin, 62 ±4 % for provicilin and 53 ±3 % for convicilin. For the two protease inhibitors that were 
included in the analysis the coverages were relatively low in all purified fractions (≤ 20 %). The 
amino acid sequence coverages observed in this study were lower than coverages reported in 
previous studies with hydrolysates of 1 to 3 milk proteins (amino acid sequence coverages of 99-



QUANTIFICATION OF GENETIC VARIANTS IN PISUM SATIVUM EXTRACTS

63 

3 

100 %) [10] (Chapter 2), analysed with the same procedure. The amino acid sequence coverages 
were logically affected in the pea hydrolysates by the observed peptide losses in sample 
preparation. Furthermore, sample complexity could be relevant (higher number of peptides in 
similar injection volume), leading to lower concentrations of individual peptides. For instance, 
the coverage of legumin A1 in YPE (34 ±3 %), is ~ 1/3 of the coverage of legumin A1 in the purified 
legumin fraction from the same pea cultivar (PLF, 91 ±4 %). 

Figure 3.2. Peptides of legumin A1 identified in PLF, visualised against the protein sequence of legumin 
A1. Dotted lines indicate missing peptides. 

Table 3.5. Amino acid sequence coverages (%) + standard deviation of pea proteins identified in PPC, PLF, 
PVF, PAF and YPE. 

Protein PPC PLF PVF PAF YPE 
Legumin A1 53 ± 21 91 ± 4 47 ± 10 3 ± 1 34 ± 3 
Legumin A2 14 ± 2 28 ± 2 9 ± 4 3 ± 0 2 ± 2 
Legumin B 41 ± 8 66 ± 3 39 ± 11 2 ± 1 29 ± 1 
Legumin J 30 ± 4 38 ± 10 13 ± 3 2 ± 1 24 ± 3 
Legumin K 41 ± 8 69 ± 8 34 ± 7 2 ± 1 25 ± 4 
Vicilin 71 ± 9 56 ± 5 80 ± 3 1 ± 0 55 ± 2 
Provicilin 48 ± 24 48 ± 9 62 ± 4 14 ± 16 27 ± 0 
Convicilin 50 ± 2 44 ± 4 53 ± 3 3 ± 2 35 ± 2 
Albumin A1 46 ± 0 12 ± 2 71 ± 0 67 ± 6 46 ± 0 
Albumin 2 47 ± 12 16 ± 15 36 ± 6 97 ± 1 31 ± 3 
IBBB 0 ± 0 0 ± 0 5 ± 0 3 ± 0 3 ± 0 
PIP20 5 ± 0 10 ± 8 20 ± 12 13 ± 16 3 ± 0 



CHAPTER 3 

64 

Peptide and protein quantification in the purified fractions 
All peptides in the PLF, PVF and PAF were quantified based on their UV absorbance and 
predicted molar extinction coefficient, which yielded a wide variety of individual peptide 
concentrations. For instance, the different peptides originating from legumin A1 in PLF had 
concentrations ranging between 0.4 nM (for peptide 258-264) to 55 µM (for peptide 26-32). This 
implies that using one of these quantified peptides as reference for the protein concentration, 
as done often with isotopically labelling, would yield very different protein concentrations 
dependent on the reference peptide chosen. Therefore, to tackle this challenge, we choose to 
sum all peptide concentrations to determine the protein concentration. To visualise this way of 
protein quantification, the amino acid concentrations for each position of the sequence were 
plotted against the amino acid sequence of each protein (Figure 3.3). For legumin A1 in PLF, the 
standard deviation of the observed amino acid concentration in four replicates was 4%. The 
average amino acid concentration was 25 ±3 µM over the four replicates. In absence of losses 
during sample preparation, the retrieved amino acid concentration would be similar to the 
(molar) concentration of protein before hydrolysis. The composition of the PLF, PVF and PAF 
were determined using the average amino acid concentration as indication for the protein 
concentrations (calculation I) (Figure 3.4). With this calculation, minor differences were 
observed between replicate analyses and major differences in the relative protein composition 
for the different fractions were observed. The PLF consisted for 87 ±5 % of the legumins, the 
PVF had 62 ±1 % of vicilin, provicilin and convicilin and the PAF had 72 ±5 % of albumin 2. 

Figure 3.3. The unique amino acid concentration (µM) + standard deviation (µM, in red) for legumin A1 
(left) and A2 (right) in PLF, calculated with the peptide concentrations including that respective amino acid. 
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Figure 3.4. Composition µM/µM (%/%) of the PLF, PVF and PAF determined with calculation I. 
Reproducibility was tested in duplicate hydrolyses (first number) and duplicate injections (second number). 

Correcting protein concentrations for missing peptide information 
Generic peptide sequences 
The third challenge was that some peptide sequences can occur in several protein variants. This 
could lead to overestimation of one variant, and underestimation of the other variant in protein 
quantification. For the 134 peptides annotated to legumin A1 or A2 in PLF, only 1 peptide could 
also originate from the sequence of legumin B, J or K. Out of these 133 peptides unique for 
legumin A, 29 were unique for genetic variant A1, 20 were unique for genetic variant A2 and 75 
peptides could originate from either legumin A1 or A2. Since these 75 peptides were -in the 
software- now attributed to legumin A1, the amino acid sequence coverage for A2 had large 
parts of the sequence where no peptides were attributed to (Figure 3.3). Therefore, the 
concentrations of proteins should ideally be calculated with peptides that were unique for that 
genetic variant.  
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How to tackle missing peptide information in calculated protein concentrations 
Two additional calculations were evaluated to transform the peptide concentrations into an 
absolute protein concentration, taking into account the unique sequences per variant 
(calculation II) and possibly low recovery of part of the sequence (calculation III). Based on 
protein content and the SDS-PAGE composition, 67 µM of legumins were expected to be present 
in the PLF and 57 µM of vicilins would be present in the PVF (Table 3.6). These values are higher 
than what was calculated from averaging the amino acid concentrations of quantified peptides; 
legumins in PLF (43 ±3 µM) and vicilins in PVF (20 ±1 µM). A correction for non-unique 
sequences, which was done by calculating the concentrations with only peptides that were 
unique for a certain variant, overestimated the concentration of the minor legumin variants (A2, 
B, J, K) in the PVF. When the protein concentrations were calculated with all amino acids that 
were above the average, which was done to exclude the sequences of the protein that were 
quantified clearly lower than the maximum in the plot, the observed concentration of legumins 
was almost 2x the (maximum) expected concentration.  

Table 3.6. Illustrating the effect of different approaches to convert peptide to protein concentrations (µM) 
in PLF and PVF based on UPLC-PDA-MS (calculation I-III) and protein composition based on SDS-PAGE. 

SDS-PAGE Calculation I 
(Av)1 

Calculation II 
(Av > 0)2 

Calculation III 
(Av>Av)3

PLF PVF PLF PVF PLF PVF PLF PVF 
Legumin A1 - - 24.7

±3.2
2.8 
±0.7 

27.1 
±1.3 

3.1 
±1.3 

41.3 
±3.5 

16.3 
±14.2 

Legumins (A1, 
A2, B, J, K) 

66.7 3.2 43.0
±2.8

9.2 
±0.9 

67.0 
±4.9 

28.3 
±6.4 

116.0 
±7.9 

27.2 
±2.2 

Vicilin - - 2.8
±2.0

11.1 
±0.6 

4.8 
±3.3 

13.8 
±0.6 

12.9 
±3.2 

23.1 
±14.1 

Vicilins (Vicilin 
+ provicilin)

5.2 57.4 4.4
±1.9

20.4 
±0.9 

8.1 
±3.5 

28.9 
±2.7 

67.6 
±10.4 

51.8 
±2.3 

1 Concentrations of all unique amino acids were averaged. 
2 All quantified concentrations of unique amino acids > 0 µM were averaged. 
3 Averaging the concentrations of all unique amino acids with C > average of II. 

Similarly, an unrealistic amount of legumins was observed in the PVF. This error seems to 
originate from parts of the protein sequence of legumins that were quantified at concentrations 
far above the (observed) average amino acid concentrations. This was for instance the case for 
sequences of legumin B: 43-50, 83-90 and 103-107 and legumin A2: 170-182, 187-200. For these 
peptides the identification might be incorrect. For the LegA2 peptides 170-182 and 187-200 the 
identifications were confirmed with 19 and 21 MS/MS fragments, respectively, which excludes 
the possibility of having alternative annotations. For legumin B 103-107, with sequence KEEED, 
an isobaric alternative assignment would be provicilin DKEEE of 307-311. Leg B peptides 43-50 
and 83-90 did not have alternative assignments either. These flaws in the analysis of the 
peptides, in combination with the losses during sample preparation will affect the absolute 
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concentrations calculated. However, it is expected that the current flaws will be similar for all 
samples and have thereby a minor effect on the conclusions on relative differences in genetic 
composition. 

Genetic composition of mixtures of PLF and PVF 
The fractions PLF and PVF were mixed in different ratios to evaluate the robustness in the 
genetic protein composition. For the majority of the calculated amino acid concentrations, the 
height changed gradually with the amount of the protein in the mixture and the overall the 
pattern of the plot remained similar (Figure 3.5). This means that the majority of the peptides 
were identified and quantified consistently. Exceptions were for example the legumin B 
sequences, 83-90 and 103-107 mentioned in the previous section: For these, the maximum 
concentrations were not observed in the PLF. Regardless of the calculation used, the analysed 
composition of the 50:50 mixture was a good representative of the purified PLF and PVF 
fractions. Since the composition of the purified fractions was most reproducible when 
determined with calculation I, so without correction for the missing peptide information, this 
calculation was also used to determine the composition of the different pea cultivars. 

Figure 3.5. Amino acid concentration (µM) observed for legumin A1 for different PLF:PVF ratios: 100:0 (
), 90:10 ( ), 75:25 ( ) 50:50 ( ) 25:75 ( ), 10:90 ( ) and 0:100 ( ). 

Variation in genetic composition of different pea cultivars 
For the pea cultivar extracts, approximately 20 ±5 % of the total protein in the peas was analysed 
by RP-UHPLC-MS, based on the measured UV absorbance, amount of injected sample, and 
protein contents of the extracts and flours. In total, 15 ±4 % of the total protein in the different 
pea cultivars was annotated. The protein composition of the analysed part of the different pea 
cultivar extracts showed no significant differences (Figure 3.6).  

 



CHAPTER 3 

68 

Figure 3.6. Absolute protein composition µM/µM (%/%) on genetic-variant level for extracts of different 
pea cultivars determined with calculation I. 

Based on the calculation using all amino acids the cultivars were composed of 12.8 ±1.2 % 
legumin A1, 1.1 ±0.4 % legumin A2, 9.9 ±1.6 % legumin B, 7.5 ±1.0 % legumin J, 10.3 ±2.1 % 
legumin K, 15.2 ±1.7 % vicilin, 15.7 ±2.5 % provicilin, 9.8 ±0.8 % convicilin, 7.4 ±2.0 % albumin 
A1, 10.0 ±1.5 % albumin 2 and 0.4 ±0.4 % PIP20. The L:V ratio found in these samples was 57:43 
% (µM µM-1), whereas approximately 70 % of the samples described in literature and measured 
with SDS-PAGE has a ratio ranging between 17:83 – 38:62 (w/w %) [1, 2, 44-46]. The ratio 
determined with UPLC-PDA-MS reflected the differences in recovery of legumins (65 %) 
compared with vicilin (36 %) in the purified fractions. Legumin A1, A2, B, J and K were present 
in all samples, and legumin A (A1 + A2) was most abundant, 14.1 ±1.4 %. The other legumin 
genetic variants occurred in relatively similar quantities in each pea cultivar and the composition 
(n/n %) between the genetic variants was comparable. Besides IBBB, all the protein genetic 
variants considered in this study were found in all pea cultivars in similar quantities. A recent 
study by Burstin et al. provided insights into the pea genome [47]. Our study shows that the 
genes responsible for the production of the proteins considered in this study are expressed in 
all cultivars in similar quantities.  
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Conclusion 

In this study, a new way of protein quantification was illustrated, in which all peptides in the 
analysis were used to quantify protein genetic variants. Using UV quantification, we were not 
limited to a small number of reference peptides, enabling the quantification of all peptides, 
normally only achieved with MS intensity-based quantification. Analysis of the protein mass 
balance showed losses during sample preparation and protein extraction. This allowed to 
describe how much of the original pea protein was described by the analysis. With the approach 
taken, the high impact of wrong annotations on calculated protein concentrations was 
identified. Without correcting for the peptide losses, differences in composition were still 
reproducibly determined for fractions of legumins, vicilins and albumins, as well as their 
mixtures. For the pea protein extracts from different cultivars this method showed that all 
considered protein genetic variants were present in similar amounts. 
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Annexes chapter 3 

Annex 3.1. SDS-PAGE gels stained with Coomassie showing a marker (M), PPC, PLF, PVF and PAF under non-
reducing and reducing (red) conditions, annotated bands indicated. 

Annex 3.2. SDS-PAGE gels stained with Coomassie showing a marker (M), FlaE, VGKE, Mir89E, Mir20E, PalE, 
LKE, Mon20E, Mon06E, BelE, VLE and YPE under non-reducing and reducing (red) conditions. 
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Annex 3.3. SDS-PAGE gels stained with Coomassie showing a marker (M), PPC, PLF, PVF and YPE after 
enzymatic hydrolysis and DTT incubation (A). After enzymatic hydrolysis, DTT incubation and addition of 
TFA (supernatant, B). After enzymatic hydrolysis, DTT incubation, SPE, and addition of TFA (supernatant, C).  

Annex 3.4. SDS-PAGE gels stained with Periodic acid–Schiff (PAS) showing a marker (M), positive control 
(Pos), negative control (Neg), FlaE, VGKE, Mir89E, Mir20E, PalE, LKE, Mon20E, Mon06E, BelE, VLE, YPE, PLF, 
PVF, PPC, PAF and Soy Protein Isolate (SPI). 
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Abstract 
Chymotrypsin is one of the major proteases in intestinal protein digestion. Observations about 
the type of bonds that are hydrolysed (specificity and preference) were in the past derived from 
the peptide composition after digestion or hydrolysis rates of synthetic peptides. In this study, 
the path of hydrolysis by bovine chymotrypsin, i.e formation and degradation of peptides, were 
described for α-lactalbumin, β-lactoglobulin and β-casein. The peptide compositions, 
determined with UPLC-PDA-MS at different time points were used to determine the digestion 
kinetics for individual cleavage sites. It was evaluated how statements on (secondary) specificity 
from literature were reflected in the release kinetics of peptides. β-Lactoglobulin reached the 
highest degree of hydrolysis (10.9 ±0.1 %) and was hydrolysed fastest (28 ±1 mMpeptide

bonds/s/mMenzyme), regardless of its globular (tertiary) structure. Chymotrypsin showed a 
preference towards aromatic amino acids, methionine and leucine, but was also tolerant to 
other amino acids. For the cleavage sites within this preference,   ̴73% of the cleavage sites were 
hydrolysed with high or intermediate selectivity. For the missed cleavages within the preference, 
45 % was explained by hindrance of proline, which affected hydrolysis only when in positions 
P3, P1’ or P2’. No clear indication (based on primary structure) was found to explain the other 
missed cleavages. A few cleavage sites were hydrolysed extremely efficient in α-lactalbumin (F9, 
F31, W104) and β-casein (W143, L163, F190). This study gave unique and quantitative insight in 
peptide formation and degradation by chymotrypsin in the digestion of proteins. The approach 
used showed potential to explore the path of hydrolysis for other proteases with less defined 
specificity. 

Introduction 
Chymotrypsin is commonly known for the involvement in intestinal protein digestion in many 
animals species [1-3] and humans [4]. Nowadays, the protease is also used in the production of 
bio-active peptides [5, 6] and as alternative to trypsin for proteomics [7]. In the 20th century, 
many studies in biochemistry have been performed to unravel the hydrolysis mechanism of 
chymotrypsin [8, 9]. In these studies, parameters for hydrolysis kinetics as k-cat were 
determined for synthetic (amide) substrates to find the relationship between amino acids 
around the cleavage site in the substrate and protease activity. These findings about the 
mechanism were (later) confirmed with X-ray crystallography. These efforts led to several 
hypotheses about the effect of amino acids in the different binding positions of the protease. 
Recent advances in mass spectrometry and peptide quantification enabled us to actually 
measure the hydrolysis rates of cleavage sites during proteolysis instead of analysing synthetic 
model substrates. The aim of this study is to describe the path of hydrolysis for three milk 
proteins with varying structures. Current statements on specificity from synthetic substrates will 
be evaluated during actual hydrolysis of intact proteins. 

Prior knowledge about chymotrypsin’s mechanism, specificity and preference 
Chymotrypsin is a serine protease, in which three amino acid residues (Ser195, His57, Asp102) 
form a catalytic triad that facilitates the hydrolysis of the peptide bond via a two-step 
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mechanism. First, a temporary bond (acylation) is made between the peptide bond in the 
substrate and the serine residue in the catalytic site. Second, the serine residue is de-acylated 
by releasing the amide part and subsequently the carboxylic acid product. The type of peptide 
bonds that can be hydrolysed (protease specificity), depends on whether the amino acid in the 
P1 position of the substrate fits the S1 pocket of the enzyme. Chymotrypsin consists of a 
relatively deep S1 pocket, in which the amino acid residue in the P1 position can make 
hydrophobic interactions with for instance Ser190, Cys191, Cys220, Val213, Trp215 and Tyr228 
[8, 9]. Considering these interactions, it is generally believed that chymotrypsin has a specificity 
for hydrophobic and aromatic residues in the P1 position. But, the exact reported specificity is 
broader (Table 4.1). For instance, occurrences of hydrolysis by chymotrypsin were described 
after methionine, glycine or arginine residues. These observations seem to imply that the S1 
pocket of chymotrypsin could accommodate a wider range of amino acid residues. Besides 
protease specificity, studies report that not all amino acids are hydrolysed with the same 
likelihood, often described with the term “preference”. In literature, the preferred amino acids 
are mostly phenylalanine (F), tryptophan (W) and tyrosine (Y) (Table 4.1). 

Table 4.1 Reported specificity and preference of chymotrypsin. 

Assumed specificity  
/ statement about specificity 

Preference Source 

Aromatic and hydrophobic residues [10] 
F, H, L, M, W, Y F, W, Y > H, L, M [11] 
A, F, G, H, I, M, S, T, V, W, Y F, W, Y > M, I, S, V, H, G, A, T [12] 
F, L, M, W, Y W > Y > F > M > L [13] 
F, K, L, M, R, W F, W, Y > L, M > K, R [14] 
Correlates with hydrophobicity [15] 
F, L, M, N, Q, W, Y W > Y > F > M > L > Q, N [16] 
F, Y, L MEROPS database [17] 
F, H, L, M, W, Y F, W, Y > H, L, M ExPASy peptide cutter 

Observations of secondary specificity 
Several studies indicated that not all theoretical cleavage sites within the assumed preference 
were hydrolysed by chymotrypsin. For example, Galvão et al. described that only 56 % of the 
theoretical cleavage sites were hydrolysed in whey proteins [18]. Deng et al. observed that 54 
% of the theoretical maximum degree of hydrolysis (DHmax, theo) was reached for chymotrypsin 
hydrolysis of apo alpha-lactalbumin [19]. In a proteomics study by Giansanti et al. a similar 
observation was done. They reported that  ̴80 % of the peptides identified in chymotrypsin 
digests of E. coli lysate still contained 1-4 intact cleavage sites [7]. Possibly, these observations 
could be explained by neighbouring amino acids that hinder the hydrolysis of the cleavage sites, 
also called “secondary specificity”. 
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Figure 4.1. Illustration of the subsite model of Schechter and Berger with influence of binding site positions 
on chymotrypsin hydrolysis. + and - indicate positively charged and negatively charged residues, P indicates 
proline. 

The concept of secondary specificity was introduced with the subsite model of Schechter 
and Berger [20] (Figure 4.1). Schellenberger et al. described in 1989 that chymotrypsin 
hydrolysis was influenced by the amino acids in the P3-P1’ positions [21]. A study from 1972 
using synthetic substrates, observed that a proline residue in the P3 position hindered hydrolysis 
[22]. In 1991, Schellenberger et al. performed a Quantitative Structure-Activity Relationship 
(QSAR) study on chymotrypsin hydrolysis of synthetic substrates tested in literature [23]. The 
model showed preference for large residues in the P2 position, no effect of proline in the P2 
position and confirmed the earlier observed hindrance by proline in the P3 position. Hedstrom 
reported a slight preference for hydrophobic amino acid residues in the P2 position and a 
preference for positively charged residues in the P1’ position [15]. Another study, focussing on 
the influence of the amino acid in the P1’ position in relation to that in the P1 position, also 
described the positive contribution of lysine and arginine in the P1’ position [11]. The presence 
of a charged residue in the P2 position would negatively affect the probability of hydrolysis [11]. 

Besides the primary substrate structure, a study of Wright suggested a conformational 
specificity, in which the tertiary structure of the amino acids in the P3 and P4 position would 
influence the hydrolysis [24]. Similarly, research of Vorob’ev et al. suggested that some peptide 
bonds in proteolysis have to be demasked before other bonds become accessible to 
chymotrypsin [16].  

Peptide quantification and enzyme selectivity 
The previous studies on chymotrypsin determined hydrolysis kinetics for synthetic substrates or 
analysed the peptides formed after proteolysis. For the latter, the identified peptides were used 
to determine the preference by analysing the amino acids in all cleavage sites at which hydrolysis 
was observed, sometimes corrected for frequency of occurrence. Typically, the concentrations 
of the peptides formed were not measured and considered. In this manuscript, all individual 
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peptides (at each timepoint) will be absolutely and label-free quantified, based on UV 
absorbance and predicted molar extinction coefficient according to Kuipers et al. [25]. The 
peptide composition at different time points allows us to determine the hydrolysis rate of each 
individual cleavage site in relation to the total hydrolysis rate, previously introduced as protease 
selectivity [26]. The determination of the selectivity makes it possible to see whether previous 
observations about secondary specificity based on synthetic substrates are also valid for real 
protein substrates. Ultimately, the aim is to evaluate whether the path of proteolysis of any 
protein by chymotrypsin, and the respective peptides released, can be predicted. 

Materials & Methods 
Materials 
α-Lactalbumin was obtained from Davisco Foods International Inc. (Le Sueur, MN, USA). The 
protein isolate was further treated into apo α-Lactalbumin (α-LA) by removal of the calcium ions 
with EDTA, similarly done as described by Deng et al. [19]. β-Lactoglobulin (β-LG, L0130), β-
casein (β-cas, C6905), bovine α-chymotrypsin (C-3142) and aprotinin from bovine lung (A6279) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). The protein contents of the protein 
samples were 93 % (w/w) for α-LA, 96 % (w/w) for β-LG and 90 % for β-cas and 86 % (w/w) for 
chymotrypsin (based on Dumas) (Table 4.2). The protein purities were 90 % for α-LA, 100 % for 
β-LG and 90 % for β-cas. The other proteins in α-LA were β-lactoglobulin and bovine serum 
albumin. The other proteins in β-cas were other type of caseins. The chymotrypsin did not 
contain any trypsin, according to SDS-PAGE and UPLC-PDA-MS measurements. According to the 
supplier, the chymotrypsin had an activity of ≥ 40 N-benzoyl-L-tyrosine-ethyl-ester units mg-1 
protein and was treated with Nα-Tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK) to 
inactivate residual trypsin activity. Aprotinin was present at 2.3 mg mL-1, based on previously 
determinations with RP-UPLC [27]. 

Table 4.2. Protein materials used in this study with DHmax for chymotrypsin hydrolysis. 
Protein Uniprot 

code 
N-factor1    [g
of protein / g
N] 

Protein 
content 
[w/w] 

Protein 
purity 

htot2 

[mmol/g 
protein] 

F, Y, W in 
sequence (%) 

DHmax 
experimental 
at E:S ratio 
1:25 

α-LA P00711 6.25 93 % 90 % 8.6 9.8 % 8.4 ±0.3 % 
β-LG P02752 6.29 96 % 100 % 8.8 6.2 % 10.9 ±0.1 % 
β-cas P02666 6.39 90 % 90 % 8.7 6.7 % 8.2 ±0.3 % 
CT P00766 5.99 86 % 100 % 

1  From Uniprot (http://www.uniprot.org)  
2 htot is the amount of peptide bonds per gram of protein calculated with the amino acid sequence and 
molecular weight of the protein reported in Uniprot. 
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Methods 
Protein hydrolysis by chymotrypsin 
Hydrolysis was performed for 3 hours with a pH-stat device (Metrohm, Herisau, Switzerland) 
equipped with 0.2 M NaOH. α-LA, β-LG and β-cas were dissolved at 1% (w/v) in Millipore water. 
Afterwards, the pH was adjusted to 8.0 and the solutions were equilibrated for 30 min at 37 °C. 
Hydrolysis was performed at enzyme to substrate ratios of 1:100 and 1:25, both in duplicate. 
Samples (200 µL) were taken before and during the hydrolysis at various time points, after which 
aprotinin was immediately added to inactivate the chymotrypsin. To the samples with an E:S 
ratio of 1:100, 6 µL of aprotinin was added and to the samples at E:S ratio of 1:25, 24 µL of 
aprotinin was added. The inactivation of chymotrypsin activity was confirmed by addition of 
aprotinin to a (ongoing) hydrolysis in the pH-stat after 1 min, in which the increase in DH stopped 
at moment of addition. Hydrolyses without enzyme were performed to exclude potential 
consumption of NaOH due to CO2 dissolution. The degree of hydrolysis was calculated using 
equation 1. 

𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠[%] = 𝑉𝑉𝑏𝑏 × 𝑁𝑁𝑏𝑏 × 1
𝛼𝛼

 × 1
𝑚𝑚𝑝𝑝

× 1
ℎ𝑡𝑡𝑡𝑡𝑡𝑡

× 100 % (Eq. 1) 

where Vb [mL] is the volume of added NaOH; Nb [mol/L] is the normality of NaOH; α is the 
average degree of dissociation of the α-NH group (1/α=1.3 at 37 °C and pH 8 [28]); mp [g] is the 
amount of protein in solution; htot [mmol/g] is the number of peptide bonds per gram of protein. 
The DH in time was fitted with second order reaction kinetics to determine the overall hydrolysis 
rate constant (kh) (equation 2). The kh was used to calculate the turnover number [mMpeptidebonds 

s-1 mMEZ
-1], which was the amount of peptide bonds in solution hydrolysed by an equal molar

amount of enzyme each second.

𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓[%] = 𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚,𝑓𝑓𝑓𝑓𝑓𝑓 − 𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚,𝑓𝑓𝑓𝑓𝑓𝑓  / (1 + 𝑘𝑘ℎ × 𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚,𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑡𝑡) (Eq. 2) 

Sample preparation 
The protein hydrolysates were mixed (1:1) [v/v] with 20 mM dithiothreitol (DTT) and 100 mM 
Tris-HCl buffer at pH 8.0 and incubated for 2 hours to reduce disulphide bonds. Afterwards, the 
intact protein samples were diluted 10x in eluent A and the hydrolysates were diluted 3x [v/v] 
in eluent A. The samples were centrifuged (10 minutes, 14,000 x g, 20 °C) and the supernatant 
was injected on the UPLC-MS. The endpoint hydrolysate of β-LG was injected three times to 
estimate reproducibility.  

Reverse phase ultra-high performance liquid chromatography (RP-UPLC) 
The peptides were analysed on an Acquity Premier UPLC coupled to a Photodiode Array (PDA) 
detector, both from Waters (Milford, MA, USA). A gradient was used of 1 % ACN + 0.1 % TFA in 
UPLC-grade water (eluent A) and 1 % UPLC-grade water + 0.1 % TFA in ACN (eluent B). The 
gradient was 0-2 min isocratic on 3 % B; 2-10 min linear gradient from 3-22 % B; 10-16 min linear 
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gradient 22-30 % B; 16-21 min linear gradient 30-100 % B; 21-26 min isocratic on 100 % B; 26-
28 min linear gradient 100-3 % B and 28-32 min isocratic on 3 % B. The column was the Acquity 
Premier peptide column BEH C18 2.1 mm *150 mm 300 Å 1.7 µm, thermostated at 30 °C. The 
applied flow was 350 µL/min and the volume injected was 4 µL. 

Electro spray ionisation time of flight mass spectrometry 
The mass spectra were acquired from 50-3000 m/z with the Select Series Cyclic IMS (Waters). 
The machine was operated in Time-of-flight and V-mode without using the ion mobility 
dimension. Ionisation was done with the electrospray ionisation source at capillary voltage of 
2.5 kV and a temperature of 150 °C. The sample cone was operated at 40 V and nitrogen was 
used as desolvation gas (500 °C, 800 L/h) and cone gas (200 L/h). Lock mass data was acquired 
by injection of 50 pg/µL Leucine-Enkephalin at 10 µL/min, at a capillary voltage of 2.7 kV. An 
automatic quadrupole profile was applied. Fragmentation was done in the trap-cell by changing 
the voltage for MS (6 V) into a MSE ramp from 28 V to 56 V.  

Peptide identification 
Peptides were identified using the recently developed guidelines and methodology of Vreeke et 
al. with UNIFI software version 1.8 (Chapter 2). Processing was done semi-specific with a 
specificity of F, Y, W, M, H, L and (fully) a-specific. The semi-specific processing option identified 
peptides that matched chymotrypsin's specificity on at least the N- or C-terminal side, whereas 
the a-specific digest considered potential hydrolysis of all peptide bonds. The a-specific method 
was used in the end for all analyses. The threshold set in peak detection was 1000 counts for MS 
peaks and 250 counts for MS/MS peaks. There was no maximum set to the number of included 
MS and MS/MS signals. The threshold on mass error was 10 ppm for the MS and 20 ppm for 
MS/MS fragments. The requirements on number of MS/MS fragments to include a peptide were 
similar as described in (Chapter 2). The limit of detection (LOD) and limit of annotation (LOA) 
were determined by injection of a concentration series (2.5 mg/L to 5 g/L) of a tryptic α-LA 
hydrolysate. For this mass spectrometer under the applied conditions, the average LOD for a 
peptide was 1.6 · 104 Counts and the average LOA was 2.1 · 105 Counts. Peptides consisting of 
more than 41 amino acids and intact proteins were not detected in the a-specific analysis, and 
therefore obtained from the semi-specific processing result. Adducts and in-source fragments 
that were recognised in UNIFI were excluded from the analysis. In-source fragments that were 
not recognised as such were removed using PeptQuant, an in-house written script in Matlab 
v2018b. Annotations were considered as in-source fragment if the peptide and potential in-
source fragment eluted at the same retention time, the in-source fragment included the same 
sequence as the peptide and the in-source fragment had a lower MS intensity than the peptide. 

Peptide quantification 
Quantification of the peptides was done using the UV absorbance at 214 nm. The UV peak areas 
were integrated in Masslynx software version 4.2 using the parameters as described in Chapter 
2. The areas were converted into absolute peptide concentrations, Cpeptide [µM], using the molar 
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extinction coefficients, predicted based on Kuipers et al. [25] and the calculation of Butré et al. 
(equation 3).  

 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [µM] =  𝐴𝐴214 ∙ 𝑄𝑄
ɛ214 ∙ 𝑙𝑙 ∙ 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(Eq. 3) 

where A214 [μAU min] is the UV peak area at 214 nm, Vinj [μL] is the volume of sample injected, 
Q [μL min-1] is the flow rate, ε214 [L Mol-1 cm-1] the predicted molar extinction coefficient of the 
peptide and l [cm] is the path length of the UV cell, which is 1 cm according to the manufacturer. 
The cell constant, kcell for the UV detector was 0.78 (Chapter 2).  

Completeness of analysis 
The completeness of the peptide identification was evaluated with the amino acid sequence 
coverage and the peptide sequence coverage (equation 4 & 5), the completeness of 
quantification was evaluated with the protein recovery and the molar sequence coverage 
(equation 6 & 7). All these parameters were introduced by Butré et al. [26].  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =  # 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
# 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑛𝑛 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

· 100 % (Eq. 4) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =  # 𝐴𝐴𝐴𝐴 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
# 𝐴𝐴𝐴𝐴 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)+ # 𝐴𝐴𝐴𝐴 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

· 100 %

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 [%] = �
� ∑𝐶𝐶𝑛𝑛

#𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�

𝐶𝐶0
� ∙ 100 %  (Eq. 6) 

where Cn [µM] is the concentration of each individual AA (n) in the protein sequence, and 
#AAprotein is the number of amino acids in the initial protein and C0 [µM] is the initially injected 
protein concentration. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =

⎝

⎛1 −
�

∑(𝐶𝐶𝑛𝑛−𝐶𝐶0)2
(#𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝− 1

𝐶𝐶0

⎠

⎞ · 100 % (Eq. 7) 

where Cn [µM] is the concentration of each individual AA (n) in the protein sequence, C0 [µM] is 
the initially injected protein concentration and #AAprotein is the number of amino acids in the 
initial protein. 

Description of the endpoint hydrolysate with protease specificity and preference  
Protease specificity is defined as the type of amino acid on the carboxylic side next to which the 
enzyme can hydrolyse peptide bonds. In literature, this is typically determined by analysis of the 
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start and end amino acid residues of the peptides formed after hydrolysis. For comparison, this 
was done similarly in this study. However, the specificity does not give any information on the 
probability that cleavage occurred or the extent of hydrolysis. Therefore, protease preference 
was calculated. This was defined as the proportion to which hydrolysis occurs compared to the 
theoretical probability based on the frequency of occurrence of the amino acids (equation 8). 
When a type of amino acid residue has a preference of 1, it is hydrolysed to the same extent as 
expected with the frequency of occurrence. 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 [−] =
�

∑𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
∑𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

� 

(
#𝐴𝐴𝐴𝐴𝑖𝑖

#𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 − 1)
(Eq. 8) 

where Cendpoint,i [µM] is the concentration cleavage site products formed after amino acids of type 
i in the endpoint hydrolysate, Cendpoint,total [µM] is the total amount of cleavage site products 
formed in the endpoint hydrolysate, #AAi is the frequency of occurrence of amino acid residues 
of type i in the sequence of the substrate, except the C-terminal amino acid. The #AAtot is the 
total number of amino acid residues in the sequence.  

The concentration of cleavage site products Ct,j for cleavage site j at timepoint t was derived 
from the peptide concentrations (equation 9). 

𝐶𝐶𝑡𝑡,𝑗𝑗[µ𝑀𝑀] =  ∑�𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝[𝑥𝑥 − 𝑦𝑦] | 𝑗𝑗 = 𝑥𝑥 − 1 ∪ 𝑗𝑗 = 𝑦𝑦� (Eq. 9) 

where Ct,j [µM] equals the sum of all peptide concentrations (Cpeptide) with sequence x-y, which 
are released after amino acid j or which end by amino acid j.  

Determination of the hydrolysis rate constants 
For each cleavage site, the formation of cleavages site products in time was fitted using second 
order reaction kinetics (equation 10) and the sequential (second order) reaction kinetics 
(equation 11). 

𝐶𝐶𝑗𝑗,𝑡𝑡[µ𝑀𝑀] = 2(𝐶𝐶0 − 𝐶𝐶0 /(1 + 𝑘𝑘𝑗𝑗,𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑡𝑡 × 𝐶𝐶0)) (Eq. 10) 

𝐶𝐶𝑗𝑗,𝑡𝑡[µ𝑀𝑀] = 2(𝐶𝐶0 −
𝐶𝐶0×� 𝑘𝑘2

𝑘𝑘2−𝑘𝑘1
�

1+𝐶𝐶0×𝑘𝑘1×𝑡𝑡
+

𝐶𝐶0×� 𝑘𝑘1
𝑘𝑘1−𝑘𝑘2

�

1+𝐶𝐶0×𝑘𝑘2×𝑡𝑡
)  (Eq. 11) 

where Cj,t [µM] is the concentration cleavage site products for cleavage site j at timepoint t, C0 

[µM] is the (expected) protein concentration and kj,app [s-1] is the apparent hydrolysis rate 
constant for cleavage site j. Both the C0 value and the apparent hydrolysis rate constant were 
fitted. The C0

 was fitted because for some cleavage sites the experimental plateau value was 
lower than C0. If in these cases the theoretical C0 would be used, the kj,app would be 
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underestimated. For some cleavage sites, product formation started in a later stage of the 
hydrolysis and the data could better be described by sequential kinetics. The k2 of the sequential 
fit was used when the R2 improved by 0.10 in comparison with the regular second order fit and 
the R2 of the sequential fit was > 0.50. 

The apparent hydrolysis rate constants k, or in case of sequential kinetics k2, were divided 
by the mass of enzyme used in mg (equation 12) and used to calculate the selectivity (equation 
13). Cleavage sites were excluded in the selectivity analysis when cleavage site products were 
observed in (only) one timepoint, in only one of the duplicates hydrolyses or at concentrations 
below 1 µM. 

𝑘𝑘𝑖𝑖 [𝑠𝑠−1𝑚𝑚𝑚𝑚−1] = 𝑘𝑘𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝐸𝐸

(Eq. 12) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 [%] =  𝑘𝑘𝑖𝑖×𝐶𝐶0
∑(𝑘𝑘𝑖𝑖×𝐶𝐶0) 

× 100%  (Eq. 13) 

where ki,app [s-1] is the apparent hydrolysis rate constant calculated with the second order, or 
sequential order fit, mE is the mass of enzyme in mg. The C0 [µM] was derived from the fit. 

Clustering of cleavage sites and subsite analysis 
The cleavages sites were manually clustered into high selectivity sites (HSS), intermediate 
selectivity sites (ISS), low selectivity sites (LSS) and no hydrolysis (NH) by analysis of the cleavage 
site product formation in time. HSS cleavage sites showed formation of > 50 µM of cleavage site 
products within 3 minutes of hydrolysis. ISS cleavage sites formed > 50 µM of cleavage site 
products, but not within 3 minutes of hydrolysis. LSS showed product formation in multiple 
timepoints but at concentrations < 50 µM. Cleavages sites were categorised as no hydrolysis 
when product formation was < 1 µM, or only observed in one of the duplicates or at only one of 
the timepoints. After clustering, the amino acids in the P4-P4’ position of the cleavage sites were 
analysed in relation to their relative occurrence to the four selectivity clusters. It was taken into 
consideration that the number of cleavage sites in each cluster was different and whether the 
amino acid in the P1 position was preferred or not. For each rule, it was also tested how often 
the inverse was correct. To have as many observations as possible the separate analyses of α-
LA, β-LG and β-cas were combined. 

Results & Discussion 
Description of the hydrolysis 
Based on the frequency of occurrence of the aromatic residues (F, Y, W) a DHmax was expected 
of 9.8 % for α-LA, 6.2 % for β-LG and 6.7 % for β-cas, respectively. Hydrolysis of 1% α-LA, β-LG 
and β-cas with chymotrypsin reached degree of hydrolysis values of 6.5 ±0.1 %, 8.7 ±0 % and 5.7 
±0.4% at an E:S ratio of 1:100. These values did neither match with the DHmax values expected 
based on aromatic residues, nor with the order of the DHmax values of the substrates. The 



THE PATH OF PROTEOLYSIS BY BOVINE CHYMOTRYPSIN

85 

4 

assumed preference and amino acid composition did not solely explain the observed degree of 
hydrolyses. To confirm that the degree of hydrolysis reached was the absolute maximum, the 
experiment was repeated at higher E:S ratio (1:25). For all substrates a significant increase in 
DHmax was observed, to 8.4 ±0.3 %, 10.9 ±0.1 % and 8.2 ±0.3 %, respectively (Figure 4.2). For 
chymotrypsin, the increase in DHmax, exp with increasing E:S ratio was previously also reported at 
hydrolysis of α-LA at low (0.1% w/v) substrate concentration [19]. Similar shifts in DHmax were 
also observed for trypsin [19], and pepsin [29] and suggested to be the result of the formation 
of inhibitory peptides [19, 30]. Further experiments on peptide release were all done using the 
samples at an E:S ratio of 1:25, to minimise the effect of inhibition. The turnover rate of 
chymotrypsin was slightly higher for β-LG (28 ±1 mM s-1 mM-1) than for β-cas and α-LA (17 ±0 
and 20 ±4 mM s-1 mM-1, respectively). This gave a first impression that the activity of 
chymotrypsin is not affected by protein structure. The turnover rate was in line with the activity 
provided by the supplier (≥17 mM s-1 mM-1). During the hydrolysis, samples were taken at 
different time points to determine the peptides present and their concentrations.  

Figure 4.2. Degree of hydrolysis in time for 1% α-LA ( ), β-LG ( ) and β-cas ( ) with bovine chymotrypsin 
at an E:S ratio of 1:25. 

Peptide identification 
Peptide identification was performed with semi-specific and a-specific data-processing in UNIFI, 
to check for possible differences between both processing options. Almost all peptides in the 
semi-specific processing were also identified with a-specific processing. One peptide sequence 
was identified with semi-specific processing, which exceeded the maximum length for a-specific 
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processing (α-LA 61-104). The a-specific processing yielded a few fully a-specific peptides as for 
instance β-LG 71-76 (K)IIAEKT (confirmed with 6 MS/MS fragments). The corresponding m/z 
value was assigned to β-LG 1-6 LIVTQT (3 MS/MS fragments) with semi-specific processing. For 
this example, the a-specific annotation was clearly a better match to the MS/MS spectrum. The 
a-specific analysis yielded  1̴0 % of in-source fragments that were not correctly recognised as
such by the software, but were annotated as unique peptide. All these annotations were
removed automatically in further analyses, based on sequence and retention time. In the
endpoint hydrolysate of β-LG, the 61 unique peptides were identified in three replicate
injections. Each replicate contained on average 54±2 peptides. Of the 61 unique entries, 82 %
had a MS intensity above the average limit of annotation and 80% was identified in all three
replicates. In total, the hydrolysates of α-LA, β-LG and β-cas consisted of 78, 169 and 141
peptides, respectively, in the various time points.

Peptide quantification 
All peptides were quantified based on UV absorbance and their predicted molar extinction 
coefficient. On average,  9̴4 ±1 % of the UV peak area present in the α-LA chromatograms was 
assigned to annotated peptides. For β-LG and β-cas, these values were lower, 84 ±3 % and 73 
±7 %, respectively. The peptide concentrations during hydrolysis varied between 0.06 µM to 304 
µM, with an average relative standard deviation of 5.7 % on individual peptide concentrations.  

Evaluation of completeness of analysis 
The identified peptides of α-LA covered the amino acid sequence for 100 %, for all time points. 
The amino acid sequence coverages for β-LG and β-cas were on average 97 ±5% and 90 ±8%, 
respectively (Table 4.3). Parts of the protein sequence that were not covered by peptides were 
for example, sequence 106-122 of β-LG and sequence 7-42 for β-cas. The chromatograms were 
investigated manually with extracted ion chromatograms for the expected masses, but this did 
not lead to the identification of these sequences. The average peptide sequence coverages 
obtained were 96 ±2 % for α-LA, 92 ±5 % for β-LG and 86 ±5 % for β-cas hydrolysates. These 
coverages were similar to those reported previously for tryptic hydrolysates of the same 
substrates (Chapter 2). For α-LA, the average amino acid concentration in a certain position on 
the sequence was 94 ±10 % of the injected protein concentration. This resulted in a molar 
sequence coverage of 80 ±7 %. For β-LG and β-cas, the average retrieved amino acid 
concentrations were lower than the injected concentrations, resulting in (average) protein 
recoveries of 82 ±14 % for β-LG and 71 ±13 % for β-cas. As a result, the molar sequence coverages 
were also lower than observed in the past. For β-LG, this was mainly due to low coverage of 
sequence region 106-122. For β-cas, sequence region 194-209 was quantified   ̴2x the expected 
concentration, while other part of the sequence were quantified below the injected (protein) 
concentration. 
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Table 4.3. Amino acid sequence coverages, peptide sequence coverages, protein recoveries and molar 
sequence coverages for the chymotrypsin hydrolysates of α-LA, β-LG and β-cas. 

α-LA β-LG β-cas 

Average + 
stdev [%] 

Min-Max 
[%-%] 

Average + 
stdev [%] 

Min-Max 
[%-%] 

Average + 
stdev [%] 

Min-Max 
[%-%] 

Amino acid sequence 
coverage (%) 

100 ±0 100  97 ±5 86 - 100 90 ±8 83 - 100 

Peptide sequence 
coverage (%) 

96 ±2 92 - 99  92 ±5 80 - 98 86 ±5 79 - 95 

Protein recovery (%) 94 ±10 70 - 110 82 ±14 58 - 111 71 ±13 55 - 105 

Molar sequence 
coverages (%) 

80 ±7 65 - 89 63 ±14 36 - 81 34 ±14 9 - 62 

Chymotrypsin’s specificity and preference 
The specificity of chymotrypsin was determined based on the peptides present in the endpoint 
hydrolysates. Peptides were released by hydrolysis of α-LA peptide bonds after the aromatic 
amino acids (phenylalanine, tyrosine and tryptophan) but also after asparagine, glutamic acid, 
leucine, lysine, histidine, methionine, serine, threonine, and valine residues. Besides these 
amino acids, hydrolysis of β-LG showed peptides released after alanine, aspartic acid, cysteine, 
glutamine, isoleucine and proline. Based on these observations, chymotrypsin could better be 
classified as a-specific protease than as specific protease. Within the broad specificity, 
chymotrypsin showed a preference to hydrolyse cleavage sites with phenylalanine, tryptophan 
and tyrosine in the P1 position. To describe this preference quantitatively, the amount of 
product released after a certain AA was compared to the amount that one would expect for 
completely random enzymatic hydrolysis (all AA similarly preferred). For phenylalanine, 5.2 
(±2.0) times more hydrolysis products were released than one would expect based on the 
presence of phenylalanine in the sequences of α-LA, β-LG and β-cas (Figure 4.3). Tryptophan 
and tyrosine had preference values of 4.5 ±2.2 and 8.0 ±1.8. Other amino acids that were 
preferred by chymotrypsin in the P1 position were methionine and leucine with preferences of 
3.3 ±0.2 and 2.7 ±0.5. The residues histidine, lysine, glutamine and asparagine had a preference 
around 1, but the individual preference values for each substrate varied substantially (e.g. 
hydrolysis of these residues was not observed for all substrates.) The order of the preference 
values matched reported preferences in literature (Table 4.1). In order to see whether cleavage 
sites with similar amino acid in the P1 position, were hydrolysed at similar rate, the kinetics of 
each individual cleavage site had to be determined.  
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Figure 4.3. Preference of chymotrypsin for the amino acid residue in the P1 position. The average and 
standard deviation are shown of the preference values determined against α-LA, β-LG and β-cas. 

Figure 4.4. The absolute concentration in time of a few α-LA peptides to illustrate peptide formation and 
degradation by chymotrypsin. 

Hydrolysis rate kinetics of individual cleavage sites 
By analysis of the peptides and their concentrations at various timepoints (Figure 4.4), the 
hydrolysis rate constants were calculated for each individual cleavage site. A few cleavage sites 
in α-LA (F9, F31, and W104) and β-cas (W143, L163 and F190) were hydrolysed extremely fast. 
For these, >90 % of the cleavage site was hydrolysed in the 30 s-1 hydrolysate sample. As a result, 
all intact proteins were hydrolysed at 90 s-1 for α-LA and at 30 s-1 for β-cas. The degree of 
hydrolysis calculated from the peptide composition was for the first time points higher than the 
degree of hydrolysis based on pH-stat. Theoretically, both should be similar. A possible 
explanation is that after inactivation, hydrolysis of these cleavage sites continued. Possibly, 
chymotrypsin had a higher affinity towards these few peptide bonds in α-LA and β-cas than 
towards the inhibitor (aprotinin). Another hypothesis could be that the enzyme-aprotinin 
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complex dissociated (partly) during sample preparation for LC-MS, leading to a continuation of 
the hydrolysis of these sites. The fast depletion of intact protein was also observed in a previous 
study for α-LA hydrolysed with chymotrypsin [19]. Another study also observed that F31 and 
W104 in α-LA were hydrolysed relatively early by chymotrypsin compared to other cleavage sites 
[31].  

Figure 4.5. Release of cleavage site products in time for Y50 (A), H68 (B), L96 (C) and V42 (D) upon 
chymotrypsin hydrolysis of α-LA. The examples illustrating cleavage sites in the HSS cluster (A), ISS cluster 
(B), LSS cluster (C) and NH cluster (D). Markers are experimental data, lines are from second-order fit (A,B) 
and sequential second-order fit (C). 

For β-cas, it has been reported that certain peptide bonds have to be hydrolysed first (de-
masked) by chymotrypsin before remaining cleavage sites become accessible [16]. For the 
cleavage sites, the data were best described by fitting the hydrolysis rate constant and C0 as 
variables, since in many cases the maximum concentration (µM) reached was lower than the 
initial protein concentration. Several cleavage sites were hydrolysed from the start of the 
incubation and were fully hydrolysed within a few minutes (Figure 4.5A). For these high 
selectivity sites (HSS), hydrolysis is efficient and seems independent of the hydrolysis of other 
peptide bonds. For intermediate selectivity sites (ISS), cleavage site products were released from 
the start of the hydrolysis and no clear plateau concentration was reached within 3 hours (Figure 
4.5B), indicating a much lower rate of hydrolysis by chymotrypsin. For some cleavage sites, the 
hydrolysis products were not observed in the first few timepoints, but started to release at a 
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later stage of the hydrolysis (Figure 4.5C). After the lag time the release of cleavage site products 
increased to substantial concentrations. It seems that the hydrolysis of these cleavage sites is 
efficient, but requires other peptide bonds to be hydrolysed in advance (de-masking). For these 
cleavage sites, the sequential kinetics did better describe the data than the normal second order 
kinetics. For all hydrolysed and non-hydrolysed cleavage sites, the amino acids in the P4-P4’ 
positions were analysed to evaluate whether the primary structure can be used to predict the 
hydrolysis efficiency of a peptide bond during proteolysis. 

Chymotrypsin selectivity and the effect of the P1 position 
Analysis of the hydrolysis rate constant of each cleavage site showed differences in the rate of 
hydrolysis of bonds with similar amino acid in the P1 position (Figure 4.6-4.8). For example, 
some cleavage sites with phenylalanine (F) in the P1 position in β-cas were not hydrolysed (F33, 
F87, F157 and F205), and some at slow rate, (9 ±1 ·10-4 s-1 · mg-1 

enzyme ; F52) up to a hydrolysis 
rate of 8.3 s-1 · mg-1 

enzyme (F190). Furthermore, it was observed that cleavage sites with non-
aromatic amino acids could be HSS. This was for example the case for cleavage sites H32 and 
M90 in α-LA and D98 and A139 in β-LG (Annex 4.1). 

Figure 4.6. Selectivity (%) of chymotrypsin for hydrolysed cleavage sites of α-LA, plotted on logarithmic 
scale. 
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Figure 4.7. Selectivity (%) of chymotrypsin for hydrolysed cleavage sites of β-LG, plotted on logarithmic 
scale. 

Figure 4.8 Selectivity (%) of chymotrypsin for hydrolysed cleavage sites of β-cas, plotted on logarithmic 
scale. 

In order to predict the extent of hydrolysis, it should be considered how often cleavages 
sites with a certain AA in the P1 position are hydrolysed. For the cleavage sites in α-LA, β-LG and 
β-cas with phenylalanine, tyrosine or tryptophan in the P1 position, hydrolysis was observed for 
28 out of 36 occurrences (Figure 4.9). For methionine, chymotrypsin hydrolysed 8 out of 11 
occurrences, despite the absence of an aromatic ring. Leucine was hydrolysed less frequently 
(49 %) and at relatively slower hydrolysis rates than the other preferred residues. This suggests 
that leucine is less attractive for chymotrypsin to be positioned in the S1 binding pocket, or, that 
the effect of surrounding amino acids seem more dominant than for phenylalanine, tyrosine, 
tryptophan and methionine. Cleavage sites with non-preferred amino acids were hydrolysed, 
but only in less than 30 % of the occurrences and at hydrolysis rates < 1·103 s-1. Possibly, the low 
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hydrolysis rates of cleavage sites with preferred amino acids in the P1 position could be 
explained by amino acids neighbouring the P1 position (secondary specificity).  

Figure 4.9. Occurrence (%/%) of cleavage sites of α-LA, β-LG and β-cas within the clusters containing the 
high selectivity sites (HSS) ( ), intermediate selectivity sites (ISS) ( ), low selectivity sites (LSS) ( ) or not 
hydrolysed (NH) ( ), categorised based on the amino acid in the P1 position.  

The effect of neighbouring amino acids: Proline 
Literature suggested that proline could hinder chymotrypsin hydrolysis when present around 
the cleavage site. In the sequences of α-LA, β-LG and β-cas, proline was present in each binding 
site position 45 times. The cleavage sites with proline in the position P4, P2, P3’ and P4’ were 
similarly distributed in the HSS/ISS/LSS/NH clusters as one would expect based on the relative 
number of cleavage sites in each cluster (Table 4.4). Therefore, a proline in these positions does 
not seem to influence the hydrolysis rate. On the contrary, a proline in the P3 position did never 
yield a cleavage site in HSS or ISS, despite that for 7 of these cleavage sites, a preferred amino 
acid was in the P1 position. For cleavage sites with a proline in the P1’ and P2’ positions, 1 and 
2 cleavage sites were respectively clustered as HSS. This was also 2.5 times and 5 times less than 
expected. Cleavage sites that had a phenylalanine, tyrosine, tryptophan or methionine in the P1 
position and that were classified as LSS or NH (11 occurrences), 8 had a proline in the P3, P1’ or 
P2’ position. For leucine, 10 out of 29 cleavage sites in LSS or NH had a proline in the P3, P1’ or 
P2’ position. The proline rule explained 73 % of the missed cleavages for phenylalanine, tyrosine, 
tryptophan and methionine, but only 34 % of the missed cleavages for leucine. 
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Table 4.4. Clustering of cleavage sites with proline at different positions of the cleavage site. 
P4 P3 P2 P1 P1' P2' P3' P4' Total for all 

cleavages sites 
Occurrence P in position 45 45 45 45 45 45 45 45 
Occurrence with FYWML 
in the P1 position 

7 7 13 0 16 8 12 9 

Occurence of a cleavage 
site in a cluster, when 
proline occurs in that 
respective position. 

HSS 6 0 9 0 2 1 8 7 59 
ISS 2 0 4 0 2 2 4 3 29 
LSS 2 1 2 2 0 1 2 3 35 
NH 35 44 30 43 41 41 31 32 375 

Proline in position, 
observed / expected1  

HSS 1.1 0.0 1.7 0.0 0.4 0.2 1.5 1.3 
ISS 0.8 0.0 1.5 0.0 0.8 0.8 1.5 1.1 
LSS 0.6 0.3 0.6 0.6 0.0 0.3 0.6 0.9 
NH 1.0 1.3 0.9 1.3 1.2 1.2 0.9 0.9 

1 The ratio observed/expected was calculated by dividing the number of cleavage sites in a specific 
cluster with proline in a certain position by the expected number of cleavage sites for that category 
based on the distribution of all cleavage sites. 

The effect of neighbouring amino acids: Charged amino acids 
 A study from Hedstrom suggested that a lysine or arginine residue in the P1’ position would 
enhance hydrolysis. A lysine or arginine in the P1’ occurred 46 times, of which 9 in combination 
with a preferred AA residue in the P1 position. Of the 46 cleavage sites with a positive residue 
in the P1’ position, 10 were HSS, 6 were ISS, 11 were LSS and 19 were not hydrolysed (Table 4.5). 
The number of cleavage sites in the respective clusters were 1.8x (HSS), 2.2x (ISS), 3.4x (LSS) 
more than expected. The trend as described by Hedstrom was confirmed, but was not as 
dominant as the observations with proline. A study from Keil suggested that a (positively or 
negatively) charged residue in the P2 position would hinder hydrolysis. Out of the 115 
occurrences, of which 22 with a preferred residue in the P1 position, 9 cleavage sites were 
classified as HSS and 6 as ISS. The occurrences were respectively 0.7 and 0.9 times the expected 
number of cleavage site in HSS and ISS and thereby within the expectation. The effect of charged 
amino acid residues on the P1’ position and P2 position were not the main reason behind low 
hydrolysis rates. 

The effect of neighbouring amino acids: Size and hydrophobicity 
For the P3 position, the large residues alanine and arginine would fit best according to the QSAR 
model of Schellenberger. Cleavage sites with these residues in the P3 position were 1.7 and 1.1 
times the expectation in HSS and ISS, respectively. These values were not significantly different 
from the values in other positions, considering the number of observations. Previous studies 
described for the P2 position a good fit when either the residues leucine and valine, or, (other) 
hydrophobic residues were in the P2 position. From our dataset, both did not show considerable 
effects. Although these observations were done with synthetic substrates, their effect in 
proteolysis seems minor.  
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Table 4.5. Clustering of cleavage sites with charged residues at different positions of the cleavage site. 
P4 P3 P2 P1 P1' P2' P3' P4' 

Occurence K or R in position 45 45 46 46 46 45 45 45 

Occurence with FYWML in P1 position 
6 18 9 0 9 9 8 12 

Occurence K, R, E or D in position 113 114 115 115 115 113 112 112 

Occurence with FYWML in P1 21 39 22 0 23 25 23 28 

K of R in position, cleavage site in 

HSS 2 8 5 3 10 7 6 9 

ISS 1 6 3 2 6 5 3 3 

LSS 5 3 4 6 11 5 5 1 

NH 37 28 35 35 19 28 31 32 

K of R in position, expected/observed 

HSS 0.4 1.5 0.9 0.6 1.8 1.3 1.1 1.7 

ISS 0.4 2.3 1.1 0.7 2.2 1.9 1.1 1.1 

LSS 1.6 0.9 1.2 1.9 3.4 1.6 1.6 0.3 

NH 1.1 0.8 1.0 1.0 0.5 0.8 0.9 0.9 

K,R,D,E in position, cleavage site in 

HSS 5 17 9 4 15 11 16 15 

ISS 4 13 6 2 8 8 5 7 

LSS 9 5 7 12 18 8 8 6 

NH 95 80 94 97 75 86 83 84 

K, R, D, E in position, expected/observed 

HSS 0.4 1.2 0.7 0.3 1.1 0.8 1.2 1.1 

ISS 0.6 1.9 0.9 0.3 1.2 1.2 0.8 1.1 

LSS 1.1 0.6 0.9 1.5 2.2 1.0 1.0 0.8 

NH 1.1 0.9 1.1 1.1 0.9 1.0 1.0 1.0 
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Conclusion 
In this study, the aim was to describe the path of hydrolysis with chymotrypsin. Digestion 
kinetics for individual cleavage sites allowed us to relate subsite composition with 
chymotrypsin’s activity. Although chymotrypsin is generally considered to have a specificity for 
aromatic and hydrophobic residues, this study showed that it is able to hydrolyse peptide bonds 
after almost all amino acid residues. A preference was observed for phenylalanine, tyrosine, 
tryptophan and methionine (hydrolysed in 78 % of the cleavage sites) and to a lower extent 
leucine (hydrolysed in 49 % of the cleavage sites). For cleavage sites with these preferred amino 
acids in the P1 position, still a substantial number of cleavage sites were not hydrolysed. The 
negative effect of proline around the cleavage site was found to be position dependent. A 
proline residue in the P3, P1’ or P2’ position hindered chymotrypsin hydrolysis, whereas a 
proline in other positions had no effect. Hindrance by proline explained 45 % of the missed-
cleavages for cleavage sites within the preference. Charge or hydrophobic amino acids as 
neighbouring amino acids in the cleavage sites did not show major effects. The approach taken 
gave fundamental insight in chymotrypsin and is promising to apply to other digestive or novel 
(commercial) proteases. 
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Annex 4.1 Hydrolysis rate constants and selectivity of bovine chymotrypsin against cleavage sites 
hydrolysed  in α-LA, β-LG and β-cas, clustered in HSS/ISS/LSS. 

Cluster Protein CS K * C0 K * C0 
stdev 

Sel. [%] Sel. 
stdev 

P4 P3 P2 P1 P1' P2' P3' P4' 

HSS α-LA F9 4.0E+03 6E+03 2.3E+01 3E+01 C E V F R E L K 
HSS α-LA L12 6.7E-04 4E-04 3.0E-06 1E-06 F R E L K D L K 
HSS α-LA F31 6.3E+03 6E+03 2.7E+01 2E+01 C T T F H T S G 
HSS α-LA H32 2.4E-03 2E-03 1.1E-05 6E-06 T T F H T S G Y 
HSS α-LA Y36 1.3E-03 2E-03 5.1E-06 6E-06 T S G Y D T Q A 
HSS α-LA Y50 7.2E-02 6E-02 3.1E-04 2E-04 S T E Y G L F Q 
HSS α-LA F53 1.3E-01 9E-02 5.6E-04 3E-04 Y G L F Q I N N 
HSS α-LA W60 2.2E-01 1E-01 1.0E-03 3E-04 N K I W C K D D 
HSS α-LA M90 1.1E-01 1E-01 4.9E-04 4E-04 D D I M C V K K 
HSS α-LA Y103 9.5E-04 8E-04 4.1E-06 3E-06 G I N Y W L A H 
HSS α-LA W104 1.1E+04 5E+03 5.0E+01 1E+01 I N Y W L A H K 
HSS α-LA L110 1.8E-01 2E-01 7.5E-04 7E-04 H K A L C S E K 
ISS α-LA L3 1.4E-05 2E-05 7.9E-08 1E-07 E Q L T K C E 
ISS α-LA L15 9.0E-05 1E-04 3.8E-07 4E-07 L K D L K G Y G 
ISS α-LA Y18 1.0E-03 6E-04 4.5E-06 2E-06 L K G Y G G V S 
ISS α-LA H68 3.4E-05 2E-05 1.5E-07 6E-08 Q N P H S S N I 
ISS α-LA L105 5.3E-05 3E-05 2.4E-07 8E-08 N Y W L A H K A 
ISS α-LA K108 6.2E-05 6E-05 3.4E-07 4E-07 L A H K A L C S 
ISS α-LA W118 2.0E-04 1E-04 8.9E-07 3E-07 L D Q W L C E K 
ISS α-LA L119 8.6E-06 6E-06 4.6E-08 4E-08 D Q W L C E K L 
LSS α-LA T4 2.4E-06 1E-06 1.1E-08 3E-09 E Q L T K C E V 
LSS α-LA K13 3.0E-06 2E-06 1.4E-08 4E-09 R E L K D L K G 
LSS α-LA S22 2.8E-06 2E-06 1.2E-08 5E-09 G G V S L P E W 
LSS α-LA T29 6.7E-06 4E-06 3.0E-08 1E-08 W V C T T F H T 
LSS α-LA T33 2.8E-06 2E-06 1.2E-08 5E-09 T F H T S G Y D 
LSS α-LA N56 2.6E-06 2E-06 1.1E-08 4E-09 F Q I N N K I W 
LSS α-LA N57 4.0E-06 2E-06 1.8E-08 4E-09 Q I N N K I W C 
LSS α-LA V92 1.1E-06 2E-06 6.3E-09 9E-09 I M C V K K I L 
LSS α-LA K93 8.9E-06 5E-06 4.0E-08 1E-08 M C V K K I L D 
LSS α-LA K94 2.6E-06 2E-06 1.1E-08 6E-09 C V K K I L D K 
LSS α-LA L96 6.7E-06 4E-06 3.0E-08 9E-09 K K I L D K V G 
LSS α-LA H107 1.4E-05 8E-06 6.1E-08 2E-08 W L A H K A L C 
LSS α-LA L115 6.8E-06 9E-07 3.2E-08 4E-09 S E K L D Q W L 
LSS α-LA E121 9.5E-05 1E-04 5.5E-07 8E-07 W L C E K L 
HSS β-LG  Q5 3.7E-03 1E-03 4.2E-01 6E-01 I V T Q T M K G 
HSS β-LG  M7 1.8E-02 9E-04 2.4E+00 3E+00 T Q T M K G L D 
HSS β-LG  L10 2.0E-03 2E-03 7.8E-02 1E-01 M K G L D I Q K 
HSS β-LG  W19 1.5E-03 5E-04 1.6E-01 2E-01 A G T W Y S L A 
HSS β-LG  Y20 2.3E-01 3E-02 3.5E+01 5E+01 G T W Y S L A M 
HSS β-LG  L32 3.2E-03 2E-03 2.9E-01 4E-01 I S L L D A Q S 
HSS β-LG  L39 1.7E-02 2E-02 6.9E-01 1E+00 S A P L R V Y V 
HSS β-LG  Y42 2.0E-02 4E-03 3.2E+00 5E+00 L R V Y V E E L 
HSS β-LG  Q59 2.6E-03 0E+00 3.7E-01 5E-01 I L L Q K W E N 
HSS β-LG  W61 1.4E-01 2E-01 1.7E+00 2E+00 L Q K W E N X E 
HSS β-LG  F82 2.9E-02 6E-03 4.6E+00 7E+00 P A V F K I D A 
HSS β-LG  L93 3.5E-03 3E-04 5.2E-01 7E-01 N K V L V L D T 
HSS β-LG  D98 1.6E-03 1E-03 8.2E-02 1E-01 L D T D Y K K Y 
HSS β-LG  Y99 6.3E-04 3E-04 6.2E-02 9E-02 D T D Y K K Y L 
HSS β-LG  Y102 1.5E-02 3E-04 2.1E+00 3E+00 Y K K Y L L F C 
HSS β-LG  F105 1.3E-02 6E-03 2.4E+00 3E+00 Y L L F C M E N 
HSS β-LG  L122 1.6E-02 2E-03 2.5E+00 4E+00 C Q C L V R T P 
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Cluster Protein CS K * C0 K * C0 
stdev 

Sel. [%] Sel. 
stdev 

P4 P3 P2 P1 P1' P2' P3' P4' 

HSS β-LG  F136 5.2E-04 2E-04 4.9E-02 7E-02 L E K F D K A L 
HSS β-LG  A139 1.5E-03 1E-03 3.5E-01 5E-01 F D K A L K A L 
HSS β-LG  L140 4.3E-03 5E-04 5.5E-01 8E-01 D K A L K A L P 
HSS β-LG  M145 6.4E-02 9E-03 9.9E+00 1E+01 A L P M H I R L 
HSS β-LG  L149 1.1E-02 2E-03 1.7E+00 2E+00 H I R L S F N P 
ISS β-LG  L1 1.6E-04 8E-05 1.4E-02 2E-02 L I V T Q 
ISS β-LG  I12 4.6E-04 4E-05 6.0E-02 9E-02 G L D I Q K V A 
ISS β-LG  Q13 8.3E-05 5E-05 6.4E-03 9E-03 L D I Q K V A G 
ISS β-LG  S21 4.6E-04 4E-05 6.0E-02 9E-02 T W Y S L A M A 
ISS β-LG  L22 2.0E-04 2E-04 4.5E-02 6E-02 W Y S L A M A A 
ISS β-LG  M24 7.2E-05 5E-05 4.7E-03 7E-03 S L A M A A S D 
ISS β-LG  L57 4.3E-04 2E-04 4.2E-02 6E-02 L E I L L Q K W 
ISS β-LG  L58 4.1E-04 3E-04 2.8E-02 4E-02 E I L L Q K W E 
ISS β-LG  I71 4.5E-05 3E-05 9.2E-03 1E-02 Q K K I I A E K 
ISS β-LG  T76 5.7E-05 2E-05 6.0E-03 8E-03 A E K T K I P A 
ISS β-LG  F151 1.4E-04 2E-04 3.9E-02 6E-02 R L S F N P T Q 
LSS β-LG  D11 5.7E-05 1E-05 9.4E-03 1E-02 K G L D I Q K V 
LSS β-LG  A16 2.5E-05 3E-05 5.9E-04 8E-04 Q K V A G T W Y 
LSS β-LG  A23 4.3E-06 1E-06 5.0E-04 7E-04 Y S L A M A A S 
LSS β-LG  L31 5.5E-06 1E-07 7.9E-04 1E-03 D I S L L D A Q 
LSS β-LG  P38 9.8E-05 8E-05 5.3E-03 8E-03 Q S A P L R V Y 
LSS β-LG  Q68 2.3E-05 2E-05 5.5E-03 8E-03 E C A Q K K I I 
LSS β-LG  K69 1.9E-05 7E-06 3.5E-03 5E-03 C A Q K K I I A 
LSS β-LG  K70 7.1E-05 3E-05 1.3E-02 2E-02 A Q K K I I A E 
LSS β-LG  E74 6.9E-06 2E-06 1.2E-03 2E-03 I I A E K T K I 
LSS β-LG  A80 1.6E-03 1E-03 3.3E-01 5E-01 K I P A V F K I 
LSS β-LG  N90 2.7E-05 2E-05 2.2E-03 3E-03 L N E N K V L V 
LSS β-LG  X118 7.2E-06 2E-06 8.6E-04 1E-03 Q S L X C Q C L 
LSS β-LG  L156 5.6E-05 1E-05 9.2E-03 1E-02 P T Q L E E Q C 
HSS β-cas L6 6.0E+02 9E+02 1.2E+00 2E+00 L E E L N V P G 
HSS β-cas K28 1.0E-03 9E-04 1.6E-06 2E-06 R I N K K I E K 
HSS β-cas F52 2.5E-01 1E-02 2.6E-04 4E-04 I H P F A Q T Q 
HSS β-cas Q56 3.6E-03 1E-03 4.6E-06 6E-06 A Q T Q S L V Y 
HSS β-cas L58 4.2E-03 2E-03 5.3E-06 7E-06 T Q S L V Y P F 
HSS β-cas N68 1.6E-03 9E-04 2.2E-06 3E-06 P I P N S L P Q 
HSS β-cas L70 4.3E-03 3E-03 6.4E-06 9E-06 P N S L P Q N I 
HSS β-cas Q72 9.6E-04 8E-04 1.5E-06 2E-06 S L P Q N I P P 
HSS β-cas M93 1.8E-02 1E-03 1.7E-05 2E-05 P E V M G V S K 
HSS β-cas M102 7.5E-04 5E-04 1.1E-06 2E-06 K E A M A P K H 
HSS β-cas K105 1.9E-03 2E-03 3.2E-06 4E-06 M A P K H K E M 
HSS β-cas L125 8.8E-01 1E-01 9.9E-04 1E-03 S Q S L T L T D 
HSS β-cas L133 2.6E-03 1E-03 3.3E-06 5E-06 V E N L H L P L 
HSS β-cas L139 5.0E-03 4E-04 5.3E-06 7E-06 P L P L L Q S W 
HSS β-cas W143 1.7E+04 3E+03 2.0E+01 3E+01 L Q S W M H Q P 
HSS β-cas M144 3.2E-04 4E-04 6.0E-07 8E-07 Q S W M H Q P H 
HSS β-cas L163 7.0E+03 7E+03 1.2E+01 2E+01 Q S V L S L S Q 
HSS β-cas L165 2.2E-02 7E-03 2.7E-05 4E-05 V L S L S Q S K 
HSS β-cas K169 1.1E-03 1E-03 1.9E-06 3E-06 S Q S K V L P V 
HSS β-cas Q175 3.5E-02 1E-02 4.4E-05 6E-05 P V P Q K A V P 
HSS β-cas Y180 1.8E-03 2E-03 3.1E-06 4E-06 A V P Y P Q R D 
HSS β-cas F190 5.6E+03 3E+03 7.5E+00 1E+01 I Q A F L L Y Q 
HSS β-cas L191 3.4E+03 7E+02 2.9E+00 4E+00 Q A F L L Y Q E 
HSS β-cas L192 5.6E-03 1E-03 4.7E-06 6E-06 A F L L Y Q E P 
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Cluster Protein CS K * C0 K * C0 
stdev 

Sel. [%] Sel. 
stdev 

P4 P3 P2 P1 P1' P2' P3' P4' 

HSS β-cas Y193 8.6E-03 3E-03 6.5E-06 9E-06 F L L Y Q E P V 
ISS β-cas N27 2.5E-04 3E-04 4.4E-07 6E-07 T R I N K K I E 
ISS β-cas Y60 5.4E-04 8E-04 1.1E-06 2E-06 S L V Y P F P G 
ISS β-cas K99 6.4E-04 6E-04 1.0E-06 1E-06 S K V K E A M A 
ISS β-cas A101 2.9E-04 3E-04 5.1E-07 7E-07 V K E A M A P K 
ISS β-cas F111 8.7E-04 8E-04 1.5E-06 2E-06 E M P F P K Y P 
ISS β-cas F119 1.1E-03 9E-04 1.7E-06 2E-06 V E P F T E S Q 
ISS β-cas M156 2.9E-04 4E-04 5.6E-07 8E-07 P T V M F P P Q 
ISS β-cas S168 3.1E-04 4E-04 6.1E-07 9E-07 L S Q S K V L P 
ISS β-cas Q182 6.7E-03 5E-03 1.0E-05 1E-05 P Y P Q R D M P 
LSS β-cas E42 3.6E+03 6E+02 4.1E+00 6E+00 Q Q T E D E L Q 
LSS β-cas D43 4.2E+03 1E+03 3.3E+00 4E+00 Q T E D E L Q D 
LSS β-cas V82 7.3E-05 9E-05 1.4E-07 2E-07 Q T P V V V P P 
LSS β-cas S96 1.7E-05 5E-06 2.1E-08 3E-08 M G V S K V K E 
LSS β-cas E100 3.1E-04 2E-04 4.8E-07 7E-07 K V K E A M A P 
LSS β-cas K107 7.3E-05 1E-04 1.4E-07 2E-07 P K H K E M P F 
LSS β-cas N132 9.9E-02 5E-02 1.3E-04 2E-04 D V E N L H L P 
LSS β-cas P138 9.7E-02 5E-02 1.3E-04 2E-04 L P L P L L Q S 
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Abstract 
The preference of pepsin to hydrolyse certain peptide bonds is typically determined by counting 
peptides after hydrolysis, without considering concentrations and kinetics. In this study, peptide 
release was quantified to describe proteolysis by pepsin. The aim was to investigate whether pH 
affects individual hydrolysis rates of peptide bonds. α-Lactalbumin was hydrolysed by porcine 
pepsin systematically at pH 1 to 5 and peptides were identified and quantified with UPLC-PDA-
MS at eight time points. Apparent pH-based differences in specificity were caused by differences 
in total hydrolysis rate but the relative hydrolysis rates of cleavage sites were generally 
independent of pH. Previous statements of pepsin preference for amino acids in the P3-P3’ 
positions withstand when considering the hydrolysis rates of cleavage sites and were pH 
independent. Despite the a-specificity of pepsin, many bonds were not or slowly hydrolysed, 
some cleavage sites became more accessible during hydrolysis (demasking) and some became 
less accessible (masking).  

Introduction 
Protein digestion in vivo can be simulated using in vitro digestion protocols that mimic the stages 
of the digestive tract [1]. For in vitro studies, the pH of the gastric phase is often fixed at a certain 
pH, which differs between studies. During in vivo gastric digestion, the pH in the stomach 
increases with food intake and decreases gradually during the digestion [2]. Pepsin is known to 
possess proteolytic activity up to pH 5 and stability is assumed up to pH 7.5 [3, 4]. However, it is 
not clear how pH affects the formation and degradation of individual peptides by pepsin, which 
is relevant to understand digestion kinetics. One study suggested that the preference of pepsin 
is dependent on pH [5], while other studies did not observe any distinctive effect of pH on 
peptide release by pepsin [6, 7]. However, in none of these studies the concentrations of the 
peptides were considered and neither their formation kinetics. The first aim of this study is to 
understand how pH affects peptide release kinetics during pepsin hydrolysis, by comparison of 
the individual hydrolysis rates for (all) peptide bonds at five different pH conditions. The second 
aim is to understand how pepsin hydrolyses a protein. Peptide release kinetics will be correlated 
with the type of amino acids occupying the binding site positions (P3-P3’). 

What factors influence peptide release kinetics? 
Several factors influence the peptides present and their concentrations during enzymatic 
protein hydrolysis:  
• At first, the folding state of the substrate could affect the accessibility of bonds for the

enzyme. For pepsin, it has frequently been reported that globular substrates, as for instance 
β-LG, have a low susceptibility to be hydrolysed [8, 9]. Besides that, (change in) folding state 
could alter the hydrolysis scenario from “one-by-one” to “zipper” according to the
Linderstrøm-Lang theory. Both scenario’s yield different peptides in intermediate stages of
hydrolysis [10, 11].
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• Secondly, the enzyme activity e.g. the amount of bonds hydrolysed per minute, determines 
the extent of hydrolysis after a certain incubation time. The activity of the protease depends
on the pH and temperature of the hydrolysis.

• Thirdly, proteases could hydrolyse only certain types of bonds (specificity) and could have
a preference within this specificity for amino acids in the binding site positions.

• Fourthly, individual cleavage sites could be hydrolysed with different rates. For instance,
Deng et al. reported 3 log differences in hydrolysis rates by bovine trypsin, all being trypsin 
specific cleavage sites [12].

At last, peptide bonds could be inaccessible in the initial substrate, and become accessible after 
hydrolysis of other bonds. This will give a delay in the onset of hydrolysis of a certain cleavage 
site. Vorob’ev described this phenomenon as “demasking” [13, 14]. When peptides during the 
hydrolysis form aggregates, the opposite can occur and cleavage sites become less accessible 
during the process. This was described as “secondary masking” [15].

The effect of the hydrolysis mechanism on peptide release 
According to the Linderstrøm-Lang theory, protein hydrolysis could be described by a “one-by-
one” or a “zipper” scenario, depending on the rate of the first cleavage and the hydrolysis rate 
of intermediate peptides to small peptides [16]. A (partial) shift in the scenario could change the 
concentrations of intact protein, intermediate peptides and small peptides at early time points. 
For instance, concentrations of (bio-active) peptides were altered by unfolding haemoglobin 
with urea before pepsin hydrolysis [10]. A change in the hydrolysis scenario will affect peptide 
release kinetics. To focus on the effect of pH on the enzyme preference of pepsin for primary 
structure, one substrate with a secondary and tertiary structure similar at each pH was used for 
this study. α-Lactalbumin was brought into the apo form by depletion of calcium ions to have a 
constant molten globule structure independent of the pH [17, 18].

The effect of pH on rate and extent of hydrolysis 
Alternating the pH affects the protonation state of the (acidic) amino acid residues, both on the 
substrate binding site as well as the enzyme subsite [19]. Prior studies on the effect of pH on 
pepsin activity focused generally on the total hydrolysis rate and the maximum degree of 
hydrolysis (DHmax) or formed peptides after digestion. Results on the effect of pH on the DHmax 
are deviating. In work of Salelles et al., the degree of hydrolysis of egg white proteins was more 
than 2x higher at pH 2 (DHmax   1̴2 %) than that at pH 4 (DHmax   5̴ %) after two hours of digestion 
[20]. A study with whey protein isolate compared digestion at static pH (pH 3) with digestion at 
a dynamic pH profile, which yielded comparable DHmax (3-4 %) [21]. In a study of Miralles et al., 
similar peptides were released under dynamic and static conditions, but dynamic conditions 
showed a stepwise increase in peptide numbers, whereas static conditions yielded many 
peptides at early stage of digestion [22]. 
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Pepsin mechanism, specificity, preference and the effect of pH 
Pepsin is classified as an aspartic acid protease. Two aspartic acid residues are involved in the 
mechanism of hydrolysis, of which one is protonated (Asp32, pKa 5.02) and one deprotonated 
(Asp215, pKa 1.57) [23, 24]. Pepsin does not have a clearly defined specificity. Many efforts have 
been done to estimate the probability of hydrolysis based on the amino acids surrounding the 
cleavage site (binding site) [7, 25, 26]. For example, Hamuro and co-workers studied which 
peptide bonds were hydrolysed for 39 proteins [7]. In this study, pepsin showed a preference to 
hydrolyse peptide bonds after phenylalanine, leucine and methionine, hydrolysed respectively 
in 46, 44 and 35 % of the cases. Hydrolysis was observed in < 0.5 % of the occurrences after 
lysine, arginine, histidine and proline residues. A proline in the P2 position or a positively charged 
residue in the P3 position both negatively affected the probability of hydrolysis [7]. It is not clear 
how these cleavage probabilities are affected by the pH. Lockridge suggested that pepsin has a 
stronger preference towards favourable amino acids at pH 1.3 and hydrolyses non-specific 
above pH 2 [5]. However, Palashoff did not report distinctive differences in preference at pH 1.0, 
2.5 and 4.0 [6]. Palashoff identified considerably less peptides at pH 4.0 than at pH 1.0 and 2.5, 
which was expected to be a result of lower (total) enzymatic activity. 

Challenges in describing peptide release kinetics for a-specific protein hydrolysis 
Already at one pH condition, many peptides are formed during the hydrolysis. To allow 
comparison of the different conditions, this information needs to be captured into a number of 
kinetic parameters. Therefore, Butré et al. introduced “enzyme selectivity” [27]. This 
quantitative parameter describes the hydrolysis rate constants of an individual cleavage site 
relative to the total hydrolysis rate, and is calculated based on the peptide composition at 
multiple time points during hydrolysis. Determination of selectivity helps to understand -and 
ultimately- predict protein hydrolysis. Previously it was used successfully to correlate amino 
acids in the binding site positions with hydrolysis efficiency, for instance for bovine trypsin and 
chymotrypsin [12] (Chapter 4). In this study, the same approach is applied on pepsin, a non-
specific protease. To allow analysis of complex samples, our in-house data-processing method 
was recently automated (Chapter 2). The analysis of peptides formed by a-specific hydrolysis 
could be challenging because of the numerous tentative sequences that match each m/z signal. 
First, different combinations of amino acids have similar masses (isobaric). For these, distinctive 
MS/MS fragments need to identify the order of the amino acid residues. Secondly, amino acid 
stretches could occur more than once in the protein sequence(s). This could give difficulties in 
assigning the peptide to the right part of the substrate sequence. Third, in-source fragments 
could be difficult to recognize as such in complex analysis [28]. At last, every annotation software 
has limitations to the minimum and maximum peptide length. In our previous study, a 
methodology was evaluated for automated peptide identification and quantification of tryptic 
digests (Chapter 2). The same method will be applied to characterise peptides resulting from a-
specific hydrolysis. Subsequently, the method will be used to understand the effect of pH on the 
peptide release kinetics in hydrolysis of apo α-LA. 
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Materials and Methods 
Materials 
Alpha-Lactalbumin was obtained from Davisco Foods International Inc. (Le Sueur, MN, USA). A 
treatment with EDTA was used to remove remaining calcium ions attached to the protein, as 
described by Deng et al. [29]. The protein content of the treated apo alpha-lactalbumin powder 
(α-LA) was 93 % (w/w) based on Dumas. Of the protein present, ~90 % was alpha-lactalbumin 
and ~10 % was beta-lactoglobulin (Chapter 2). Pepsin from porcine stomach mucosa (V1959) 
was obtained from Promega Corporation (Madison, WI, USA). The pepsin powder contained 89 
% protein based on Dumas. All other chemicals were purchased either from Sigma-Aldrich (St. 
Louis, MO, USA) or Merck (Darmstadt, Germany). 

Circular dichroism spectroscopy 
The secondary and tertiary protein structures were analysed by circular dichroism (CD) 
measurements with the spectropolarimeter Jasco J-815 (Jasco Corp., Tokio, Japan). Apo α-LA 
was dissolved at 1 mg mL-1 (near-UV) and 0.2 mg mL-1 (far-UV) in millipore water and the pH was 
altered by addition of HCl to the desired pH. In addition, α-LA before EDTA treatment and α-LA 
in 10 mM CaCl2 solution were analysed at neutral pH. For each sample 300 µL were transferred 
in a quartz cuvette with a path length of 1 mm, heated and kept at 37 °C during the 
measurement. Spectra were recorded as average of 10 scans at a scan speed of 50 nm min-1 with 
2 nm bandwidth at near-UV (350-250 nm) and at the far-UV (260-190 nm). The relative content 
of secondary structure elements was calculated using software package CD-fit. 

Table 5.1. pH dependent conditions used during hydrolysis of 1% α-LA with pepsin. 
pH Molarity 

HCl  
Alpha 
at 37 °C 

Amount of 1M 
NaOH added for 
inactivation (µL) 

Amount of 2 M HCl 
added before 
freezing (µL) 

DHstat,max 
(%) 

1.0 0.5 -0.992 10 0 9.8 ±1.9 
2.0 0.2 - 0.93 5 0 10.1 ±0.1 
3.0 0.2 - 0.56 5 0 11.2 ±0.2 
4.0 0.1 - 0.11 4 1 8.7 ±5.7 
5.0 0.01 - 0.009 4 1 1.5 ±2.1 

Hydrolysis in pH-stat 
α-LA was dissolved in Millipore water at 1 % (weight/volume). Solutions were heated to 37 °C, 
adapted to the pH of the hydrolysis (Table 5.1) and equilibrated for 30 min. Hydrolysis was 
performed in duplicate for 2 hours in a pH-stat system (Metrohm, Herisau, Switzerland). The pH-
stat was used to keep the pH static during hydrolysis by titrating HCl (see table 5.1 for the 
molarity of added HCl). Porcine pepsin was dissolved at 50 mg mL-1 in Millipore water, of which 
20 µL was added to the protein solution, corresponding to 1 mg pepsin / solution and an enzyme 
to substrate ratio of 1:100. During the hydrolysis samples were taken (200 µL) before pepsin 
addition, after 30 s, 60 s, 120 s, 180 s, 600 s, 1800 s, 3600 s and 7200 s of hydrolysis. The pepsin 
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was inactivated by changing the pH above 7.5 by addition of NaOH (Table 5.1). The amount 
titrated acid was used to calculate the degree of hydrolysis (Equation 1). 

 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠[%] = 𝑉𝑉𝑏𝑏 × 𝑁𝑁𝑏𝑏 × 1
𝛼𝛼

 × 1
𝑚𝑚𝑝𝑝

× 1
ℎ𝑡𝑡𝑡𝑡𝑡𝑡

× 100 % (Eq. 1) 

where Vb [mL] is the volume of added NaOH; Nb [mol L-1] is the molarity of NaOH; α is the average 
degree of dissociation of the α-amino and α-carboxylic groups in the protein, calculated with 
equation 2 [30]; mp [g] is the amount of protein in solution; htot [mmol g-1] is the number of 
peptide bonds per gram of protein (8.6 mmol g-1

 for α-LA). 

𝛼𝛼 =  1

1+10(𝑝𝑝𝑝𝑝𝑝𝑝𝑁𝑁𝐻𝐻2−𝑝𝑝𝑝𝑝)
−  1

1+10(𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)  (Eq. 2) 

where pH is the pH of hydrolysis, pKaNH2 is the average pKa of the α-amino group (7.48 at 310.15 
K, calculated based on Butré et al. [31]), pKaCOOH is the average pKa of the α-carboxylic group, 
3.10 according to Margot et al. [30].  

Sample preparation for UPLC-PDA-MS 
The hydrolysates (10 mg mL-1) were mixed 1:1 (v/v) with a 100 mM Tris-HCl buffer pH 8 
containing 20 mM DTT and incubated for 2 hours to reduce the disulphide bonds. Afterwards, 
the intact protein sample was diluted 10x and the hydrolysates were 5x diluted in eluent A. The 
diluted hydrolysates were centrifuged (10 min, 14,000 x g, 20 °C) and the supernatant was 
injected on the UPLC-PDA-MS. 

Reverse phase ultra-high performance liquid chromatography (RP-UPLC) 
The hydrolysates (4 µL) were injected on an Acquity Premier UPLC coupled to a Photodiode Array 
(PDA) detector, both from Waters (Milford, MA, USA). The column, thermostated at 30 °C, was 
an Acquity Premier peptide column BEH C18 2.1 mm *150 mm 300 Å 1.7 µm. A gradient was 
used of 1% ACN + 0.1 % TFA in UPLC-grade water (eluent A) and 1% UPLC-grade water + 0.1 % 
TFA in ACN (eluent B), as previously described (Chapter 3).  

Electro spray ionisation time of flight mass spectrometry 
Mass spectra were acquired with the Select Series Cyclic IMS (Waters, Milford, MA, USA). The 
instrument was operated in positive V-mode, without use of ion mobility. The peptides were 
ionised with the electrospray ionisation source at capillary voltage of 2.5 kV and a temperature 
of 150 °C. The sample cone was operated at 40 V and nitrogen was used as desolvation gas (500 
°C, 800 L h-1) and cone gas (200 L h-1). The quadrupole was operated with a manual profile, 
focusing on 400, 500 and 600 m/z. Lock mass data were acquired by injection of 50 pg µL-1 
Leucine-Enkephalin at 10 µL min-1, at a capillary voltage of 2.7 kV. Fragmentation was done 
in the trap-cell with an MSE ramp from 28 V to 56 V. The Time of Flight analyser was 
calibrated with NaI up to 4000 m/z. Mass spectra were collected between 50 and 3000 m/z. 
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Data processing: Peptide annotation in UNIFI 
Analysis of the mass spectra was done in UNIFI version 1.8 according to Chapter 2. The data was 
processed with the sequences of α-LA (uniprot code: P00711) and β-LG A + B (uniprot code: 
P02754). Methionine oxidation [+16 Da] was included as modification. Processing was initially 
done non-specifically, with annotated peptide sequences of 3 to 40 amino acids. The thresholds 
in peak detection were 1000 counts for MS peaks and 250 counts for MS/MS peaks. There was 
no maximum number of included MS and MS/MS signals. The thresholds on mass error were 10 
ppm for the MS and 20 ppm for MS/MS fragments. The MS/MS fragments were attributed to 
MS signals based on chromatographic peak shape. The list of tentative peptide annotations from 
the UNIFI software was filtered with requirements on MS/MS fragments,  similarly as described 
in Chapter 2. All annotations with less than two MS/MS fragments were excluded from the 
analysis. Moreover, peptides were only included when more than 15 % of the possible b/y 
fragments were identified (relevant for peptide with 7-16 amino acids) or when at least 5 b/y 
fragments were identified (relevant for peptide with ≥ 17 amino acids). Adducts, recognised in 
UNIFI, were excluded from the analysis. The hydrolysis only yielded peptides of which the 
sequence occurred once in the protein sequence of α-LA. 

Data processing: Analysis of large peptides and intact protein 
After automated peptide identification, the chromatogram was manually checked for the 
presence of unidentified large peptides. One abundant high Mw peptide and intact protein were 
present in the data but initially not identified in the UNIFI data-processing. In case of proteolysis 
of α-LA by pepsin, Laureto et al. identified peptide 53-123 with SDS-PAGE, comprising 70 amino 
acid residues with a mass of 8,343 Da [32]. To annotate this peptide in a (regular) peptide 
analysis, the sensitivity and resolution of the mass spectrometer need to be sufficient to 
recognise of the 100% 12C isotope peak, in order to calculate the correct mass. Both were 
sufficient for the mass spectrometer used in this study (Annex 5.1). However, the non-specific 
UNIFI annotation method did -by software- not annotate peptides above 40 amino acids. 
Therefore, the data was additionally processed with a specific processing method, in which the 
enzyme was specific for all amino acids in the α-LA sequence. The resulting peptides were added 
to the results of the regular analysis. Using this additional analysis, peptide 53-123 was identified 
with 17 MS/MS fragments. In some samples, even intact α-LA was annotated by the UNIFI with 
clear fragmentation spectrum (Annex 5.2). In the cases intact protein was in the chromatogram 
but not identified by the software, it was added manually.  

Data processing: Removal of in-source fragments 
The annotated and filtered peptide list exported from UNIFI contained approximately   1̴5 % of 
in-source fragments. These entries were removed using PeptQuant, an in-house written script 
in Matlab v2018b. Annotations were considered as in-source fragment if the peptide and 
potential in-source fragment eluted at the same retention time, the in-source fragment included 
the same sequence as the peptide and the in-source fragment had a lower MS intensity than the 
peptide.  
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Data processing: Peptide quantification 
Each individual peptide was quantified based on the UV peak area at 214 nm. The UV 
chromatograms were integrated in Masslynx V4.2, according to Chapter 2. UV214 peak areas 
were included when ≥ 150 μAU x min. The molar extinction coefficient was predicted for each 
peptide based on Kuipers et al. [33]. The peptide concentrations were calculated using equation 
3. 

𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [µM] =  𝐴𝐴214 .𝑄𝑄
ɛ214  ∙ 𝑙𝑙 ∙ 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(Eq. 3) 

where A214 [μAU min] is the UV peak area at 214 nm, Vinj [μL] is the volume of sample injected, 
Q [μL min-1] is the flow rate, ε214 [L Mol-1 cm-1] the predicted molar extinction coefficient of the 
peptide and l [cm] is the path length of the UV cell, which is 1 cm according to the manufacturer. 
The cell constant, kcell for the UV detector was 0.78 (Chapter 2). In this study,  ̴44 to 85 % of the 
peptides shared the integrated UV peak area with at least one other peptide. In this case, the 
UV area was divided based on MS intensity and the predicted molar extinction coefficient of the 
peptides, similar to Chapter 2. The division of UV area based on MS intensity negatively affected 
the accuracy of the determined concentrations, as shown previously in Chapter 2. Nevertheless, 
over- or underestimation is expected to be low, as the cumulative concentration of each 
individual amino acid in the peptides is comparable with the concentration of the protein that 
was initially hydrolysed.  

Parameters to evaluate completeness of analysis 
The completeness of the peptide analysis was described by the coverage parameters previously 
introduced by Butré et al. [27]. The amino acid sequence coverage described whether all amino 
acids of the protein sequence were covered in at least one peptide (equation 4). The peptide 
sequence coverage considered that expected peptides are in some cases not identified, and that 
multiple peptides could be present that cover similar part of the protein sequence (equation 5). 
Consider Chapter 2 for elaborate explanation. 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [%] =  # 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
# 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

· 100 % (Eq. 4) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐. [%] =  # 𝐴𝐴𝐴𝐴 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
# 𝐴𝐴𝐴𝐴 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)+ # 𝐴𝐴𝐴𝐴 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

· 100 % (Eq. 5) 

The completeness of quantification was evaluated by the protein recovery. After quantification 
of all peptides individually, the total concentration of peptides including an amino acid in a 
certain position of the protein sequence was calculated. The protein recovery was the average 
observed amino acid concentration in perspective to the starting protein concentration 
(equation 6).  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 [%] = �
� ∑𝐶𝐶𝑛𝑛

#𝐴𝐴𝐴𝐴𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
�

𝐶𝐶0
� ∙ 100 %  (Eq. 6) 
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where Cn [µM] is the concentration of each individual AA (n) in the protein sequence, and 
#AAprotein is the number of amino acids in the initial protein and C0 [µM] is the initially injected 
protein concentration. 

Evaluation of completeness of analysis 
The amino acid sequence of α-LA was covered for 100 % by the peptides, in all time points (Table 
5.2). The peptide sequence coverages, that considered missing peptides, ranged from 76 ±10 % 
(pH 5) to 92 ±6 % (pH 1) (Table 5.2). Typically, lower coverages were observed for early time 
points than for end-point digests in this data-set. For instance at pH 2, the peptide sequence 
coverage after 30 seconds was 79 ±2 %, whereas that of the 2 hour digest was 97 ±0 %. The 
observed amino acid and peptide sequence coverages were in the same range with coverages 
observed for α-LA hydrolysates produced by bovine trypsin and chymotrypsin (Chapter 2 & 4) . 

Table 5.2. Sequence coverages and protein recovery for pepsin hydrolysates of α-LA. The average and 
standard deviation were calculated of all time points for both duplicates. 

pH Amino acid sequence 
coverage (%) 

Peptide sequence 
coverage (%) 

Protein recovery 
(%) 

1.0 100 ±0 92 ±6 85 ±11 

2.0 100 ±0 91 ±7 85 ±18 

3.0 100 ±0 92 ±9 90 ±5 

4.0 100 ±0 82 ±13 77 ±4 
5.0 100 ±0 76 ±10 77 ±2 

 After peptide identification, each individual peptide was quantified based on UV214 peak area 
and its predicted molar extinction coefficient. In many cases, multiple peptides covered the 
same part of the protein sequence. Therefore, the concentration of each amino acid in the 
protein sequence was calculated by summation of the peptide concentrations including that 
amino acid (Figure 5.1). Protein recoveries for the hydrolysates ranged from 77 ±4 % (pH 4) to 
90 ±5 % (pH 3). 

Figure 5.1. Concentration of all amino acids in the respective sequence positions of α-LA, after 2 hours 
hydrolysis at pH 2. Standard deviation (red) is calculated over both hydrolyses. The injected protein 
concentration was 56 µM. 
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Enzyme selectivity 
The absolute peptide concentrations were used to calculate the concentration of cleavage site 
products Ct,j for cleavage site j at time point t (equation 7). 

𝐶𝐶𝑡𝑡,𝑗𝑗[µ𝑀𝑀] =  ∑�𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝[𝑥𝑥 − 𝑦𝑦] | 𝑗𝑗 = 𝑥𝑥 − 1 ∪ 𝑗𝑗 = 𝑦𝑦� (Eq. 7) 

where Ct,j [µM] equals the sum of all peptide concentrations (Cpeptide) with sequence x-y, which 
are released after amino acid j or which end by amino acid j.  

For each cleavage site, the product formation in time was described with first order reaction 
kinetics (equation 8) and the sequential first order kinetics (equation 9), similarly as previously 
described by Vorob’ev et al. [14]. 

𝐶𝐶𝑗𝑗,𝑡𝑡[µ𝑀𝑀] = 2(𝐶𝐶0 − 𝐶𝐶0 × 𝑒𝑒−𝑘𝑘𝑗𝑗,𝑎𝑎𝑎𝑎𝑎𝑎 ×𝑡𝑡) (Eq. 8) 

𝐶𝐶𝑗𝑗,𝑡𝑡[µ𝑀𝑀] = 2(𝐶𝐶0 × (1 + 𝑘𝑘1 ∙𝑒𝑒−𝑘𝑘2∙𝑡𝑡−𝑘𝑘2 ∙𝑒𝑒−𝑘𝑘1∙𝑡𝑡

𝑘𝑘2−𝑘𝑘1
)) (Eq. 9) 

where Cj,t [µM] is the concentration cleavage site products for cleavage site j at time point t, C0 

[µM] is the (expected) protein concentration and kj,app [s-1] is the apparent hydrolysis rate 
constant for cleavage site j. The C0 concentration was 560 µM, which is the α-LA concentration 
during hydrolysis. For each cleavage site, four fits were created: With C0 fixed & variable and 
with normal & demasking kinetics using an automated in-house script in Matlab version 2019b. 
Cleavage site product concentrations were fitted up to the maximum observed concentration. 
The fit with C0 as variable was used as best fit when the fitted C0 was ≤ 80% of the injected C0. 
To check for demasking kinetics, the R2 was calculated on the time points up to 20 % of the 
maximum observed concentration and accepted when R2 increased by 0.05 relative to the 
regular fit. In case not enough data was obtained to determine k, but products were formed 
above 10 µM, an X was shown instead of the fitted value for k. When insufficient data were 
obtained and the maximum concentration was below 10 µM the cleavage sites were excluded 
from further analysis. A final manual check was done, where in few cases the choice of best fit 
was adjusted based on the results obtained at other pH values. In some cases very low hydrolysis 
rates lead to problems distinguishing direct from demasking kinetics. In those cases, the fit was 
manually adjusted to direct. 

Selectivity (%) was calculated by dividing kj, app by the total hydrolysis rate, ktot (equation 10). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 [%] =  𝑘𝑘𝑖𝑖
∑𝑘𝑘𝑖𝑖 

× 100% (Eq. 10) 
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where ki, [s-1 mg-1 enzyme] is the hydrolysis rate constant calculated with the first order or 
sequential first order fit. The total conversion rate [s-1 Mpepsin

-1] was calculated by dividing ktot by 
the amount of pepsin, and was used as parameter to describe the enzyme activity. 

Clustering of cleavage sites 
To relate the amino acids in the binding site positions (P3-P3’) to pepsin activity, the cleavage 
sites were divided into clusters. The cleavage sites with established hydrolysis rate constants 
were divided in three clusters using k-means clustering, using the common logarithm of the 
average selectivity over all pH conditions. The 32 cleavage sites were clustered in high selectivity 
sites (HSS, 12 sites, average selectivity ≥ 1 %), intermediate selectivity sites (ISS, 15 sites, average 
selectivity between 0.1 and 1 %) and low selectivity sites (LSS, 5 sites, average selectivity ≤ 0.1 
%). Cleavage sites with significant hydrolysis, but without established k value were in the very 
low selectivity site cluster (VLSS, 8 sites). For the other cleavage sites no hydrolysis was observed 
with product formation above 10 µM (NH, 82 sites).  

Results and Discussion 
Secondary and tertiary protein structure 
After removal of the calcium ion, the (apo) α-LA lost its globular tertiary structure (Annex 5.3). 
This was in line with previous near-UV spectra for α-LA at low ionic strength [34]. The secondary 
structure elements (at 37 °C) were similar for (apo) α-LA, regardless of the pH applied. On 
average, 29 ±3 % of the protein was present as α-helix, 19 ±4 % as β-sheet, 46 ±1 % as random 
coil and 7 ±2 % as β-turn. These experiments match earlier statements that apo α-LA does not 
have a globular structure, but has fixed secondary structural elements, typical for the molten 
globule state [17]. It is expected that due to the similar state of the substrate at each pH, the 
substrate will induce no pH effect on the peptide release kinetics. 

Degree and rate of hydrolysis at different pH 
The total hydrolysis rate by pepsin was similar at pH 1, 2, 3 (Figure 5.2), with an average rate of 
2.2 ±0.4 ·103 s-1 M-1. At pH 4 and 5, the pepsin activity decreased   ̴100x relative to the lower pH 
values (average rate of 19 ±14 s-1 M-1). This means that pH affects the (total) enzyme activity, 
which could be corrected for when comparing rates of individual cleavage sites at different pH 
conditions. The degree of hydrolysis after 2 hours incubation (DHmax) reached at pH 2 was 10.1 
±0.1 % (Figure 5.2), which was close to previously reported DHmax values after gastric digestion 
of α-LA at pH 2 (9.5 %) [35]. The DHmax values obtained at pH 3 and 4 were respectively 11.2 ±0.2 
% and 8.7 ±5.7 %. The DHmax reached at pH 5 was considerably lower (1.5 ±2.1). A similar pH 
dependency of the DHmax was reported by Salelles et al. for casein substrates. The reproducibility 
between the duplicate hydrolyses with pH-stat was considerably less at pH 4 and 5 than at pH 3 
and lower. This could be explained by the low value for dissociation constant α of the newly 
formed carboxyl and amino group: The amount of acid titrated is little and more prone to slight 
variations in conditions.  
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Figure 5.2. Degree of hydrolysis [%] + standard deviation after 2 hour digestion (A) and total hydrolysis rate 
[s-1 M-1] + standard deviation (B) for hydrolysis of 1% α-LA by pepsin at an enzyme to substrate ratio of 
1:100 at 37 °C. Total hydrolysis rate was calculated from the peptides and their concentrations in time. 

The effect of pH on numeric, non-quantitative specificity 
The specificity and preference of pepsin are in literature typically derived from the identified 
peptides after digestion (Figure 5.3). At pH 1-3, pepsin released peptides by hydrolysis at C-
terminal site of all amino acids except proline and arginine. Most frequent, peptides were 
formed by hydrolysis at the C-terminal site of phenylalanine, leucine, tyrosine and aspartic acid. 
At pH 4-5, hydrolysis was observed after a smaller number of amino acids. For instance, no 
peptides were identified that were formed by hydrolysis after asparagine, serine, threonine, 
methionine, valine, isoleucine and cysteine. The numeric specificity indicates that pH affects the 
type of bonds hydrolysed by pepsin. This seems to indicate an effect of pH on specificity, 
although the effect is opposite as reported in the past [5]. Possibly, these ‘apparent’ differences 
in specificity could be explained by considering the kinetics and concentrations of the peptides. 
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Figure. 5.3. Numeric specificity (top), preference for the P1 position (middle) and selectivity (bottom) of 
porcine pepsin upon proteolysis of α-LA at pH 1 to 5. Specificity was calculated from peptide sequences 
identified after 2 hours without considering peptide concentrations. Preference was calculated from 
peptide concentrations after 2 hours and corrected for the frequency of occurrence of each amino acid.  

The effect of pH on peptide concentrations in time 
Large differences were observed between peptide concentrations at pH1-3 and 4-5. The 
concentrations of individual peptides during hydrolysis were affected similarly by pH as the total 
hydrolysis rate (Figure 5.4). Within pH 1 to 3, peptides were released and degraded to similar 
concentrations in time, except that a few peptides showed slightly different concentrations at 
pH 3.  To correct for the large differences in hydrolysis rate between data from pH 1-3 and 4-5, 
the time of the x-axis was normalised with the total hydrolysis rate. After correction, the data at 
pH4-5 followed the same curve as the peptides at pH1-3. This leads to the conclusion that 
peptides were released with similar relative kinetics at each pH (Figure 5.4). Differences in 
peptide composition at each pH seem mostly affected by total enzyme activity rather than 
changes in specificity to hydrolyse certain peptide bonds. To dive deeper in the affinity of pepsin 
towards certain peptide bonds, hydrolysis kinetics for individual cleavage sites were studied.  
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Figure 5.4. Concentrations in time for peptides 1-40, 1-9, 41-52, 118-123 during α-LA hydrolysis by pepsin, 

at pH 1 ( ), 2 ( ), 3 ( ), 4 ( ), 5 ( ). Horizontal axis represents time and time corrected for total 
hydrolysis rate (ktot). 
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Determining hydrolysis rate constants of individual cleavage sites 
To be able to compare different pH values, the hydrolysis rate constants of individual peptide 
bonds were calculated (Annex 5.5) and (similarly) expressed relative to the total hydrolysis rate 
(selectivity). Hydrolysis rates for individual cleavage sites varied 4 decades (ranging from 2.1·10-

2 s-1 (F53, pH 3) to 3.5 ·10-6 s-1 (Y103, pH 5)(Annex 5.4)). Cleavage sites had an average relative 
standard deviation of  3̴4 % for k between the duplicate experiments. Approximately 35 % of the 
cleavage sites showed a clear delay in the onset of hydrolysis, and were fitted using demasking 
kinetics, as discussed later in the text. When a cleavage site showed such a delay, this was the 
case at each pH.  

Pepsin selectivity and pH 
In general, the relative hydrolysis rates were all comparable between the pH conditions 1 to 5. 
This means that the relative hydrolysis rate of a particular peptide bond relative to the total 
hydrolysis rate is more or less similar, independent of the pH applied. For instance, cleavage 
sites A40, L52, F53, Y103 and Q117 had major contributions to the total hydrolysis rate at all 
tested pH values (Table 5.3). Peptide bonds that were not hydrolysed by pepsin at pH 2, 
remained in most cases also intact at other pH conditions. A large number of cleavage sites 
hydrolysed at pH 1-3, did not show clear product formation at pH 4-5. This was most likely due 
to the   ̴100 x lower total hydrolysis rate at pH 4-5. Cleavage sites with intermediate or low rates 
did not reach detectable product concentrations within the hydrolysis time.  Some minor effects 
of pH were noticed. For example, the selectivity of Y103 at pH 3 was   ̴2x higher than at pH 1 
(Annex 5.5). It was expected that bonds with amino acid residues as glutamic acid and aspartic 
acid in the P1 position might become more susceptible towards pepsin hydrolysis at low pH, 
because the carboxyl group is in the protonated state. However, for these bonds also no 
significant difference was observed between the pH conditions 1-3.  

What kinetics underlie the release of peptides? 
The dataset showed us that there were no major changes induced by pH in selectivity. In 
addition, it allowed us to provide more insight into the different phenomena underlying the 
release of peptides. Since the selectivity was relatively similar at each pH, the kinetics measured 
at pH 2 were shown, which are also representative for pH 1 and 3. Three different kinetics were 
distinguished: (1) cleavage sites which were hydrolysed in intact protein, (2) cleavage sites that 
became accessible during hydrolysis and (3) cleavage sites that became less accessible during 
hydrolysis. 
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Table 5.3. Average hydrolysis rates for α-LA cleavage sites during pepsin hydrolysis at pH 1 to 5, determined 
with first order kinetics. An X indicates that significant product formation was observed, but k could not be 
established from the data. Cleavage sites are sorted from high to low average selectivity. The cleavage sites 
were clustered based on average selectivity [%] in high selectivity sites (HSS), intermediate selectivity sites 
(ISS), low selectivity sites (LSS) and very low selectivity sites (VLSS). Cleavage sites that were not hydrolysed 
above the detection limit at any pH were excluded. Amino acids in the cleavage site positions were shaded 
when acid (red), basic (green), aromatic (blue) or proline (yellow).  

Hydrolysis rate constants1 [s-1] Amino acids in cleavage site 
positions 

CS pH 1 pH 2 pH 3 pH 4 pH 5 P3 P2 P1 P1’ P2’ P3’ 
L52 1.5E-02 8.1E-03 7.3E-03 1.5E-04 2.2E-04 HSS Y G L F Q I 
A40 1.4E-02 1.1E-02 1.3E-02 4.6E-05 2.6E-04 HSS T Q A I V Q 
F53 1.1E-02 6.5E-03 2.1E-02 1.3E-05 2.5E-04 HSS G L F Q I N 
Q39 7.5E-03 3.1E-03 2.6E-03 HSS D T Q A I V 
Y103 2.9E-03 3.4E-03 8.3E-03 5.4E-06 3.5E-06 HSS I N Y W L A 
W104 1.7E-03 4.0E-03 1.1E-03 HSS N Y W L A H 
Q117 9.9E-04 8.8E-04 1.9E-03 8.1E-06 5.4E-06 HSS L D Q W L C 
F31* 5.1E-04 1.5E-03 1.3E-03 3.9E-06 HSS T T F H T S 
D88* 1.6E-03 1.0E-03 1.0E-03 HSS T D D I M C 
L96 2.6E-03 7.4E-04 7.5E-04 HSS K I L D K V 
L23* 9.2E-04 7.8E-04 6.1E-04 X HSS V S L P E W 
M90 X 1.8E-03 4.5E-04 X HSS D I M C V K 
E49 4.9E-04 6.8E-04 3.4E-04 X ISS S T E Y G L 
G35* 3.0E-04 5.0E-04 5.8E-04 X X ISS T S G Y D T 
F9* 4.7E-04 1.9E-04 5.1E-04 X ISS E V F R E L 
D83 5.7E-04 3.5E-04 2.2E-04 ISS L D D D L T 
L85 2.3E-04 5.1E-04 2.3E-04 ISS D D L T D D 
F80* 3.1E-04 3.1E-04 1.8E-04 ISS D K F L D D 
E11* 2.2E-05 3.3E-05 6.7E-04 X ISS F R E L K D 
D14 X 3.0E-04 ISS L K D L K G 
G20 1.6E-05 X 3.0E-04 ISS Y G G V S L 
W26* 1.3E-05 3.6E-04 8.7E-06 ISS P E W V C T 
D87 2.0E-04 8.6E-05 X ISS L T D D I M 
D97* 6.5E-05 9.1E-05 1.9E-04 X ISS I L D K V G 
W118 X X 1.7E-04 ISS D Q W L C E 
G17* 3.0E-04 5.8E-05 2.0E-04 X ISS L K G Y G G 
L3 8.8E-05 9.2E-05 2.6E-05 X ISS E Q L T K C 
E25* 5.2E-05 3.6E-05 8.7E-06 LSS L P E W V C 
S22 X 2.2E-05 LSS G V S L P E 
Y18 1.5E-05 X LSS K G Y G G V 
D84 X 1.3E-05 1.8E-05 LSS D D D L T D 
D46 X X 7.2E-06 LSS N N D S T E 
Q2 X VLSS - E Q L T K 
V8 VLSS C E V F R E 
G19 X VLSS G Y G G V S 
Y36 X X VLSS S G Y D T Q 
L81 X X VLSS K F L D D D 
I95 X VLSS K K I L D K 
N102 X X X VLSS G I N Y W L 
L115 X X VLSS E K L D Q W 

* Cleavage site product formation followed first order demasking kinetics.
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High selectivity sites and zipper scenario 
For 9 cleavage sites, hydrolysis started immediately after enzyme addition (Figure 5.5A). The 
hydrolysis rate constants of these cleavage sites varied widely. Cleavage sites A40 and L52 were 
hydrolysed fastest with rates of 1.1 ±0.4 ·10-2 s-1 and 8.1 ±0.6 ·10-3 s-1, respectively (Table 5.3, 
Annex 5.4). Because of the fast hydrolysis of these sites, all intact protein was hydrolysed to 
intermediate peptides within 3 minutes, showing that pepsin hydrolysed α-LA according to a 
zipper scenario. It is surprising that a few sites had a much higher selectivity than other (high 
selectivity) sites, since all should be accessible considering that α-LA occurs as molten globule. 

Figure 5.5. Cleavage site product concentrations in time for pepsin hydrolysis of α-LA, example of pH2. 
Standard deviation of the replicate hydrolysis is shown in red. Panel A shows CS for which hydrolysis starts 
immediately, panel B illustrates CS for which hydrolysis starts with a delay of 3 min ( ) or 10 min ( ).  
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Peptide bond demasking 
For some cleavage sites, product formation did not start immediately after enzyme addition but 
seems to have a 3 min lag time (for instance F9 and L23) or even 10 min lag time (for instance 
F80, D83) (Fig. 5.5B). For these sites it seems that the initial protein (structure) has to be 
hydrolysed into intermediate peptides before these bonds become accessible for pepsin. This 
phenomenon was previously described as peptide bond ‘demasking’ by Vorob’ev et al. and was 
related to the denaturation of the globular protein structure [14, 36]. Our study shows that this 
demasking effect also occurs with hydrolysis of a molten globule structure, surprisingly. For the 
cleavage sites with a lag time of 10 minutes, one could debate that the loss of intact protein 
causes demasking, since, after 3 minutes all intact protein is already hydrolysed (Fig. 5.5B). 
Possibly, some rigid secondary structure elements as α-helices or β-sheets were still present in 
large peptides that limited the accessibility of pepsin. Suwareh et al. observed that cleavage 
sites in these elements had a significantly lower probability to be hydrolysed by pepsin [26]. 
Alternatively, cleavage sites could be inaccessible because peptides interacted with other 
peptides via hydrophobic interactions or disulphide bonds. Fontana et al. suggested that pepsin 
is hindered when peptides contain cysteine residues that are involved in disulphide bonds [37]. 
At last, the peptide bonds that show demasking kinetics might be intrinsically unstable when 
present in a peptide and broken non-enzymatically, potentially accelerated by the presence of 
protease. In a previous study using Bacillus licheniformis protease spontaneous cleavage of 
peptide bonds in presence of enzyme was also observed [38]. 

Masking of cleavage sites 
Some cleavage sites were hydrolysed directly after enzyme addition, but reached low plateau 
concentrations. For instance, cleavage sites Q39, F53 and W104 had plateau concentrations of 
10 to 15 % of the injected protein concentration. These three sites were next to the three 
cleavage sites with the highest hydrolysis rates. It seems that pepsin is able to hydrolyse these 
cleavage sites, given the immediate formation of product, but only when neighbouring bonds 
(A40-I41, L52-F53, Y103-W104) are intact. Since these neighbouring sites are hydrolysed very 
fast, the cleavage sites Q39, F53 and W104 become unavailable or ‘masked’. For endo-protease 
pepsin, the binding site positions P2 and P2’ need to be filled by amino acids to facilitate 
hydrolysis. Similar observations were done for bovine trypsin when two lysine residues were 
next to each other in the protein sequence [12]. The masking of cleavage sites influences the 
peptide composition, since the hydrolysis rate does not only depend on the amino acids in the 
binding site positions but also on hydrolysis rates of adjacent cleavage sites. 

Does pepsin have a preference for amino acids in the P3-P3’ binding site positions? 
Pepsin preference for amino acids in the P1 position 
The hydrolysis rate constants of the individual cleavage sites contain information to study the 
preference of pepsin. In previous studies, enzyme specificity, or preference for amino acids in 
the P1 position, has been determined by analysing the N- and C-terminal amino acids for 
peptides after a certain digestion time, without considering concentrations or release kinetics. 
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In this section, we will investigate whether considering hydrolysis rates will change our 
perspective on the preference of pepsin. First, the cleavage sites with established k were divided 
in three clusters based on their hydrolysis rate (high-, intermediate-, and low selectivity sites 
clusters). Phenylalanine (F) and methionine (M) were most preferred in the P1 position, with 50 
% and 100 % of the cleavage sites in the high selectivity cluster (Figure 5.6). The preference for 
methionine should be considered with caution, because there is only one occurrence in the 
sequence of α-LA. Other high selectivity sites had in the P1 position aspartic acid residues (D), 
alanine (A), glutamine (Q), leucine (L) and the aromatic amino acids (Y, W). These results clearly 
confirm that of pepsin is tolerant to many different amino acids in the P1 position. Hydrolysis 
was never observed after threonine (T), proline (P), cysteine (C) and the positively charged 
residues (K, R, H). These results are in line with the cleavage probabilities described by Powers 
et al. and Hamuro et al. [7, 25], of which the cleavage probabilities were extracted and visualised 
(Annexes 5.6-5.7). For peptide bonds with amino acids that seem favourable in the P1 position, 
still a relatively high number were hydrolysed at lower rate or not at all. The amino acid in the 
P1 position seems therefore not dominant for hydrolysis and might be influenced by the amino 
acids in the other binding site positions. 

Figure 5.6. Cleavages sites hydrolysed with high selectivity (HSS ; ), intermediate selectivity (ISS; ), low 
selectivity (LSS; ), or significantly hydrolysed but not enough data to fit k (VLSS; ) and cleavage sites 
never hydrolysed above detection limit (NH; ) plotted based on the amino acid in the P1 position. The 
numbers in the bars indicate the number of occurrences of that amino acid residue in the sequence of α-
LA. 

Influence of the amino acid in P1’ binding site position 
For the P1’ position pepsin showed a preference for aromatic amino acids, which was also similar 
to previous studies that did not consider peptide concentrations and kinetics (Table 5.4, 
Annexes 5.6-5.7) [7]. Peptide bonds with an aromatic amino acid in the P1’ position were 
hydrolysed 2.1x more than the average of all amino acids (Table 5.4). A similar high cleavage 
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probability was observed when P1’ was occupied by leucine (1.7x average). The data derived 
from Hamuro et al. showed also a higher cleavage probability when the P1’ position was 
occupied by an aromatic amino acid (30 %) than by other amino acids (12 %). In our data, high 
selectivity sites had a preferred amino acid in both the P1 and P1’ positions, as for instance 
cleavage sites L52-F53 and Y103-W104. But for other examples, the P1’ position was occupied 
by an aromatic residue, whereas the P1 position was occupied by a non-preferred residues as 
glycine (G35-Y36) or glutamic acid (E49-Y50). Still, both examples were ISS and HSS, respectively. 
Based on the numbers and observations, we observe that the amino acid in the P1’ position had 
almost a similar influence in the probability of cleavage as the amino acid in the P1 position. We 
see two possible explanations:  

1. The interaction of the amino acid in P1’ with the S1’ subsite is as important as the
interaction of P1 with the S1 subsite. A good interaction between P1’ and S1’ could
compensate for a less favourable amino acid in the P1 position.

2. Pepsin cleaves in some cases at the N-terminus of (certain) amino acids instead of the 
C-terminus. This would means that the N-terminus and C-terminus of the substrate
sequence were oriented in opposite direction in the pepsin binding groove.

Table 5.4. Number of cleavage sites with type of amino acid residue in the P1 and P1’ position that were 
hydrolysed (HSS/ISS/LSS/VLSS) or not hydrolysed (NH). 

Amino 
acid in P1 
position 

Amino acid 
in the P1’ 
position 

Hydrolysed Not 
hydrolysed 

Total Ratio observed 
/expected1 
Hydrolysed 

Ratio observed 
/expected1 
Non-hydrolysed 

F, Y, W F, Y, W 1 0 1 3.1 0.0 
L 3 0 3 3.1 0.0 
Other 6 2 8 2.3 0.4 

L F, Y, W 1 0 1 3.1 0.0 
L 0 0 0 / / 
Other 6 6 12 1.5 0.7 

Other F, Y, W 7 3 10 2.1 0.4 
L 6 5 11 1.7 0.7 
Other 10 66 76 0.4 1.3 

Total Total 40 82 122 
1The ratio observed/expected was calculated by dividing the number of cleavage sites hydrolysed or non-
hydrolysed by the expected number of cleavage sites based on the total number hydrolysed or non-
hydrolysed. For instance, other amino acids were hydrolysed 7 out of 10 times when F, Y, W was in P1’ 
position. This was 2.1 x the expected number of hydrolysed occurrences, considering that 40 out of 122 
cleavage sites were hydrolysed. 

Influence of the amino acid in other binding site positions 
The effect of amino acids flanking the P1 and P1’ positions were also investigated (Annex 5.8). 
Previous studies described hindrance when histidine, lysine or arginine occupied the P3 position 
or when proline was in the P2’ position [7, 25]. Out of 13 cleavage sites with a positively charged 
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residue in the P3 position, one cleavage site (L96) was hydrolysed with high selectivity. The effect 
of proline in the P2’ position should be tested with a substrate with a higher proline content, 
considering there are only two proline residues in α-LA. Analysis of the amino acids in the P3, 
P2, P2’ and P3’ positions did not lead to dominant factors that influence the probability of 
hydrolysis and were not yet suggested previously [39]. 

Cause of pepsin selectivity 
The amino acids in the P3-P3’ binding site positions by themselves are not decisive for hydrolysis 
to occur, but do influence the probability that a peptide bond will be hydrolysed. The question 
what causes the differences in selectivity still remains. The influence of the substrate tertiary 
and secondary structure seems limited as well. Since α-LA is present in the molten globule state 
during the applied conditions, it is expected that all bonds are accessible for pepsin, especially 
after hydrolysis of the intact protein sequence. In a study of Suwareh et al., it was observed that 
hydrolysis by pepsin was significantly less likely when potential cleavage sites occurred in rigid 
secondary structure elements [26]. It was therefore expected that bonds with high hydrolysis 
rates would not occur in secondary structure elements as α-helices or β-sheets. However, the 
three peptide bonds with the highest selectivity in our data, are positioned in different structural 
elements, respectively in a β-sheet, β-turn and α-helix (Annex 5.9). We hypothesise that it is 
most likely that the binding enthalpy of the substrate sequence with the substrate binding 
groove of pepsin determine the probability of hydrolysis. The binding enthalpy depends on the 
amino acids in the binding site positions, and their interactions with the subsite of pepsin. Since 
amino acids in some positions could affect the 3-dimensional orientation and subsite 
interactions of amino acids in other positions, it is not possible to link the primary sequence to 
selectivity directly from analysing the amino acids in the binding site positions. Towards 
predicting the selectivity of pepsin, it would be promising to use a protein-protein docking 
approach, which considers 3-dimensional orientation of side chains and their interactions as well 
as the (energy) favourable binding orientation. This study showed that different cleavage sites 
are hydrolysed at different rates and peptide bonds could be masked or demasked for 
hydrolysis, which creates perspective for modelling approaches and predictions of hydrolysis by 
pepsin.  

Conclusion 
Comparing peptides after hydrolysis indicates differences in pepsin specificity as function of pH. 
However, by quantification of peptide concentrations at multiple time points, we showed that 
these observed differences were due to the total hydrolysis rate. The relative hydrolysis rates of 
individual peptide bonds (enzyme selectivity) were generally similar in the pH range 1-5 for α-
LA. Further analysis of the peptide release kinetics unravelled a major role of peptide bond 
masking and -unexpectedly- demasking. Due to both phenomena, many of the peptide bonds 
within the preference of pepsin, were not -or initially not- hydrolysed by pepsin, despite the 
intrinsic ability of pepsin to hydrolyse these bonds.  
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Annexes chapter 5 

Annex 5.1. Peptide α-LA 53-123 [M+5H] identified with UNIFI, after 1 minute of pepsin hydrolysis at pH 2. 
The separation of the isotope peaks allowed automated identification of this peptide in semi-specific 
peptide analysis.  
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Annex 5.2. Part of the MS/MS spectrum of intact α-LA at pH 2 after 30 s, annotated in UNIFI.  



THE EFFECT OF PH ON PEPSIN PREFERENCE

127 

5 

Annex 5.3. Far-UV spectra (top) and Near-UV spectra (bottom) for α-LA at 37 °C.  
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Annex 5.4. Hydrolysis rates of pepsin cleavage sites α-LA at pH 2. Standard deviation (red) is calculated over 
two biological replicates. Selectivity is plotted on a logarithmic scale. 
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Annex 5.5. Hydrolysis rate constants [s-1] of several cleavage sites in α-LA at pH 1-5 during pepsin hydrolysis. 
Standard deviation (red) is calculated over the duplicate hydrolyses. 
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Annex 5.6. Cleavage site probabilities extracted from data of Hamuro et al. Percentage of hydrolysed ( ) 

and intact ( ) observations was categorised based on the amino acid in the P1 position (top) and P1’ 
position (bottom). The number in the bar indicates the total number of observations. 
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Annex 5.7. Cleavage site probabilities extracted from data of Powers et al. Percentage of hydrolysed ( ) 

and intact ( ) observations was categorised based on the amino acid in the P1 position (top) and P1’ 
position (bottom). The number in the bar indicates the total number of observations. 



CHAPTER 5 

132 



THE EFFECT OF PH ON PEPSIN PREFERENCE

133 

5 



CHAPTER 5 

134 

Annex 5.8. The division of cleavage sites in selectivity clusters HSS ( ), ISS ( ), LSS ( ) VLSS ( ) and NH 
( ) based on the type of amino acid occupying the positions P3-P3’. 
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Annex 5.9. apo α-LA visualised using PyMOL (crystal structure 1F6R). The coloured peptide bonds are A40-
I41 (red) in a β-sheet, L52-F53 (yellow) in a β-turn, Y103-W104 (blue) in a α-helix. 



CHAPTER 5 

136 



CHAPTER 6 

General discussion 



CHAPTER 6 

138 

MAIN OUTCOME OF THE THESIS
In this thesis, a method was introduced for automated identification and quantification of 
peptides (Chapter 2). Previous studies in our laboratory manually assigned peptide sequences 
to LC-MS spectra, which was extremely time-consuming: Analysis of one chromatogram took 
approximately a day of work. To limit the number of annotation options, the choice for 
substrates and enzymes was limited to relatively small proteins and specific proteases as trypsin 
and Bacillus licheniformis protease [1, 2]. By automation of the annotation process with UNIFI, 
the time required per sample was reduced to approximately one minute, for comparable 
protease-substrate combinations. The automation allowed us to apply the method on more 
complex hydrolysates, created from plant protein extracts or by proteases with a less defined 
specificity. This development, validated with a manual reference analysis, allowed us to analyse 
these hydrolysates while maintaining the quality and confidence in the list of peptides as 
obtained with manual annotation. 

The method automated in this thesis (Figure 6.1) had many advantages over traditional 
proteomics processing for the analysis of food hydrolysates. The most important advantages 
were the large range of peptides (from tri-peptides up to intact α-LA), the 97 % repeatability for 
peptides in a tryptic mixture of α-LA, β-LG, β-cas and the successful removal of in-source 
fragments. Moreover, the method benefits from the possibility to -absolute and label-free- 
quantify all individual peptides and to evaluate the completeness of the analysis. Many of the 
calculations and routines performed in the experimental chapters, were automated with scripts 
in Matlab. With these, for instance, in-source fragments were removed, the annotated peptides 
were correctly matched to UV peak areas and hydrolysis rates were derived from the product 
formation of individual cleavage sites (Figure 6.1). The scripts were developed in such a way that 
data of multiple injections can be processed at once and results are exported to a single 
(Microsoft Excel) file with several overview tables of the results. 

Figure 6.1. Steps in processing of LC-MS data and required software. The steps in bold were developed or 
improved during this PhD project. 
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The manual data-processing helped to define processing parameters in such a way that the 
automated analysis yielded peptide lists of similar quality and repeatability as one would achieve 
with manual processing. The automated analysis method yielded amino acid sequence 
coverages of 99-100 % (Chapter 2), coverages that are typically not obtained with other 
automated approaches from proteomics. To study peptide release by proteases during 
hydrolysis, every individual peptide is important since it explains part of the protease selectivity. 
In contrast, information on individual peptides is less important in proteomics analyses, since 
there the identification of a protein depends on multiple unique peptides combined. A high 
repeatability in replicate analysis was an important requirement for the method. The 
repeatability depended on detection of the parent ion and on the number of MS/MS fragment 
ions, which were both correlated mostly to MS ion intensities. In Chapter 2, a parameter was 
introduced, the limit of annotation. Peptides above this limit, explaining ~99% of the total 
annotated MS intensity, were 100 % repeatably annotated in replicate analyses of simple 
hydrolysates. Such repeatability on peptide-level is much higher than reported for proteomics 
approaches, which have typically a repeatability on peptide-level of 35 - 60 % [3]. Another 
requirement of the method was that it could annotate a wide range of peptide lengths, since 
these vary from long to short during the hydrolysis process. Typical proteomics approaches 
target medium-size peptides of 7 to 40 amino acids, which is the default length in MaxQuant. 
Smaller peptides are not considered since these are not unique for one protein in a database. 
The method introduced was able to annotate peptides consisting of 3 amino acids but also 
peptides of 7,000 Da. By automation of the method it appeared that in-source fragmentation of 
peptides and their formed m/z signals should be dealt with. It is not possible to distinguish a low 
abundance peptide from an in-source fragment, by mass, MS/MS fragments or intensity. In this 
thesis, a routine was developed to recognize and remove in-source fragments, using retention 
time and information of the parent peptide. This worked successfully for the applications 
described in this thesis. The automated analysis made it possible to analyse hydrolysates of 
higher complexity. In Chapter 3, complexity was increased by using a legume seed protein 
extract containing multiple proteins occurring in multiple isoforms. In Chapter 4 & 5, complexity 
was increased by using broadly or a-specific proteases. The increase in complexity increased the 
number of signals per chromatogram and had an even more dominant effect on the number of 
annotation options for the software. This was reflected in the processing time in UNIFI. For 
example, a chromatogram of hydrolysates obtained after a-specific hydrolysis, or from many 
and long protein sequences, or with multiple post-translational modifications considered, is 
processed in UNIFI generally within 10 minutes. When complexity relates to all three aspects 
simultaneously, the software requires up to 1 hour per sample or freezes when analysing 
multiple chromatograms in one analysis. In order to analyse these complex samples, the 
minimum signal intensity was increased in MS processing such that precursor ions without 
sufficient intensity were excluded prior to the identification stage in UNIFI instead of during 
filtering in UNIFI. After optimisation, the UNIFI software was able to process these data. For 
instance, ten chromatograms could be processed of a-specific hydrolysates of collagen A1 (1056 
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amino acids) and A2 (1038 amino acids) in   8̴ hours in one go, with up to two hydroxyprolines 
considered. 

The automated peptide identification method was combined with absolute label-free 
quantification. In the field of proteomics, accurate and easy quantification is a continuing 
struggle. Absolute quantification methods require isotopically labelled standards and therefore 
protein concentrations are based on only a few peptides. Relative quantification techniques can 
be used to describe differences between peptide quantities in different samples, but are not 
suitable to determine molar concentrations of individual peptides. Previous studies showed that 
UV absorbance gives a linear response with molar peptide concentrations and is a successful 
approach to determine individual peptide concentrations in hydrolysates [2]. The automated 
method presented in this thesis was also equipped with UV-based quantification, which allowed 
us to quantify peptides in complex hydrolysates. A few software settings were optimised for 
automated, fast and reproducible UV-peak integration in Masslynx (Chapter 2). For peptides 
with an intensity above the LOA, the relative standard deviation for individual peptide 
concentrations in replicate injections was only 4 % (Chapter 2) and thereby as accurate as 
absolute quantification techniques that involve labelling [4]. Peptide quantification based on 
UV214 absorbance would be a good option for other researchers that want to quantify identified 
peptides in food hydrolysates. 

After identification or quantification of all the peptides present in a hydrolysate, one can 
evaluate the completeness of the peptide analysis by using the suggested coverage parameters 
e.g. amino acid sequence coverage, peptide sequence coverage, protein recovery and molar
sequence coverage. By calculating the amino acid sequence coverage, one can describe how
much of the protein sequence was covered by the identified peptides. This is also often done in
proteomics. However, since peptides can be quantified with our method, one can now make a
mass-balance and determine how much of the initial protein was included in the results, and,
determine which specific regions of the protein sequence were quantified less than one would
expect based on the injected protein concentration. Both are very useful when characterising
hydrolysates with a low solubility. For instance, the protein recovery was used to describe that
on average 14 % of the protein material in the yellow pea seeds was included in the results of
the analysis (Chapter 3). Although introduced by Butré et al. in 2014, the coverage parameters
are currently not used much outside our laboratory. The outcome of these coverage parameters 
would be very useful to objectively compare different hydrolysates or for instance the effect of
equipment, quantification technique and sample preparation on completeness of the analysis.

In literature, typically only the endpoint of the hydrolysis process is analysed for the peptide 
composition to determine protease (secondary) specificity and preference. In Chapter 4 and 
Chapter 5, it was shown that by sampling during hydrolysis, one can follow the formation and 
degradation of peptides during the process. With the peptide concentrations at various 
timepoints, the hydrolysis rates and kinetics (normal / demasking) of individual cleavage sites 
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can be determined. This resulted in a very detailed description of the hydrolysis process and 
thereby novel insights in protease activity. The automation of the peptide annotation made it 
possible to do this for proteases with a less defined specificity. 

As described above, the method successfully fulfilled the need for an automated and robust 
method to identify and quantify the peptides in food hydrolysates. The second part of the 
discussion will evaluate remaining challenges, their solutions and possible method extensions, 
divided in the topics peptide identification and peptide quantification, for simple and complex 
systems. The third part of the discussion will evaluate the insights in chymotrypsin and pepsin 
and thereby the predictability of peptides formed during protein hydrolysis of a-specific 
proteases.  

THE METHOD TO IDENTIFY AND QUANTIFY PEPTIDES IN FOOD HYDROLYSATES
Acquisition of the LC-MS data 
Choice of the mass spectrometer and its influence on the data obtained 
The final list of identified peptides is strongly influenced by the choices in data processing 
approach (Chapter 2), but also by the LC-MS hardware used to acquire the data [5]. Highly 
sensitive and accurate mass spectrometers will in some cases be able to detect more peptides, 
but are also expensive. Halfway this PhD project, the Synapt G2Si, used in Chapter 2, was 
replaced by the Select Series Cyclic IMS. Both were used in this case to evaluate the choice for 
hardware. The choice of hardware can influence (1) the accuracy in determination of the m/z 
and (2) the recognition of the precursor ion.  

1. To determine the peptide mass, it is important that the m/z is determined as accurately
as possible, since it allows a narrow mass error window in automated processing and
limits the number of tentative sequences that match the observed mass. In Chapter 2,
the use of two lock mass components highly enhanced the mass accuracy of data
acquired with the Synapt G2Si, especially for large molecular weight peptides. The mass
spectrometer used in the other chapters (Select Series Cyclic IMS) had a comparable mass 
accuracy as the Synapt G2Si, despite that the software allowed only one lock mass. The
Select Series IMS did not show a mass error dependency with increasing mass as was
observed when measuring with a single lockmass on the Synapt G2Si (Chapter 2). Since
both mass spectrometers had comparable mass accuracy, the replacement did not allow 
us to further narrow down thresholds on mass error and did not affect the number of
identified peptides. When mass accuracy would increase much more (< 0.5 ppm), it will
not have a large effect on the number of tentative annotation options per m/z, since the
differences in elemental composition result in peptide mass differences larger than 1
ppm or are isobaric (exactly same mass) [6, 7].

2. To recognize the precursor ion in the processing software, the peak shape and peak
resolution (full width at half maximum) are important. These rely on the signal intensity
and the type of TOF detector as well as its tuning of the ion beam, respectively. For
instance, the peak resolution of LeuEnk was ~2 ·104 in Synapt G2Si and improved to ~4-5
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·104 in Select Series Cyclic IMS. A high MS peak resolution allows the processing software 
to detect the peak shape of lower intensity peaks. The replacement of the Synapt G2Si
by the Select Series Cyclic IMS led to a 10x decrease in limit of detection. As a result, low
intensity peaks could be identified that were not (reliably) identified before. For a tryptic 
α-LA hydrolysate, the number of identified α-LA peptides increased from 50 to 60 by
change from Synapt G2Si to Select Series Cyclic IMS. The change in mass spectrometer
led to a larger increase in number of identified signals for complex hydrolysates. For an
a-specific collagen digest, the number of identified MS signals increased from 10,000 to
66,000; the number of MS/MS signals from 15,000 to 123,690 and the number of
peptides from 200 to 1,000. Although the differences in number of recognised peptides
between Synapt and Cyclic seem striking, one should keep in mind that the differences
only manifest in the low abundance signals. The effect of machine peak resolution on the 
number of identified signals and peptides can also be estimated by an in silico simulation
as for instance done by Geromanos et al. [8].

A high quality mass spectrometer contributes to the number of (low abundant) peptides one 
can reliably identify and should be considered when comparing results obtained with different 
LC-MS approaches. In some cases, the lowly abundant peptides contain the most important 
information. This is the case for identification of proteins which come in many different variants. 
The lowly abundant peptides are the ones that code uniquely for a particular genetic variant, 
whereas the abundant peptides originate from sequences generic for all variants. An example 
of such a protein with high sequence identity between the genetic variants is patatin from 
Solanum tuberosum [9], for which over 40 sequences are reported in the Uniprot database. 

Peptide fragmentation techniques 
The reliability of annotated peptides depends on the quality of the fragmentation spectra. In 
this thesis, MSE was used [10]. With MSE, the ions that elute from the LC at a certain retention 
time are exposed to a ramp of collision energies. The benefit of this technique is that no pre-
selection of ions is required, and therefore all precursor ions are fragmented. In peak processing, 
the fragment ions are matched to the precursor ions based on their chromatographic peak. For 
the data obtained in this thesis, no issues were observed in matching precursor ions with MS/MS 
fragments. A collision energy ramp was used since the energy required for fragmentation varies 
with peptide size and the type of amino acids in the peptide sequence [11, 12]. Using this ramp, 
all peptides were successfully fragmented as long as the MS intensity was sufficient. Some 
studies indicated that peptides without positively charged residues formed incomplete series of 
b- and y-ions [13] and peptides with serine phosphorylation showed reduced backbone
fragmentation [14]. In our study, no issues were encountered in fragmentation and
identification of both types of peptides. For the peptides with high MS intensities, approximately 
50 to 100 % of the b and y fragments were formed and annotated, which leaves no doubt about 
the peptide sequence identified and thereby no room for improvement. For low intensity MS
signals, the quality of the fragmentation data decides whether the peptide can be included in
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the result, or does not match the minimum fragment criteria for reliable annotation. Little 
improvement in the fragmentation information can have a relatively large effect on the number 
of peptides identified. A possible improvement would be to consider also other type of fragment 
ions as a-ions and b- or y- ions with a water or ammonium loss, which are now already identified 
in UNIFI, but not used in the annotation criteria for the MS/MS fragments. 
 For very complex hydrolysates, in which all peaks co-elute, issues might occur in assigning 
the observed MS/MS fragments to the MS data. For these, it can be useful to remove 
redundancy in the fragmentation data. At first, fragmentation data could -in theory- be 
improved by using the Cyclic ion-mobility cell [15, 16]. This dimension allows separation of co-
eluting peptides based on slight differences in ion-mobility. Fragmentation can be done in the 
transfer-cell, after a single pass through the cyclic ion-mobility cell. By doing so, the travel time 
of the ions can be used in UNIFI processing to see which fragments came from which precursor 
ion [17]. In practice, saturation of the ion-mobility cell led to limited ion intensities in the TOF-
detector. The ion-mobility cell was saturated at MS intensities of 1·105 counts, whereas the TOF-
analyser was not yet saturated at intensities of 2·107 counts. As a result, the amount of ions 
available for fragmentation was similarly lower in the ion-mobility analysis. For a tryptic digest 
of α-LA, addition of the IMS dimension resulted in 34 % less identified peptides and 6 % lower 
fragment recovery for shared annotations. So, to make the ion-mobility cell useful for our 
application, the ion load capacity should be increased. Cook et al. described the same issue when 
combining the ion-mobility in analysis of volatile compounds [18]. 

Alternatively, redundancy in the fragmentation spectra can be removed by switching to a 
different ion-selection strategy, in which only the m/z of the peptide of interest is fragmented 
rather than all ions of co-eluting peptides, as done with a trapping MS. Fragmentation of the 
most abundant ions in each spectrum would not be useful (Data Dependent Acquisition), since 
in case of co-elution of peptides, the high intensity ions might all come from one peptide. 
Alternatively, one can predefine m/z windows (of for instance 25 Da) that are selected for 
fragmentation (Data Independent Acquisition) [19]. With this strategy, no pre-selection of ions 
is needed, but co-eluting peptides have individual fragmentation spectra. This looks promising, 
but the total MS cycle time available needs to be divided over all the m/z windows [19]. A 
consensus needs to be made between the number of m/z windows and the (time for different) 
collision energies used which influence the acquisition time per window and thereby fragment 
intensities. 

Choice of LC-MS and mobile phase additive on peptide quantification 
UV-based quantification is most accurate when peptides are baseline separated in the LC. In 
case of co-elution, UV-area has to be divided over peptides using their MS-intensities, which 
decreases the accuracy (Chapter 2). Here again, the choice of LC-setup has a major influence on 
the quality of the acquired data (Figure 6.2).  
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Figure 6.2. Chromatogram of a tryptic digest of α-LA with the H-class Acquity LC (bottom) and the Premier 
LC (top) from Waters both equipped with C18 peptide column. The UV absorbance on the Premier LC was 
given an off-set of 4·104 AU. The shadings highlight the differences in peak separation. 

Some peptides that co-eluted on the H-class Acquity LC were separated using the Premier 
LC (Figure 6.2). Besides the LC, also the mass spectrometer influences the quantification. It was 
discussed in the previous paragraph that a more sensitive mass spectrometer contributes to the 
number of peptides that can be detected. Despite having a larger dynamic range for signal 
intensities in the MS, a sensitive mass spectrometer seems also more sensitive for fouling of the 
MS, in the long run. To avoid that, the suppliers suggested to avoid MS intensities above 1·106 

counts, where possible. This implied for analysis in the Select Series Cyclic IMS that hydrolysates 
had to be diluted an additional 2-3x times, relative to the Synapt G2Si. Obviously, dilution of the 
sample led to lower peptide concentrations, smaller UV214 peak areas and thereby less peptides 
that exceeded the limit of quantification relative to the undiluted hydrolysates. Therefore, the 
higher number of identified peptides with the Select Series Cyclic IMS relative to the Synapt G2Si 
did not lead to a higher number of quantified peptides.  

Many other LC-MS methods make use of formic acid (FA) instead of trifluoroacetic acid 
(TFA) in the solvents. FA is often favoured over TFA since it does not show ion suppression [20] 
and the formation of TFA clusters in the MS chromatogram [21]. TFA has been described to yield 
a better peak separation in the LC than FA, but, the differences we observed (with the Premier 
LC) were negligible. For trypsin specific peptides in our data, signals were suppressed by 60-85% 
with TFA, relative to FA. Therefore, when FA is used instead of TFA, one should inject 
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considerably lower peptide concentrations to prevent pollution of the MS-detector. This will 
negatively affect the number of peptides that can be quantified with UV. 

The number of peptides that exceed the limit of quantification can be increased by making 
the peptide concentration in the LC higher than the amount entering the mass spectrometer. 
Potentially, one can use a splitter between LC and MS that let only a part of the solution pass 
from LC to MS. Similarly, a dynamic range enhancement lens (DRE-lens) can be used to restrict 
the amount of ions going to the MS during data acquisition (not possible in the current Cyclic 
software). Thirdly, increasing the path length in the UV-detector would help a bit. At last, a 
sample can be injected at high concentration for quantification, (which goes afterwards to the 
waste bin) and a sample can be injected at low concentration for identification.  

The completeness of quantification 
Analysis of the mass balance and visualisation of the unique amino acid concentrations allowed 
us to describe how much of the expected protein material was recovered by the peptide 
concentrations. For yellow pea, 14 % of the protein in the seeds was described by the peptides 
in the hydrolysates (Chapter 3). Here, the quantification is incomplete due to peptide losses 
before injection. These issues were related most likely to the complexity of the sample. e.g. 
peptide interactions with the substantial non-protein part (comprising  ̴40% w/w) or intrinsic 
low solubility. However, also for hydrolysates of milk proteins (protein content >90 % w/w), the 
unique amino acid concentration in the peptides were in some cases not in line with the 
expected concentration. Remarkably, the analyses with (apo) α-LA were more complete than 
the analyses with β-LG and especially β-cas, regardless of the protease (trypsin, chymotrypsin 
or pepsin) used. It seems therefore that the protease used is not (directly) the cause for the low 
molar coverage.  

Figure 6.3. Molar sequence coverage plot of β-cas hydrolysed by chymotrypsin for 1 hour (A) and by bovine 
trypsin for 2 hours (B). The injected protein concentration is 50 µM, indicated by the orange dotted line. 
Standard deviation for chymotrypsin is from two replicate digestions, standard deviation for trypsin is from 
four replicate injections. Amino acid region 194-209 is highlighted by the green box. 
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Possibly, the molar extinction coefficients of peptides are in some cases not predicted 
correctly. For instance, in β-cas hydrolysates by chymotrypsin, peptide 194-209 
(QEPVLGPVRGPFPIIV) was quantified 2x the injected protein concentration (Figure 6.3, Chapter 
4). For this example, there were no clues that the peak area was integrated wrongly, or co-
elution could have led to inaccurate concentrations. This peptide had potentially a ~2x higher 
molar extinction coefficient than predicted maybe due to the 4 proline residues. The same 
region of the sequence was also over-estimated in hydrolysates of bovine trypsin (Chapter 2). 
In the study of Kuipers et al. all (synthetic) peptides that contained proline (GPRP; RPPGFSP and 
RPPGFSPFR) also showed a 16 % higher experimentally measured extinction than predicted [22]. 
In the analysis of Deng et al. for hydrolysates with bovine, porcine and human trypsin, this 
peptide region of β-cas was not clearly over-estimated and depended on the degree of 
hydrolysis [23]. It would be valuable to re-evaluate the role of proline, since the current UV-
quantification is fully dependent on the predicted molar extinction coefficients. Preferably, 
synthetic peptides should be tested with different position and number of proline residues. 

Increasing complexity in data-processing and the comparison with proteomics 
Repeatability in a-specific data processing for raw and processed data 
Up to now, information on the repeatability and reliability of non-specific data-processing 
approaches are rather limited. Traditionally in proteomics, proteases with a clearly defined 
specificity as trypsin are used for hydrolysis and the database search. Last years, also semi-
specific and non-specific data-processing became available despite that that gives a 
computational challenge due to the numerous tentative annotation options [24]. For instance, 
Guo et al. performed proteomics analyses with seven proteases in different combinations, 
among which chymotrypsin and elastase, with the aim to improve amino acid sequence 
coverages [25]. Theoretically, annotation of peptides that are fully specific with the given 
enzyme specificity, should be similarly annotated regardless of the type of processing analysis 
e.g. fully-specific, semi-specific or a-specific. We observed that the type of processing analysis
chosen matters for the results of the peptide identification in UNIFI. For instance, in-source
fragments are often recognised as such in the fully- or semi-specific analysis, but are annotated
as unique peptide in the a-specific analysis. These remaining in-source fragments are removed
in later processing based on sequence and retention time. However, when the in-source
fragment is annotated to a different part of the sequence or different protein than the parent
peptide, the developed routine is not able to recognise these in-source fragments. This issue did 
not occur during a-specific analysis of single protein hydrolysates but might occur for analysis
with multiple substrates. To investigate the effect of the processing type on annotated peptides, 
in-source fragments and repeatability, a mixture of tryptic digests of α-LA, β-LG and β-cas was
injected five times and processed semi-specifically and a-specifically. Both analyses of the same
data led to large differences in the raw list of annotated peptides. The data before filtering
consisted of   ̴1,500 annotated peptides after a-specific processing and  ̴150 peptides after semi-
specific processing. A-specific processing showed that only   ̴10 % of the entries in the unfiltered 
data were annotated in all five replicates. The low repeatability was mostly in the peptides with 
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relatively low intensities. Of the 100 most abundant peptides, 87 were annotated similarly in all 
five replicates. For the filtered a-specific output, 53 % of the entries were identified in all 5 
replicates and for the peptides with an intensity above the LOA (> 2.1·105 Counts), 82 % of the 
peptides were repeatably identified in all five replicates. This repeatability is considerably lower 
than obtained with the semi-specific analysis of the mix (97 %), but still higher than repeatability 
reported on peptide-level with other automated approaches. The difference in repeatability 
between the data with and without filtering stresses once more the importance of setting 
criteria to MS/MS fragmentation and intensity to ensure a reliable and repeatable peptide list. 

The correctness of substrate sequences used in data-processing 
The methodology described in this thesis requires (expected) substrate sequences as input. In 
other untargeted approaches, available databases are used as for instance “Bos taurus” or 
“Homo sapiens” for supply of protein sequences. Both proteomics approaches and our approach 
rely on the availability and correctness of the protein sequences and will not identify peptides 
that do not match the protein sequences outside the database. For the analysis of the pea 
extracts, a few peptides were clearly present but do not seem to come from the protein they 
were annotated to (Chapter 3). For instance, the region 103-107 ((E)-KEEED), assigned to 
legumin B, had -unexpectedly- the highest molar coverage in the pea vicilin fraction. Most likely 
these peptides originate from vicilin or provicilin. However, there were no (semi-specific) 
annotation options in these proteins. Here, we question therefore the correctness of the protein 
sequence used. For some other legumes, for instance lentil, the sequences of the main storage 
proteins are currently not reported and reviewed in Uniprot. At last, mutations can occur in the 
protein sequence [26], which are not known or not included in the database [27]. For instance, 
recently 206 mutant lines of Sorghum bicolor showed differences in amino acid composition 
attributed to sequence variation of storage proteins [28]. To investigate suspicious annotations 
as in Chapter 3, it would be useful to have an alternative approach that does not depend on 
sequences in a database. There are already some data-processing approaches that can annotate 
peptides that do not necessarily match a database. Some recent bioinformatics studies 
combined genomics and proteomics to identify peptides with  unexpected mutations in protein 
sequences [29]. Other approaches build up the amino acid sequence of the peptide from the 
MS/MS spectra, also called de novo sequencing. In de novo annotation, the mass fragment ions 
and the absolute differences in their masses are used to determine the amino acid sequence of 
the peptides [30]. Difficulties in this approach are that some amino acids and combinations of 
amino acids have exactly the same mass. For instance iso-leucine and leucine (113.08 Da), A+N 
and G+Q (185.08 Da), E+S and T+D (216.07 Da). Moreover, MS/MS data has to be of high quality. 
Most methods that use de novo sequencing combine different fragmentation techniques and 
use information on which fragment masses are typically formed or not formed (in that type of 
fragmentation) [31]. Recently also machine learning was incorporated to improve de novo 
peptide identification [32, 33]. Since most highly abundant peptides are identified with >50 % of 
the theoretical b/y fragments, it could also be interesting to use de novo sequencing. The de 
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novo approach would also be useful to annotate m/z signals coming with a large UV peak area, 
but currently not identified. 

Analysis of the reference samples with a typical approach of proteomics 
In this thesis often the comparison has been made between the developed method and 
proteomics approaches, and the results that would be obtained for peptide mapping in food 
hydrolysates. Despite using comparable hardware, often reported coverages and repeatability 
are lower in proteomics analysis. To make a fair comparison, the tryptic mixture of α-LA, β-LG 
and β-cas and the individual α-LA hydrolysate, as used for development of the method in 
Chapter 2 were analysed with a setup typical for proteomics by dr. S. Gregersen in Aalborg, in 
respectively three and one injection(s). The hydrolysates were reduced and alkylated before 
injection on the EASY-nLC system coupled to a Q Exactive HF mass spectrometer, both from 
Thermo Scientific, similar to [34, 35]. A data-dependent acquisition was used in which (up to) 20 
most intense MS1 precursors were selected for HCD fragmentation, which were annotated using 
MaxQuant v1.6.10.43 [36] with the bovine proteome, a tryptic specific analysis and a 1% false 
discovery rate. Quantification was done using IBAQ [37].  

For the proteomics analysis of α-LA, 114 peptides were identified and in the mixture 132 ±4 
peptides. The number of identified peptides for the mixture was similar to the number of 
peptides identified from α-LA, β-LG and β-cas above the LOD (133) (Chapter 2). However, these 
132 ±4 peptides in the proteomics analysis originated from  ̴30 proteins (Figure 6.4). This 
number is remarkably higher than the 3 proteins that are dominant in the mixture. Only 58 ±1 
peptides were matched to α-LA, β-LG or β-cas, which means that the proteomics analysis did 
not identify more peptides than with our methodology in these relatively simple hydrolysates. 
The proteomics analysis did identify some remarkable proteins as for instance pancreatic 
ribonuclease 4 (P61823) and O-glucosyltransferase 2 (A0A3Q1MR70). Surprisingly, 29 peptides 
from α, β and κ-casein were identified in the individual α-LA hydrolysate, despite that it should 
not contain caseins. These cannot have been carried over from the previous injection, since the 
α-LA hydrolysate was analysed before the mixture. We strongly doubt the correctness of the 
casein annotations in the α-LA protein isolate done with the proteomics analysis. 

For none of the main proteins, a 100% amino acid sequence coverage was obtained with 
the proteomics analysis. For β-LG, peptide (K)-IIAEK (71-75) was not identified. For α-LA, 
sequence 14-58 was not covered by peptides. For β-cas, the coverage was only 44 %. The missing 
sequences in the proteomics analysis seem to be covered by peptides that are either too small 
or too large to be annotated in the proteomics analysis. This stresses the strength of the method 
in this thesis to identify tri-peptides up to intact α-LA. 
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Figure 6.4. The number of peptides identified in tryptic hydrolysates of α-LA, β-LG and β-cas protein isolates 
(Chapter 2) and the number of peptides identified with a proteomics analysis. 

The effect of sample complexity on quantification 
Typically the amount of injected protein in LC-MS is reported in weight or weight/volume. In 
reality, this means that with increasing complexity, the molar concentrations of individual 
protein will simultaneously decrease when the amount injected is kept constant. For the analysis 
of hydrolysates of milk protein isolates (Chapter 2) (with a high protein content, few substrates 
and relatively short protein sequence), injected concentrations were 50-100 µM per protein, 
similar to a loading of 2-4 nmole on column). This resulted in high coverage values and accurate 
estimates of protein concentrations (Chapter 2). For hydrolysates of pea protein extracts, the 
total amount of protein was lower and many, relatively long, protein sequences were used. In 
consequence, the effective concentration of each protein variant in the cultivar extracts were 
≤10 µM for the yellow pea cultivar extracts (similar to a loading of ≤40 pmole per protein on 
column). This yielded low protein concentrations and amino acid sequence coverages, even for 
the most abundant proteins in the pea extracts. One could argue how accurate protein 
quantification is in these samples, since part of the peptides falls below detection- and 
quantification thresholds. In proteomics, 5,000-11,000 proteins were reported in a single LC-MS 
run [38, 39]. In case the amount of injected protein is similar, individual protein concentrations 
will be even lower. For each individual protein in these samples, the molar amount loaded on 
column can be estimated, assuming that the injected amount is 4 µg (similar to [39]), each 
protein is equally present and on average 40 kDa. The molar amount loaded per protein would 
be 0.01 pmole for a sample containing 10,000 hydrolysed proteins. In reality, the proteins will 
have different molar concentrations and part of the (still detected) proteins will have amounts 
lower than 0.01 pmole. The individual protein and peptide concentrations will affect the number 
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of peptides that exceed the detection limit and thereby also the sequence coverages and protein 
quantification. 

It would be interesting to see how the method in this thesis performs at various (individual) 
protein concentrations, for samples with known protein concentrations. Therefore, an 
additional study was conducted to quantify known amounts of protein, at different 
concentrations. To exclude the effect of sample losses during sample preparation, complexity 
was induced by mixing 9 hydrolysates of different substrates. The hydrolysates were individually 
analysed at 1 mg/mL and as mixture at three different protein concentrations (0.495 mg/mL, 0.1 
mg/mL and 0.05 mg/mL). The protein concentrations were calculated using the average unique 
amino acid concentration (calculation I from Chapter 3). The amino acid sequence coverages 
ranged from 65 % (α-S2-casein) to 100 % (α-LA) for the individually analysed hydrolysates (Table 
6.1). Mixing the 9 hydrolysates decreased the average amino acid coverage by 18 %. Injecting 
the mixture at lower concentration had a major impact on sequence coverage, due to a decrease 
in number peptides that had intensities sufficient for detection. At 0.495 mg/mL, 186 peptides 
were identified in the mixture. At 0.1 mg/mg, this value lowered to 75 identified peptides and 
at 0.05 mg/mL only 33 peptides were identified. No peptides of α-S2-casein were identified in 
the 0.05 mg/mL mixture, although these were present at higher injected concentrations.  

Table 6.1. Amino acid sequence coverages [%] for proteins in mixing experiment. 
Protein Individual         

1 mg/mL 
Mixture                 
0.495 mg/mL 

Mixture                 
0.1 mg/mL 

Mixture                 
0.05 mg/mL 

α-LA 100  72 ± 20 29 ± 5 13 ± 4 
β-LG 94  78 ± 0 69 ± 0 55 ± 1 
β-cas 87  36 ± 8 26 ± 2 17 ± 2 
BSA 94 79 ± 1 21 ± 0 4 ± 1 
α-S1-cas 96 78 ± 2 42 ± 2 8 ± 0 
α-S2-cas 65 56 ± 4 7 ± 0 0 ± 0 
Lysozyme 98 97 ± 2 57 ± 0 36 ± 3 
Hemoglobulin subunit A 95 75 ± 0 51 ± 0 6 ± 0 
Hemoglobulin subunit B 86 85 ± 0 37 ± 4 14 ± 5 

1The hydrolysates of ovalbumin and pea albumin contained mostly intact protein and were not considered in further 
processing. 
2The hydrolysate of α-casein contained peptides from both the S1 and S2 isoform. Similarly, the hemoglobulin occurred 
as mixture of subunit A and B. 

The absolute protein concentrations in the 0.5 mg/mL mixture had on average a 27 % 
relative standard deviation from the expected absolute protein concentrations. This shows that 
we were able to accurately determine protein concentrations for samples of 10 proteins 
regardless of a ~10x increase in peptide numbers and thereby the number of co-eluting peptides 
and amount of UV area that had to be divided with MS-intensity.  
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Figure 6.5. Absolute concentrations [µM] with standard deviation of proteins in the mixture injected at 0.5 
mg/mL ( ), 0.1 mg/mL ( ) and 0.05 mg/mL ( ) determined from three replicate injections. The expected 
protein concentration is indicated by the diagonally striped bar. Concentrations are plotted on logarithmic 
scale. 

Quantification was not accurate for mixtures injected at 0.1 mg/mL and 0.05 mg/mL, which 
represented peptide concentrations as one would analyse hydrolysates from 50 or 100 proteins 
with similar amount of injected protein as the non-diluted mixture. All absolute protein 
concentrations were lower than expected. For instance, the absolute concentration of α-LA was 
0.2 µM, where 1.2 µM was expected (Figure 6.5). It seems that with our current experimental 
setup, protein (variant) concentrations could be quantified only when (injected) concentrations 
are approximately above 2 µM. At lower concentrations, part of the peptides are not identified 
(reflected by the low amino acid sequence coverage), and estimates for concentrations cannot 
be determined by averaging the unique amino acid concentrations. This is important to consider 
for applications in the future, as the analysis of digests of food ingredients or full meals. For 
instance, a traditional Dutch pea soup, containing pea, potato, several other vegetables and 
meat will certainly contain over 50 proteins, of which most at concentrations below 2 µM. 

PROTEOLYSIS BY A-SPECIFIC PROTEASES 
Describing proteolysis for digestive proteases without clearly defined specificity 
Using the automated method discussed above, hydrolyses of different digestive proteases were 
studied. In literature, protease specificity and preference are often determined by analysis of 
the peptides after hydrolysis of protein substrates [40, 41]. Both parameters are determined by 
counting the type of amino acids on the termini of the peptides. The majority of studies focusing 
on proteases did not quantify the peptides present and did not analyse multiple timepoints, 
needed to describe quantitative peptide release kinetics. The automated method for peptide 
identification and quantification made it possible to do both and investigate proteolysis for the 
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digestive proteases in much more detail than ever before (Chapter 4 and 5). The UV-based 
quantification was used to calculate concentrations of all peptides, and thereby providing a 
quantitative description of protease preference (Chapter 4).  

In this thesis, hydrolyses of simple substrates with different digestive proteases were 
studied. The method was developed using trypsin, which was highly specific to hydrolyse 
peptide bonds after lysine and arginine. In previous research in our laboratory, bovine trypsin 
hydrolysed only 41 % of the potential cleavage sites with high selectivity [1]. For the cleavage 
sites that were hydrolysed slowly or not at all, 74 % was explained by a secondary specificity [1]. 
The second protease, chymotrypsin, hydrolysed after all amino acids (except glycine and 
arginine), which directly indicates the contrast with trypsin in complexity. Chymotrypsin showed 
a clear preference for aromatic residues, methionine and leucine. For the residues that were 
preferred, ~73 % of the cleavage sites were hydrolysed with high- or intermediate selectivity 
and for the other cleavage sites, 49 % were hindered by a proline in the positions P3, P1’ or P2’ 
as secondary specificity (Chapter 4). The last digestive protease studied was pepsin, for which 
the preference was again less clearly defined. Also for amino acids within the preference, only ≤ 
50 % of the occurrences were hydrolysed and these were not explainable with a secondary 
specificity (Chapter 5). This was in line with cleavage probabilities determined by others [41, 42]. 

The specificity, preference and secondary specificity described in this way were found to be 
only part of the parameters needed to describe the kinetics of formation and subsequent 
hydrolysis of peptides during hydrolysis. For instance, some cleavage sites were hydrolysed with 
a delay in onset (demasking) or became in-accessible due to the hydrolysis of adjacent bonds 
(masking). The question rises whether the concepts used to characterise bovine trypsin also 
apply for the a-specific digestive proteases and how the new insights fit in the existing concepts. 
The question rises whether peptide release kinetics by the digestive proteases can be predicted 
and whether new concepts are needed to describe the protein hydrolysis process. The concepts 
that influence the peptides and their abundance at a certain moment of hydrolysis are: Enzyme 
(secondary) specificity and preference (as discussed above), the hydrolysis scenario (zipper vs 
one-by-one), enzyme activity and product inhibition, hydrolysis kinetics (demasking and 
masking) and hydrolysis rates (selectivity) (Figure 6.6). All these seem protease and or substrate 
dependent and can depend on the hydrolysis conditions. In this part of the discussion, all these 
concepts for chymotrypsin and pepsin will be discussed. 
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Figure 6.6. Factors that influence peptide release kinetics during hydrolysis. 

The hydrolysis scenario of a-specific proteases 
The affinity to hydrolyse intact protein or intermediate peptides will influence the type of 
peptides present during intermediate stages of hydrolysis. According to the Linderstrøm-Lang 
theory, the protease affinity to intact protein depends on the denaturation state of the substrate 
[43]. In literature, the hydrolysis scenario is determined in a rather limited number of cases [44-
46], despite its importance in digestion. For chymotrypsin, the affinity to hydrolyse intact protein 
(pH 8.0, 37 °C) was much higher for apo α-LA (molten globule) and β-cas (random coil), than for 
β-LG (globular), which matches the Linderstrøm-Lang theory (Chapter 4).  

Figure 6.7. Degree of hydrolysis measured on-line with pH-stat (A) and protein concentration measured by 
off-line analysis of LC-MS samples (B) plotted against DH/DHmax for pepsin hydrolysis of native β-LG( ), 
heated β-LG for 15 min at 90 °C ( ) and β-LG with chemically reduced disulphide bonds ( ). 
Hydrolyses were performed at E:S ratio of 1:100 at 37 °C. The theoretical lines for the zipper and one-by-
one scenario are indicated. 

For pepsin, the observations also matched the Linderstrøm-Lang theory (pH 3.0, 37 °C): apo 
α-LA (molten globule) was hydrolysed following the zipper scenario and β-LG (globular) followed 
the one-by-one scenario. Heating the β-LG to its unfolded state [47, 48] (15 min, at 90 °C) caused 
a shift from one-by-one to a zipper scenario (Figure 6.7), similar to the result of Reddy et al. [49]. 
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Reduction of the di-sulphide bonds [50] prior to digestion yielded an opened but globular folding 
state [51]. This led to a 2x higher degree of hydrolysis than with the heated β-LG, exactly similar 
as described before [49]. The reduced β-LG did not show the clear shift from one-by-one to 
zipper scenario as observed with the completely unfolded β-LG. 

All these observations seem to be in line with the theory. However, other examples from 
the past were not in line with the theory and suggest that the hydrolysis scenario does not only 
depend on the substrate. For instance, the affinity to intact protein depends on the conditions 
of the hydrolysis. Deng et al. reported for BLP a shift from the zipper scenario to the one-by-one 
scenario by increasing the substrate concentration and the reverse for bovine trypsin [52]. 
Similarly contradicting to the theory, Kosters et al. showed that hydrolysis of the same substrate 
(β-LG) under similar conditions by two proteases with similar specificity (BLP and V8), followed 
the zipper scenario for BLP and the one-by-one scenario for V8 [53]. This would not be expected 
based on the Linderstrøm-Lang theory. Therefore, it seems that there is currently no clear 
understanding of what determines the hydrolysis scenario. The affinity to hydrolyse intact 
protein (or intermediate peptides) depends on the substrate (state), the protease and 
conditions, of which the latter two are not considered in the Linderstrøm-Lang theory. Predicting 
the hydrolysis scenario was found more difficult than the current theory suggests. The 
automated methodology allowed peptide identification from small peptides to intact protein, 
enabling to follow peptide release kinetics for both scenario’s. 

The effect of enzyme and substrate concentration on hydrolysis 
For chymotrypsin, the DHmax reached after hydrolysis of α-LA, β-LG and β-cas was 2.2 ± 0.3  lower 
at E:S ratio of 1:100 than at an E:S ratio of 1:25 at similar substrate concentration (Chapter 4). 
Similarly, bovine trypsin poorly hydrolysed 0.1 % apo α-LA at E:S ratio of 1:100 (DHmax of 1.5 %), 
but considerably better at E:S ratio of 1:25 (DHmax of 4.0 %) [52]. In the research of Deng et al., 
the hydrolysis of 0.1 % α-LA with bovine trypsin followed the one-by-one scenario, which yielded 
small peptides at (relatively) low DH [52]. Deng et al. hypothesised that these small peptides 
bound to the protease and thereby inhibited further hydrolysis. At higher substrate 
concentrations, the hydrolysis followed the zipper scenario and the small peptides were not 
formed at relatively low DH and no inhibition was observed. Inhibition of proteases by peptides 
is also a common phenomenon in ACE-inhibition [54, 55] and pathogenic organisms [56, 57]. For 
pepsin, it is generally accepted that β-LG is resistant to hydrolysis [49, 58, 59], however, we 
observed that pepsin was able to hydrolyse β-LG and release peptides. Hydrolysis at an E:S ratio 
of 1:100 yielded a degree of hydrolysis of 3.2 ±0.3 % after 2 hours and 12.3 % after 24 hour 
incubation. In literature, a few others also reported the hydrolysis of native β-LG and the release 
of peptides by pepsin [60-63]. The degree of hydrolysis reached for pepsin depended also on the 
E:S ratio (Figure 6.8). The hydrolysis followed strongly a one-by-one scenario, which gave us the 
hypothesis that inhibiting peptides might be formed rather than that the globular structure 
caused the resistance of β-LG to pepsin hydrolysis. Loveday et al. also suggested the formation 
of inhibiting peptides for β-LG and pepsin [64].  
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Figure 6.8. Degree of hydrolysis versus time for 1% β-LG hydrolysed by porcine pepsin at enzyme to 
substrate ratios of 1:200 ( ), 1:100 ( ), 1:25 ( ) and 1:10 ( ). 

To test the hypothesis of inhibitory peptides, two experiments were performed. At first, a 
pepsin β-LG endpoint hydrolysate (1 mL), containing small peptides, was added to an (ongoing) 
pepsin α-LA hydrolysis in the pH-stat (10 mL). If inhibiting peptides would be formed in the β-LG 
hydrolysis, these would stop or slow down the α-LA hydrolysis. The β-LG hydrolysate was prior 
to addition equilibrated to the same pH and temperature, to exclude any pH effect of the 
addition. In contrast to our hypothesis, the hydrolysis of α-LA was similar with and without the 
addition of the β-LG hydrolysate. In the second experiment, a 1% α-LA solution was added to a 
β-LG pepsin hydrolysis after two hours. The hydrolysis of the added α-LA reached a similar 
degree of hydrolysis as when a second dose of α-LA was added to a pepsin α-LA hydrolysate. 
Both experiments reject the hypothesis that inhibiting peptides are formed during β-LG 
hydrolysis. Still, the observation remains that β-LG was hydrolysed by pepsin to some extent. A 
possible alternative hypothesis would be that β-LG is present in an equilibrium between the 
folded and unfolded, or non-native, state [47]. Pepsin hydrolyses the unfolded fraction of β-LG, 
which leads to the increase in degree of hydrolysis and peptide release. The remaining native β-
LG slowly unfolds and becomes available for hydrolysis. This would explain why hydrolysis is 
observed to some extent, and the amount of protease affects simply the kinetics of hydrolysis. 
The hypothesised inhibitory effect of α-LA peptides on bovine trypsin seems to have a different 
cause as the low susceptibility of β-LG for pepsin.  

Peptide bond demasking for a-specific proteases 
Both chymotrypsin and pepsin hydrolysed some peptide bonds with a delay at the onset of 
hydrolysis (Chapter 4 and 5). To describe these data, product formation was described using 
demasking kinetics. This phenomenon was initially named “demasking” by Vorob’ev et al. and 
attributed to cleavage sites that were initially inaccessible for the protease, due to the folding 
state of the substrate [65]. It was hypothesised that hydrolysis of the intact protein structure 
made cleavage sites buried inside the protein accessible. Surprisingly, in Chapter 5, demasking 
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was observed also for substrates with a flexible tertiary structure, as (apo) α-LA. The cleavage 
sites that showed demasking did generally not have distinctive amino acids in binding site 
positions relative to cleavage sites hydrolysed directly. Since the demasking could not be 
explained by change in substrate structure, the initial hypothesis seems unlikely and three 
alternative causes were hypothesised and tested. 

Possibly, the demasking sites might be a result of non-enzymatic hydrolysis. Peptide bonds 
have a high stability in intact protein, but maybe lower stability when present in a peptide. This 
“spontaneous cleavage” of peptide bonds was observed previously for synthesised peptides, as 
well as peptides formed by enzymatic hydrolysis at pH 8 [66]. To test peptide stability under 
pepsin conditions, a chymotrypsin hydrolysate of α-LA was incubated at pH 3 for 0, 1, 2 and 24 
hours. The pH-stat did not show any acid consumption and the peptide composition with LC-MS 
was similar for all samples. This seems to indicate that there is no spontaneous hydrolysis effect 
due to the low pH. In a similar way, a hydrolysate of α-LA with pepsin was incubated at pH 8, to 
test bond stability under incubation conditions of trypsin and chymotrypsin. Also for these 
peptides, no spontaneous hydrolysis was observed.  

A second hypothesis for demasking can be that hydrolysis of these cleavage sites might be 
a result of activity of minor protease isoforms present. For porcine gastric juice, authors 
reported that the majority of pepsin occurred as isoform A, with minor amounts of gastricsin, 
chymosin and isoform B present [67]. Possibly, one of these minor isoforms is present in the 
enzyme preparation and responsible for hydrolysis of the cleavage sites that show demasking. 
To test the isoforms in which pepsin was present, a pepsin solution (1 %) was hydrolysed with 
BLP at an E:S ratio of 1:25. The released peptides were identified in UNIFI using the sequences 
of pepsin A (P00791), pepsin B (F1S636), cathepsin D (P00795), gastricsin (P30879) and chymosin 
(F1S626) with a semi-specific analysis. The sequence of pepsin A was covered for 90 % by the 
peptides, but, not a single peptide was identified coming from the other isoforms. Therefore, 
the other pepsin isoforms seem to be absent in our enzyme preparation and does not explain 
the demasking.  

A third explanation for the peptide bond demasking can be that peptide stretches interact 
with each other via hydrophobic interactions in the intact protein [68, 69] and become 
accessible after partial hydrolysis of the protein. The same line of reasoning was used to explain 
demasking of peptide bonds during β-casein hydrolysis [70]. In our data, the demasking sites did 
not have more hydrophobic amino acids than cleavage sites hydrolysed directly, which would 
argue against this explanation. Taken together, the phenomenon that causes the delay in 
hydrolysis onset remains therefore unidentified for unfolded proteins. 

The incubation time will determine whether “demasking” cleavage sites will be intact or 
hydrolysed. Although, the demasking cannot always be explained, it has to be considered for 
peptide release kinetics and its influence on peptide concentrations in time. Hamuro et al. and 
Suwareh et al. determined pepsin cleavage frequencies after 30 s-1 of hydrolysis [40, 42]. 
Cleavage sites might be classified as intact, although these can be demasked and hydrolysed in 
later stages of hydrolysis. Thereby, the activity of pepsin might be underestimated and 
preference could be different than when determined after extensive hydrolysis. The automated 
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annotation method allowed us to analyse many time points during the hydrolysis process and 
describe which cleavage sites showed demasking kinetics. For the future, the kinetic data can be 
used to study the mechanism behind demasking and see whether it can be predicted from the 
primary, secondary or tertiary protein structure. 

Protease synergy: Specificity, selectivity and its masking effect 
In the previous chapters, hydrolysis was performed with a single protease but in vivo, multiple 
proteases act together in protein digestion. Since pepsin is the first protease in the digestive 
tract, one would expect that it has the role of disassembling the initial protein structure, to make 
it accessible for the pancreatic proteases, similarly as the acidic conditions in the stomach loosen 
the protein structures. In reality, surprisingly, pepsin does not seem efficient in doing so for 
multiple reasons. (i) Pepsin is hindered by insoluble food matrices as gel-like structures [44]. (ii) 
Pepsin has the highest activity up to pH 3, but, the food bolus has a pH ≥4 at the start of the 
digestion [71]. (iii) Globular proteins as β-LG are not or slowly hydrolysed [49, 58]. (iv) Pepsin 
has a preference for generally hydrophobic amino acid residues, which are typically inaccessible 
because of their position inside the protein. (v) Proteins that are accessible and soluble tend to 
have a short transit time in the gastric phase, relative to structured foods [72]. 
Counterintuitively, trypsin and chymotrypsin can hydrolyse folded substrates as β-LG (Chapter 
2 & 4). The trypsin has even a specificity that would be very suitable for a (first) protease, since 
the positively charged residues tend to be on the outside of the protein. Therefore, the 
evolutionary role of pepsin for protein digestion in adults seems minor. Possibly, pepsin is (more) 
important for protein digestion of newborns [73]. For these, pepsin activity is developed 
relatively early to the intestinal proteases [74, 75]. 
 In this thesis, trypsin and chymotrypsin were studied individually with intact proteins as 
substrates. In vivo, both proteases act simultaneously on the substrate left after the gastric 
digestion by pepsin. Depending on all factors described before as hydrolysis scenario, pepsin 
activity and hydrolysis time, the resulting digest will contain (a combination of) small peptides, 
large peptides and intact protein. The questions arise how the gastric phase affects the activities 
of trypsin and chymotrypsin and how the trypsin (selectivity) influences the chymotrypsin 
(selectivity) and vice versa. Maybe, the selectivity of different proteases is not additive, due to 
similarities in specificity and preference. Pepsin and chymotrypsin are both a-specific proteases 
and bonds with amino acids preferred by chymotrypsin (F, Y, W, M, L) will in some cases be 
hydrolysed already by pepsin. For instance, α-LA bond 31-32 and bond 53-54 were hydrolysed 
with high selectivity by pepsin as well as chymotrypsin (Figure 6.9). Although trypsin and 
chymotrypsin have a different preference for amino acids, both can still influence the hydrolysis 
of one another by making cleavage sites unavailable (masking) by hydrolysis of neighbouring 
cleavage sites. For pepsin, peptide bond 39-40 and 53-54 in α-LA became masked due to the fast 
hydrolysis of adjacent bonds 40-41 and 52-53 and released only product in the first minutes of 
hydrolysis. Pepsin, trypsin and chymotrypsin are all endo-proteases, which require the P2-P2’ 
binding site positions to be filled by amino acids for cleavage to occur. Most likely, the digestive 
proteases will mask (theoretical) cleavage sites of the other endo-proteases during the 
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digestion. To illustrate the complexity of the in vivo situation, cleavage sites of pepsin and 
chymotrypsin were visualised for part of the α-LA sequence (Figure 6.9).  

Figure 6.9. Part of the protein sequence of α-LA with experimentally determined selectivity of porcine 
pepsin and bovine chymotrypsin, and the theoretical selectivity of chymotrypsin after a pepsin hydrolysis. 
The colour matches the selectivity: High ( ), Intermediate (  ) or low ( ). * indicate pepsin and 
chymotrypsin cleavage sites that showed masking. The red cross indicates chymotrypsin cleavage sites that 
are not available because of masking (H32 and F53) or because these were already hydrolysed by pepsin 
(F31). 

Peptide bond masking is important for the peptide release kinetics in the gastric and 
intestinal phase during in vivo digestion. However, during in vivo digestion, exo-proteases in the 
small intestine and brush-border cells will hydrolyse cleavage sites that are masked for endo-
proteases. A previous study indicated that exo-proteases in a simulated brush-border phase 
increased the DH from 32 % to 90 % for a digest of apo α-LA [76]. Picariello reported an increase 
in DH from 36 % to 76 % by brush-border enzymes for sodium caseinate [77]. Both results 
indicate that when protein digestion is simulated in vitro with the aim to estimate nutrient 
availability, the brush border membrane needs to be incorporated in the model. The three 
considerations discussed in this chapter, (i) the unclear role of pepsin, (ii) the combined action 
of multiple proteases and (iii) the exo-protease activity, indicate the complexity behind the 
peptide release kinetics though the digestive tract. 

Peptide identification and quantification after intestinal digestion 
In vitro digestion was performed to compare the actual peptide composition with the peptides  
that were expected to be released from the selectivity of the endo-proteases individually. A 
whey protein isolate was digested with porcine pepsin and subsequently with porcine 
pancreatin. In addition to trypsin and chymotrypsin, pancreatin also contains elastase and 
carboxypeptidases. The automated method identified 576 ±1 peptides after intestinal digestion, 
of which 85 % shared between both replicates. The automated method seems therefore to be 
able to identify and quantify peptides in these digests despite the complexity of having multiple 
protein sequences (α-LA, β-LG, BSA) and multiple proteases. The relative standard deviation of 
peptide concentrations between the duplicates was 12 % for peptides in the intestinal digest. 
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Table 6.2. Peptides identified and quantified after digestion of whey protein isolate with porcine pepsin (1 
h, pH 3) and porcine pancreatin (2 h, pH 8) that covered amino acid sequence 30-60 of α-LA. Peptides are 
divided based on absolute UV-based concentrations in highly abundant (>50 % of the Cinj), medium 
abundant (20-50 % of the Cinj) and low abundant  (10-20 % of the Cinj). Peptides unexpected according to 
the selectivity of individual proteases are in bold (Figure 6.9).  

Start End Peptide after 
gastric phase 

Start End Peptide after gastric + 
intestinal digestion 

High 
abundance 

32 40 (F)-HTSGYDTQA 32 40 (F)-HTSGYDTQA 
41 49 (A)-IVQNNDSTE 37 40 (Y)-DTQA 
41 52 (A)-IVQNNDSTEYGL 41 44 (A)-IVQN 

41 49 (A)-IVQNNDSTE 
53 57 (L)-FQINN 
54 57 (F)-QINN 
54 58 (F)-QINNK 
59 79 (K)-IW… 

Medium 
abundance 

32 39 (F)-HTSGYDTQ 32 36 (F)-HTSGY 
36 40 (G)-YDTQA 32 38 (F)-HTSGYDT 
50 53 (E)-YGLF 32 39 (F)-HTSGYDTQ 
53 80 (L)-FQINNKIW.. 36 40 (G)-YDTQA 
54 80 (F)-QINNKIW.. 41 51 (A)-IVQNNDSTEYG 

50 52 (E)-YGL 
53 58 (L)-FQINNK 

Low 
abundance 

32 36 (F)-HTSGY 40 49 (Q)-AIVQNNDSTE 
36 39 (G)-YDTQ 41 50 (A)-IVQNNDSTEY 
40 49 (Q)-AIVQNNDSTE 47 51 (D)-STEYG 
53 83 (L)-FQINNKIW.. 
53 85 (L)-FQINNKIW.. 
54 83 (F)-QINNKIW.. 

From the remaining peptides after intestinal digestion (Table 6.2), it seems that pepsin 
cleavage sites as F31 and L52 were not present as intact bonds in the peptides anymore and 
therefore efficiently hydrolysed. Similarly, tryptic cleavage site K58, high selectivity according to 
Deng et al. [1], was fully hydrolysed after the intestinal phase. High selectivity cleavage sites for 
chymotrypsin as H32 and F53 were still intact, possibly due to the masking by pepsin hydrolysis, 
as hypothesised. Alternatively, the chymotrypsin in the porcine pancreatin could have a 
different selectivity as the bovine chymotrypsin, similarly as selectivity differed between bovine 
and porcine trypsin for similar substrate [78]. Some cleavages did neither match the selectivity 
of pepsin, trypsin nor chymotrypsin, as for instance hydrolysis of cleavage sites N44 and N57 
was observed. Possibly, hydrolysis of these bonds is the result of the other endo-proteases in 
pancreatin or exo-protease activity. It would be very interesting to follow peptide release 
kinetics during in vitro (intestinal) digestion and thereby determine the selectivity of cleavage 
sites. This will broaden our view on how experiments with individual proteases relate to the in 
vivo situation. The concepts used to describe protein hydrolysis form a good basis to 
mechanistically study peptide kinetics during digestion. 
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Towards predicting protein hydrolysis 
As described before, peptide release kinetics of a-specific digestive proteases depend on many 
factors which are hard to predict. Here, two potential next steps towards predicting selectivity 
are suggested.  

First, we should confirm that selectivity is determined by the affinity proteases have for 
cleavage sites and the stochastic chance of hydrolysis (based on cleavage site distribution). This 
has been suggested by Butré et al. but has not been proven yet. The assumption that selectivity 
is caused by these two factors underlies an in silico model for peptide release kinetics [79]. To 
confirm that selectivity is determined by protease affinity for cleavage sites and the stochastic 
chance of hydrolysis, a few peptide sequences can be synthesized that contain the amino acids 
of high selectivity cleavage sites, with the amino acids relevant for surrounding binding site 
positions. The difference in hydrolysis rate of the synthesised peptide and the same cleavage 
site in the intact protein, should be caused by the stochastic chance of hydrolysis.  

Secondly, it would be interesting to understand why some cleavage sites are hydrolysed 
much faster than others, especially for proteins hydrolysed according to the zipper scenario. For 
pepsin hydrolysis of α-LA and chymotrypsin hydrolysis of α-LA and β-cas, a few cleavage sites 
were hydrolysed at much higher rates than all other bonds. For these substrates, the influence 
of protein secondary and tertiary structure seems limited. Therefore, we consider that the 
interaction between the amino acids in the binding site positions and the subsite underlie the 
affinity to be hydrolysed, despite that this cannot easily be derived from the amino acid 
sequence directly. The total energy required for protease-substrate binding, the catalytic 
reaction and release of the peptide should in theory match the affinity of proteases to a certain 
cleavage site. Therefore, it would be interesting to use a peptide-protease docking approach as 
in [80-84] to see the favourable conformation and amino acid interactions during hydrolysis of 
these cleavage sites. Possibly, (3-dimensional) interactions come to light that can explain 
differences in affinity. For instance, a certain combination of amino acids might fit well in the 
subsite, due to spatial distribution of charges or distribution of hydrophobic interactions. The 
interactions will strongly depend on the energy-favourable binding orientation and flexibility of 
the protease-substrate complex. Docking approaches generally study pepsin-inhibitor 
interactions [85-87] but examples to predict hydrolysis are (still) scarce. An example is the 
prediction of early cleavage events during pepsin hydrolysis of insulin by Koliński et al. [88]. The 
most favourable positions that result from the 3-dimensional docking can be used to calculate 
various (3-dimensional) descriptors. These can eventually be used in a quantitative structure-
activity relationship model as in [89, 90] to predict hydrolysis rates for cleavage sites. The 
hydrolysis rates measured in Chapter 4 and 5 form an excellent dataset to build such models 
and work towards predicting hydrolysis by a-specific proteases. 
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Concluding remarks 
The automated method to identify and quantify peptides allowed us to analyse food 
hydrolysates, with similar confidence as obtained with manual annotation. The elaborate 
evaluation of completeness helped to monitor the data quality for complex hydrolysates. Using 
the developed method, peptide release kinetics by a-specific proteases can be studied, which 
were before mostly characterised by (secondary) specificity or preference. Although some of 
the observations were not fully understood, the data made it possible to study concepts as 
demasking and masking. The results of this thesis showed that these concepts should be 
considered for peptide release kinetics of a-specific proteases. The concepts selectivity, masking 
and demasking should be measured and considered when studying proteases in simple systems 
but most likely also for in vivo digestion. We invite other researchers to also quantify peptides 
with UV214nm and analyse multiple time points, to be able to analyse selectivity and continue to 
unravel the mysteries behind protein hydrolysis. 
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Enzymatic hydrolysis is essential to produce food products as infant formula and to digest 
dietary proteins in humans and animals upon passage through the gastro-intestinal tract. The 
breakdown of proteins into peptides is facilitated by proteases. To better understand their 
actions, the peptide sequences and their concentrations during the hydrolysis process need to 
be characterized, which can be done with LC-MS. Existing data-processing approaches, as 
described in introductory Chapter 1, are typically developed to identify proteins (proteomics) 
and have several limitations when used for peptide mapping. For instance, peptide lists often 
differ between replicate analyses of the same sample and only a limited number of peptides 
can be accurately quantified. In this PhD project, an automated method was developed to 
identify and quantify peptides in complex protein hydrolysates, with focus on reliability and 
completeness in the annotated peptides. The method was subsequently used for three 
applications, with a step-by-step increase in complexity of substrate and protease specificity. 

In Chapter 2, a guideline is given to determine criteria that yield highly reproducible peptide 
annotations. The guideline was used to automate our in-house UPLC-PDA-MS method for 
untargeted identification of peptides. Parameters important for peptide mapping were 
optimised, as mass accuracy, MS/MS fragment criteria and removal of in-source fragments. 
These parameters were set with simple tryptic hydrolysates of α-lactalbumin, β-lactoglobulin 
and β-casein, analysed manually and with UNIFI software. Peptides in the individual 
hydrolysates with an MS intensity above the limit of annotation represented 99 % of total MS 
intensity and were 100 % consistently annotated between four replicates. Afterwards, the 
three hydrolysates were mixed to evaluate the robustness in analysis of mixed hydrolysates. 
Peptides above the LOA were still reproducibly annotated (97 %). All individual peptides were 
quantified absolutely and label-free based on UV-absorbance. Concentrations of co-eluting 
peptides deviated 37 ±21 % from their expected concentration. The robust automated 
approach successfully replaced the manual method with minimal loss of quality. 

The methodology was used in Chapter 3 to investigate the applicability to characterise protein 
extracts of yellow pea (Pisum sativum). In these analyses, the protease had still a clearly 
defined specificity, but, more and longer substrate sequences were considered relative to 
Chapter 2. The main proteins in the pea extracts, legumin, vicilin and albumin, occur in genetic 
variants, at unknown quantities. Here again, purified fractions of the main proteins were first 
hydrolysed and subsequently analysed. The main challenge was how to convert measured 
peptide concentrations to protein concentrations. Analysis of the protein mass balance 
showed significant losses of proteins in extraction (37 %) and of peptides in further sample 
preparation (69 %). Different calculations were evaluated to determine individual protein 
concentrations while dealing with these insoluble peptides. The quantification approach using 
average amino acid concentrations in each position of the sequence showed most 
reproducible results and allowed comparison of the genetic protein composition of 8 different 
cultivars. For these, the extractable composition was remarkably similar. 
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In Chapter 4, the method was used to study the digestive protease bovine chymotrypsin, with 
a specificity less clearly defined than trypsin and Bacillus licheniformis protease. Observations 
about the type of bonds that are hydrolysed (specificity and preference) were in the past 
derived from the peptide composition after digestion or hydrolysis rates of synthetic peptides. 
In our study, we used the automated method to describe the path of hydrolysis, i.e formation 
and degradation of peptides for three milk proteins. The hydrolysis rates of individual cleavage 
sites allowed us to evaluate statements from literature on (secondary) specificity and 
preference. Chymotrypsin showed a preference towards aromatic amino acids, methionine 
and leucine, but was also tolerant to other amino acids. For the cleavage sites within this 
preference,   7̴3 % of the cleavage sites were hydrolysed with high or intermediate selectivity. 
For the missed cleavages within the preference, 45 % was explained by hindrance of proline, 
which affected hydrolysis when in positions P3, P1’ or P2’. A few cleavage sites were 
hydrolysed extremely efficient in α-lactalbumin and β-casein. The results showed the potential 
to use the method to study proteases with a less defined specificity. 

In Chapter 5, the method is used to study peptide release kinetics by porcine pepsin, a fully a-
specific protease. During in vivo digestion, the pH in the stomach increases with food intake 
and decreases gradually during digestion. Our aim was to investigate whether pH affects 
individual hydrolysis rates of peptide bonds. α-Lactalbumin was hydrolysed by porcine pepsin 
systematically at pH 1 to 5 in duplicate and peptides were identified and quantified at eight 
time points. Apparent pH-based differences in specificity were caused by differences in total 
hydrolysis rate, but the relative hydrolysis rates of cleavage sites were generally independent 
of pH. The previously reported preference of pepsin for amino acids in the P3-P3’ positions 
withstands when considering the hydrolysis rates of cleavage sites and was independent of pH. 
Despite the a-specificity of pepsin, many bonds were not or slowly hydrolysed, some cleavage 
sites became more accessible during hydrolysis (demasking) and some became less accessible 
(masking).  

The main advantages of the peptide analysis method and considerations are discussed in 
Chapter 6, supplemented with additional experiments. The quality of the hardware is 
discussed, which affected the number of less abundant peptides that can be reliably (and 
repeatably) identified. In addition, several options are discussed to further improve the 
methodology. At last, 9 hydrolysates were analysed individually and as mixture, to show the 
robustness of protein quantification in such complex hydrolysates and to show how protein 
concentrations affect the accuracy of quantification. In the second part of Chapter 6, the 
action of the digestive proteases is discussed. The concepts used to describe hydrolysis for 
specific proteases are evaluated for a-specific proteases, as well as whether these concepts 
can be predicted. 
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