
Analytical Biochemistry 665 (2023) 115048

Available online 16 January 2023
0003-2697/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Towards absolute quantification of protein genetic variants in Pisum 
sativum extracts 

Gijs J.C. Vreeke a,1, Maud G.J. Meijers a,b,1, Jean-Paul Vincken a, Peter A. Wierenga a,* 

a Laboratory of Food Chemistry, Wageningen University and Research, P.O. Box 17, 6700 AA, Wageningen, the Netherlands 
b TiFN, P.O. Box 557, 6700 AN, Wageningen, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Quantitative proteomics 
Mass spectrometry 
SDS-PAGE 
Yellow pea 
Food peptides 

A B S T R A C T   

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 in-
hibitor (0.4 ± 0.4%).   

1. 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 legumi-
nosa seeds, the most abundant proteins are legumins and vicilins, e.g. in 
pea (Pisum sativum) isolates these proteins together represent approxi-
mately 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) [9–11]. The 
aim of this study is to illustrate the use of this method to obtain an ab-
solute, 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 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 strate-
gies [12]. 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 [13]. In this case, the intensity of a proteotypic 
peptide, which uniquely represented a protein and was (reproducibly) 
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formed at high yield [14], 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 vari-
ation [15–17]. Therefore, later, absolute peptide concentrations were 
determined by comparing the MS peak intensity of the respective pep-
tide with the intensity of an isotopically labelled reference peptide with 
similar ionisation properties [18]. 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 concentra-
tion (<10%) than the MS intensity based approaches (>10%) [19]. An 
alternative approach to quantification based on MS signals, is the 
quantification of peptides using the absolute UV absorbance [10,11]. 
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]. 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 [11]. 

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 [20,21]. Variations in 
digestion methods resulted in large relative standard deviations of 
102% up to 1305% in quantification of individual peptides [21]. 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) [11, 
22–24].  

• A second challenge is how to deal with peptides that are not unique 
to one genetic protein variant [19,25]. In proteomics analyses, these 
non-unique peptide sequences are typically excluded from the 
analysis. The loss of information by excluding these non-unique 
peptides 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 [26,27] or from intrinsic instability [20,28]. 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 [29]. The challenge is how to deal with this missing information 
in calculating protein concentrations. 

To estimate the impact of these challenges on the protein quantifi-
cation 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 chro-
matograms compared with the expected amount based on protein con-
tent and composition. In this study the completeness of the analysis is 
evaluated in detail using the amino acid sequence coverage, UV recov-
ery, matched UV, protein recovery and molar sequence coverage plot as 
described previously by Butre et al. and Vreeke et al. [10,11]. 

For pea, genetic variants were only quantified relatively in protein 
extracts using the volume percentage from 2-D electrophoresis [30]. 
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 [30]. 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) [31]. Legumin A1 and A2 are closely related with a 
sequence similarity of 97.5%. Legumin B is more similar to J and K 
(Table 1; Uniprot). 

This study aims at quantifying the protein composition of pea ex-
tracts at genetic variant-level, using the recently developed UPLC-PDA- 
MS method by Vreeke et al. [11]. 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 characterize the 

Abbreviations 

UPLC-PDA-MS reverse phase ultra-high performance liquid 
chromatography-photodiode array-mass spectrometry 

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel 
electrophoresis 

BLP Bacillus licheniformis protease 
MQ Milli-Q water 
PPC pea protein concentrate 
PLF pea legumin fraction 
PVF pea vicilin fraction 
PAF pea albumin fraction 
LKE Lente Krombek extract 
VGKE Vroegste Gele Krombek extract 
VLE Venlosche Lage extract 
BelE Belinda extract 

Mir89E Miranda 1989 extract 
Mir20E Miranda 2020 extract 
PalE Paloma extract 
FlaE Flavandra extract 
Mon20E Montana 2020 extract 
Mon06E Montana 2006 extract 
YPE yellow pea extract 
OD optical density 
DTT dithiothreitol 
SPE solid-phase extraction 
TFA trifluoroacetic acid 
LOD limit of detection 
LOA limit of annotation 
PAS periodic acid-Schiff 
L:V legumin to vicilin 
Av average  
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genetic protein composition of 8 pea cultivars. 

2. Materials and methods 

2.1. Materials 

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 [10,32]. The BLP 
powder was further treated to remove insoluble material as described by 
Ref. [33]. In short, a suspension of BLP was made and centrifuged for 10 
min (4000×g, 25 ◦C). The supernatant was dialyzed with a 12–14 kDa 
membrane against 150 mM NaCl and subsequently against demineral-
ised 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 ac-
tivity of 3.9 AU mg− 1 min− 2 according to analysis by Deng et al. [34]. 
SDS-PAGE marker, gels, sample buffer and running buffer were pur-
chased from Bio-Rad Laboratories (Hercules, CA, USA). Coomassie blue 
stain was purchased form Expedeon (San Diego, CA, USA). A glyco-
protein staining kit was purchased from Thermo Scientific (Waltham, 
MA, USA). Sep-Pak C18 6 cc Vac Cartridges (WAT043395) were pur-
chased from Waters (Milford, MA, USA). All other chemicals were of 
analytical grade and purchased from either Merck (Darmstadt, Ger-
many), 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; con-
ductivity of 0.5 μS cm− 1). 

2.2. Methods 

2.2.1. Protein isolation and fractionation from yellow pea 

2.2.1.1. Preparation of pea protein concentrate. Pea protein concentrate 
(PPC) was prepared by alkaline extraction followed by iso-electric pre-
cipitation, as described by O’Kane [35], with minor alterations. Whole 
frozen peas (Alimex) were broken with a pin mill (LV 15 M 
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×g, 4 ◦C, 20 
min). The supernatant was collected and adjusted to pH 4.5, followed by 
centrifugation (17,000×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×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 h. 

2.2.1.2. 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 [35]. The 
solution was adjusted to pH 8.0 with NaOH, and stirred for 1 h 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 Ta
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for minimally 2 h, followed by centrifugation (17,000×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 ultra-
filtration 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 h, prior to centrifugation (17, 
000×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 Health-
care). Elution was similar to the method as described by O’Kane et al. 
and fractions were collected [35]. The fractions rich in legumin were 
pooled and filtered using an ultrafiltration system with a 5 kDa mem-
brane (Hydrosart Ultrafilter, Sartorius AG). The liquid removed during 
ultrafiltration was replenished by MQ. The PLF was frozen and 
freeze-dried. 

2.2.1.3. 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×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×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 centrifu-
gation, the samples were stirred for 3 h at room temperature and the pH 
of the samples was checked regularly and adjusted to the desired pH if 
necessary. 

2.2.2. 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 cen-
trifugal 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 h at room temperature 
(RT). The pH of the samples was checked regularly and adjusted if 
necessary. Afterwards the samples were centrifuged (38,400×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 sub-
sequently frozen and freeze-dried (Table 2). 

2.2.3. Compositional analysis 

2.2.3.1. Total nitrogen content. The total nitrogen content was deter-
mined 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) 
[36]. 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): 

Protein recoveryDumas=
Protein in sample (g)
Protein in flour (g)

× 100 % (1)  

2.2.3.2. 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 visualised by staining with Coomassie 
blue stain (InstantBlue, Expedeon). The gels were scanned and analysed 
using a densitometer (GS-900™, Bio-rad laboratories) and Image Lab 
software (Bio-Rad laboratories). Under reducing conditions the 
following bands were annotated: ~93 kDa lipoxygenase [37], ~70 kDa 
convicilin, ~50 kDa vicilin, ~38–40 kDa legumin acidic polypeptide, 
~33 and 30 kDa vicilin αβ and βγ fragments [35], ~26 kDa albumin 2 
[38], ~19–22 kDa legumin basic polypeptide, and ~19, 16 and 13.5 kDa 
vicilin α, β and γ fragments [35]. Legumin basic polypeptides and vicilin 
fragments were differentiated from one another, by comparing the gels 
under reducing and non-reducing conditions. Under non-reducing con-
ditions legumin was present as a monomer consisting of an acidic and 
basic polypeptide chain, therefore bands of ~57–62 kDa were ascribed 
to legumin [35]. 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 per-
formed under reducing conditions as described above. 

2.2.3.3. 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 approxi-
mately 2 g L− 1 protein in MQ containing 2% SDS. Horseradish 

Table 2 
List of protein extracts and samples including their code and Centrum voor Genetische Bronnen Nederland (CGN) number, if applicable.  

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

LKE Lente Krombek extract CGN02949 YPE yellow pea extract 
VGKE Vroegste Gele Krombek extract CGN02950 PPC pea protein concentrate 
VLE Venlosche Lage extract CGN02962 PLF pea legumin fraction 
BelE Belinda extract CGN10266 PVF pea vicilin fraction 
Mir89E Miranda 1989 extract CGN10292 PAF pea albumin fraction 
Mir20E Miranda 2020 extract CGN10292   
PalE Paloma extract CGN10296   
FlaE Flavandra extract CGN13290   
Mon20E Montana 2020 extract CGN24055   
Mon06E Montana 2006 extract CGN24055    
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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 manufac-
turer’s protocol (Thermo Scientific). 

2.2.4. 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 per-
formed 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 min 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). 

DHstat[%] =Vb × Nb ×
1
α×

1
mp

×
1
htot

× 100 % (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 [33]); mp [g] is 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. 

2.2.5. RP-UPLC-MS analysis 

2.2.5.1. 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 h 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×g prior to injection. The PLF, PVF, PAF, PPC (hydrolysis in 
duplicate) and mixtures of PLF and PVF (originating from one hydro-
lysis) were injected twice. The hydrolysates of the different cultivars 
(hydrolysis in duplicate) were injected once. 

2.2.5.2. 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 min. 

2.2.5.3. 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 
to 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. 

2.2.5.4. Electron 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 ion-
isation source with a capillary voltage of 2.5 kV and a source tempera-
ture 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). 
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. 

2.2.6. Data processing 

2.2.6.1. Peptide identification. Identification of the peptides was per-
formed in UNIFI software version 1.8 according to the suggested settings 
in Vreeke et al. [11]. The amino acid sequences of the proteins, so 
without the signal peptide, in Table 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 speci-
ficity 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 1. 

The processing parameters were set based on the guideline of Vreeke 
et al. [11]. 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 by Vreeke et al. [11]. The average limit of 
detection was determined for the select series Cyclic IMS with a dilution 
series of a tryptic hydrolysate of alpha-lactalbumin 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 [11]. 
In the current study, all samples were injected in duplicate, minimizing 
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possible errors in obtained quantification. 

2.2.6.2. 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 Vreeke et al. [11]. 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 concentra-
tion of the peptide was calculated with equation (3). 

Cpeptide [μM] =
A214•Q

ϵ214 • l • Vinj • kcell
(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 [11]. 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 [11]. 

2.2.6.3. 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 pep-
tides 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, var-
iations 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. 

2.2.6.4. 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 [39]. 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)). 

Aminoacid sequence coverage [%]=
#unique annotated amino acids
# aminoacids in protein sequence

⋅100 %

(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 quan-
tification of each unique amino acid, plots were made of the sum of the 
absolute peptide concentration involving a certain unique amino acid 
residue. 

3. Results and discussion 

3.1. 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). The protein extracts had protein con-
tents 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). For the different cultivars, the extracted 
protein represented 58–60% of the total amount of protein in the orig-
inal sample (Table 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 ex-
tracts, concentrate and fractions (Supplementary Fig. S1). The protein 

Table 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 
(%)a 

Total protein recovery 
(%)b 

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

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

Legumin:vicilin ratio (w/ 
w)d 

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  

a Powder (g)/flour (g) * 100. 
b Protein in sample (g)/protein in flour (g) * 100. 
c Determined by Dumas. 
d Determined by SDS-PAGE densitometry. 
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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, Supplementary Fig. S3), but no 
other differences in presence or absence of specific proteins (Fig. 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 (A214): PPC 44:56, PLF 100:0, PVF 16:84 (results not 
shown). 

3.2. 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 ex-
tracts 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 effi-
ciencies 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 (Supplementary Fig. S4). 

3.3. Quantification of the protein genetic variants and challenges 
concerned 

3.3.1. Peptide losses during sample preparation 
The second challenge was the loss of peptides during sample prep-

aration. 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% 

Fig. 1. Relative protein composition (w/w, %) based on densitometry of SDS-PAGE gels showing, legumin ( ), vicilin ( ), albumin ( ), convicilin ( ), lip-
oxygenase ( ) 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%. 

Table 4 
Amount of integrated UV214 area in chromatograms, mean and standard deviations over replicates.   

Expecteda UV area 
(⋅105 AU x min) 

Total UV (⋅105 

AU x min) 
Annotated UV peak area 
(⋅105 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  

a Expected amount was calculated with protein content, estimated molar extinction coefficient based on (SDS-PAGE) protein composition and correction for degree 
of hydrolysis. 
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of the expected amounts of UV based on protein content and composi-
tion, respectively (Table 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 anal-
ysis. In our previous study on tryptic digests of milk protein isolates, the 
observed amount of UV absorbance was equal to the expected amount 
[11]. 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 [40]. The low UV recoveries observed in the current study were 
attributed to insoluble 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 pre-
pared 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 and 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. 

3.3.2. 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 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 and 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 annota-
tion, which was previously used to indicate annotations with high 
repeatability [11]. 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 [41–44]. 

3.3.3. 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 
(Fig. 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. 

Fig. 2. Peptides of legumin A1 identified in PLF, visualised against the protein sequence of legumin A1. Dotted lines indicate missing peptides.  

Table 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  
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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 5). 
Substantial sequence coverages for the legumin variants A2, B, J and K 
(28–69%) confirmed that legumin was present in different genetic var-
iants. The peptides identified in PVF yielded amino acid sequence cov-
erages 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 
1–3 milk proteins (amino acid sequence coverages of 99–100%) [10,11], 

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), lead-
ing 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%). 

3.3.4. 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 yiel-
ded a wide variety of individual peptide concentrations. For instance, 

Fig. 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. 

Fig. 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). 
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the different peptides originating from legumin A1 in PLF had concen-
trations 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 isotopi-
cally 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 (Fig. 3). For 
legumin A1 in PLF, the standard deviation of the observed amino acid 
concentration in four replicates was 4%. The average amino acid con-
centration 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 hydro-
lysis. The composition of the PLF, PVF and PAF were determined using 
the average amino acid concentration as indication for the protein 
concentrations (calculation I) (Fig. 4). With this calculation, minor dif-
ferences were observed between replicate analyses and major differ-
ences 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. 

3.4. Correcting protein concentrations for missing peptide information 

3.4.1. 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 quantifi-
cation. 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 pep-
tides 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 (Fig. 3). Therefore, the concentrations of 
proteins should ideally be calculated with peptides that were unique for 
that genetic variant. 

3.4.2. 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 ac-
count 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 ex-
pected to be present in the PLF and 57 μM of vicilins would be present in 
the PVF (Table 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. Similarly, an unre-
alistic 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 ex-
cludes 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 prepara-
tion will affect the absolute 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 ge-
netic composition. 

3.4.3. 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 (Fig. 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 pu-
rified 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. 

3.5. 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 con-
tents of the extracts and flours. In total, 15 ± 4% of the total protein in 
the different pea cultivars was annotated. The protein composition of 

Table 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)a,d Calculation II (Av>0)b,d Calculation III (Av > Av)c,d 

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  

a Concentrations of all unique amino acids were averaged. 
b All quantified concentrations of unique amino acids >0 μM were averaged. 
c Averaging the concentrations of all unique amino acids with C > average of II. 
d For calculations, see materials and methods section 2.2.6.3. 
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the analysed part of the different pea cultivar extracts showed no sig-
nificant differences (Fig. 6). 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 litera-
ture and measured with SDS-PAGE has a ratio ranging between 
17:83–38:62 (w/w %) ([1,2,45–47]. 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, 

Fig. 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 ( ). 

Fig. 6. Absolute protein composition μM/μM (%/%) on genetic-variant level for extracts of different pea cultivars determined with calculation I.  
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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 [48]. 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. 

4. 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 pep-
tides, 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 pep-
tide losses, differences in composition were still reproducibly deter-
mined 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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[20] C.I. Butré, S. Buhler, S. Sforza, H. Gruppen, P.A. Wierenga, Spontaneous, non- 
enzymatic breakdown of peptides during enzymatic protein hydrolysis, Biochim. 
Biophys. Acta Protein Proteonomics 1854 (8) (2015) 987–994, https://doi.org/ 
10.1016/j.bbapap.2015.03.004. 

[21] M.S. Lowenthal, Y. Liang, K.W. Phinney, S.E. Stein, Quantitative bottom-up 
proteomics depends on digestion conditions, Anal. Chem. 86 (1) (2013) 551–558, 
https://doi.org/10.1021/ac4027274. 
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